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ABSTRACT

The interaction of 100 and 200 KeV electror beams with
amorphoug &luminag, titamia, and aluminum mitride substrates and
nanometer~gize palladium particulate depogits wWas investigated for
the two extreme casés of (&) large~area electron-beam flash-heating
and (b) emall-area high~intensity electron-beam irradiation. The
former simulétes & short-term heating effect with minimum electron
irradiation exposure, the latter éihhlatéé high-dosage irradiétibn
with minimum heating effect, All alumina anhd titania samples
responded to the flash~heating treatment with sidnificant
recrystallization., However, the size, crystal structure, shape, and
orientation of theé grains depended on thé type and thickness of the
films and the thickneéss of the Pd deposit., High-dogsage electron
irradiation &lso readily crystallized the alumina\$ubstrate filme but
did not affect the titania films, The &alumina recrystallization
products were usually either &1l ih the alpha phige, or they were &
mixture of small grains in a number of low-temperature phases
including ) &x,ﬁ,a-alumihi. Palladium deposits readcted -heavily with
the alumina substrates during either treétment, but they were very
l1ittle affected when supported on titania, Both treatmerts had the
same, less prominént localized crfystallization éffect on aluminum

nitride films.



INTRODUCTION

The trangmission electron microscoré (TEM) has become & powerfiul
tosl in the &tudy of hancometer-gize supbPorted metal partiéles (1),
ine1uding model structure-sensitive 9u§ported catalyst Systéms (2).,
1t hag beer establighed ¢that the catalytic properties of certain
gtructure-sensitive catélysts incréase rapidly with deminishing
particle &ize, For example, the rate of CO decomposition &f Pd
particles supported on muscovite micé InCreases five-fold when
EédUEing the particle éiié from 5 nm, at which sizZ= the catalytic
activity is cloge to thét of bulk Pd, to 2 nm (3), A similar gize
dependénce was foufid for Ni/mica (4) and Ru/mica (5), It 1§,
theretore, of interést to be &blé to imade particles at highest
pogsiblé résolution.

It has long been known that the electron beam can have & marked
Effect on the imaged subjéct matter, and efforts to reduce the
spécimern exposuré, such as by using an image ihtensifierISystém (8)
or by optimally taking advantage of the elettron speed and finhe arain
€izé of TEM photomatéerial, have been gtandard practice. However, the
incréased availability of very high resolution microscopes that
allow, for instarnce, observation of crystal lattice plarnes at |
milliorn times electron optical maagnifiéation directly on the

microscopeé fluorescent scréen, has incréaséd the "standard" specimen



éxposure to such high léveéls that electron irradiation damage hés
becomé a Serioug problém ever for &pecimens that, whern éxémined at
come 109,000 times magnification, could be conzidered resigtant ¢6
@lectron exposure damage. Typical eléctron current densitiés at the
illumin&ted specimen ared &re€ ih the 1-1@ A/cm2 f6r such
high-magrnification work, compared to .61 to .81 A/cm2 vhén workinhg
at 100,000 X magnification urnder conscierciously low irradistion
conditions -~ vhéreby such maghificétidhs Ear still lead t6 0.4 Afi
gpecimen resolutidn if reasdrably finé-graif photomaterial (&.4.,
Kodak Eléctron Image Plates or Electron Imade Film #4463) and

used. Aluminum oxide support films héVe; for example, been cohsidered
safe in teérms O6f radistion damagé uhder such conservative mA/ci2
range operating conditions.

Thié paper Hescribes obsarvations with such films as well &s
titarnia and aluminum nitride filmg under 1{-1@ A/cmZ operatirg
corditions, where not only rate- and dosage- dependent radiatich
damage, but also 16fal &pecimér heating must be considered és
possible effect of the primary electron beam, An attempt i§ made to
differénciate between the thermal arnd the "geruine" radiation damage
(breskihg of chemical bonds; displacement dzmage). Alumirna and
titania films weré Used because of the significéhce of these oxide
gupportes in catalysis &nd, in the case of alumira, & substantial
prior TEM work with thése films in our laboratory (7-12)., The films
are examined with and without & particulate depdosit of palladium, in
ordér to include e-beam induced metal/substrate interactions in theé

study. Palladium was chosen because 6f the number of previous and



current rfesezrch projects cohducted at the NASA-Ames reséarch
labor&tory and Sther places (e.qg., 1,2,3,1{1{-13), In addition to
&luminum hitride, Which we af@ UEing &s &R éxamplé for & highly
current dersity-sensitive film, We are Eomparing our results with
mugctvite mica filmé, which have &l&o éxtensively been used in our
labarétnry (3-5,15) and which &Fé knowh to Suffer chemical
bord-breaking and displacement-type radiation damzge (16)., Although
it is knoin that the dedree of radiatiom damige induced i & TEM
gpecimer depends oOn the microscope OPErating voltage, we are .
indiscrimiratély QSihQ 100 ahd 200 keY in tonformance with the désighl
beam eneray of the two microscobes emploved in this study, but wé are
tonfident that the generality of ouf fohclusions is not &ffected by

this Hiscrepanty.

