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AESTRACT

e opes S o pow wove P’ bowr

Falladium was derosited imside a controlied~vacuum srecimern
chambher of a traremission elactrom. microscore (TEM) onto
freshly rrepared MecD and X ~3lumina substirate surfaces. An-
realineg  and variows effeects of cas exrosure of the rarticu-
late Fd derosits were studied ip-situ bw hich-resolution
TEM and electron diffractiorn. Whereas substrate temrera-
tures of 500 £ or arnealine of room-temrersture (RT) dero-
sits to 500 €C were needed +o ohtsin esitasw on sarrhirer
RT-derosits on Mal were rerfectluy eritamial. For Fd/Mc0 &
Isttice exwransion of 2~4J% was notedd: the hichest values of
exransiorn (comrsred Lo the bhulk FPd laltice ssrasmeter) were
found for the smallest rarticles. The lsttice exransion of
small Fd rarticles on alumina subslrates was less tham 1%.
Lome~time RT exrosure of Fa/Me0 in 8 vacuum of 10~9 milli-
bar (mador residual  eas comronents Wwere water ang C0) wiel-
ded some mobility armd coslescernce eventsy but rmotabley fewer
tharn for Pd on sarehire.  Exrosure to  lsbhorsltorw  8ir or
onveern  erestly enhanced the rarticle mobility snd cozles-
cerce ard slso reswlted i the Fletternine of Pd rarticles
on Mal substrates. Electrorn—-heam drrsdiatiorn further ern-~-
hameced +this effect, wwrosure to lsbioratorwy air for severasl
terms of hours of Fa/Me0  led to strorme coslescence with a
tenderncy of mimimization of the rarticle surface areas by
rromotinGg 8~d£m@nsianal Fa marticle habit Tormastion. The

observatiorns were exwrlained im terms of strorne metsl/ sup-—

ort dinteractioms of Fd/Mecl. The results also irndicate



that small derosited metal rarticles maw  uwunderco srrreci-

able echances wher edrosed Lo s3ir at KTy such s8s is common
.
rractice im ex—situ TEM irvesticatioms of.rarticuwlste dero-

sito.
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Froeress of modern catalusis research hasfspurred a2 renewed
interest irm small-rarticle researeﬁ. The determination of
the erustal structure anmd habit rlares of nanométer—size
rarticles has mostly been reserved to various TEM
arproaches, In the vast madority of all swuch work
rerertedr +the rarticles were rrerared (i) outside the
vacuum swstem in  which thew were subhseauently investicatedy
and  (idi) oftern manwy houwrs or daws before the TEM studies
actualls startedy apd little if ane asttemtion has been
directed - to the dinfluernce that this treatmernt of +the
derosit rrior to the TEM studies micht have had om the
results. In the rresent work we have emrlosed the in-situ
TEM techrniguer where +the derositions and subsecuent TEM
analysis are rerformed in the TEM wunder controlled vacuum

cornditions (1)y for the studw of this effect.

As dmrortant as controlled vacwum comditions -—- achieved in
our in-sitw arrrosch by  rerlscine the recular TEM srecimen
chamber with & uhv-comratible advarced custom chambher that
is differentislly Pumpe& -- is tLhe availsbilite of clean
substrates Tor such work, SinGle crustal thins electron
transrarent films of Me0 (2,3) and sarrhire (4-6) carn be
rroduced  bw irsitu electron—beam flash heatine of

!/
chemically ere-~thirmed Me0 disks and amorrhous aslumina

..3._



filmss resrectively, Since the cleasnliress of these two
tuyres of substrates has beern well documented, arnd since MO
and alumina asre substrates of interest injcatalasis --  the
former beine rerresertative of stroner the latter of weak
metal/substrate dimterasction -- we have chosern M0 and

aluminag as substrates Tor this work,.

With an im-situ TEM fseility that allows oreration wumder
controlled vacuwum conditions a8t hich imsce resolution we
have studied the nuelestion and early arowth of Fd from the
varor rhaser the resrective eritan and  rFseudo-morrhismy
and the exrosures +to various cases of ralladium on Me0 and

aluminag suhstrate surfaces sl various temprerstures.



ORIGINAL PAZS 1o
OF POOR QUALITVY
EXPERIMENTAL
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Falladium wss evarorated from arn electror-~besm hested
source installed in a8 custom stainleéé steel srecimen
chamber fitted 1o 8 Siemers Elm&skon 101 +trarnsmission
electron microscowe (TEM) converted for dri=aditu
exrerimentation (6), The evarorstion rate anad derosit
thickrness were monitored with a aeuartz crustal wicro-
bhalamece., A rate of 3m10’3 atoms/cmz/sec was mairtained
for 811 derositions, The mawimam averasse ‘deorosilt bthichrness

was 1.8 nmy if  umitw  sticking erobasbilite on the auarte

crustal is assumed. The chaunbhery avacusted with & helium
. . -9
cruormamry wWes  at & rresswure in bhe mid 10 millibar

range (1 millipar = 0,75 toryr) before and after bLhe
agositions. The chamber rressure incressed by arprrosimsbtelu

ore order of maasnitbude during the derepsitions.

In order to wimimize the irnfluernce of the imasine electror
hesmy its irnternsity was msintained helow 0.1 A/cmey arnd the
total besm exrosure  of the srecimen areas of interest was
mirimized (Lo below a8 Tew ters of A ﬁec/emz - 1 Asec/om =
$E242 electroms/rim ) by rerforminmeg all rowtime TEM imscee
addustments at  srecimen recions oulside those of irmbteresty

tcert  for  tbhose exreriments where srecimen drradistion

]

-~

Y
=

aamsee itself was the obdect of the investicatior.

7
The aluming substirates were rrersred by amodic oxidaltiorn st

45 UV of 0,025 mm thick alumirm  Toil armd buy subsecuent

- 5 -
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digsolutiorn of the wrodidized aslumirmnum in a saturated HeCl2
solutior., The reswltine arrroximately 100 rim thick

amorrhous  aluminsg  films were washed im distilled wastery

»*

tramsferred to s seecimern cridy and mouwrmted im the srecimen
stace of the TEM. Cleanr sincle erustal sarrhire substrate
areas of various orierntations were | obtained b
electron~besm flash heatine immedisatelw rrior  to the

derosition (S5yé6s7),

Macnesium-oxide substrates were rrerared from 0,5 mm thick
Mc0 disks of 3 mm diameter bw chemiecal rre-~thirming with
hoty cormcentrated rhosrhoric seid im 38 dusl-Jdet TEM
specimen thimmirne seraratus wptil & hole fermed in  the
certer of the dish. The rre~thinned srecimern was then
washed carefulls in metharnol ard inserted in the hot stace
of ‘the TEM. Clearny electrorn—transrarent aress of MeO in
{1003 and {111} orientation were obtsired by electrorn- beam

flash heatine  dimmedistely prior to bhecinning the derosition

The #rerimental conditions for  the ereraration of clean

ki

substrate areas by electrom—heam flash hestine were the
same Tor both tures of srecimerns and were essentizllu
inderendernt of the substrate temrersture’ exrosure of a
selected srecimen area (resr the edse of the hole in the
czse of Mel) gith s beam of arrroximetely 15 wmicrons in

