High-Performance Ceramics

Ceramics Processing on Atomic Scale by Control of
Interface Parameter
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Thieh ewrviine article descrbes shaervolions o cfomic scale
on déflerain cevome irferfoces ond surmmonzes imparond
inharfaca garamalar. In e post, e inlegrotion of ceromics
it semisenducion devices hos besn monly consdered
lar B then [l dspasilion on o subsirole. These spiacal
interdces bivvw inclegd high sirength due fo on ordered
arrengamanl ol slamic bands, but e mismoich betwesn
bath cryshalling latlices leods to the formoticn of misfi
digacatione. They con lsows the irfsdoce and desiroy the
ﬂﬂq}l’] alacing proparias al & thin bl Buffer lavers can
aveid misht delacabans of lbe indeidoce. Thees types can
b clasefiod ai buffer leyers reducing the msht, the siress
al tha irdadeee, or the dislecohion migrolion, In subsirohe

thinilm geometry, ths mecrosiruciurs & datarmned by the
mtio beterssn surfoce and inlerface anorgy end con be
-"I'!ﬂr:-PI.rlﬂlﬂ'd. The rand o recani duuﬂll:wuérﬂl Friwesraesr,
proceeds fowards new precassing malliads liks the depo-
sition of nonopadiches or tha wef charmical hydealpis reac-
fion. A these solid-goseais o sold-liguid inlerdooes hows
higher reaction kinedes ard mobilily, e vansty ol sngin-
ening possibilities increases, 0 additien 1o segregatan
and monoloyer depesition, polarisoben, adhesion, and
sirfoce cooting of poricks wih morgomic malecules or
polymers are now imporant phencrsnn, s all caies, the
chemecal bonding o tha infarface offech the moleriols
proparfas, o krowledgn of which s esseniie
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1 Intraduction

Interfoces betwesn ceromics ond matals hove o long
history, Ancient arlists produced gold decorabion on
:npphlm ar enomes Ceromec ||_'|'|.~ef5. an sheal. Caromic
inerfoces or grain boundaries are alse model mo-
tervals for the physicist, since the different bonding in
the bulk crystal leods to special properies [1-4].

By understanding e chemical bonding aoass the
interfoce, it is possible fo manufocture inferfoces with
better properes. A i ony eryslal, alsa regarding
irferfoces, the knowledge obout struchure ond physical
proparties is essentfial for the developrment ard optimi-
zation of odvanced moterals. Especially the flow
across the interfoce such as flew of aloms, heal,
ditlocalion:, or alacinic currant can ba influsnced by
the interfoce struchure which affers the material
stisnee enginser many now possihilities,

Far elecronic devices, the epitoxiol thin-film depo-
sition hos been mostly considened in the past, however,
the current frend & fowards wat-chemicol processing
|3, &| omd noncematerials [7]. This paper connal gree
o full descraphion but con show concapts ond diractions
in which conducting new research = wortivedile

Thiz paper concerns three generol lopics. First, how
the chamical noture of bonding of the inlerdece can
trals the inferfoce properies fike inferfoce enengy,
strength, mobdity ond diffusivity,. Second, structural
aspects are discussed, especially the developmant of
misfit dislocohans of epitoziol inferfooes. Theel, e
enormous posaibilities of mitedooe imorovesmant by
wed-chemicol enginearing methods are outlined and
surnmarized.

2 Experimental Obhservations
of Ceramic-Bonded
Interface Structures

Atomic Bonding of
Heterogeneous Interfoces:
the Cr/ALD; and Fa/Al;D;
Interfoce

2.1

The type of Bonding ooress heterogenecus mhearfoce
i the essenfiol key point for understanding the inder

foce DI-EII}EH'I--E-L Sirmlar ba that of ceramic gn:irl-
boundaries [1—4], the afomic bonds eoroes the metal

caramic intefaces influence the electronic bond
struchure and hence oll the inferfoce properties. The
fil’ErEl:ﬂll'l'lpl& |Fig5-. 1 & |:|| chiows the atlamic struclure
of two melol-ceramic inferfocas:

" . .
A
L L. L]
'Y X3 s N
] | ] [ ]
. . -
= .
X

eFee o0 0@
L E AL N E B N

sesBOBS
deeeSee
e

INTErCEram » Vol 31 « Mo, 3 2002



2 Cr- amd AL,
L} Fa- and Al

The interfoces are observed of the metollic poricles
embedded in fthe ceramic mobrix, The specimens wers
produced by internal reduction, a spedal solid-stote
reaclicn, where the coygen vopour presswie of a
birary ceromic alloy, in this cose AlO-Cry ar
ALCy—Fey Oy, wos bowered [B], The solid sclufion of
the maotrix saparates inte metallie particles inside the
ceramic malrix aocording o the phose diogram.

