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Ievads

Pedejos gados liela uzmaniba tiek veltita planu magnetisku kartinu pétiju-
miem, tai skaita daudzslagu sistému, sastavosu no magnetisku un nemagnetisku
materialu sekojosam submikronu biezuma kartipam. Sadam sistemam piemit
unikalas magnetiskas, optiskas, mehaniskas u.c. ipasibas [1-16], pieméram, ieve-
rojamas koercivitates izmainas, gigantiska magnétpretestiba, paaugstinata Kerra
rotacija, perpendikulara magnétiska anizotropija u.c. Sis ipasibas lauj planas
divdimensionalas magnétiskas kartinas (kuru biezums ir nesalidzinami mazaks
par paréjam divam dimensijam) izmantot ka magnéetiskas atminas ierices [17-19].
aktivas un pasivas mikrominiaturizacijas komponentes un ierices [20-22], interfe-
rences filtrus, atstarojosos un antiatstarojosos parklajumus [23, 24] u.t.t.

Viena no aktualam problémam ir pilnveidot kartinu uzputinasanas metodiku,
lai efektiva cela iegtitu tiras kartinas ar mazu aktivo un inerto gazu saturu un labu
biezuma vienmeribu. Labi zinams [25-27], ka kartinu ar mazu inerto gazu saturu
ieguisanai plazmas uzputinasanas cela ka darba gazi tas relativi liela atomsvara de|
velams izmantot ksenonu. Citu darba gazu gadijuma to koncentracija kartinas
var biit stipri palielinata un kartigas uzklasanas procesa var tikt paklautas atru
neitralu dalipu apstarojumam, kuras rodas katoda virsma jonu bombardesanas
rezultata. Pasreiz kartinu uzputinasana Xe vidé, ir maz izplatita, jo Xe ir darga
gaze. UzputinaSanas procesa vajadzigs uzturet pastavigu darba gazes spiedienu
(10~* tori), kas nodrosina pastavigu kartinu uzputinasanas atrumu, tacu tas prasa
lielu darba gazes paterinu. Turklat nopietna probléema rodas ar inertas darba
gazes atsuknesanu. Magnetizlades vakuuma siikyu izmantosana nav efektiva
maza inerto gazu atsuknesanas atruma del, bet vairums citu pieejamo suknesanas
lidzeklu piesarno darba kameru. Tapec aktuals ir uzdevums izstradat kartigu uz-
putinasanas metodi ar mazu inertas darba gazes patérinu. Saja sakara radas
ideja kartinu uzputinasanai izmantot modificétu (atvertu) Peninga izlades Siinu
(28], kura tika realizeta promocijas darba. Izstradajot uzputinasanas iekartas, kas
balstas uz Peninga izladi, ir nepieciesams izveéléties tadu elektrodu konfiguraciju,
lai telpa starp anodu un katodu potenciala sadalijums butu pietiekami tuvs ideala
Peninga slazda potenciala sadalijumam [29]. Peninga Sunas dazadu konfiguraciju
modelésana un salidzinasana ar idealas sunas gadijumu lauj izveidot optimalu
katodu un anodu konfiguraciju.