EXPERIMENTAL

Amorphoue &lumind films were preparéd by &shodic oxidatiorn of
aluminum foil &nd By reactive éputter deposition, Two differéht film
thicknesses of &nodic films were used, approximately 23 nm &nd 6@ rim,
In Both caseg, thé tilmé were &tretched over 2pa-mesh copper arids
after dissolution of the supporting aluminum foil in a merfcury
thloride solution ahd repeated washing of the remaining aluming film
with destilléd water. Amorphous titania and aluminum nitride films
were preparéd by reactive sputter deposition, All sputter deposited
films were supported on an "ultrathin" carbon film {(lesz thar 1@ nm
thick) strétéhed dver 20@-mesh coppér drids.

Palladium was deposited on ex-situ prepared &luminz and titania
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tilms from & wife &6ufce under 16 mbar vacuim eonditions.
Immédiately Briof €6 the BepoEitions, the &ubstrites weré oxygén
blasma treatéd ?or £leéaning ahd providing completé stbiéheofietry of
the Substrate surfaces, Tud différent deposit thicknesées weré used,
The "thin" déposité are characteérized by {&lards of some 1.5-2 nh
hean dismetér, the "thick"' Heposits had island &izes in the 3-4 hnm
EiZe range and Wweré past the initial &tage Af growth cozlescence, In
all £&sés, the particle nufiber denslities rangéd betigen 3%10'% &nd
gri0”? en!,

The as-réceived, undepositéd filhs and the Pd-depogited films
wére exiémined in high-resslutior transmidsion electron microscopés
8hd Bubjected €o flash-electron tréatments &nd high-intersity
electron exposuré tréatiments. Ah @lectron current density of 3.6
A/ERD Wit tvpically uséd for bAth tréatments. The flash-glectron
treatments wers Perfozhed in & Hitachi HSGOH TEM &t 100 keV
accelerating voltage, the exposuié tréitments were Mostly pertérmed
With & Jeol P@GPEX instriument at 200 kY,

The flash-&lectror treatmént was designed to &imulate &
Ehort-term héating eftect bh the specimen, while subjecting the
treated specimer area to only little radiatiof damage. The treatment
duration was typically &f the order nf @.1 seconds, achieved by
quickly charging thé fllumination through focus with the final TEM
condenser lehs., In the focusded condition, the beam diameter was
about 3@/pm on the specimen (low excitation of first condenger lens).
At 3,6 A/cm2 current density, this gives & total specimen current of
2.5%10™° A (affécting signiticant local specimen heating), while the

total irradiation dose was below { Asec/cmZ2.
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Thé high~-intensity éléctron exposure tréatment was designed to
simulate gignitficant electron {rradiation vwhile only little &ffecting
thé local subcstrite téempératures, Typi€al exposure treatments lasted
geveral mirutes and were confined to 50@ nm specimen areas. Thé high
irradiation intensities 8f 3.6 A/cm2 tould be achieved with & LaB6
filament using a standard condérser 2 aperture in the JEM Z2Q@REX
ingtrument. (They reéepregent, in féct, the standard high magriification
operating conditiéns with thie miérascope ~- réquired for {-second
exposure times of standard PhOto material &t £00@,002X madnification|
f6r observing crystallographic latticé plares on the screen, one
bftern exceéeds thig magnification Wkile maintzining image currént
denzities in the low 187 A/ch2 range, thus further increasing the
turrent density in the specimen)., At & typical exposuré period of 3
miHUteé; the total irradiation dosé computes to some 10090 Asec/chZ,
which i€ over 1@6@ times the doze expériéncéd during flach électron
tréztment, while the total curréent, which i& a measure of the
temperature risé bf the ifradiated aréa, is only 7%18°1 A, or less

tharn {/100® 6f the current prevailing during flash treatment.



RESULTS

The flash electron trestmert instartaneouzly recrystallized all
films, with and without depnsit. Whereas for the cazze of titaniz the
crystallization product was alwavs the same, with the possible
exception of bare titania films that crystaliized rot only to TiO2
arains but showed evidernce of some monoclinic Ti305S greins ‘&s well,
the tvpe of aluminag Eryétallization producte depended on film
thickress, type of film (anodic or sputter-deposited), and on the
thickrézss of the P deposit. The high-intensity electrorn-beam
expasure treatment had a very markéed efféct on the alumina films and
Pd particlez supported on alumina substrates, while titania'films

were rnoct affected by this treatment, and Pd particle

wn

supphrted on
titaéniéd films only Buffeéred a miror dedree of coalezcerce., Thé
findings are summzrized in table { anhd described in detzil iR thé

followina subsections,

(1) Alumina sub=z=tfates, flash-electron trezatment
All arnodically prepared bare zluminag films crvstzllized to
alphza-41203. The ease of performinag this crystzllizzetion incregsed

ome 42 rm irn film thickrness,

u

with increasing film thickrness. Above
the crystallized film areas terded to be stzbile and consisted of

large grzins {(up to several terz of gquare micromet

(]

r= in arez) of
alpha-zluminag in various orientations, as wae shown in earlier work
by Heiremann et sl (7). The certral alpha region is surrounded by &

polvcrystalline (gamms and delts élumina)'zone which borders on the
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original, amorphous &lumina film., Thinner filme would tend to rupture
during the flash-électroh treatment, ard thé recrystzllized lamellas
térded to succumb t0 the surface tensior and ernded up forming
droplet-like crystzals