The separotion stars of the surfoce of the specimens
where the rE‘dLIl'_I-l'rg ﬂlr‘ﬂmphzrz remowes tha oygan
aloms. The metollic porticles oppear bahing the
migrafing reacticn front. The size con be odjusted
according fo the annealing time, The opplication far
thase alloys is, for example, as ceramic outhing tools
where the soft medal portiches lead fo lubricatien and
enhanca the wear resistance and, hence, the duro-
bsliy.

The formed porficles ore of haxngonal prismafic shape
and shore fized orientotion relationship between poricke
and malrix [B]. Figs. | o-b show the detoiled analysis
b}r’ H:gh Rescdudion Trandrmisisan Eleciron Mii:rns,cc.p:,r
[HRTER) far teo different alloys, Ali0s—Cra0y and
Al FegDy. The inbsts show HETEM image cakou-
lations, which are necessary in order 1o delect the
axoct atomic positions relalive ba the inderfoce, The
resulls show o signaficant differenca for beth alloys.

In the case of AlOy-Cr, the interfoce has o dark
conbrast ling an the ceramic side and o bright line ot
the metal side under the focus condifions far apfimal
resclution. In the cose of AOu-Fe, i is the opposite.
This phenomenon was observed for e zone axes:
Figs. 1 a-b show only ane of them, ie. z = [001]
The alormic struchsre con be daducad from the simulat.
ed imoges. The results of this study ore thot, in the
eose of chromium, the mesal atomes (T are bonded
to the aluminium atema (Cr-Al bonding, Fig. 1a).

In the cosa of ivon il is the opposite; the iron ofoms
bond fo oxygen atoms of oluming [Fe-2 bonding,
Fig. 1b). This result shows that the alomic bonding ot
the interfoce depends on the moterial chemical eoee-
Fiuticn, Experience has shown thot the type of bonding
of the inferface wsyally connot be controlled phy

sically, but anly chemically by adding ofher chemical
elements.

AN
za[1100]

40nm

MgD
z=[110]
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2.2 Heterogeneous Interface without Misfit
Dislocations: AIN/TiN/MgO Interface

The fallowing fhree exomples show interfesces with
high coherency which are required for functional
eledro-ceramics in tan-film fechnology. AN or Gald
thin films ore impaortond materials far blue loser diodes.
For deposition of AN on o MgO substrate, an inler
mediate buffer loyer of TiM is grown (Figs. 2 o—d) [9]
in order fo reduce the mismaotch betwaan the MgD
and AlM lofice constants.

The crientotion relationship (11 104400,1) <110/
< 11.0> deduced from the diffroction pofesn [Fig. 2a)
follows tha principle thot closed packed plones ond
directions are parallel, which is vary comman bebwsen
cubic and hexogonal loftices. In kewer magnificotion
[Fig. 2b), the tres phases con be distinguished by
absorpdion controst due to the mass difference. The
HRTEM-micrograph [Fig. Zc) shows the perfect cabe.
rency at baoth intarfoces [AIN/TIN and Tik/MgO).

Since TiM haos the some crytal structure as MgO,
thiz interfoce & hard 1o dedect in the HETEM- miere.
graph [Fig., 2c|. In arder to onaolyse the interfoce in
datail, the technigue of imoge filtering is applied
[Fig. 2d): the digitalized imege is tronsformed fo
reciprocol space in the computen. Aperiures are then
set around the diffraction spets resulfing from the
lottice p||:'|r'|es_. and FII'IDII':,I thia im-uge s trarmsfarmed
back to real spoce. This image processing is usaful
for detecting whether o mishit dislocofion is present.
Except for o single dislocotion on the right side of
Fig- 2d, thas interface is perfactly coharent, showing
the good pardformance of the buffer.layer conceps,

2.3 Heterogeneous Inferface with
Misfit Dislocations:
BaTiO,/ SrTi0; Inferface

The interfoces become mare complex if the differ-
ence in the loftice constonts increases. The nexd
exompla shows o semicoherent interface, namely
betwesn a 5rTiCh subsirote ond o BaTeD, thin film
[Frgs. 3 o-c] [10]. Both materials howe the some
crystal lype, i.e. perowskite, but with o misfit in the
lattice constonts. Below a certain thicknaess, the lotice
of the thin film is strained ond has the same latfice o=
the substrate. Above a certain thickness, the thin film
infroduces mishit dislocotions to occommodate the
misfit (Fig. 3a). In recently applied new processing
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techniquas for thin-film growth, like Mobeculor Beam
Epitay [MBE) or Plasmia Loser Deposition (PLDY|, thea
process femperature con he decreozed from 1400
e 700 *C and produdion becomas more afficiant,
Howayar, due to the low temperofure, the defecs
cannat annihilate and the thin film wifimotely contoins
o lot of defects like misfit dislocobions and stacking
fouls. In the TEM microgroph of the heterogenecus
interfoca, the misfit dislocatons ore present.