Promocijas darbs ietver galvenokart nanostrukturétu magnétisko kartinu pe-

tijumus. Ir zinams, ka kartigu kristaliska struktiira, magnetiskas, optiskas un



mehaniskas ipasibas ir atkarigas no daudziem faktoriem, to skaita pamatnes vai
izmantota apaksslana materiala rezga perioda un kristalografiskas orientacijas,
kartinu biezuma, aréja magnétiska lauka u.c. parametriem [30-33]. Tacu likum-
sakaribas, kas lautu precizi prognozet kartinas struktiru un teksturas veidosanos,
vel nav pilniba noskaidrotas. Nanostrukturas saglabasanai un velamo magnetisko
1pasibu ieguSanai daudzslanu kartinas izmanto dazada sastava nemagnetiskus
starpslagus. Tomeér ir neskaidribas jautajuma par starpslangu struktiras un bie-
zuma ietekmi uz Fe, Co, Ni u.c. kartigpu magnetiskam un mehaniskam ipasibam
[34-38]. So likumsakaribu noskaidrosana ir viena no promocijas darba témam.
Aktuala ir probléma par kartinu magnétisko u.c. ipasibu merktiecigas modi-
fikacijas iespejam. Viens no modifikacijas pagémieniem ir kartinu atkvélinasana.
Saja jautajuma, it ipasi Ni kartinu gadijuma, triikst sistematisku pétijumu. Saka-
ra ar nanotehnologiju attistibu ipasa interese ir par kartigu 1pasibu lokalu modi-
fikaciju, izmantojot lazerstarojumu. Lazera modifikacija vai tiesais lazerieraksts
dazados materialos - fotorezistos, keramikas, pusvaditajos u.t.t. tiek plasi izman-
tots mikroelektronika, mikrooptika, holografija, biotehnologijas [39-46]. Tapec
ir interese par §is tehnologijas izmantosanu ieguto daudzslanu kartinu gadijuma.
Promocijas darbs ietver arl pétijumus par nanostrukturéeto daudzslanu kartinu
termisko stabilitati. Temperaturas iedarbiba daudzslanu sistémas iespéjami di-
fuzijas un rekristalizacijas procesi, kimiskas reakcijas, ka rezultata var veidoties
cietie Skidumi un kimiski savienojumi [47]. Lai nodrosinatu $adu sistému termisko
stabilitati, izmanto dazadus starpslangus. Biezi par starpslani kalpo oksidi [47, 48],
bet tiek izmantoti arl citi materiali [49-53]. Optimala starpslaga meklejumos
interesi izraisa amorfa oglekla izmantosana, kurs ar magnetiskiem (Fe, Ni, Co) un

virkni citu materialu veido karbidus, paverot petito sistemu modifikacijas iespejas.



1. Promocijas darba meéerki un uzdevumi

Darba merki:

Viens no promocijas darba merkiem bija projektét, izgatavot un izpétit iekartu
nanostrukturétu (nanometru biezuma) vienslana un daudzslanu kartinu iegusanai
plazmas uzputinasanas cela, $im noliikam izmantojot modificetu Peninga sunu ar
ksenonu ka darba gazi.

Izmantojot So iekartu, bija planots iegiit nanostruktureétas magnetiskas karti-
nas, izpetit to struktiru un magnétiskas ipasibas, ka ari to modificésanas iespéjas
termiskas apstrades un lazerstarojuma iedarbiba. Ipasa uzmaniba pieversta
magnétisko kartinu biezuma, izmantoto metalu apaksslanu un nemagnétisko starp-
slanu un lomai kartinu struktiiras veidosana, un sakaribu noskaidroSanai starp
kartinu strukturu un ipasibam.

Darba uzdevumi:

1. Projektét un izgatavot plano kartinu plazmas uzputinasanas iekartu, iz-

mantojot modificetu Peninga sunu:

1.1. modelét dazadu Peninga $tinu geometriju potencialu sadalijjumu, sali-
dzinat to ar idealas Peninga Stinas sadaljjumu;

1.2. modelét ar modificétu Peninga Sunu iegutas kartinas biezuma sadali-
jumu, salidzinat ar praktiski ieguto, lai atrastu izputinato dalinu sa-
dalijjumu pa izlidosanas lenkiem;

1.3. izpetit modificetas Peninga Stunas ipasibas - iegut voltamperu liknes
dazadam katodu un anodu konfiguracijam, atrast optimalo;

1.4. izpetit sunas Xe atsukneSanas speju, ar merki izmantot to gazes at-

suknesanai musu iekarta;

2. legut vienslana un daudzslanu Al, Fe, Ni, W, Mo, C/Al/x15/C,
C/Ti/x15/C, C/Fe/x3, Al/Fe/x3, [Co/Fe/Ni]xn nanostrukturetas kar-
tigas, izpétit to struktiiru un magnetiskas 1pasibas atkariba no apaksslana
(Ti, Hf, Zr) biezuma, tekstiras, atkvelinasanas temperatiiras u.c. paramet-

riem;

3. Izpetit iegiito nanostrukturéto kartinu termisko stabilitati un tas merktie-

cigas modifikacijas iespéjas, izmantojot dazadus starpslanus;

4. Izpetit ieguto kartigu fizikalo 1pasibu lokalas modificésanas iespéjas ar la-

zera palidzibu.



2. Planu kartigu ieguSana un 1pasSibas.

2.1. Planu kartigu struktiira un tas veidosanas.

Elektronu mikroskopijas attistiba lava iegut skaidru priekSstatu par planu
kartinu veidosanas procesu. Jau pirmajos darbos tika noteikts, ka kartinam ar
mazu biezumu piemit salu veida struktira. Planu kartinu veidosanas procesam

ir vairakas stadijas:

1. Sakuma momenta rodas liels skaits salu - aizmetnu, pie tam, to paradiSanas

ir pekspa un faktiski vienlaiciga.