The &puttér-deposited alumina films, which were 20 nm thick and
éupported on ultrathin carbon, responded to the flash-electron
tréatment By €rystallizing to much finer-grain films composed of
mostly aelt&-alumina}‘As Fia.l shows &s typical example, the arain
gize sverzges about 20-56 nm, and many voids are found 2t the grain
bourdéries, probably kinning the grzins during arowth, Diffraction
anilyeis sudaests the existence of éome'éamma gluminz gra{ns, and
possibly also dther low-temperature alumina phasesz, =zidé by side with
& majority 6f delta grains., It should be rotéd that electron
diffraction patterrns of aluminads in various phasesz, except for
Boehmité, alpha- and chi-zluming, have =6 many commornalities that it
ic often very difficult or impozsible to tlearly differerntiste
between them orn the basis of the experimertal evidernce provided by
high-resoclution TEM &nd TED of small seélected arezs, We do, however,
at timez vérnture %o expresc & preferernce if the results so justify.

The behavior of Pd-depcsited alumina films was studied for the
11y prerpared support films thzt would without

caze of thick arodic

n
Y

deposit eassily recrystallize to the &lpha phase uporn flash heatihg.
Thin palladium depozits, i.e., particles of 1-2 nm size &and some
S%10 2 cm "2  rhumber density, would ot alter this substrzte
recryetzllization behavior. However, when the deposit waze thicker,
the substrate would crvstzllize to much smaller crystals of some 30

rim mesrn size, Fig.2 illugtrates what happerns bothk to the substrate
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and the deposit in this case. Approiching from left to right in 5
micrometer incremerts the center of the recrystzllized arez (sée top
part of Fig.2 a= partial overview), we observe the followinag details:
Still quite distarnt ¥rom the certer of the récrystzllized area, the
Pd debnzit exhibits substarntial coaleséencé (Fia.2b), znd voids begin
to form in the substrate, while thé film i& still emorphbus (seé
diffraction pattérn to Fig.2bj this pattern is virtuslly identical to

thet of Fig.2a which ig& thereforé not shown). At the riext stage

n

(Fig.2¢), substrite Crystallizetion has started, the deposit
particles have coalésced to what carm be recharized zs the meézn
substrzte cryvstal size, &nd thé voids have coilesced to the 3 nm size
range, Progrecszing furthér toward thé cénter, many nf the voids join
teem to have digappeared. Thé diffractioh patterrs irn Fid.2 rfeveal,
with due caution, that the main phasée &6f &luminiz asrerzated durina
flash heztirg is kappa-Al1203,

The void nétwork is substarntizted with Fia.3 which shows the
ceriter of the recrystallized Pd-deposited film in strong underfocus
(&), near Gaugeian focue (b), and in strong overfocus (c), evidencing

is tvpiczl for voids, Further vizible in Fig.3,

U

corntrast reversal z

-~
0

znd more clearly demonstrated at higher magnification (Fig.4), are

-

-

he sparings of

D]

ifnterference frinGes resching across whole arsins,

these frirgase suagest that thev are moires between Pdiiil) and

Pd(226) plares znd most likely kappz-A1203 crystzl plares. The same

)

iy

tvpes of moire frirnges were found in the polycryvsetzllire zorne of
flzsh~electrorn treated alumirna films thiét carried orly a thin Pd

deposit., Fig.5 depicte in (&) an aréa within the zlphz-zone, whsre no



moifes weré found, in (B) a polycrystalline rediorn exhibitiha 7 nm
moire fringes, znd in (¢) &an aread within theé amorphous substrete that
had still béeh hot entcugh durife the flash heatinag process t6 induce
majior cHidlescerice of the Pd deposit particles, (Fig.9z chows the

d

oriainidl Pd déepocsit of this sample).
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{2) Alumina substrztes, high-intensity eléctron exposure

Irradiation with electron beams at intensitiez exceeding 2 A/cm2
crystallized all our alumina film samples and stronaly affected the
appearance of the Pd deposits, but the specifice of the e-beam
exposure-induceéd chandes deperded on the type of zluminz film and the
thickress of the deposit, Irradiation of up to 4 mirutes at 1 A/cm2
and as much as 9¢ min at @.@1 A/cmZ did, however, not induce any
thanaes in any.bf the bare and Pd-deposited aluminz films. Only very
lona-term exposure, such as {@ hre at 0.91 A/cm2, would éventually
induce measurable substrate crystallization (17},

Wher applying our stardard irradistion condition of 3.6 A/cmZ2 to
the thin arnodically prepared bare slumina film samples, ché&nges
Betame apparent after &bout oné minute. Fig.& ghows wide-spread
récrystallization to draihs of vé&rying emall siZe (most legs than {0
rnm), cbtzired after B minutes of irradiatiorn. The arzins are still
surrounded by amorphcus alumina, but the boundzries zre well defined,
although riot marked by voids, Lattice gpacirgs of 2.6rm, Z2.4rm,
2.8rim, and 4.6nm were measured in high~rfesolution microaraphs of
theze samples (Fig,.E cohitains all these spacings). They can be
attributed to gamma and poseibly other low-temperature zlumina phases
(kabFz, betz, thetz, delta) of zlumina, with Gamma providing the most
probable fit when considering the selected arei diffraction results
(Fig.Bb) and the light opticsl diffraction results (Fiag.6c) taken
from the same arez imaged in Fig.ba, This diffractoaram indicates
that spacings other than @.1977 rm and ©.28 nm (the 429 and 22@
plares of gammz &lumina, respectively), that clearly do occur

occasionally as can be seen in Fig.ba, range over very small areas
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and irn raridom orientztions, such that irn mean intensity they onlwv
contribute to & diffuse center zone in the diffractogaram, No
alpha~alumirnz was found in any of our high-inténsity esposure trezted
szmeles, Further irradiation, including &t higher current déncities

(our facilities &llowed +6 ao up to 6 A/cmZ2 while mzintain the

-+

lattice plane resolution capability) d8id eénhéhcé the degree 6f
recrystallization but did not charge the recrystallization product.