The wolua of tha criticol thickness for epiloxial growth
wos colculoted by Maolecular Dymomics (WO simu-
lofion [10], The volue is obhout four manglayers, which
w aboul the inlerachon distonce for elecvon wove
functicrs goross any interfoce or of surfoces. Furthsr-
mare, the formation mechanizm of the stocking foul
could be clarified [Fig, 3h). The misft distocohon
dissacieles info two porfiol dislocotions and one of
them migrates to the inferfoce. In betwesn them the
stacking Pault is fermed and the inferfece anergy is
faducad Decousa o dc{nﬁs are nnmhirl-.-.:l. The
atemie slruchure ig identical 1o that deducad from the
experimental HETEM microgrophs [Fig. 3c.

2.4 Heterogeneous Inlerface with Misfil
Dislocation Array: Zn0/ALD; Infar-
foce

Interfoces con shll be grown epiloxially i the hwa
latheas ab the imerface consistof different orystal fypes,
however, they then bocome more complex. The
semiconducting wurtzite-type thin films, Al Gaob,
ond £, have excollent alecironic propadies with a
wide band gop which i3 used for opplications os blue
loser diode. The gool of this process = to produce
thin films withaut distocations. On a basal (00.1)
sopphire substrote the AN thin film wath wortzite pe
struchere wos grown by CVYD lechmique. The interface
was ondlysed axparimentolly by K-roy anolysis [11].

Al the mledace the c-anz af the wo different hexa-
g.-unl:l! |nftices are |'_u:|r|;|||-|3|I tha a-oxis are robalted |:|:|-'
3.

The resulis for this interfoce are frensterable 1o other
than hlmz with wurtzie strociure such o 200, Debailed
analysis by MO-simulafions (Fig. 4a} showed that the
rofic of matching loHice plones is 8 : 9 in the cose of
the [1.00] AlM1-1.0] A0y interfoce whereas in
tha other coses, ZnCYALD,; and GallAAl20y, the afio
ig 5 - 6. Deloiled analyss showed thot, on atomic scale,
Perry struchural units at the inledoce appears: one with
an alomic configuration like in Zn0 with Zn-0 bonds
oorass 1he infarfoce, the ather ssmelar to AL, wilh O
Al bands. These findings lead 1o the interfoce maodel
whach is shown in tha pignl;lr WA I_Flg. 4b:| Brtween
the Banded aiemn with the tao Fepes of structural units,
misfit disfocotons in three directions im pericdical
distonces ore pressnd,

Although the geomalry of this interface is complcoted,
it still hos o semicoherent struchre. Experience showe
thet eoherency i3 obearved for loffice mismoich up o
1020 %, rumdinﬂ o rrusfit dislescahans sp-:u:ing of 2-
20 nm. Al expitcosal ceramic-ceromic interfoces, the
spocing af the mopgen sublattcs s usual regorded os
relevant far fhe mismatch rather thon the lofice con-
sont itself, a.g, ot the olurmima-spimel inferfoce [12].
3 Processing Con for Interfoces
3.1 Geometric Contro

The conclugion fram the aforemenfioned epiloxially
grewm inferfoces is that o lof of effort s necessary o
avoid the misfit dislocations. They result from the
erass ot the interfoce which s dee io:

1 the rmistit Bobwesn the loftics poromesers

3 the difference in thermol expansion coefficient
3 bending sfresses in the thim film

3 nucleation ol the surface of the thin film.

Expermenial obsarvations show thot there are maore
dislocafions ling of the interfoce Fhan are wseally
nesded for accommodating the misfit [10]. Hence,
1|'|35|a: dls]-nl:l:uil:rns, ane |:||w;q,r$ O SOunoeE nf rhrnnding
diglecations which leove the interfoce, migrote into
iha thin klm, ond desiney its good electric praperties.

Saverol processing techrmiques for owaiding mishi
dislocafions hove been considersd (Fegs. 5 a-d}, ond
many patents hove baon published on thes subgect.
‘When the substrate ar the thin film s pre-stressed
befora or during the depastion, orat a heat frealment
therealter, the inkermal siress of the interfoce ond hence
the number of dislocofions con be reduced (Fg. Sal,
Usually shaining the subsirate parallel o the plane

imercerdm + Yol 51 = Moo 3, 2002



leods to o tensile sfress of the inler-
foce which suppresses the dislo-

~ Applying stress field (pressure)
before or after deposition

cofion mucleotion. A compeedsive
shress perpendiculor fo the substote

o

J/"

during cooling reduces the sirain
due lo thermal eontrachian. Also by
heat treatmant, e.g. by moving a
lemperaiure gradient parallel or
perpendicular fo the thin film, the
giesdas g the mlerdooe con be
released. An ideo originafing in
metallurgy is ba odjust e inferdooe
strass by using solid solution allays
far the than film ar subsérote. In o
caromic alloy, the addiion of for-
eiggn abarrs with dfferent ionic rodii

a)

Thin Film

Substrate

Applying temperature gradient
before or after deposition

Thin Film

“

ith chemical

othar than fhe hast laffica changes

f,,-""