dismeter a3t 2-8 A/cm?2 inmtensity for 2 fractiorm of a3 secords

-6 -



reculated by rFassine with the final condernser lens throwsh
foeuwsy rroduced the reavired sinele crustal SFeCLImen
recions (B8y5y7), The rFreraration of clearry electron-
transrarent srecimern areas bw  flash H;atina could be
rereated several times for ' subseauert derosition
exreriments. The giah momertary  temperasture cornditions
associated with this techrique cowse  sry  derositsy
Cdpeluding Freviows ralladium islards and hudrocarbon
contaminantey shouwld +thew he rresentr to evaroraste (&)

thus lesvime eclean substrate surfaces recardless of the

derosition historw of the samrle,

The dercsitiorns on M0 surfaces were rerformed at  room
temrersture {(RT) or a8t slichtly elevated temrerature, The
substrate temreratures for dercositions orn alumins varied
betweern RT amd 700 C. In order to bhe sbhle to auickly resch
the temrerature equilibrium recessary Tor hieh~-resolution
microscoryy the work om alumins substrates was dorne with a
direct-erid heater hot stzee (46s8)r whereas the Mel dicks
had to he mouwnted irm & =more conventipraly indirectlu heated
hot stzee. The erid-heater stace had the sdded asdvaniace
of maimtaining the TEM wmarmafacturer~ recommended vertical
(z=-) Pésition of the s=ecimen in the obdective lernsy thus
orerating under ortimum  foesl lernsth and lems aberralion
corditiorns. The vaouilim seal between the custom
derosition/srecimen chamber arnd the TEM obJdective lerns

reagvired the srecimen rosition to be raised by

_.7..



arproximatelw 1 mm  in the cedse of +the conventionaly
indirectly heated hot stasce. Howeversy we fTournd that the

saerifice irn imsse resolutiornm due +to this idreresse in

o

srherical amd  chromatic aberrationm eornstarts was hardlu
noticeshle, He were abile to eclesarly imace rwalladium

clusters below 1 rm in dismeter with both tures of staces.

A turical exrerimental SERUENCE consisted of (a)
rreraration of 8 elearny simcle crustal srecimer arear (b)
evaroration of ralladium (usuallyw with the dmeeine electron
beam off)y and () the eeneration of a defoews series of
hich resolution TEM imsces and of a8 Tew selected-ares
diffraction (8AD) ratterns, Ster (o) uas sometimes
rereated after wvariows time irmtervals of whv arnnealincy or
after admitting cases (oMyaern or huwdreocern at  low rressuress

turically for seversl hundred Lanemuidrs) or  lsboratorw sir

(a3t stmosrheric rressure).

In a8 fTew casesy 8 srecimern was transferrad o 8 hich-
resolutiorn Hitaschi H-S500H TEM for wtended~-reriod air

exurosure and selected-zone dark field (SZDF) work (9).

The resultime electrorn microsrsrhs Wwere evalusted in terms
of wmalladium islarmd rumber dernsityy surfsce coveracger and

size distribution with 2 Zeiss Uideomat imsce srmasluzer.



m——— OF POOR QUALITY,
1, PALLADIUM ON SAFFHIRE

RESULTS ORIGINAL PAZ. 17

Eritany and Gas Exrosures
Derositions at room temrersture wielded verwy emall crustals
at verw hich mumber demsity, auite randomly oriented (onlyw
exhibiting a8 verw slicht texture)r as is shown in  the
mizvroararh and the diffraection rattern of Ficese 1 for the
case of a8 momimal 0.6 rmm thick derosit, Rasisime the
suhstrate temrersture to 400 C  rroduced mueh  larcery
eritanially oriemtesd rarticles (Fie.2). Fraetically the
same reswlt in terms of sversee rarticle sizer number
densityr ard eritaxizl orientastiorn cam  be obtairned by short
durastion armealins of arm RT-derosity s is  shown in Fig.3by
where the swecimern of Fic. 33 with a8 0,2 rm RT~derosit was
heated for 3 min at 500 C &t & total rressure of 2x10

millibar., Fiec. 3¢ and d sive am examrle of +the effeect of
subseauent exrosure to oMweern amd hwdrocern (each Tor 10 min
at  1w10 millibar armd 200 C)r resrectively. HWhereas a

sienificart rumber of eluster mobility and coslescence

events has taben rlace ArinG the oxueern arnealine
(Fic.3e) s further chartes durinG subseuent budrocen
asrresling were nmot roted (Fig.3d). The latter is edrected

sice hwdroecen desorbs Trom Fd at temreratures ass low as 100
C. The . chancees durine odueern anmealine include also

structural rearrancementsy evidenced im arn  irncrease of Pd
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OF POOR QU..

200 and 8 strome decrease of 4 111 diffraction intensities

im Fig, 3.

Lattice Exramnsion

Messurements of the lattice rarameler of the ralladiunm
overcrowthy wsine the aluminsg refleectiomns 8s internal
standard, wielded a8 wvalue abhowt 0,787 larcer than bulk
ralladium, Howevers suech measurements are difficult snd
micht a8t +times be doubtful 1if the swubstrate is not
rerfectly rlansr within the selected ares, For examrler
the bendine of the alumina swbstrate inm Fiss, o cauvsed
arrarent chances of ‘the d=sraecines of the respective
alum?%a rlarmes bw as much a8 1%y thuws inmvaelidatineg the use
of ‘these diffraction ratlterns a8s relisble standords.
Howevers the diffraction rattern of Fic.2 shows a low
desree of suwch distortions the wbove value of 0,757 was

averaced Trom Lhis snd similar diffraction ratterrs.

With 8 sonewhat lesser desree of conmfiderce we determined

that the lattice rsrameter of the wmallsdiom islands
wreanded to 8 total of sbout 2% (+-1%) wuron snrmealims in

oxwaen at 200 Cr sweh ss dore betweern Ficgs. 3b ard 3c.
Further armeaslime in hudrocerr (Fic. 3d) did mot affect the

lattice warsmeter of the Fd islarmd derosit.
/

- 10 -



2, PALLADIUM ON MsO

Nueleatiorn ard Eritay

As  krnowr  from owr ereviouws work,y the Me0 substrate
#reraration method bw electron~beam flash hesting rroduces
two twres of substrate orientatiorms, §100§ and 1113 .
Sirce {100} surfaces were rroduced much more freauertluy
arnd since there were no indiecations that the mador results
were derendenrnt on the orientstion of the substrate surfacer
we are rerorting here mostls resuwlls oblained on {100} Ma0.,
A seguence of imaces of turicsl RT-derosits of 0.3r 0.6y
1.2y and (8 nrm nominal thickress orm {100} MeO is shown in
Fig.4, The rumber dernsity of the rallodium islandsy the
ares coverager and the averase rarticle size are rlotted in
Figs.&~7, Whereas the determirmatiorn of ares coverasces with
ar imace anzluzer workinse orm the rrimecirle of erav level
discerimimation is aeuite reliasbley the measurement of mean
particle sizes or size distributions cen be euite ambhicuous
for small particlesy simce +the aras-level contrast of such
rarticles dmpenés stromely omn the TEM focus condition and

on hachkeroumnmd dintermsity varistions, We haver thereforer

- 11 -
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relied orn a esalewlation rather tharn 8 messuremernt of the
mearn rarticle diameter (Dm)y If @ is the measured ares
coverace ( 0< @ «1 )y if N is the measured rarticle rumher
rer szr and  if we assume circular rarticle prodections and
hemisrherical rarticle sharesr we cetl