The orly differences to these observations whern going to thicker
arodic alumira filmé aré that in thig casé we occasionally &lst find
graing with 4.6nm, 2.8nm, and 2.4rm crose lattice frirges &t
intersecting angleés that positively idéntify cubic damma-A1202
Crystals, as is demonétrated in Fig.7, &nd that aftsr only 3 minutes
bt irradiation the éntire irradiated ared i§ récrystallized, leaving
no amorphous alumina surrounding the @rains.

Electron exposure treated sputter-deposited alumina show the
(2292), (111), and (311) cros=s lattices of gamma AlZ03 even more
pronounced than thick anodic films, &and thé grairn bourndaries are
undefined. An example iz shown in Fig.B,

Whern the electron-irradiated zluming substrazte films carry

de for

11

palladium particles, the following observaticre were m
high-irternsity electron exposure: First, the cubstrzte film is
recrystallized to predomirnantly gammz alumina, very similar to an

; clearly

A
=
i

undeposzited film, Sécond, the arain boundaries are n
marked, as can be seeén in Fig.93, which was taken after z 2-min
exposure to an electron bezm of 3.8 A/cmZ intensity, =zrd in Fig.Sb-d.
which depict thé &ame &rea efter 12 minutes totsl exposure. Third,

the palladium particles, still precsent after 2 minutes exposure
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(Fig.9a), have eriormously tbélesced (compare particles in cernter
featire in Fid.%9a ard 9b) 6r, ih most areas, completely diszppeired
after thé longer éxposure. ln contrast to thé changez obzerved for
these samples after flash-electror treztment, Wwe did ir this case nhaot
find moire fringés thét would évidencé sprezding of the palladium
over the &substrité cryétals, On the othér harnd, &2 lzrae numbéer of
checked &reisg of some 3-5 rm ik diémeter was nbted, These features,
Which &re particularly wéll vigible in particlé A irn Fig.9c, derée not
Gbserved in electron irradiated bére &lumiha filme and could well be
due to, or remnanté of, thé cridinal pxlladium deposit particles.
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in size and contrast wher subjecting an dlumini films with & thinner
Pd deposit (smaller particles at same numbeér derngity) to the same

irradistion treatment,
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(3] Titzria cubztrates, flash-electron treztment

Recrystallization of amorphous titania films by electron
flash-hezting occurred easily and required léss bezm intensity thar
&luminz films, A typical example is given in Fig.1% which shows in
{a) at low magnification a section 0f a recrystzllized ares of
approximately 30 micrometer diaméter, a8nd in (b) at high
‘maariification & portion 0of two &djzcent Ti02 grzirnz, with the
corresponding light optical diffractogram &s insert. The ©.89 rm
frirdez are terntatively interpreted &s surface-réeconstructed 101
Planes of the tétrzgonal crystal. They &re uniform in direction and
contrast over large areas ahd indicate low-defect dersities ih the
titanialtrystals. The carbon cupport film underreath the criystals is
visible by the phase ¢ontrast feaztures in the backaround of Fid.ieb.
Some crystéls in the Buter Zdne rear the rhot crystzllized titania
film, such &as shown in Fig.l!, ehow & crose lattice with .33nm and
87rm fringes and are terntatively identified as Ti303 crystals,

Recrystallization to Ti0Z2 of Pd-deposited amorrhous titania
films uporn flagh-&lectron treatmént occurs virtuzlly identiczally to

bare titarnis films. In contrzst to Pd/Zlumina, the only rotsble

n

charde to the Pd deposit is = minor degree of cozlescerce, a&s i
showrn in Fig.i2, where (z) iz the Pd/Ti0Z2 film as-transferred to the
TEM, (b} iz the crystz2lline/ amorechous horder regior (& & B are

portiorns of two crystals, C is zmorphous titanisz), znd f(c} ie the

]

center of the flash~electron trezted area, Evern less coalescerice wa

roted for hesvier Pd-deposited films.,
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{4) Titaniz substrates, high-intersity électron exposure