- Buffer-Layer
nradient

ils lofice parameters [13]. Ths of-

fact con be used to adjust the loffice

prramelsr ol o helerogeneous in Thin Film ]

terfoce. Buffer-Layer

The buffar| e _ reducing misfit stress
o hutier-loyer concept hos fl A N e T T T e Ty e

extended lo the praduchion of sev- ' J&

eral buffer koyers (Fig. Sbi, keading
ta the so-called Funcionol Grodi-
ant Modenial IFGM) with o grodient
in the chemics composiion. Thesa

Substrate

loyars con either be produced by
varying the compasition during the sputhering process
or by subsaquent sintering of layers with different
compasion. The loitce mismotch or themal mismaich
t5 than divided info small ports of eoch inderfoce, A
s yarsanl ol the bubfer ||:|'|.~:-.r cancapd s tha pro-
cassing of foceted buffer loyers [Fig. Sci. With the
odvanced MBE technique, the shoping of ofamic loyers
in the required nonomaeter range is possible. The focets
change the direchon of the miskit stress ...-'sl_n:lll",' BOour-
ring parollal fo the infefoce inle o component per
pendscular fo the inferfoce, The inclined pyromidal
facets ro-direct thie misfil slress ond bence reducs the
whrets |level ab the inlerfoce isel. Thesa foceted inter-
foces are also abserved of noturally grown interdfoces,
1.-5|'.'|E1.'i|:||i'r wihen mgn:ﬂn‘lim OCCUrS

Finally, the idea shown in Fg, 5d considers the fol-
lowing: instead of ovoiding the dislocation in the thin
filrr thsn pPréesEnce = -:u:l:zpl:d_. n:.m|;l thiir 'spreu::ding
5 sioppad, With the so-colled Loteral Epitaxsal Civer-
gicwdi (LED) [14] sechnique, o thn omorphows silico
lerpar with periodical open spocings & grown which
afncrts lhe dislocobon einpess Thr:. suh;&qmnllr de-
positad wurtzite thin film =il grows epitaxially on the
substrate and is disloostion-fres when tha LEO-tech-
niue is oppled twice. Amorphous lapers do nod allow
dislocabans ko penetrale as they oot os bomars aginst
dislacofion movernent,

3.2 Control of the Interfoce Enengy

A physicol knowledge of epitoxial inferfaces is neces

Sary fiewr imprn:n.'irlg the praparfics: aof the thin filrmis.
The thin-film marphcdogy is strangly influenced by the
rafia of surbace and edoce energy of both materials
o5 smpmmorzed in Fig, 6. This schame s wseful for
dEfEiQnilrg the inlerfooe rr||:rrp|'|n|ng,-b'|.' r_h-unging fhesa
anargees. For each motenal composifion, addibons of
third chemical elements change the inferfoce or sur-
foce energy occording o prociical expenence. This
diogram [Fig. &] con olso be used in the opposite

NHEFTEFS - Yaol. 51 = Mo, 3, 2002

way, namely to esimete the raho of imerface enargies,
when o cortain morphology is obsarved. When on o
substrale & wilth a earain surfoce Energy o matenal
B is deposited with o surfoce energy . an mlerfoce
with energy Y i3 formed. The morphology of the
ecsmpasie moterial AB is coused by the comtad angle
of the inlerface which depends on the rato of fhe
interfoce energies [Fig. &) [4, 6. H the thin film (B|
does not caver the subshrale |:.-5._||. mifhgr e interfoce
energy is high or the surfoce energy of malenal B &
high. Wowy interfoces ar surloces con oocur when
their enargy i low, but sinca they are sfill in o mefa
stable slale, roughness con disoppeor if the systam
has enough fime to relox the energy by subsegquen
heat treatment ar if the growth s slow ancugh. The
mosl sutoble woy fo control the inledoce energy
axpanmentally 2 by segregaton of monaloyers of
cther chaemical elements, The phenomenon of segre
gafion |eods o amarphows grain boundary films in
GiM-ceramics [4], howeer, it is shll not yel completely
understood.

3.3  Migroting Interfoces at Salid-Salid
Reactions

The obove considerations aboul the inlerface moe
;:-hnl-:ag-,.- asimed Bwal the drh'ing farce for inerfocs
migration i the reduchion in mfedoce energy. This
physical force is in the order of 1-10 MPo, howaver,
tw: chemicol forcas are in the order of =100 kP,
These ocow when new thermodynomicolly stable
phoses e formed by solid-siofe reodiians or frans.
formations. The 'felul:il"..' of o migrofing interfoce =
given by the product of the driving foree and the
mbility of the imerface. The mability of tha inferfoce
5 thormally ocfivated ond the acfivalion enengy de-
pends an the malenal r.'-:-mpnsilil:-n and f orieniosion
relofionship between both aystols. Experimenial resulls
an grain beundanes, which con be fronsferred o
inderfoces as wall, showed that this kinelic activation
Energy s ne relahan b e sahe strockurl energy