-l Z
® = 10 * Nm D
* (1)

and therefore
D= i3 x 107 (®/N) "

{(2)
A turical derositiorn - arnnmealirme  seauerce (21l at RT) is
rreserted  in Fié.sf showimne in (&) +the as-'ecleaved" Mc0
stubstrater in (b)) the 0.3 rmm Pd derosit shortly after
derositiony and in () the same derosit aflter 21 hours
arinealing . Cereful exsmination of the fiecure indicates
thet some coslescernce events and mobilits evernts (one
examrle esch is showm in  the cirele and the scuarer
respertively) occurred under these RT hieh wvacuum (inow
millibar) smmealine corditions. The effect of hieh vacuumr

low- temrersture asrnesline decreases with imcreased averaae

derosit  thickrness. For twice the derosit thickrnessy much

'fewer cozlescernce evernts were Touwndy and rractically no

anmezline effect was nmoted for a [«2 nm derosit as shown im

Fia.9»

, ORMGHNAL B "
OF POOR GLiAlL.""
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Lattice Exransion

Duss et Beas 205 St ove ean Dot Taen UL IME Bk Mo om0 e

Hhereas derosits of ralladium orn sarrhire substrstes showed
clear Fd diffraection intensities in SAD pattern; even for
thin derepsits (e.c.r Fic, 3 which rerresernts a2 0.2 rm
derosit)y the detectior of diffractior intersilties for Fd
or Mal was comsiderasbly more difficult. Fourfold thicker
derosits were ‘Lthe arrrodimate lower detectiom limit, Eut
ever for this derosit thickress the Pd diffrsction srots
were so weak that the rhotorlales had to be irmtertiornslly
overexrosedy and the results hsd to be comrared with those
of substartially heavier derositsy sueh as 1«2 or |8 nmy
irm order to make reliasble measurements. Irn Fiec., 10 we
rresent a8 ewsmrle two diffraetion ratlterms rerresenta-
tive of 1.2 rm  and 1.8 rm derosits o §100F MO, Arart
from the fact thet Fie. 10 idirdicates nresr—to rerfect
eritany for these RT derositsy ome can mnotice thset the Pd
diffraction srolts are relstively brosdy and measurements of
the srot sracingsy wsing the rerfect MeO 200 ard 220
ture srots  8s imternal standards indicate that the
corresronding  lattice rarameter is swbstantialls larcer
tharm that of bulk ezlladium. Measurements usineg results
from several diffraction rattermns snd from several
derositions for each thickriess drndicate that this "lattice
exransion” aﬁounts Lo 2.5 - 3% Tor derosits thicker then

v

0.9 mm {(averacel)y and that it ircresses rmotsbhly Tfor thinmer

_13_



derasits. No charnees 4im the diffractiorn ratterns were
observed wron RT annealine or exuroswre of the derosits to
cases or laboratory sir. It should be notedr howevers that
our exrerimerts do nmot 2llow anu con&lusion abowt the
auestion whether the entire wnit cell is exrandeds or if
the eursnsion ohbhserved in the direetion rarzllel +to the
subs&rate surfaece is  comcomitent with less  exrarnmsion or
even contractiorn in the direction rmormal to the substrate
surfacer thus reducine the unit eell volume idirncresse.,
Information aboul lattice emxrarnsion on {111} Ma was not
obtained becsuse of difficwlities im the meassurement of MeO
A-eracines which a8re subdect to chances duwe to strone
herdineg and corncomitant diffraction combrast chances within

ever small selected areas.

Gas Emwrosures

Exrosure of Fd/Me0 derosits 1o ouxseern or air a8t RT vielded
marked chances bhewond those that are obtasired durime RT
vacuum annealine alone. Ar examrle for 8 0.3 mm derosit is
rresented dim Fige 11y showine the conditiorn 7 min after
derosition im (8)y amd the coanditions 2.9 mirny 36 mirys and
200 min fTollowimne odMyeen exrosure st 2X10~ millibar for 3
min im (BYy (e)y aBrd  (d)r resprectivelw, The circles in (b)

indicate some of the mang coalescence evernts ‘that have
/

ocourred due to the ouueern exrosure. The trismele dernotes

- 14 -



8 rarticle that has chanced ivto & distirety triarmcular
share. Further mobility durine additiormsl arnealine was
thern relstivelw infrecuent., This reswlt indicates that due
to the oxssen exrosure we observe rarticle mobilits and
cozlescence as in  the case vacuum anmesliney buwt  that the

relative rumber of evernts is marhkedly irncressed,

Ever more siGcrnificsnt chareces are ohserved 4f thim Fd/Me0
derosits are emxrosed for short durations to laboratorys air

at atmosrheric rressurer as is demormstrated im Fig.12 fTor

the case of a2 twrical 0.9 rm derosit. The rarticle runber
dernsity has decreased by 164y snd ‘the decoration of
substrate surface alers SREMS 0 have become more

sronounced (see arrow).e In Fic.13 we present an examrle of
2 thicker RT-derosit (}.8 rm) that had heen exwoged to  air
three timesy once for 10 min while still din the srecimen
stace of the irm-situ TEM fTacilitw (Fig.13b)y orce for some
30 minm duarine tramsfer to the Hitechi HS00H hish-resolution
microsco=e (Fic.13c)sy and once Tor 120 hours in é lone-term
lshorato-y air exrosure edrerimernt (Fic.13d)s Ome pan see
that the rarticles have moved toward esch otherr often
formineg chains of rarticles that have coslesced but rnot wet
sintered irmto rnewy homoGcerneows sirmcle crustaly
hemisrherical rarticles. The charneces are most rFrofourced
between the ss-derosited stsee (Fis.13s) and the first air

eMrosuTe (Fie‘igb)r and  the rrocess contirmwved during the

secornd air exrosure a3t a2 slower rate. Howevery the charces

.
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due to exrosure Lo lshoratory air arrarerntly continve to
occur for lorme times, Fic. 13d revesls a substarmtial
additional charnce after 120 hours of air exrosure, Whereas
the Freviouws rarticle shares had predomiaantlu beer seuare

or rectarmculary most Tacets seemed Lo have disarresred

durinG the rrolorced air exrosurey lesvime chains of
rarticles with esserntialle round srrofiles. Bt evern im

this rroscressed stace of coalescerce —-- there is also a
sierificant rumber of additiomnal coalescence events in
Fic.13d whern comrared to Fic.l3c -- comrlete sinterime irmto
rnewrs homoceneouws sincle corustal rarticles has mol occurred,.
This is demonstrated in the microcrarh of Fic.14y which was
takern after Fig.13d. Fic.14 shows ore brieht field and
two B8ZDF exrosuresy imsced with the Pd 200 zormed Fig. 14b
is in foecuwssed corndition amd Fic.l4c is 3 double exrosure
of two defocussed conditioms. These micrecerarhs illustrate
(see circled area) that the P4 diffrzsction irntersities
still stem from the oricimals ther serarated crustallites.
Fic.,149c also ﬁndicates that the <001 direciiorm in  the
derosit is at arn unewrected 49 desree srele with resrect to

substrate surface slters.