Exposure of titanis filme to electrén beams at current densities
of 3.6 A/cm2 had ho effect that could be gquantified by
high~resclution TEM and TED., The only éxceptiorn is Some cozlescernce
0f & thin Pd debogit., This ié shown in Fig.13, where {az) &hows the
untréated filim, (b) the same géreril area after 3%-sec beéam exposure,
and (c) the same area &fter S-min beam éxposure. In particular, RO
effect vwaz notéd for bare amorphous films &nd bire recrvstallized
filmg =< imades such ac shown in Fig.19 were reproduced &fter tens of
mirutes of high-intérsity irrédiation. The coalescerce effect noted |
with Fig.13 was fot observed when the curfent dernzity was lbduered to

g A/cmzZ,



-l -

(3) Alumirum nitride substrates

26 nm thick AlN films,'supbarted orn ultrathin carbon, would not
recrystallize under electron flash trestment conditionz in any way
similar to alumina ard titarnia films, However, e-beam flash heating
does induce in AIM films cfystallization to very smzll éréins of some
S nm mean size, embedded in the a&morphous nitride film and with very
poorly definéd arain boundaries. The same récrystallization result
waé found uboh high-intensity ifradidtion. Fig.14 shows anh example of
& bare AIN film trested for 3 min with an eléctron beam of 3.6 A/cmZ
.ihtéhSity. The lattice spéacing of €.27 nin measured in many grains in
the image carn be attributed to 10® planes of hexzogonal AIN, and
the electron diffraction pafterhs confirm thie crystal structure,
CrYStélliiétioh;of AIN films occuriéd, very unlike slumina and
titania films, already &t veéry low irradiation dosages, Within one
mirute of irradiating 3t only ©.15 A/cm2, the originzlly uniformly

amorphous film h&d =slreéeiady charnded to the appearance shown in Fig.i4,
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DISCUSSION

The recrystallization effect using large~arez electron-beam
flash-hezting has been extensively used in our lzborztory for the
case of slumina (7 —10) &nd was first demonstrzted by Francombe ét
al (18) for various metzl oxides such as titania, zircornia, tantala,
and alumina., Virtually ideéentical e-beam heatihg conditions were &lso
previougly used to "cleave" MgD crystals in-situ irto electron-béam
transparent film areas (K,12,13,20). The subject of temperzture increéase
of the flash-expoEed ared was di5cuééed in & rudimentary form in one
ot thesge bahers (K) or the basis of oridinal work by Castaign (2/) who
related the temperature increase, AT, in the centsr of the irradiated

drea wWith the relevant expérimértal parameters az follouws!

vI, b 75 |
AT = X2 4%
Yo G (‘.+ z C”U

fequ.1)

Ih this equation, I, and 2b are the total specimer current znd the
diameter of the illumifriated skecimer area, respectively., Using an

acceleration voltage of 108 kV, I,= 23 pA, b=i3 um, and a specimen
thickness of a=56 nm, as well as X=4,18J cal™' az mecharical heat
equivalent, C=6.82 czl/(ctm c&c K) as thermdl conductivity of the
gubstrate, and 4{;4@ cm' as electron absorption coefficient of the
specimen, we aet AT=1{18@ K, i.e., a temperature rise well
sufficient to recryztzallize amorphous &lumire to the zleha-phase. On
the other hand, if ore applies the high~intensity exposure treatment

conditions used in our expériments, i.e., 1,=7 nA, b=23¢ nm, and a=5¢



rm, we det aT=06.11 K, which is truly an 1hsi§nificant temperature
rise and, therefore, fully justifies the considerztion of these two
cases @s exclusively thermal (flash-heating) 6r irradiation
{high-intercity exposure] treatments, regpectively, The observation
6f quite different results for these two treatments, such &s was
fourd for titaniz films, is therefore expected, whereas the
observatiorn of quite similar, strong effécté for both treatments for
the casés of alumira and alumirim ritrideé films is, in fact, &t first
glénte uhexpected, The former characterizes for all practical
purpoges irnsensitivity towards electron irfadidtion damage, fhe
latter describes some degree of irradigtion damage sénsitivity,

The obgervation that the crvstallization product of aluming
films with and vithout déposit upon flagh electron treatment varles
with type and thitkreés:z of film &nd deposit ig consistent with equ.i
which suggests & décréise of AT when thé thermal conductivity of the
film increaszés, such as by &n underlying carbon support film or &
layer-type metal deposit. The former eéxpleins why the
sputter-deposited &lumina films, which were supported by thin carbon
films, recryetillized to a lower-temperature aluminz phase (see

Tab.1), whereas self-supporting arodic Zluminég films recrvstsllized

g

to the zlpha-phase; and the latter explains why under otherwise
identicel conditiors a self-supporting ariodic a&luminzag film with a
thick Pd derosit wazs found to recrrystallize to lower-temperature
phases, compared to thin Pd/zluminz depcsite for which the
recryetzllization product iz the szme as for bare &luminz films,
i.e., alpha-aluminsz,.

The explaration of a laver-type metal depnsit reducing the film
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temperature during e-beam flash-heating also corroboratez the
ufiexpected finding, sugdested by the Pd/aluminz moires (Fig.4), that
the palladium particles do not evaporate Guring the flésh-heatirg
treatment, a5 onhe might expect from & phénomenoldgical extripolation
of the coalescence behavior noted with Fig.2 (three left
microaraphs), but that the Strongly ctalescéd particléz eventually
tollapse &hd spréad && thin, continuous films ovér ertire grains of
the substrate. This spreadirg proceszs mugt ther have occurred at a
temperaturé well below 1509 K, at vwhich thé &lpha-phéce forms, but
quite likely dbove 1280 K, at which the kappa-phise foifms (22) Wwhich
was {dentified as most likely predominant crystzllization product for
gluming films with thick Pd deposits, Thig& hiah conversion
temperature may be thé éxplanation why sSpreading of Pd over &lumina
Crystal surfaces had not been detected in e&rlier work such as the
Pd/alumira fodel studies recently reported by Baker et z1. (2) whére