2. Palielinoties salu lielumam un veidojoties kontaktiem starp tam notiek salu
saplisana. So procesu sauc par koalescenci. Koalescences rezultata notiek
dalingu virsmas blivuma samazinasanas uz paliktna. Kondensata kristalisko
dalu saaugsana var notikt ari bez koalescences, saglabajoties robezam starp
dalam. Sads process piemit metaliem ar lielu tvaika elastibu, kuri ari uz
‘neorientéjosSiem paliktniem veido labi norobezotas kristaliskas dalas (Mg,
Zn, Cd, Be).

3. Talaka kondenséjosa metala daudzuma palielinaSanas rezultata veidojas
vienots saauguso dalu tikls. Si stadija raksturojas ar labirintveida struk-
turu. Starp dalam paliek kanali ar vienadu platumu, kas veido sazarotu
tukSumu sistemu. Saja etapa kartipai jau piemit elektrovaditspeja. Ja
kartina saja stadija tiek karseta, tad var notikt savienojumu starp salam
truksana, jo salas censas ienemt termodinamiski lidzsvarotu stavokli, ko

nosaka virsmas spraiguma speki.
4. Kanalu aizaugsana un nepartrauktas kartigas veidosanas.

Planu kartigu praktiskai izmantosanai svarigi ir zinat kritisko biezumu L;, kas
nosaka kartinas pareju no nevadosa stavokla vadosaja. Sai parejai atbilst biezumu
intervals, kura aizpildas tukSumi starp salam. Kritiskais biezums ir ari ciesi
saistits ar kartinas strukturas raksturlielumiem saja stadija.[54]

Galvenie kartinas strukturas raksturlielumi - izmers, forma, kristalu orienta-
cija, blivums, kristalisko defektu sadalijums, spriegumi, virsmas reljefa attistiba
ir ciesi saistiti ar kartinas veidosanas kinétiku un sekundariem procesiem kartinas
veidoSanas laika vai péc tas. Mainot kondensacijas apstaklus (paliktna tempe-
raturu, plusmas blivumu, gazu sastavu u.c.) var mainit kartinas strukturu loti

plasas robezas.



Lai iegitu kartinas ar noteiktam strukturalam ipasibam, var izmantot ari epi-
taksiju, kas ir viena no svarigakajam paradibam planu kartinu fizika. Epitaksijas
bitiba ir orientéta vienas vielas uzaudzesana uz citas vielas kristaliem, pie kam,
augoSa faze tiek likumsakarigi orientéta attieciba pret kristalu-paliktni. Seit,
atskiriba no kartinas iegiisanas uz amorfa paliktna, nosestoSas vielas aizmetni
tiek orientéti ar kadu noteiktu kristalografisku plakni ne tikai paraleli paliktnim,
bet tiem piemit arl azimutala orientacija, ko nosaka kristals - paliktnis.

Epitaksijas teorijas veidosanas sakumstadija hipotézes balstijas uz idejas par
noséstosas vielas rezga parametru atbilstibu paliktpa vielas rezga parametriem sa-
skares plakné. Izmantojot termodinamikas teoriju tika apskatiti plakana aizmetna
ar deformétu rezgi veidoSanas nosacijumi, kurs ir pilniba saistits ar paliktna rezgi.
Ja rezga parametri stipri atskiras, tad deformacijas energija klust tik liela, ka
orienteta digla veidosanas darbs klust lielaks neka neorienteta, ka rezultata vei-
dojas neorientéta kartina. Velak tika paradits, ka nosestosa viela tiek deformeta
pirms saskares ar paliktni. Saskana ar So teoriju, kondensats lidz kada kritiska
biezuma sasniegSanai atrodas pseidoamorfa stavokli un kartinas biezuma pieau-
guma rezultata notiek energijas uzkrasanas. Kritiskaja biezuma uz robezas starp
kondensatu un paliktni rodas dislokacijas, kas nogem papildus energiju. Pseidoa-
morfisma teorija dod “stipras” epitaksijas aprakstu, kad kondensata veidosanas
sakums ir monoslana izveidosanas, uz kuru stipri iedarbojas paliktna kristaliskais
lauks. Vajo epitaksiju raksturo labi izteiktas starpfazu robezvirsmas eksistence
un kontaktejosiem rezgiem neeksisté stingri ierobezojumi, ka stipras epitaksijas
gadijuma. Fiziski skaidra teorija Sai paradibai vél nav izstradata. Tas norada
uz §1s paradibas sarezgito raksturu. Peéc butibas, vajas epitaksijas paradiba no
tekstuiras veidosanas atskiras tikai ar to, ka epitaksijas gadijuma digliem rodas
papildus azimutala orientacija. Sis orientacijas fiksacija uz paliktna rezga defek-
tiem var notikt defekta energijas ietekmeé, ta ka kristala virsmas defekts ir stipra
kristaliska lauka perturbacija, kas satur sevi informaciju par kristala-paliktna si-
metriju. Talaka orientétu diglu augSana var notikt bez saiknes ar apaksslani, pie
kam, rezgu parametru attieciba var but patvaliga.[55, 56]