Fige 5 o
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wspally rederred fo as interfoce energy and hence,
four coses con be digfinguished [15]: intedfoces with
bowe or high siructural energy, and/or interdoces with
ko or high kinefic energy. For each infedfoce these
o inl;[up:nl:hnl :;lru:rgi:: horee b be cansidered and
controlled,

Durineg physical transformofion, the heot is fransferred
threugh the imterfoce and in g chemical reachan,
the atams howve to addifionally panatrata through the
imerfoce beteean the bwo matersals. The flow of heal
o otoms depends on the permaakility of the interfoca;
o parometer, which depends an the maleriol com-
position. Jome inferfaces are diffusion barriers,
cdhers ore hieal hunizrs, at whech even aller a ||:|ﬂg
firse no alam o heat exchonge ocours, Both tepes of
inderfoces ad independenly, Research on the e
mal coating of turbine blodes shows that Zrlk is o
geod thermal barrer motenal; Ie-al, Ir=5i alloys are
oxygen diffusion bamers; ond Sishs is o corrosion

haarrier.

All cootings ore necessory for oplimol perdormance
of high-temperciure furbine bBlodes, Independent of
purrnp;lhiﬁl',.' is Hux driuirrg farce bar fhe heal tronsfer
or the atom fronsfer, Thesa driving forces depend on
the heat grodient or e concendrabon gradient in frant
of the migrating inferfoce, These grodients depend
an the heot mndudwih’. di‘FFl.u.'rvi'lp;. and :nlu’hiﬁh.' af
foreign atoms in eoch phasa. Mumericol smulotions
are necessary for shudying these procssses,

The obove-mantioned phenomena were conssdered
far the thin-film geometry, however, they con be
mly transferred 1o the :ph:iil:l:ﬂ FH:II'h-lIZIE gty
in o chemical reacter [&]. In o chemical reaction,
ihe reactant and the reschion produd penetrate inla
the poricle or exit it in the some direchion, nomaly
fram the surfoce. The progress in hme af such o
chemica! reodiion depands on three moin foctors:
the diffusion of the reaciond fo the: reoclicn fronl, the
chemical renctian itself, or the diffusicn of the reachan
pra-duds away from the inderdfoce, which 5 ofien
related to the migration of the reaction interfoce. In
e cose of pp-wdljr Eunnml'r:,l.. the relotion of these

thires constonis depending on lime leads do the o
following recction tvpas

3 the shrinking sphere mode! is abtoined when no
diffusian barrier far rcrnn:wing the reachon pros
ducts occurs aither due to high permaakbility,
flaking, pesling of the reoclicn praduct ar when
goseous raoction producks are formed.

3 The shrinking core madel ocowrs whan the rege-
tant hos o slow diffusivity towords the reocchion
frant, This can lead e ncamplete reactions and
often o core-shell struckure oocurs inside the
pearticles.

4 Paroameter Control during Processing
4.1  Nonotechnology

Whan the porficle rodius reaches nonometer dimen-
siors, special swe-effects socur such os surfoce relox-
afion of #ha porficles, or thicker grosn boundary regions,
campared b wual palyerystallide motesals [14]. The
afoms in these regions ore waokly bond compored to
slendord polyenshals and hence, nanesized moterals
show speciol properfies, Processing techniques for
nanarmabersals are sputienng, cushing, ball-milling,
iz bombordmeans, fost crvstollizofon from amaorphous
mofenial or hquids, condensation of vapours, but the
maost effective one is by chemical reacfion, e.g. during
the sal-gel process. Afler washing ond drang, the
nomopowdar con be sinfered info o nanooystalline
moberial with gronn sizes < 10 nm, when the grain
grosth con be suppressad. The small size olfows the
prociuchon of composte motenals of usually iImmsckble
phosas with fost inter-diffusion [17]. The nonecam-
posite micresdruchere con be dossthed in miro-, e
or NOnNG-NOno-composite moteniols regordless the nona-
porficles are swrrounded by or Be i betwesn other
grains, or are equal in sze [7]. An example for
CETQMIcs h'nlegrulil:rl are ranosired meshal pnr!ll;l-r:; wilk
thair spacial mognetic coarcivity such as Fe or Co,
which have o be covered by an oxide |oyper in order
fo profted fthe grain growth ond chemical reochions
[ 18], The formatan of the: cade loyer can be ochiesd
by chonigang the ceygen porial pressure in the reackion
CI'ID'I'I'IJ:ET.
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4.2 Particle Interactions in the Slurry