Be@ T was thé upper temperzture limit irnvestigated.
We have in earlier in-situ TEM studiés on recrystzllized alumina

substrates emphasized the re-evaporatiorn of thin metal deposits
during & renewed e-béam flash-heézting recrystallization process zs a
major advantaz@e of such in-situ studies in that one specimen could in
prirciple b used over ahd over by @enératifg a clean substrate after
each crystzllization (00, This statement may well apply to certsin
deposit materials including Si UW0), Fe (9), and Au (i4), for which we
did not firnd any evidercé of deposit/substratée moires, zrnd in which

_ case renewed é-beam flazh heating lead to crystellization to the

alpha phase, with rio apparent difference to the crystzlizztion

mecharnism of bare &lumirnd films; but the example of Pd/zlumnis
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certainly does demonstrate that aeréralization of the stztement is in
error, Due to the metal film spreadirng upon flash hezting, in-situ
studies with catzlytically active systems, such as Pd/zlumina &nd
pogéseibly Pt and othér metals orn alumina, requiré & rew substrate film
for each in-8itu deposition /réaction experiment (14).

Thé bbéérvation 6f voids in all flé&sh-electron heated alumin&
cryvetallization products (see aleo (7)) for th case of zlpha-alumiha)
can be rationalized &% clusterirg 0f vacancies while the time
availéble for thesé tlusters/voids to segrégaté to the vacuim
interface iz oo short, No voids were fouhd in &ny 6% the
crygdtallization productzs of the high-intensity é-bezm exposed samples
where the éxposuré/annéaling times were much lohger. It would be

stirg tg persiue if the voidg creéidted during flash-heating could

nt

'Dl

be used for ir-situ TEM model cztalytic studies with micro-porous
alumin&s, Wheéreas the voids rem2ining withir the individuszl
recrvétallized gréins (Fig.3) mzy be difficult to impregnzté with &
catalyst, voids &t the arain boundaries may lend themselves more
readily t0 impregnation with Pd of Pt catalysts, sirnce 2t least &
larger number ot them is presumably open to the vacuum interface,
Neverthelésgs, none of the voidz seem to have been filled with Pd
during thé above described dépoZit spreading process, == is evidenced
by the conmtrast revergsl in Fia.3, extept for & few very small
particles that czan be seen predominantly néar voids and have & much
emzller gize than the voids (see the arrowe in Fig.3 zs example;

thesé particles have, in fact, not positivély beern iderntified as Pd).

The obzervation of substsntial substrate cryetzllizztion uron
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high-intersity électroh'éXPbSUre cf amorphous aluminz substrites,
with and without Pd deposit, can only be explainéd zz intrimsic
eléctrorn irradiation sensitivity of amorphous alumirnz substrates.
Whereas amorphous titariz is completely insensitive to this

irrzdistion trezatment, the observed eédsy crystallizatiorn of amorphous
Al1Z203 by e-beéam exposure may be conséquential of the existence of

randomly Griented "molecular” units, pérhaps (A1203)7, az was
cuddested by Wilsdari (23), the &-béam praviding the threshhold
erergy for cryztallization to the lower free energy cryéféllihé
state.

Mot &igrificint i&, however, that durifg this "clzsgical
radization damage pProceéss & palladium depbsit i charged bevond
récognition when compared to the as-deposited morphalogical
appedrince (Fi§.9) of thé depdsit., This drastic chande of appearifce
of emall Pd particl@s is clearly not found or titania substrates
(Fig.13) thiat thémselvés rémain jhert to high~intensity electron
exposure, However, it wis zlso not observed for Pd/micz depogits

where thé gubstrate is kriovwn to suffer strorng radiation damzage (16)
-- in this case destroying the crvstalline order 6f this

Al-Ma~-gilicete film -- while the Pd particles remzir unaffécted
(Fia.15), Fig.15 ehdwé arn éxzmple of & thin Pd depozit on mica after
{ mirn, 2 min, &nd 7 mirn irradiation 2t 2.6 A/cmZ in (z), (b), and

t

~

It
1]

ire planss zre =till visible

u
m
!
(]

(c), respectively, Wherezs the mica 1

troved in (b} ard (¢}, vet the mics

o

n

irn (a), they zre clearly dé
particlés (zbout 1 mm in size) are still clearly vizible and seem
uncharnged, Fia.i15d shows &n dverview of the border recion between

irrasdizsted (top right) and not irrzdiated specimen zrez=. The
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Pd/zlumina recsiults may indicate a sighificant, strorna interaction
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betweer, Pd and the aluminz substrate urdér eéléctrorn irrzdiégtion
corditions, The irnteractidn mzy be of a2 localized thermzl rather théan
a chemiczl bond-brezking nature, which &éems indiczted by the
Circumstirce that a2 crystzlline order rather than & discrder, as in
the case of mice (Fig.{S5), results, &nd by £omparing with the e-beam
flash-heiting results for Pd/alumiféd déposits where clearly rédiation
damade, such &% Al-0D bornd destruction by inelastic scatterirmg
processes wWith thé primary électrong, €an bé ruléd out as prificipal
reason for the bbsérved éffect due to the 16w irradiation doge in
that c&gé, It'tdula be hypothésized that the inélastic scattering
events trarnsfer, instead, thermzl enerdgy to the individuzl
"Bi-alumira" URits (23), r&i¢ing thelir vibrationdl frequencies and
thus l1ocal tempefétufés to the level that affects locilized Grdéring