Japiezime, ka kartigu struktiiras veidosanas un epitaksijas mehanisms lidz sim
laikam pilniba nav izskaidrots, kaut ar1 eksiste loti plass empiriskas informacijas

klasts.



2.2. Planu kartigu ieguSanas metodes

Parasti ir nepieciesamas kartinas ar noteiktam ipasibam - ir jabut lielai kar-
tinas biezuma vienmeribai, kartinas materiala tiribai u.c. Eksisté vairakas planu
kartinu iegusanas metodes, kuras var izvéleties atkariba no nepiecieSamajam ie-
gustamas kartinas ipasibam un no ekonomiskiem apsverumiem. Viena no pir-

majam planu kartinu iegiiSanas metodém ir termiskas iztvaicésanas metode.

2.2.1. Zim&jums.

Termiskas iztvaicésanas metode.

1 - pamatne, 2- paraugi, 3 - molekulara plusma, 4 - uzputinamais materials.

Sis metodes pamatprincips ir uzputinamas vielas iztvaiceSana pamatnes priek-
a (2.2.1. zim.). Te ir nepiecieSams pietiekosi augsts vakuums, lai noverstu gazes
molekulu sadursmi ar uzputinamas vielas molekulam un to izkliedi cela lidz pa-

matnei. No formulas (1),

51072
A= —— (1)
P
kur p - spiediens tori,
A - briva cela garums cm, kas raksturo gaisa molekulu briva cela garumu pie

20°C un noteikta spiediena

seko, ka jau pie p = 107! tori vidéjais gaisa molekulu briva cela garums ir 50

cm. Tas parsniedz attalumu lidz paliktnim, kas parasti ir ne lielaks par 30 cm.
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Tapeéc, lai nodrosinatu uzputinamas vielas molekulu taisnvirziena kustibu, starp
uzputinataju un paliktni ir nepieciesams spiediens 10~° - 107 tori. Tiek izmantoti
dazadi iztvaicetaji un dazada uzputinasanas metodika, lai iegutu kartinas ar pec
iespejas lielaku biezuma vienmeéribu un palielinatu uzputinasanas atrumu. Tomeér
ar So metodi iegiito kartigu biezuma nevienmeriba ir 10 - 20 %.[57]

Ka atsevisku planu kartinu iegusanas metozu grupu var izdalit jonu uzputi-
nasanas metodes. So metozu darbibas princips pamatojas uz tadam paradibam
ka gazes daligu jonizacija, nepastaviga izlade vakuuma un vielas izputinasana,
bombardegjot to ar paatrinatiem atomiem. Jonu izputinasanas shematisks attels

redzams 2.2.2. zZiméjuma.

@1

2.2.2. zim@&jums.

Jonu izputinasanas mehanisms.

1 - jons, 2 - vielas virsmas atomi, 3 - viela.

So metodi var izskaidrot no impulsu mehanikas pozicijas, kad paatrinatie joni
iedarbojas uz materiala augseja slana dalipam. Atomu meéroga So paradibu var
salidzinat ar divu biljarda bumbu sadur$anos, no kuram viena ir kritoss jons, bet
otra - cietas vielas atoms. Jons atdot impulsu vielas atomam, kas, savukart, var
nodot impulsu citam vielas dalinam.[57]

Eksisté vairaki jonu uzputinasanas metodes realizacijas varianti. Izplatita-
kas ir katodu izputinaSanas un magnetronas sistemas. Katodu izputinasanas

metode tiek izmantota planu atsevisku elementu vaditaju un ari izolatoru kartinu

10



iegiSanai. Materials, kur$ ir jaizputina nepastaviga izladé, tiek izmantots par
katodu, bet paliktnis tiek novietots anoda apgabala, un uz ta kondenséjas no
katoda izlidojosas dalinas (2.2.3. zim.).

1K e :

+0

1
—
i
s}

2.2.3. ziméjums.