- 16 -
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The lons~term annealirnc effect waes auite differenmt if the
arnmeslingy followine a few mirnites of eurosure to
lgboratory air at astmosrheriec rressurer was rerformed ip
vaeuo (1:-:10"8 millikhar)s This carn’be s;en im Fie.15 for
the case of & 0.3 rnm Fd derosit on MeO before amd after
such treatmert? siernificant erreadine of some of the FPd
rarticles ovcurred on the {111} substrate ares (see circled
area s8s an examrle) armd almost comrlete sepresdincr leadine

essentially 1o dissrresrance of most of the Pd rarticlesy

was observed in the {100} MeO sreas (tor of Fias.19).

Electrorn~EBeam Induced Effects

Fig.,16 demonstrates the turical influerce of the electron
heams Durine the electron microscors leadine to Fic.léer 3
total beam eMrosure of 180 A& sec/cm2 wss loGceed. The
irpadiastion wes thern irmterntially erolomnced by arnother 150 A
sec/cm2 3t 8 slishtly imcereased rates leasdine to Fis,léd.
A twofold effeet dis noticed? Firstry a build-ur  of
materialy similar to the common huedrocsrbon cormtamination
hss ocecurred as can be seen alone the edee of the MaO
stubstrate ares. Howevery rarticle mobilitw was ot
surprressed as edrected from 8 hudrocarborn contamination
*fPising" lawer. Secondy strome  rhase contrast feastures
aprear slong the left hand side of thes selecled microararh

arear corncomitant wfth 3 decrease of contrast and/or

- 17 -



comrlete disarrearance of the Pd rarticles, More careful
wamination of microsgrarhs of this kind revealed that this

effect is enrnbharnced with imcreassine srecimern thichknessy as

-~

wold be exrected from radistiorn damace in the bulk of the

.

MeD surrort.

We observed a sienificant erhancement of the radiation
damace effect whern the srecimen hed also been exrosed to
lahoratory air at atmosrheric rressure (inside +the EM
srecimen stace for a few mirmuwtes). Fia. 17 shows a8 0.3 nm
Fd derosit on iill} Me0 after derosition (Fie.173) amd 100
hours later (Fig.17b)s The totsl electrorn edrosure between
these two microerarhs was auite low (<30 A See/cma)r and

the charces are 26 exrected for RT vacuum armealine. After

takime the microsrarh of Fic,17hy the air exrosure was
cornectedy  and 20 hrs  later Fic.l7¢c wass taker. The
additional electrom dirradistion wss acain only “30 A
sec/cmz. The electron exrosure was therm deliberatels

incressed bw 250 A sec/en> (using 0.8 a/en® current dens?+y)
to eroduce Fiec. 17d, The rroeressiorn of both rarticle
srreading arnd  ceneration of rhase cortrast Teatures is much
increased after the air emrosure {(comrare Fig.l7¢ with b
and Fig.17b with 8y and comrare slso with Lthe rnot sir-
wrosed samerle of Fie. 16d). Furthernorey the derenderce
of the maernitude of this effect on tﬁe sam~le thickress is
cuite evidents  when we comrare with the orieinal state

immediatelw followirne the derositiorn (Fic.17a3)r which
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clesrly shows ‘the substrate sters and areas of eacusl
thickrmess by contrast varistions from ster to ster. Thin

substrate aresas show the least effect.

It shouwld be noted that 8 certaimns mot rneclicihle effect of

electron dirradiatiorn damsce was rioted aslso Tor wlaim MeO
substrates withowt Fd derosit. Urider otherwise comrarable

conditionsy Fie.18 shows & {111} MeO area (tor) ard {100}
area (hottom) dmmedistely followine e~bheam Tlesh heating
(a)r 240 A sec/cn’ of 0.2 A/em? irrsdiation later (b)»
additional 720 a sec/cm2 later (e)y and 720 A sec/omz after
an  air exrosure and 20 hrs of RT-srnesaline (d) followine
Fig. 18c. A microsrarh {(not shown) tskern belfore the 720 A
see/cm2 irradiastiorn but after the air exrosure loohked
identical +to FiG.18c. Fiee. 18 demonstrates that +the
electron irradistion damase effect is stroneest din  the

thicker swecimern reciorns,
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DISCUSSION

There are strikine differences between the results obtained
for Me0 arnd alumina substrates. Under virtually idertical
edrerimental cornditionmsy RT-derosits seemfto be less thich
(in averace t%ickness) ori McOy thes'are hichly eritaxiallu
oriernted on Mc0 and almost comeletelw random on aluminay
and their diffractiorn intensities sre urmsually broad on
Ma0. Effects of srosure to Gases and laboratorw asir were
noted irn both casesr but thew were found to be less sevare
for Pd/alumina. A serasrate discussiorn of the reswults for
(i) the rueleation amd early crowthr (ii) eritan ard
reeudomorrhismy 3rnd (1i1)  anmealinery  Gas  exMposuresy  and

electron~ besm erharncement follows.

(1) NUCLEATION AND EARLY GROWTH

The arrarent differernce in dercsit thichkrness can in rart be
exrlained 8s due to 8 suwbhstantially lowered condensation
srobability  in the cecase of Fd/Me0., Ore can estimate +the
condernsation rmrobsbility from the TEM results. If we
assume that the rarticles have esserntially 8 hemisrhericsl
share and that the condernsation wrobabilite (Fo) on the
theavilw Fd-coated) auart= cerustal is urityy the
epndensation  erobasbility (FY  on the M0 substrate ecuals
the averaee thichkness (M) of sctually derosited ralladiuvm
divided by thg thickrnegss (Mo) mormitored @ith the auartz

crustal microbslarce. Usirng the mearn rarticle rumber



density  (N) amd the mearn rarticle diameter (D) defired

earlier im this rerorty we obtsin

o

- .
F = PFo x M/Mo a2 10 ,“;;'-N p® oMo (3)

For the case of a romimal 0.3 - 1.8 nrm Fd derosit orn MaOr
sueh as shown in Fie.4y this eruation wields a3 derenderce
of the condensation rrobhebilite or the derosit thichkress as
showrs irn Fig. 19y rlotted sersratelw for Pd/Mc0§1003 (splid
curve)land Pd/MGO{lll} (dash curve), The initial decrease
of P with inereasine thichkrness micht be due to nucleation
at rreferred sites. Orece a3ll sites have beerm filled, a
further drneresse in derosit thichkress wowld be exrected to
Justifw  am inceresse in the corndensatiorn rprobehilitysy since
a8 more substantial fraction of adatoms imrinees on
ralladium  dislands where the stickirne rprobsbility cam  be
exrected to ke hich, The reswlts rlotted in Fic.19 sre in
cualitative asereemernt with this reasoninery althouwsh the
difference betweern the results obtaired on the two tures of
Me0 swurfaces carnmot as resdily be urderstood. Orne rossible
exrlanation mieht be that the assumetion of themisrherical
rarticles is nmot satisfsctory Tor low derosit thickrnessessy
ieesr that the Pd rarticles are rarticuwlasrly flat durine
the early stace of arowth. In facts AES and UFS studies bw
Gasebler and coworkers (10) indicatle laver arowth for Fd
derosited a. RT onto clean Zn0 surfaces, Their results

imrlyr howevery lawer arowth bevond a3 derosit thickriess of
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3 nmy whieh clearly differs from our results Tor Fd/MeD.