Commrtional coromics processing s mainky bosed on
shurrigs [5-7] in which the row moferials ore presant
in ogreecas soluhion. Chemical reachans in the slury
ore liguid-solid or goseous-solid renclions and ore
rrch foster thon solid-solid oeed with o larger variely
of possibilifies. Besides the crystolline caramic row
rerienials, e shurry alsa contoirs surdfociants, calalysts,
enTymas, ions, elecro-conduding polymers or insu-
lating polymers, and ather melscules. In rheolagy,
thesa ineroction forces ocowring inthe shurry batwean
thiz portcles omd malecubs ore clossibed {Fig. 7), for
exmample, as Coulomb, polorization, Yon-der-Woals,
stenc, copillarty, adhesion ard hydrophilic foress. The
Discrate Element Method (DEM) [15] ties to find o
numerical descriplion for these forces, The elecirostatic
forces ore expressed by the so-cofled zaka potentsol
curee which strangly depends on the pH walue. | s
zarn af the isoelectric point whera the repulsive ond
cetiroctive forces are in balence. Under these candifians,
the molecules try fo ormonge themsalves in the dansely
pocked monner ond olien the igquid gal ransfoem fa
o solid-fike sol. The polonsaobility of the parficles & the
impariond parameler in these solufions os well as the
feve corshant for reloming on excied alecronic sioke
Since the number of porameters is lorger, the nlerdoce
engineer has more possibilifies. The gool of ceromics
prmssing 5o n'd||..r=| the forees behsesn the pnr!i-t|=:.
g0 thot they not only bond together, but also repel
eoch other, finally resuliing in the farmataon al a
colloidol crysal,

4.3  Self-Orgonization of Tilanio Precursor

Molecules on 5i Substrate

Cirganic molecules suitable for eeramic processing
are those with reactive groups, for exampla, sebacin
acid with ifs two oesd groups could be sucesasbully
usad for ogueous processing of Al [20]. The sec-
and requirament for odvonced ceromecs processing
is the salf-argonizofion of the polymer molecules,
which meons the n:lrdgnng af mofecule |:|'r|:|in-_'._, e.g.
by weak Von-der-Woals forces. This phenomanan

can be uted lo produce Self-Assembled Monaloyers
[t which meons monoloyers thot ore ordered
by malecular forces, These cegoanic malecules can
have two fundions:

7} They o templates for further bonding or siruc-
huring the caromic parficles, either on a flat subs-
trode oron o round paride for keeping the distonce
bebeesn e paricles.

3 They ore direclly used as precursors, which means
they gel oxidized during Burning, the carbens dhaing
ore removed, and the moferiol tronsforms 1o the
INCEQONet CErarmic.

Oine example for the suceessful vee ol this sell-
ossembling techrigue i5 the production of filonia
manelayers on Si-substrotes shown schematicolly in
Fig. 8 [21]. The first stop is the deposifion of the
anganic monaslayer. Onoa (100) Si-subsirake the
arganic malacule (in this exomple eclodecyltrichloro-
silane 0TS ar 3-amino-propyl-in-ethoss-alon (APTS,
MHICH, 3500 H, ar phenyd-ini-chloro-silona FTCS)
i depesited by irmmersing the subsirale inle ds loluens
anhydrous solution, The hydrolysis meaction eocurs
under nitrogen almosphere during which the S alomes
are bended fo the substrofe. The surfoce of this
arganic self-ossembled monaloyer consists of methyl
and octedecd groups, of in the cose of N-confaining
rﬂﬂl&tuh:, al ph&rrp| growsps.

This erganic-anarnganic composile can now be, n
the second step, imodicted with LV-light and offer
2 h the iredicled regions bacame hydrophilic due
te 5i-CH growp formation, while the non-irmdioted
regiang remain unchanged, which means the hpdre-
phobic octodacyl- or phenyl- groups remain, The
third slep is the deposifion of @ ceromics precurso
material, &.g. fitonmwm-dichlonde-di-athoxde (TRO)
Under the releose of waler molecules, bonds be-
twaan the (TIHOC;HskOH]:] complex ond the sub-
sirofe form (bond formalian). Then he subsinale is
fired ot tamparaturas < 120 °C 1o remove the residual
sabvente ond fo pramobe e chemmsarplion of the Ti-
complex with the sslon-monoloyer on the subsirote,

surface relaxations
nanosize-effects | h "k At At
Fu s i, '
. M e,

capiliarity forces
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crystal structure
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The lost step is tha burn-out of the polymer moleculas
6 that finally the inorganic caramic rérmains. Witk
this process it is possible to produce o micropattarm
of anclase-based caramics with dimensicns in the
micromeder ronge [21].

4.4  Interfoce between Organic Molecules
and Ceramics: Phtalocyanine Metal on
Zn

Tha interfoces batwesn polymer molecudes ond ce-
ramics are more compliceted than epitoaal imlerdooes
a5 the spmmatry is low ond the rofofion molecules can
cecur. The examphe [Figs. P a—a| shows the banding
bsbween the orgono-melollic mocromclecuds phiolo-
eyamne metal [Peb] and the Zal (001) surdaee.