Kartinu iegnsana katodu izputinasanas iekarta.
1 - vakuumkamera, 2 - ekrans, 3 - katods, 4 - gazes ielaidéjs, 5 - joni, 6 - izputinatés dalinas, T
- paliktnis, 8 - anods, 9 - izeja uz vakuumsikni.

Parasti plévju uzputinaSanas atrums sadas iekartas ir dazi angstremi sekunde.
So iekartu prieksrociba - izputinatas frakcijas neieskrienas pirms nosésanas uz
paliktni, tapéc ir iespéjams iegiit sarezgitu savienojumu kartinas. Katodu izpu-
tinaSanas metode ir iespejama preciza iegustamas kartinas biezuma un sastava
kontrolesana. Sis metodes trilkumi - nepiecieSamiba uzturet izladi augsta darba
gazes spiediena, kas palielina kartigas piesargojumu ar gazi. Pie tam, izputinatas
dalinas izkliedéjas uz gazes joniem, ka rezultata dalipu plusma ir haotiska, un to
nevar izmantot dazadu masku uzputinasanai.[57, 58]

Magnetronas jonu uzputinaSanas iekartas ir izveidotas uz katodu izputinasa-

nas iekartu bazes, tas pilnveidojot. Sis iekartas atskiras ar elektriska un gredzen-

il



veida magnetiska lauka eksistenci piekatoda apgabala, pie tam Sie lauki ir versti
perpendikulari viens otram . So lauku ietekmé elektroni kustas pa cikloidam
(2.2.4. zim.).

2.2.4. Ziméjums.

Elektronu kustiba magnetrona sistéma.

Emiteétie elektroni nevar kustéties uz anodu perpendikulara virziena, jo no-
klust magnetiska lauka radita slazda. Lidz bridim, kamér nenotiks vairakas elek-
tronu un gazes atomu sadursmes, elektroni kustésies saja slazda. Liela elektronu
energijas dala tiek patéréta gazes atomu jonizacijai katoda tuvuma, kur rodas liela
pozitivo jonu koncentracija. Rezultata pieaug katoda bombardésanas intensitate
un, lidz ar to, uzputinasanas atrums. Kartinu uzputinasanas atrums magnet-
ronas sistemas ir 100 - 200 nm/s.[57] Iekartas, kuras izmanto Peninga izladi, ir
pieskaitamas magnetronajam sistémam.

Atseviski ir jaizdala planu metala kartigu iegisanas metodes. Bez augstak
minetajam metodeém metala kartinas tiek iegiitas elektrolizes, pirolizes, kimiskas

atjaunoSanas, metalu karbonilu sadalisanas u.c. celos.[58]

2.3. Planu kartigu ieguiSanas teorija
Dazadu parklajumu iegisanu ar uzputinasanas metodi atklaja Grivs, 1852 g.
Sis atklajums bija loti svarigs, jo radija iespéju iegut loti planas dazadu materialu
kartinas, tai skaita metalu, pusvaditaju, amorfu vielu, vielas un inertas gazes sa-

jaukumu, u.c., kas ir pamata musdienu mikroelektronikas tehnologijam. Lidz ar
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paradibas atklasanu tika meklétas pieejas tas teoréetiskai aprakstisanai. Pirmajas
uzputinasanas iekartas tika izmantota vielu termiskas iztvaicéSanas metode. Iz-
tvaikoSanas paradibas interpretacijai tika pielietota gazu kinétiska teorija. Lidz ar
to tika radita iztvaikoSanas procesa teorija. Lielakie nopelni §is teorijas radisana
ir Hercam, Knudsenam un Lembergam.[59-61]

Iegustot planas kartinas ar pasu konstruéetu iekartu, ir svarigi izpetit Sis ie-
kartas parametrus. Viens no tiem - ieguto kartinu biezumu nevienmeriba, kas
ir biitiski atkariga no izputinato dalinu sadalijjuma pa izlidosanas lenkiem. Ap-
skatisim $ada sadalijuma iegiisanas iespéjas.

Dalinu sadalijjums pa izlidoSanas lenkiem vésturiski vispirms tika iegits iz-
tvaiceésanas procesam, izmantojot dalipu sadalijjumu péc kinétiskajam energijam.

Tika izmantota ideala Knudsena iztvaicésanas stuna ( 2.3.1. zim.),

—dw

cdt

2.3.1. zim&jums.