Corresrondine casleuwlatiomns of the stickine coefficiert for
Fd on sarrhire wield much hiecher vdlues of 0.27 for the 0.2
nm rominal derosit case (Fie+3) asnd 0,47 for 0,6 rm derosit,
thickriess (Fig+l). There seems to bhe rmo sienificart
influernce of the substrate temrersture durime derositiorn on
the condernsation rrobabilitew in the temperature rarce

betweern RT ard 500 Cr» the temrersture rrevailine durineg the

0.6 nm derosition exreriment.

These findines of a8 substantially hicher condensation
rrobability  for the Pd/sarrhire sustem when comrared to
Fd/Ma0r comrlemented with reswlts rerorted for Pd/mics
(11)y where 8 condensation coefficiert of 0.6 Was Tourdy
indieate that Tor 8 substrate Zovererowth sustem with
strone metal surrort interactiom —-- which we surrnse edMists
in the case of Fd/Me0 3s will be discussed belowy and Lo 2
lesser desree fTor Fd/mica (il) -~ ore does mot necessarily

fimd 38 corresrondinely hich adatom stickinmeg srobabilitue.



(2) EFITAXY AND FSEUDOMORPHISM

The reswlts indicate that ralladium Grows rerfectly
eritaxtially om McO 8t temreratures as low as RTr whereas
eritany or sarrhire surfsees reguires gome 00 C. A
comraratively low eritasial temrersture (Te) for Fd was
fourd by variows other irmvestieators! Doerine et al, (11)
found 3 slight tLexture Tor Fd/mica st 200 C  ard exrlained
this as due to an serrecishle desree of metal =~ surrort
irnteraetion, Christmarn  and Ertl ¢(12) rerort am ortimum

temrerasture for FPd/NsaCl of 200 Cy with 100 € or 300 C

wieldine stromne fibor testtures, Murr  ard  collahorstors

(13) reached esserntislly the ssme cornclusior, Kato (14)y
-5

workime wncder 10 millibhsr vacwam conditionsy fowrd an

irneresse of Te for FO/KCY arnd Pd/KEr 4o Fd/KI from 80 C  to
280 € sond suasests a8 correlatiomn betweer Te and the ionice
radive of the arioms im the substrate. Gillet asnd Rernow
(15) fourd cood eritsdy Tor Pd/MoSz ever 3 wide ranee of
substrate tempsratures (Ts)., Tahasvansei et al, sctualily
rerformed Fd/Med studies wnder conditioms similar to owrsy
but only et elavated substrate temreratures betweern 200 arnd
500 €y arnd in this recime thew' fTound werfect Fd/Mec0 eritany
(16)+ Falmpere asnd Rbodin (17) obtained {100} eritans for
Fd/Ma0 (bulhy why~cleaved) for Tsk350 C, The low eritawxisl
temrerature for Fd/Me0 -- which may actuzlls pe well below
RT (ro indicatiorn of imerrovemert of the desree of eritanu
was noted ir our exreriments for TexRTy and Ts<RT was rnot

attemrted) -- ocomrared with the muech hieher eritanial
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tenrerature for Pd/sarrhire urnder otherwise very comparable
conditionsy dis another indicatiorn of the well=known Taet
(18) +that the ocreometriec recistru betuweq avererowth and
substrate (82 Tor bulk Fd/Me0r less for Fd/sarrhire) is not
the most imrortamt Teector in the determimation of eritanu
for relatively weaskly dpdersetinmg  substrate/overerowth
sushoems. Surface free ernerey considerations (1%)  and
electromic irnterasctions betweem overserowlh and sussort (19)
are maeh  more imerortarnt  factors determinins  the mode of
overcowbh {laver VS, three~dimensional derosits) and

eritard.

Ore of +the more surerising results of this study is that
the lattice rarvameter of Fd on 5100} M0 was Tound esxranded
by  some 3% whern comrared te the bulk raramet ry and  the
diffraction srots were auite brosd (Fic.10). The exeansion
was hichest for the smallest rarticles. The broadress of
the Fd diffraction srots cowld be due to the small size of
the Pd dislands. Howevers our results carnmot fully  be
exMrlained on this bassis. The mearm rorticle doimernsion (D)
is related to the “Iffraction broasdemire (EB) via the

Scherrer Tormuala (20)
D = KA/(E cos@) (4)

where (K) is & constart Tactor close 4o wurituyr (R) is the
/

(electron) wave lercthy and ¢ 6%) is the Ersee ancle, The
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bropdenine (B) is measured am radions, Usine the mean
rarticle sines computed with equatiorn (2)y  ecuation (4)
would couwse the Gawssism orot size distvibutions showr in
rart A inm Fic.20 for the riominsl deﬁosit thickrnesses 0,8 =
4,8 nm wsed im ouwr exnreriments for Pd/Me0. (The inteerated
intensity  wss set rrorortionsl to the derosit thickress).
Averasces of many diffraction ratterns  sueh 8s those shown
im Fiss10 aGiver on the olher handy ithe diffraction
intensity distribwtions shown im B in Fie.20. It is
evidernt that (i) ‘the sectusl srot sizes are muweh  broader
tharn wouwld be exrected if onlw msturasl brosderming would be
rresenty  and  (id) bhel the terdermcs of the brosdering
directiorn is ‘towsrd 8 decresse of the Fd/Ms0 lattice
misfity whieh is shout 8% for bulk Fd/MeO} iveer  the
tendenecy is Tor the Pd latlice esrasmeter to ineresse with
resrect  to  the bk latbice earameter, This result
cortrasts with variows esrlier reswlisy such as for sold on
mics obtaimed irm  our  laboratorwy where evaluastion of
substrate lattice rlarme re Viwtiony directiorms and sracincs
of moire frirmcesr and shares of the rarticles led to the

corelusion that the lattice sarameler of the cold derosit

wase actually corbracted  (bw  showt 1%, decreasine Tor
imereasineg  rarticle size) when comrared to the bulk

raramelter of eold, This was irn srite of the faet that the
substrate lasbtltice rarameter was setually lsreerr i:2.¢ the
Isttice wmisfit irmcressed rabher tharn decressed in that case

/
(21+22)¢  Inm ' esrlier worky Maws et al. (£3) Tound similar
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results for cold on carborny arnd Boswell measured lattice
shrirnkace of almost 2% in cold rarticles of some 2 rm in
diameter (24)., The results were exrlaired inm terms of
surface stressy which is larcer for smalf rarticles due to
the hich surface~ to- volume ratio; Falmbere ard Rhodim
(17) refimed +this eurlamstion for PFd  on mechamically
cleaved MeO in  terms of erhanced surface valerncw. More
recentlyy Yohozehki (28) examirned +the auestiorn of lattice
shrinkase of smpll wrarticles for the case of lead, He
fourd a8 modest decresse of +the lattice rarameler by 0,3%
arnd arcues thaty althouwah this result aerees with the
rhernomenolosical concert of elastic comrressiorn due Lo
surface temnsiony bthere maw well be arnother exerlanstions
limesr thermal edransiomy which wouwld eualitativelw ascree
Wwith his results. Yohozeki further roinmts owut that an
orrosite effecty asrprecisble lattice exrsrsiorny would he
rlausible for dinterslansr sresecinss asdudscent to 2 free

surfasce. This areument dates back to work bw Burton and

Jura (24 whor wsing Girifslco a8nd Heizer's (27) Morse
rotertial coefficiernts for feo metalery calcoulated the

surface distortion in Tee solids. Their results rance from
5,97 exransion Tor Fbh  over 6.5%X for A Lo 12,5% for Ca
ﬁOO} r the edrsmsion beine  lower Tor {110] and fii@f
surfaces., Tiek amd Wittt (28) later exranded these

calewlationsy wsirme 8

95 -A + B
. = 1
. 2 71 ’5-? (5)



ture roterntialy with =4 and e=7 for fee-ture metals and
a=é6 srnd r=12 (Lernmard-Jdones) for wmoleecuwlsr crwstals., Their
resulting fractiornal increase in imterrlanagr sracineg at the
surface was 1 ~ 4% for metals and as mumﬁ‘ Be 15 - 307 for

molecular crustsls.