The PeM molecule comasi of one melollic alom in
the middle, a.g. Co, Fa, or Ti surroundad by nifrogen
atans, pyral ond banzed rings, fewr sach. The ad-
vantoge of these polymans i their eleciric conductivity
ond Bhe excitchion of an ebsdronic band b}'ﬂ:ll:dt Eghl.
Hence, the opplication of thés makerial hos become
important as pholoseceptor deswioes in baser beam
prinders ond recendly olso o5 possible condidote for
dyes in advanced salar cells [22].

For this purpase, the Ped macromokeculs ore band
onte Zndd subsirotes ond of their inferfoce the excifed
alackans can jump indo the highest Zn adbilal and
be removed by the opplied voltoge,

At the interface four possible geomalries by the bond-
ing process (Fig. %e] between the macramaolecule and
fhe £nlD (001} surfoce con coour whather it is the fip
(Figy. 9b), the adge (Fig. Pe), the small side [Fig. 9,
or the bosa sida (Fig. Pel of the mocromolecule bonds
tes a0 Thee amlachon realoed in hese coses caon ba
nchieved by odopting reodive mekeoular growps such
as 50y on the edoes of the mocromolecule. Depend-
ing an the amound of these bonding aids, one of the
four eases occurs, The peeporction, seporaton, ond
even the charocterizofion of the polymer molecule
prenbahos ore shll |:|‘1:|||=ng=: ta bhe foced, hmw-.-'l:i;
salf-crgonizad loyers con ba grown [23).

5 Summaory ond Oullook

The experimental obsarvatons of ceromic inferfoces
shawead thal the cantral aof alsmic bonds ocross the
interfoce is the key point for improving ceramic
mlegration in electronic devicst or ofher opplicataons.
Tha gool of inferface engineering is the improvement
af chemical bonding acrass the imdedooe, Modern
MEE, PLD or CVD deposition technigues allow the
growth af monclayers with defined dimension in
verfical ond honzontal diredlion and it bacomes
possible 1o develop grodien layers, odificsal lothoes,
supar-loftices or non-stochiometnic loyears.

Systamohc studies oboud the influence of segregofion
elemeants are necsssany Tor improving the bond sfrength
batween ceromics and ofher matenals diredly or indirec-

iy by cantroling the interface pro-

partias, e permackdity ond recc-
Kevite

Epl'ln:l:in| ceramsc thin F'.||n'|sr higrwe-
ever, are sansitive against thermoal
or mechonicol stress, sa the recend

trerd of processing proceeds 1o-
wards ol materals produced with

Bonding at the edge

ol

c)

nonotechnology or wet-chemicol
methods. The wariety of experi-
mantol porometers and proces-
sing passibilifies ot sohd-quid and
zolid-goseous interfoces are wider
then for solid-sald irdednoes.

With clearly defined demaonds from

Bonding at the side

the developers of new devices, the
interface engineer con dired more
efforts towords processing and egli-
ming these inferfoces
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Ewrzfossiung [/ Reaume [/ Resumen

Keramik-Hersdellung oul ctomarer Ebene durch Kon-
trolle der Granedlchan-Paramales

Dieser Ubsmichisorked baschraibd Linsanschungsn ol ola-
marer Ebane an varschisdenen Eeromik-Grangllgebsan und
bosst wichhge Grendladhen-Paramealer msammen, In di
Werganganhet wurds vemuchl, Keramikeerkstols durch des
Abscheden von Dimnschichifilmen m Halblatier -Bogpeieme -
ie ou integrisnen. Diess surmeid epilakdichen Grenfidchen
haban mine hobs Festigkesil durch dis geerdnelen Alam-
bindungen on dar Grercflache, ober sine Fehlpamung dar
Gitterkonztaren b our Aushildung san Grendlachen-
vermatgungen, Diese karnen die GrencllBchs vadassen und
die guien plekirisg ben Elwllxhul"lﬂn dar Donrscinehidlnss
werschlschierm. PuBerschichtan kinmsn Misht-Versstoungan
arierdriicken und mach der Wiekurgeesne in dosi Aden
ossdiziert werdan, wnd peor in Schichien, de dean Bsfl

din Sparmungpsn an der Granslliche odar dis suibeilung
dar Yersmlrungan sermitdarm Ben der A besdiing voin ddn-
rar Filrman aid derm Subsial hding! die Mikresingdur won
darn Varbalinie van Oherfchanenaipi fu GrarefEchan-
arjErpge aby wind kann gﬂﬂll‘" |'|I|'hl'|i|.||||iﬁr| warden, Dar Trarsd
dir darsanigen Enbwicllung golt pedoch i Bichilung o
Hershallungermathodan, wie dia Abschaidung ven Mone-Tail
chamn ader Aesmchamisches Reaklionen, Dede r&ﬂ-"rﬁilwn
adan rn.l-ul:"iﬁinngar'l Granesichan walisn e habaie
Raskbanakmeik und Bll'\.lllnh{hhil maif wial chia F-l'l-?Snluﬁl:hkm-
ten fr e Prazaliihoung mehmen pg, Zusitclich  Segre-
G i .ﬂ.umih‘]mq wver Puflarschichten irplen pun Pela-
Haclian, Adhdasa, [jb.pl"ﬁ:i"lir‘i-c-lmllnu wen Tellehsn mil
ananganisehan Molekoken oder Palymsanen ofs wichlige Phd-
rrzmers muf. |m ollen Fallen besinfuset e chamischs Ban-
|:.||,|nq L] |;||_-|| ﬁl-ﬁl‘.t"ﬁd‘lu :‘lllrﬁn 'l'l'Hll:H{lﬁuiWIﬁl'ﬂ'rHﬁl'., el
daran VemiGadnie = e dea {:lp]‘iﬂ'llﬁll.mn wi;hliﬂ_