wae observéd for larger-irez flash

n

and spreidding of the Pd déposit &

heiting, This process would be expectéd to follow & ruclesticon and
arowth Brocess, bBecause, oncé a crystal hucleus has bheern féarmed, the

ererqy réquiréd for bi-alumina units to attach t6 the growing crystal
would be lgwer than the enerdy required to start & néw crystsl
nucleug, The existence of cryvstallized i§1&nds 8nd, more generzlly,
the obgervation thizt the crystallizztiorn effect due to high-intensity
e-beam exposure is film thickréss-dependent and procesds slower and
less brominent for thin amérphous alumine films where the
recrystallized zones were =till surrounded with amorphous a2lumina,

demoricstreted with Fig.s, whern compared with Fia,7. In this cazasce

€
or
]

nf &2 thir aluminz film, the poecsibility of an electron suffering an

inelasgtic écattering event iz decreased, and hence z lezz complete
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stage of crystzllization was attaired in this szample upon '"standard®

e-bezam treztment (of B min expozure to 2,6 A/cm2i. The obzervstions
do, indeed, include complete crystallization of this same sample upon
londer and more intense radiation treatment.

As final remark regarding the Pd/zluminz interzction upon
high-intensity e~beam exposure, one can further conjecture that the
larde rnumber of chécked areas of some 3-3 nm diameter noted in Fig.%b
could; in fact, very well be the areas where gprezding of the
individual original Pd particles on the crystallized subztrate ends,
possibly due to lack of atoms tc form at least one monolaver, (The
orlginal particle size in this sample was (.5 - 2 nm, containing 109
- 228 atoms per particle if spherical particle shzpe is zssumed; if
these particleés spread out in & monolaver, they would cover an érea
of some 3-3 nm), |

The findings for high- 1nten=1tv e-beam exposure of titania films
with Pd deposit, where some degree of conzlescence was fournd, may at
first dlarnce poirt to a substrate temperature increzse. However, this
is unlikely for two reasons. Firet, the simplified thecr=tical
conzideration of the actually exrected temperature increzse would, as
was mentioned earlier, contradict any measurable temperzture increase
under the prevziling smzll-area illumination conditicrns, Second, the
experimental results show & magnitude of cozalescence (Fig,{3) quite
comparable to the coalesceérnce noted for flash-electron treztment
(Fig.12), where it is kriown that a temperature of some {209 K is

gsily reached. We tentatively conjecture fthzt the mechznism may

m

rather have been an e-beam stimulated ripening effect of the

particles., This exblanation would have to be corroborated with
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particle size analyses of microaraphs taken before zrnd zfter
high-internsity e-beam exposure (Fig.i3a and ¢, respectively). Such
work is in preparation.

The results obtaireéd for AIN films indicate a2 very strong,
doszge-depéndent irradiation sencsitivity of thig material when
compared to aluming and titania, Our experiments showed that an
irradiation dose of only { Aszec/cmZ, obtained by illuminating for {20
sec et ¢.61 A/cm2, will &lready form small &luminum nitride crystals
embedded in the driginél amorphious film materizl., This equals the
dose applied during typical e-beam flash heating where the film
temperaturé is momeritarily rzised well abdove 1009 K, and which
condition we justifiedly described &s predominantly thermal, with
négliaible radiation effect, for the case of slumina and titania
films,

For reasorns of comparison it ghould be noted that very long-term
irradiation at thése low current densities of @.81 A/cmZ2 would also
transform amorphougé alumina films to polycrystalline alumina (1417
Thiz underlines thé abové suagesztion that the r&diatién sensitivity
of alumirna is dosaas-dependent., The erincipal difterence between
gluminz &nd aluminum nitride filme, both of which suffer no breakags
of chemical bonds aSAhrimary rzdiztion effect, then remaiﬂs'the
dearee of radiation sersitivity, alumina being by a fzctor of

approximately (060 leses sencsitive tharm alumirum nitride,
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CONCLUSIONS

The effect af the electron beéam in high-performance transmission
eléctron microscopés orn various substrates, including alumina,
&luminum nitride, &nd titarnia films, and on pdlladium deposits has
beer investigated. The study has shown that amorphoius &lumine
gubstrates aré much more élécfrch-beam géhsitive than titania
subgétrates, &nd that the electron beam induceg a &trong reaction
betweer Pd deposit particles and an alumina substrate urder
{rradiation tonditiohs that aré typically used for high-resolution
TEM imaging. Comparatively little réactiéh is induced betweén Pd and
titania substratés, Even under Shbck-thérmai treatment cornditions,
wheré mifimum Eléctron ifradiation damage exists, we find & strong
Pd/&lumina reactién and almost no influénce oh Pd/titamia,