Eviderce of lalttice exranuion of PFd om Me0 was also found
by  Arnton et al, imn recermt din-situ TEM diffracltion
dersitometry messuremernts (29) Tollowirme 8 method develored
garlier by two of the rresemt awbhors (30), Tahassansei et
al, (16) preserted 8 microerarh of Fd islernds derosited at

300 C orn MaQ showire moire Ffrimces. Thew messured a frirnce

sracing of 2.5 rm oand swuseest  thalt thew sre 220 ~ture
Mmoires. Uricer these conditiornsy a8 2.1% lattice exransion

wonld follow Tor their Pd dslandsy which wouwld essentialle
acree with the rresernt worksy bwl ornly 4T ore disrecards the
considerably larser rarticle size im their work. Howevers
their eresentation indicates dissereement with owr Tirdirncs
concerning  the subsltrate/ overerowbh directiormss 4f  the
lalblice dirzetions sre assumed to be correctly indicalteds
their moiies showld be of the 2008 rather tbtham 220 ftured
and 200 ~ture woires with 2.9 rm seracines woulds in turnes
indicete the bulk lattice raramelter of Fdy d.e.r bthe result

that ore wonld exrect orm cortamirnsted Mal surfaces.

Turkevich el al; (31) rerort & lalttice rarasmeter incresse

.
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averaaine 1.9% over the bulk raramehber for Fd chemicallw
rreciritated arnd rresumsbly  suprrorted orn carbor. Their
cornclusiorn is based on TEM lattice imaces of the rallsdiom

o

rarticles wewards of 2 mm in size. Howevers Lthew make no
merrtiorn of roltentislly siGnificanﬁ imace idnterrretation
difficulties that carm be eresent im TEM latlice imasces
unless the foecwsineg amd  astiematism cornditiomns are  known
and carefulls bLaker idirnto cormsideratiomy such as bw imace
similation calowlations {325 . orn the obher harndy
Woltersdorf et 2l. (33) irmterrrete the berndine of Al/Me0
moire frinses towsrd the edees of swmsll rarticles as
imdicative of lgllice cormtraction beime most rFromimemnt at
rarticle edees. Thew likewise do rmot consider duyneamical
effects, Turkevich et al. (31) do merntiorny howevers two
additional results that are of interest im the Fresent
situalicr,. Firsets irm obherwise similar latlice rarameter
determimations of Ft idislarmds thew fourd rno  lattice
Meransiony  which micht cive ocradernce to their results for
Fd in srite of bthe theoretical aanbhicuities mermtionmed shove.
Secondy they rerort that the lattice rarameters measured

for Fd varied substamtizally from earticle to rarticle.

Whern sreculstine abouwl the reasan for the hroadering of the
Fd diffraction srots dim our workr twe rossibilities are
rresemrtls beinec considered?

(i) The idndividuasl Fd idslandsy whose mean dismeters we

. . / .
estimated with ‘eau. (2)y sre rmot sirncle crustals but some
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sort of multirly twirnmed rarticlesr esch twinm being of
considerably smaller dimensiorn than +the whole rarticle.
Thereforey 3 broader diffraclion reak could be emrected,
This rossibilitgy which follows the rea;onina of Solliard
(34) who used the diTfraction srot size in 40 WV scammine
ED ewreriments of Auw amd Ft  rarticles to determime that the
AL rarticles were mltiely twinned and  the Pt rarticles
sircle corestalsy seems wnlikely becawse the absence of
diffraction comtrast features wswally turical of twirmine
(Fics .13 arnd 14)y 3% well ss  the summetry  in  the
diffraction ratterms (Fic.10) clearly indicate that mo or
ornly verw few Fd islarmds were multirly twinmed? the rest
are sinele crustals. (iid) The lattice rarameter chances
withinm the inmdividusl rarbicles due o strains exerted most
strongly in the Pd/Ma0 interface laver and decressineg with
imereasineg distance from the substrate. Howeversys such
lattice rarameter chanGes withir individual small
{narometer -size) rarticles have beern sraued Lo be
imerobable for the case of malbirly twirnmed cold
crustallitess where a8 derarture from the fee lattice
conficuration to & rhombohedral or 3 bco confisuwration -—-
unitform within the entire rarticle —-—- was shown to he 3
more mrchabhle mesns to accomodate the seometric misfit Tor
icoszhedral and decshedral rarticlesy reseectivelw (35,38).

It may well be' tLhat this areumert could he emdbtrarolated to

small rarticles ir cereral only urmiformly straimed
rarticles can sidal e Howevery this areument would mot
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acree with the earlier mertiorned work by  Yolkozeki (25),
wartorn and  Jura  (26)y arnd Tick and  Witt (28)3 Sut one
showld note that their arcument of mor~uriform lattice
rarameters would ther be orrosite. to f%e case rreserted
here? they #relain exesmnsion  in interelansr  sracirgs
addacernt to a free (vacuum) surfacer wheress we discuss
sueh  exransion  inm the overarowbh at the substrate/
overerowth interface. Farticles of different sizes will be
carable to accomodate differernty welt wriform strains
leadineg to differernlty within gsch rarticle constant lattice
rarameters,. The observations bw  Turhevich et al. (31) seem

to favor this altermnative,

A strome metal surrort interscltiorn is corsidered the main

grivire forece for the lattice rasrameter ircresses ohserved

in our studies. Feeudomorrhism (37) ie & well-documented
Fheromernon i very stromaly irmteracting substrate/
overerowth suslblems urier truly cleanmn edrerimerntal

conditions (38)., For the case of Z rn size FPd rarticles on
g relativelw sbromale intersctine substrate like Me0 under
clean gxrerimental coruditionsy the sccomonation of
irnterfacial misfit by wniform rarticle strain is erobabls
the domimastine mecharnism, Howeversy whern either the
sithetrate/ overerowth irntersction is decressed (e.csr bw
cortaminastiony or for different wmaterizals) substantislly
and/or whern the rarticles become evern smaller ( £1 nmdy thé

/
rarticle ‘fcecerillary forces" t{ake over arnd wminimize the
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total surface free erercy of the sustem buy rarticle
contraction. This is srobablw the reason why in recent
EXAFS/XRD messuremernts (39) as well as in most older
studies which were more dominsted bw cgntamination ol

decreases of next rearest reichbor distasrces were Found.
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(2) ANNEALING: GAS EXFOSURES,» AND ELECTRON-EEAM ENHANCEMENT
The reswlts irndicate that arnealine a8t room temreraturer
wrosure to casesr and exrosure to the electron beam 811
influence the derosit. Due +to the matqre of in-gsitu TEM
exreriments that are rerformed secuerntially and relw on the
electron beam Tor recordine rurrosesy one cannot rositivelw
study the effect of anmy one of these fTactors inderendent of
the others, The desicn of the exrerimerts allowed, howeverys
sssessment of that meture a8t least in rarts The followine
trends can be edtracted from owr results for FPd/Ma0?