Eftzija no izotermiska apvalka caur mazu atveri.

un ieguts sekojoss vienadojums (2):

d* N, () = —Avr(_’@(c!)dcd:ledt (:osgt—&ﬁ.
V 4r
kur N, .(p) - daligu ar atrumu ¢ un virzienu
@, skaits
¢ - daligu atrums,

@ - dalinas izlidosanas virziena lenkis ar normali,

13



dA, - virsmas elements,
®(c?) - dalinu sadalijuma péc atrumiem funkcija,
N/V - dalinu koncentracija,
dw - telpas lenkis,
dt - laiks.

Integréjot So vienadojumu péc atrumiem, iegiistam pilno molekulu skaitu telpas
lenki dw (3):
1N

d*N.(¢) = ZVMABCH’ cos cpd?w, (3)

oo
kur ¢ = [ ¢®(c?)de
0
Gazu eftizijas kosinusiodala likuma pareizibu pirmoreiz parbaudija Knudsens.
Vins paradija, ka Sis likums ir speka, ja tvaiku spiediens ir pietiekami mazs.
[61]

2.3.2. zimé&jums.

Geometrisko parametru shematisks attéls.

1 - mérkkatods, P - punkts uz paliktpa.

Attistoties uzputinasanas tehnologijam un paradoties jaunam uzputinasanas
iekartam, uzputinaSanas procesi matematiski tiek aprakstiti lidziga veida. Ta,

pieméram, darbos [59, 60] tiek paradits, ka dazadas magnetronu uzputinasanas
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iekartas kartinas biezuma sadalijumu var atrast (4):

o R
T = / / E(r) cos“(@):—zdrdé. (4)
0 0
kur E(r) - izputinasanas atrums,
=b+h?,
b* = r? + a® — 2arccos(¢),
tan © = b/h.

Sie geometriskie parametri paraditi zimejuma 2.3.2.. Indekss n attelo izputinato
dalinu telpiska sadalijuma raksturu, un ir atkarigs no uzputinasanas iekartas
parametriem - mérkkatodu skaita, to savstarpéja izvietojuma, un paliktna iz-
vietojuma. Ta, pieméram, darba [60] izmantotajai magnetronu uzputinasanas
iekartai atbilst n=1/4. VienkarSota gadijuma, ja ir viens mérkkatods, un palik-
tnis ir paraléls tam, var izmantot Knudsena likumu. Analogiski rikojoties, var

atrast teoretisku kartinas biezuma sadalijjumu art Peninga sunas gadijuma.
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3. Kartinu ieguSana ar modificetu Peninga
sunu
3.1. Peninga Stina un tas 1pasSibas

Pasreizéja laika Peninga suna dazadas modifikacijas tiek plasi izmantota - ka
vakuummetrs, daligu slazds, uzputinasanas iekarta u.c. [62-66]. Musu laborato-
rija §1 Suna tiek izmantota gan ka vakuumsuknis, gan uzputinasanas iekarta.

Peninga izlade, jeb izlade ar oscilejosiem elektroniem, ir elektriska izlade, kas
notiek zema spiediena, magnétiskaja lauka un telpa, kuru norobezo cilindrisks
anods un divi katodi, kas novietoti anoda galos. 3.1.1. ziméjuma ir redzams

anoda, katodu un magnetiska lauka izvietojums.

¥y

2d

ol

3.1.1. zimé&jums.

Peninga Siina.
1-katodi, 2-anods.

Sadu sistemu izladei ar aukstajiem katodiem piedavaja Penings 1937. gada.
Ta tika izmantota magnétiskaja jonizacijas manometra, lai meritu spiedienu 10*
- 107 tori.

Peninga izlade notiek pie zema gazes spiediena, kad dalinu briva noskréjie-
na cela garums ir lielaks par izlades suninas geometriskajiem izmeriem. Elek-
tronus atstarojosa elektriska lauka konfiguracija un magnetiskais lauks palielina

elektronu atrasanas laiku izlades telpa un lauj iedegties izladei augsta vakuuma.
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Neviendabigo elektrisko lauku stipri izkroplo izladeé esoSais telpiskais ladins. Eks-
perimenti rada, ka zemo spiedienu apgabala izlade notiek izlades Suninas z ass
tuvuma un anoda dobuma iekspusé. Potencialu sadalijjumu Saja telpas apgabala
apraksta formula (5):

Ug)?‘z ng2

Ura — =
Ulr,z) = ( ) + po + Uy, (5)

kur U,- anoda potencials,
Te - anoda radiuss,
2d - attalums starp katodiem,

Up - potencials izlades telpas centra.