We conclude genérally that the elettron beam uged in TEM , such
as for observing éUbbofted catalysts, may have a marked influence on
the samples uhdér investidation, and that utmost cére ig advised in
thée interpretation of the TEM results with regard to intrinsic
particle/subgstrate tharacteristics and extrinsic electron-beam
effects. It would, in fact, seem desirable to gereéréally adopt the
bractice to report the beam intersity and beam exposure conditions
with high-résaihfibh électon microaraphe presernted in support of

gcientific fimdings.
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Table 1§ SUMMARY OF RESULTS

Flach-electron treatment
Cryvstalliz, Remzrks
Product

Figh-intersity e-beam exposure
Crvstaliliz, Femarks
Product

thin anodic Al,0;3

K-A1,0, (very difficult)

§-Al,0; (possibly also other
low-temp. Al,0;Phases)

thick anodit AlyOs

Y-A1,0; (some §-A1,03 arains)

Al,03/C (sputtered)

6-A1,05 (possibly also X5,
8 ¥-A1,03; voids)

X-Al,0; (some d-A1,0; arains;
grzin boundaries
urdefined; Ao voids)

Pd/AlzDg {(thirn dep.)

d-AIZDB iPd coslescerce;
moires; no voides)

J%Alzﬂg (Fd particles
disaprezr]

Pd/AIZD3(thitk dep.)

K-Al,03 (possibly also S.B,ﬁ, and some X-Al,03; moires;
~ voide at grain boundaries: Pd-coazlescence)

Ti0,/C  (sputtered)

TiGa (possibly some
Tiz0g)

remains amorphous

Pd/Ti0,/C (thin dep)

Ti0, (esome coalescerce)

remaine amorphous;
{eome Pd-cozlescence)

Pd/Ti0,/C (thick) Ti0, remaine amorphous

{no roalescence

gt 2 A/cm%irradistion)
AIN (sputtered) forms emall AIN’ crystals embedded in oriqinal

amorphous film already at

very low electron

irradiation dosage (i Asec/cm2)




FIGURE CAPTIONS

Fia.l. Amorphous sputter-deposited 20 nm thick =zlumirnz film, supported

on carborn, recrystallized by e-bezm flashk heztirng,

Fig.2. Palladium on 6@ rnm thick amorphous, anodically prepared alumirnz
film, e-beam flash hezted. ?rom left to right: tranzition from still

amorphous to center of recrystallized substrzte reqion. Top: overview

af regicnh between microdraphs () and (e},

Fia.3. Center of e-beam, flash-hezting recrvstzallized region of
Pd/azlumina (Fig.Zf), in underfocus (&), focus (b)), and overfocus (c] to
demonstrate voide at grain boundaries and ihside of grains by contrast

reverssl,

ting recrvstzsllized region of

10

Fia.4, Center of e-beam, flash-he
Pd/alumirz (Fig,2f), showing Pd(111) and Pd{228) moire frinaes with

aluming crystals,

Fia.5, Thin Pd deposit on 86 rm thick amorphous, zrodicslly grown
‘aluminz film, recrvzstallized by e-beam flash hezting; cenfter of
recrystallized area (a8), polvcrystalline regqion (b}, znd amorphous

reqion rear recrystallized arez (c},

Fia.&, 4¢ rm thick amorphous, znodically oxidized aluminz film after
E-min e-bezm irradistiorn at 2.0 A/cm2, Diffractoaram {(lower riakt)

evidences 49@ spacinag nf gamma alumine.



Figa.7. €@ rm thick amorphous, anodically oxidized zlumina film after
3-mir e-beam irradization at 3.6 A/cm2. Lattice plarnes indicate by

spacing and direction the gamma alumina crystal.

Fig.8, 2@ rm thick sputter-deposited, carbon-supported amorphous
alumirna film after {@-min e~beam irradiation at 3.6 4/cmZ, leading to

‘gamma aluming crystzls,

Fi&.9, Thin Pd depnsit orn &6 nm thick smorphous, arodically oxidized
‘mlumirna film, after 2~min e-beam exposure at 3.6 A/cm?z (&) and after 19
moré minutes exposurée (b-d); (c). &hd {d) show higher magnifications of

the areas outlined inm (b) &nd (c), respectively,
Fig.1®?. Sputter-depasited amorphous titanis film, supported on carbon
film, recrvstallized by e-beam flash-heztirng. Below: certer region of

recrystallized area, showing grain boundary at top left

Fig. 11, Amorphous/cryvstalline border redion of é&-bezm, flzsh-hesting

recrystallized titarnia film. Imaded lattice planes suaoest Tiz0s
crystsl,
Fig.12. Amorphous titania film with hesvy Pd deposit: zs-deppnsited (=)

ard recryvstzllized by e~beam flash heating (b,c). Cryvstzlline/amorphous

border redicn is ehown i (b)), center of recrystallized reagion in {(c).



Fig.13. Amorphous titirnia film with hea?y Pd deposit] as-deposited.

{a), and after 3@~-sec (b} and 396-sec (c) irrediation &t 2.6 &a/cmZ,

Fig.14, Amorprous AIN film, partially crystallized by S-min

irradiation at 3.4 A/cHZ,

Fia. 15, Thin deposit of Pd orn mice, after { min (&), 3 min (B), and 7
mirn (c) irradiation at 3.6 A/cm2; in (d) an overview of the boundary
region between irrédiated (top right) amd rot irradiated areas is

showr,
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Fig. 11



ORIGINAL PAGE IS
OF POOR QUALITY

Fig. 12
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