Ingénierie des céramiques & 'échelle atemique, per
conitdle des poromédres interfaciaus

Caol oricls de revue décrit les observofions 6 l'echelle
pfamigun sur diféremes infedoces oéramigues el récopilule
lus porardines inarncious importarss, Dans la passé, Minn-
grofion dag cdramigques dang les syshimes semi-conduciours
a aisanlisllament concermd lo dépasition de couche mince
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war pubsiiral, Cas mierloces d'Spicans olfrent une houta
rhiEance macarmipue gréde & armengaraend ardanag des
lisssirm alirmguas, manm la diflérenca aidim las deus rdipaus
rrighalling cordut & la lermahsen de delacaliong de désacoand
Cars dmilocotars pesvant mignes dapuis linterbace el albrarn
las bonmes grognalés alechigues de o esuche mings, D
tauches fampans peuven| dvier les didooalions de désoccord
& Pirdearface. On peul consdérar fron pes de cowches
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tampong, seban gu'slles réduisent le désoccord, ouw lo con
trainte svlerfocale, o lo migrotion des dislocations. Dons lo
phomdine subsirat f couche minoe, o microstruciure st
diferminde par le rappart entre les énergies de suroce el
d'inderioce, et pewt danc &re modifids. Le sens des dévelop-
pemants nécenls, cependont, esl d'oller wers de rouveaus
procidés, comme be dépdi o= ramg-porticules ou lo réaclion
o' hydralyse chimigue =n voie bumide. Comme les interfacss
salide-gor el solide-liquide omi des waleurs oocruss dae

cinéligue de réoction & de mobdlibé, on ocorod® bes possibeisss
d’ingéniene. Culre lo ségrégation ol le dépdt de mono-
cuur::ﬂhﬂ. (R TR T |:d1|Err|:-n1l'enH imporionis soni lo pofo-
risolion, Podhésaon, et e revkiement de fo surdooe des
parficulss por des molescules inorpaniques ou das polymenes,
Dar {owus les cax, lex progridhés dey motsraun sord

por o linison chimigue @ interdece, denl lo conrnaissanoe
el mezandielle.

Frocssamienio de maobaricles cardmices o autalo aidmica
o frovés dal conlral de los porgmetres inlerdocales

Este resdimen describes mvesligaconss o eicala aldreca sebna
defprentes superfcies cmdmice y demanze impoanias
parémeirss inlerfacioles. En el peseda, lo inlegracian da
maleriaks perdmicas s companenles semconcducion fue
realizads por media dal depdilin de copes Tinds. Eslos copes
geEneralmeanie spilodales prasenian ums ole ressleacio
debida a las valencios atbmeos ardenodas en o superfaie,
pere dilerancias an o conslonked onstelmos canducen o
diglacaciomm mherfocioles, gue pusden abendanar la inlar-
e, delarioronds o propiecdedes slboicos da lo eopa:
Copat inlermadess pusden reducic eslm digdogocanes. Segin
&l moda de ocluar, edlos capes &8 puedan clasificor an Ires
B papes qies reducen ln mels adeplacdn, kot Iersionas

i la interdosa o le prepegocion de les dislomaciknes. En lo
geometifa de les micro-copes, lo microeskucung ashd datar-
minedn por lo relacidn entre ko energio suparficial y lo
enargio imarfacial, qua pusde sar monpuleds adecus-
domarhe. Lod niseos procedimesnios, sin ambarge, esian
bespdos @n &l dapdsilo de nonoporiculos a lo resccidn
Fidrofecn an hidmeda, Dabido o gua esles intafoses wdlido
pososas o sdlidelquedes fienan une mds alle ondlice da
reacC i ¢ mayer mssilidod, aumenng b varieded de pesibali-
dodes do acluar sohre el procese. Conjunismente con la
segrogacidn ¥ @ depdsis de copos imermadias, panon
imparionoe olres fenémencs como palomocidn, aedhasidn
¥l mvesfrnisnio da porficulos con modbculas inangd moos o
palimeras. En fados los cosas, ol enloce guimico en la inlerfose
ligne influencia sobra les propicdodes dal motlarial, v al
caracimsenia da ashas relacionns e esenciol
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