Ja apskata elektrona kinétiku Sunina, kuras elektrisko lauku apraksta ieprieks
minéta formula, tad magnéetiska lauka kritiskais lielums Hy,, pie kura elektrona

trajektorija pieskaras anodam, ir sada (6) :

\/2m (U Uu)rz"”'g m" '2
H, = A (6)

kur rg, 79 - sakuma koordinate un atrums elektrona rasanas vieta,
m, e - attiecigi elektrona masa un ladins,

¢ - gaismas atrums.

Gazes jonizacija zemo spiedienu apgabala ir iespejama. ja H > Hy,. Sados
magnetiskos laukos elektrona trajektorija stacionara rezima ir cikloida. Vien-
laicigi elektrons izdara svarstibas starp katodu plakném z ass tuvuma, un parvie-
tojas anoda virziena elastigu un neelastigu sadursmju ar gazes atomiem rezultata.

Joni, kas rodas uz z ass, kustas taisnvirziena kustiba uz katodiem, bet joni,
kas rodas kada attaluma rq no ass, veic svarstibu kustibu attieciba pret izlades asi
un tapat virzas uz katodu. So svarstibu skaits ir atkarigs no izlades parametriem
un no jona rasanas vietas.

Apskatot izlades mehanismu, viens no pamatjautajumiem ir izlades iedegsa-

nas. Izlades iedegSanas parametrus saista sakariba (7):

In(Bw) = NM + ln(%)g. (7)
i
kur
My 1
(2€U )2, (8)
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a1t — 8w

2(1 — Bfw?)z Y

5 2_6_“«;__—5@ (10)
_ % (11)

N % (12)

v - elektronu otras emisijas efektivais koeficients,

W; - videja jonizacijas pa radiusu varbiitiba.

Mazu H vertibu apgabala negativais telpiskais ladins neietekmeé potenciala
sadalijumu, ka ari iedegsanas potencialu. Augstu H vertibu apgabala paradas Sis
izlades ipatniba - negativa telpiska ladina uzkrasanas vel pirms aizdegsanas.

Izlades aizdegsanas augsta vakuuma (1072 - 107! tori) notiek ar zinamu aizka-
vesanos, kuras ilgums palielinas lidz ar spiediena samazinasanos. So aizkavesanos
nosaka laiks, kas nepieciesams negativa telpiska ladina uzkrasanai. Lai So laiku
samazinatu, nepiecieSams lietot papildus elektronu avotus.[67]

Peninga izlade paslaik tiek plasi izmantota dazadas tehniskas un eksperi-
mentalas fizikas nozares. Elektriskais lauks, ko rada elektrodi, un magnetiskais
lauks virs 500 Erstediem notur elektronus izlades telpa pietiekami ilgi, ka re-
zultata jonizejosas sadursmes notiek pat spiediena 10~'? tori.[67]

Peninga Sunas var tikt izmantotas ka ladetu atomdalinu slazdi, tacu pedeja
laika sim noluikam tiek izmantotas ta saucamie idealie Peninga slazdi - iekartas,
kuru elektrodu virsmas ir rotacijas hiperboloidu virsmu dalas.[68]

3.1.2. ziméjuma ir redzama ideala Peninga slazda skérsgriezums ar plakni. kas

satur rotacijas simetrijas asi (z asi).
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3.1.2. zim&jums.

Idealais Peninga slazds.

Treknas linijas rada ekvipotencialas virsmas, kuras rada elektrodi. Nosledzo-
Sos elektrodus - katodus (horizontali iesvitrotais laukums) apraksta vienadojums
(13):

22% —ix* =P = 22, (13)

Rinkveida elektrodus - anodus (vertikali iesvitrotais laukums) apraksta vienado-
jums (14):

222 — 2% —y? = —12, (14)
Elektrodu potenciali atbilstosi ir (2/3)U un (-1/3) U. Vienmerigais magneétiskais

2 S = : - = - <
lauks tiek uzdots ka B = B k. Dotajos apstaklos potencialu telpa starp anodiem

un katodiem apraksta vienadojums (15):

5 - 4 9.2 2 2 o
®(z,y,2) = m(zil —E* =) (15)

3.2. Peninga Sunas datorsimulacija

Izstradajot izputinasanas iekartas, kas balstas uz Peninga izladi, ir nepiecie-
Sams izveleties tadu elektrodu konfiguraciju, lai telpa starp anodu un katodu
potenciala sadalijjums butu pietiekami tuvs ideala Peninga slazda potenciala sa-
dalijumam [29, 69).
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3.2.1. Zimg&jums.

Peninga §iina ar stienveida anodu.