g

(i) The effect of smmesline at RT under ixi0~ millibar
vacuum conditions is some coslescerce bw cluster mobilitw
(or by fast Ostwsld rirernine 8t 3 time comstant of <1
sec)s Im esrlier exreriments in owr laboratorw we examined
irn-sitw the armmealine behavior of silver on erarhite (40)
arnd cold on MaO (3y 41). Imn these exrerimemnts we were able
to clearly differemtiate betweern rirenincy occurine over
reriods of 100 secondssy and mobilitw everntsr occurring
within «<<0.,1 seconds., The sctual time resolutiorm irn the
rresent eMdreriments beirme omlw of the order of 1 secondy we
believe that it is most likelw +that the mobility of Fd on
M0 is similarly fast tham Tor Au/MeOr i1.e.r that it slso
occurs a8t time constamts 0.1 secormdsr and that Ostwald
rirenineg can be exeluded as a3 mador fasctor.

(ii) The rarticles coaslescime durine RT vacuum arnmealine do
oftern rmot simter into 8 mewy hemisrherically shared sincle
eruvastal rarticler bt thew rather form ‘"rafts” of

;-
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rarticlesy rossibly fillime cars betweer esch other bw some
short-distance asuwto~diffusionr leavine the area coverace of

the suhstrate with rarticles essentizlly uncharmeed. This.

-~

findine indicates that im the case of Pd/Me0 the secornd of
the two sters (40) comprisimeg full coslescericery 1.€4r the

sinterime to & homocenepus new rarticlery does not often

peCuT . Orne rossible exrlanstion for this observatiorm might
be a3 stromne interaction of +the wralladium with the

substrater thus makine diffusiorn of Pd stoms swaw Trom a
rosition nmear the substrate surface for irncorporation into
a2 mewly forming, larcer rarticle less likelw.
(iii) The uhv=RT arnesline effeect dis relstivelw stroncest
for the smallest rarticle sizesy i.€.y for thin derositsy
arngd  decresses with incressine  derosit  thickness. This
obser- vatiornr most clearly demorstrated with Fies. 146 and
9y i im  2ereement with most other small-rsrticle mohilitwy
chservations that have been rerorted srnd csrn essertiallvw be
rovonciled with the reasonable sssumrtion thatl the
activation ernerey for mobility of a8 ecluster Ffollows an
inverse relatiom to the cliuster/substrate cormtsct area.
(iv) The amnmeasline effect 1s ereatlw ermhsrced wuron exrosure
of the Fd derosited MO surface +to lashorstorws air or to &
low-rressure oxween envirorment,. Demornstrated with Figs.12
ard 13 for a8 medium  a8rnd heave Pd derosit orne MaeQ for the
cese of  2ir edrosurey and with Fie.3 amd 15 fTor arn ouvcen
wrosurey it ds cornceivable thst the owmusern available for

. / . .
adsorstion , at the rarticle ana sitbhstrate surfasces
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deaetivates the strone rarticle/substrate dinterasetion and
thus reduces the sctivation ermersw Tor rarticle mobilita,
Ormece urosed Lo omyeern or  laborstorys airy the ernhanced
arrealineg effect seems to combimne Tor 1oﬁﬁ reriods of time
(ters of hoursy Fie.13d amd 15k)s " whereas it seems to
subside comraratively aeuicklw if ro oxween or sir exrosure
is offered to the ass-derosited rarticles (Figs.8r léoy 9.
The circumstarnce that the lone-term RT-spnesled raerticles
look substantially differernt derending on  the arnnesline
conditioms —-=— armmeslirme ir  labhorastorw air wields rarticles
Wwith more roundeds seeminecly hemiswrherical cross-sections
(Fic.13d)y those exrosed to laboratory air for onlw a short
duratiorn and therm arnesled under 10"8 millitar total
precsure conditions flstten on  the substrate (Fie.l18bh) —-
maw scaim he related to the availsbililsy of ouueen, Orce
the oxweern chemisorbed orm the rarticles is wsed ury swch  as
for oxidatiorm of the eslladium or 2 catalytic scltivitw
involvineg the ralladiumy further cohemi~ sorbed oxgeen is
available i the vacuum-znnesaline pcase  onlwy  on the
substrate surface. This maw cause ralladium  ztoms Lo
diffuse from the rarticles to the chemisorbed oxuwsern orn the
suhstrate surfacey thus sroducine the TEM asrresrasnce of
flatterninG ard srreading  of the relladium  dislands.
SereadinGg under somewhat similar corditiorns hss heern  found
for mickel om mica weon oMuGen eMrosure a3t 300 € (42).
Howeverry these auwbhors asbbtribhubed they srreading  to NiQ

formatior:. ﬁigmanmealed rarticles have rlermty of MG T
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available at arny rlace and ary  timer thus remdering  anw
srreadine asnd flattenime uUnnecessard, In factr ‘the
evidence is that wnder these conditions mipimizatian of ‘the
rarticle surface ares Lo a Squical"shape evenrntuallu
becomes rredominanty indicatine +4hat bthe metal-substrate
imtersction is eventually wesherned when eroush oxvsern is
beirne made avsilsble from sources other than Lhe substrate
itselfr and/or  if the srecimen is exposed to 8
cormtaminatine ernvirorment.,

(v) The arnealine effect in sir/oMyeen exrosed samrles is
enharnced bw the imseirne electrorn beam, It is wrelesr st
rresenty  if  the arrsrert sermsitivity of Me0 1o electron
irradistion damsse (Fig.18) is related to the observed
enhancemernt of the spresdinc/flattenine effect (Fic.l17).
If radiation desmasce is marifest im destruction om  the Me-0
bormdsy it is more essw for oxweern from the substrate to he
made availahle to the ralladiuvmy wrossibly ernharncine  the
diffusiorn of Fd to the odMueern sites. Tt ie wrelear if  the
Fd aectually diffuses into the hbulk of the swubstrate in this
Frocess. The electron impce asrrearance in thin substrate
sreas (Fig.l7dy wprer riehl) does sueeest & homoceneous
"misture® betweern what uwsed Lo be the MO substrate arnd Fd
rarticles., If this idis correcty it would thern follow that
e-beam dirrasdiation csn e an effective mesrns 20 disrerse
ralladium. It idsy of courser also rossible to intersrete
the disarrearasrnce of features oelearly atiributable to Fd

and  distinGuishable from MeO im Fig. 17d as due to
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evaroration/desorrtionr rossibly electror-beasm stimslated,

of ralladium.
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CONCLUSIONS

¥ I taee Tes TN Mo ey I ST 0 e

Falladium was derosited inside 8 custom TEM srecimen

>
»*

chamber onto clearn MeO §1003 aord {111} and oK =alumins

surfaces rrerared by electron=beam Tlash~heatire., TEM
examination of derosits of 0,3 - 1.8 rm rnomimal thickress
gielded reswults that are consistert with a8 strorme metsl -
surrort imtersction  (SMEI) for Pd/Me0 armd & wesk interac-
tion for the Fd/alumins sustem. These reswlts irmclude!

(i) rerfect eritang for FPd/MeD slreads Tor room—~temrerature
(RT) derositsy ard slmost comrletely random oriermtation of
Fd/alumina under the same conditiorms? (ii) esransiorn of the
Fd lattice by some 2-4%y the larcest amourts of exransion
beine recistered Tor the smallest rarticlesy wheress the
exransion measured for Pd/ o —-alumima  was  S1X7 (iii) 8
spresding of the Fd  islarnds om the MeO subsltrate wron
lome~term <(terns of hours) high- vacuuwm arnealine at RT
after exrosure to laboratorws air or oxweernd (iv) strona
coalescernce with subsecuert minimization of the surfsce
area of the coalesced rarticles durime lome—term (temns of
hours) RT exrosure to laborastory airs and (V) an ingreased
rate of srreadinme —-- and rossibluy  atomiec diffusiorm into the
Me0 suhstrate —— of Fd uron irnternsive ivradistion with the
electrorm beam 2t rates that were determined +to cause
significant radistiorn dsemsese inm the bsre Me0 substrate.
Mobilities of rarticles durine annealine of Pd/Me0 were

observed but octurred less freeuently than for FE/sluming.

..3?...



The additiomal result that the stickine rrobsbilitu for RT
derosits of Pd on cleamn M0 is  low ( €0.1) &rd about B
times lower than on elean X ~zlumina seoems irconsistert

»

with the SMSI comecert for Pd/MaQ., -

The exreriments clearly indicate that orne shouwld exercise
eavtion dim the idmterrretation of ex~situ TEM results
obtained from’' metal deresits that have been edrosed to
labhoratorwy air durine the TEM srecimern rreraration Frocess,
Substantial cehsmses in rarticle habhit s8rd  crustal strue-
turey as well as sizer area coverace of the substrater amd
mamber dermsity  wmaw ocour, Charees may evern be exrerienced
due Lo exrosure  of orly 8 few tens of Larncmiirs of cases
such as odMgeer or airy or even due to mere RT- arnreaslinG.
These firndines wrderline the imrortamnce of idre-sitn  TEM
observations when charascterizineg rarticulzte derosits of

catalulically asctive materials.
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FIGURE CAFTIONS

Ficels Turical 0,6 rnm RT-derosit of Pd on sarrhire,
Fige2¢ "6 mm RT~derosit of Pd orn serrhire after armmeslinr
at 600 Cv Indicsted reflectiorns sre 111 Fd and

1710 ®=~Al,05.

Fic+3+ 0.2 rnm derosit of Fd/sarrhire; (a) aflter RT-
derosition (very smail rarticlesy randomls
oriented)sy (b)) after 3 mirm arneal at 500 C and
2%10~8 millibar total rressure (rarticles
coslesced to 3.3 rm mean sizer eritaxiallu
oriented)? (e) after 10 mim oxuween exrosure at
200 C ard 10 -6 millibar (much sdditiomsl
coalescence)’ (d) aflter adaditiormal hwdrocen

wrosure at 200 € (no arrarent sddilional
chances)., 220 reflections of Pd indicaled as
referernce. Dots sre aluminay arcs are Pd

reflections,
Figs+4: Turical RT-derosit of Fd on {100} MeOd mominal
thickrmess 0.3 rm (ady 0.6 rm (B)y [.2 nm )y and

’08 i (cd)

Fig.5. Farticle rumber demsity (N) ve. naminal derosit

thickrness for Fd/Me0 {100} and {1113,
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Ficgeb.

Fige7

Fic.8.

Fic.9.

Fic.10.,

Fic.11.,

Farticle area coverace (@) va, rominal derosit

thickress for Pd/Me0 {100} and {111}.

-~

Mean rarticle dismeter (Dy cowwutéd from equ.(2))

ve, momirnal derosit thickrness for Fd/Mec0 {100} and

{111¢,

Derosition - amnealine secuerce of FPdy RT-derosited
at 0.3 rm rmominal thickress orto {100§ MeO.

(8) substrate after e-beam "cleavace' before dero-
sitiorn? (b) shortly after derositions (o) 21 hrs
after derosition? (circle indicates examrle of

rarticle coalescercer sauare of mobhilitwe).

[+2 mm (momimal) derosit of Pd orm Mc0s left! 28 min

after end of derositions richt! after 24 howur RT-
-8

armeal a8t 1 x 10 millibhar. Very few charnces have

ocourred due to larce size of rarticles.

Turical selected—-srea diffraction rattern of
Fd/Me0 §1003 of 1.2 rm (left) and (.8 mnm (richt)

nomimal thiakrness.

Fa/Ma0 (0.3 mm momimal thickness) 7 min afler
derosition (a)¢ ard 2.5 mirm (h)y 38 mim ()r aRd

200 minm (d) after exrosure to oxweern for 3 min at
/



Fia.12.

Ficge13.

Fic.14.

Fig«15.

Y 10"6 millibar. Circles indicate examrles of

coalescencer trisncle of share charnce.

Fd/Ma0 {111} derosit (0.9 rm momfﬁal thickrness)
before (left) and S hrs affer 10 mirn exrosure to
laboratory air (richt)r exthibitine much coales—
cemce amd rarticle mobilitwr often endine at

sters.

Fd/Me0 {1003 ¢[+8 nm mominal thickness) shortly
after derosition (3)i after 10 min exrosure to
laboratory air (b)i after 30 additiormal mirutes

of emrosure Lo air (transfer to other microscorer
(e))i and after 120 hrs exrosure to lashoratorw air
(d)s Circle dericts randomls selected sres for

easier Commarisor.

Lorne-term air-exrosed Fd/Me0{1003. Left! EF-imace;
cernter! fTocussed Fd 200 SZDF imaces richt!
double exrosure of focussed armd defocussed Fd 200

SZEF i1msces.

Fd/Me0 ({111} ares in lower half, {100ares in
urrer halfi 0.3 rm rominal derosit thickress)i
left! before exrosurey riecht! 100 hrs after
anneal in oxuween for 3 minm at 2N10‘"6 millibary

exhibiting rarticle flatterming.
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Fic.16.

Fics17.

Fic.18.,

Fic.19.

Fig.20.

Pd/Me0 §100% (0.6 rm rominal thickress)i (a)
immediatelw after end of derositiorni (b) 200 min
later; (o) and (d) 15 hrs lateri <d) has obtsined
150 A sec/cm?2 zdditional elﬁctrog irradiationy

cawsing radistion damasce~induced rarticle

flatterning.

Pd/MGO{}il} (0.3 mm nomimal thickress) immedistely
after derositiorm (8)% 100 hrs later (h)j after
additiornal 20 hrs vacuum armealine followime a8 10~
min air exrosure (c)? and after additiormal 250 A

sec/cm?2 electron irradiatiorn (d).

M0 substrate immedistelw followine e-beam
"ecleavace" (3)4 after 240 A sec/om2 (b)) and
after additiormal 720 A sec/em2 () electron
irradiation’ and afiter air exrosure smnd asdditio—

nal electrorm irrsdistion (d).

Condernsation rrobability (F) for Fd/McO {100} andg

{111}7 comruted with ecuation (3).
Diffraction imtersity distributions for variouws

mearn marticles sizesy comrubed with eaqu.(4) (A)}

ard messured for Fda/Mel (B).
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