Viens no §i darba meérkiem ir Laplasa vienadojuma atrisinasana elektrodu
geometrijai, kas paradita 3.1.1. zimé&juma, idealam Peninga slazdam (3.1.2. zim.).

un geometrijai, kas paradita 3.2.1. ziméjuma.

3.2.1. Laplasa vienadojuma risinajums.

Izvelamies cilindrisku koordinatu sistemu. Elektrostatiskais potencials, kuru

rada elektrodi atbilst Laplasa vienadojumam (16):

10 [ ou 1 8%u J%u
==l g | e =, 16
pop (paﬂ) p*Op?  02° 1e)
Aksialai elektrodu simetrijai, ka tas ir musu gadijuma, vienadojums vienkarsojas
(17):
19 [ Ou Pu
—— | — (. 17
5 (0) * 5 o

Analitisks §1 vienadojuma risinajums tiek atrasts tikai vienkarsam elektrodu kon-
figuracijam. Skaitliski So vienadojumu var atrisinat jebkurai elektrodu konfigu-
racijai ar datora palidzibu, balstoties uz to, ka parcialie atvasinajumi punkta
(pi, z;) var tikt aptuveni izskaitloti izmantojot potencialu vertibas atbilstoSajos

vienmeriga tikla punktos, kurs sadala telpu Siinas (18):

Ou - u(p;, zj) = u(p;_1, 33')

9, P 31) = ; , (18)
d*u u(p;, ziv1) — 2ulp;, 25) + u(pi, 25—
@(piazj) = (ﬂ ’ J+l) “(22 j) U(p 7 l). (19)

Vienmeérigam tiklam no ieprieksgjiem vienadojumiem (18) un (19) seko:

) = (h+ pi)ulpivi, z;) + pilulpi-i, 25) + ulpi, 2j+1) + u(pi, 2j-1)) (20)

u\pi, z; :
ulpis 2 h + 4p; o
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Skaitlosanas algoritms, kas balstas uz formulu (20) ir sekojoSs. Pirmaja etapa
tiek uzdoti tikla mezgla punktu potenciali uz elektrodiem un patvaligas potencialu
vertibas parejos punktos. Péc tam, no vienadojuma (20) tiek izskaitlotas @/ (p;, %)
vertibas, talak pec sim vertibam izskaitlo sekojosu vertibu seriju ?‘(p,-, z;) un

vislielakas vertibas starpibu modulim:

A = lu(p, 2;) — u'(pir 25))- (21)

Skaitlosana turpinas tikmer, kamer skaitlojuma precizitate A nesasniedz doto
vertibu. Tiek piegemts, ka Siinas ir ievietotas cilindriska caurulé ar diametru 100

mm, kurai ir nulles potencials.

3.2.2. RobezZnosacijumu aproksimacija.

Gadijuma, kad mezglu punkti nav uz elektrodu ar potencialu u, virsmas, tiek

izmantota Kollatca aproksimacija (22):

Eﬂl' J”f £45-‘ I U l ol [!
Uy = Uyp—— — Uyg— Uy = Us—— +U4‘5—D;Ug! = ugE - 'uoi. (22)
loy lo1 las l45 lo2 lo2

h:;
-
A
4
=
o |
0 3 |
 d T
|
:‘-l
.)! -~
i f
h J
6 2 7
e

3.2.2.1. zZimé&jums.

Lauka tikls.

Vienadojumos (22) [, , ir attalums starp punktiem p,q (3.2.2.1. zim.), pie kam
ekstrapolacija tiek veikta mezgla punktos, kuri ir vistuvakie tikla robezpunktiem,

i1,
1 1
loy > ifoﬂloz* > 5302- (23)

21



Idealas Peninga $iinas gadijuma ir precizs atrisinajums (formula) potenciala
sadalijumam starpelektrodu telpa. Tas lauj parbaudit skaitliska atrisinajuma
pareizibu salidzinot potenciala vertibas, kuras iegiitas ar skaitlisko metodi un pec
formulas tajos pasos telpas punktos. Rezultati paraditi 3.2.2.2.. zZiméjuma un
liecina par pietiekoSu skaitliska Laplasa vienadojuma risinajuma precizitati.

Uy=1000 V, 5;=20 mm, ;=25 mm
800 v T T "

700
600

5001} - -

Li(z)

400
200

100

)

3.2.2.2. zimeéjums.

Datu, kas iegiti ar skaitlisko panémienu un ar precizo analitisko risindjumu, salidzindjums.

precizais risinajums, —*— skaitliskais risinajums.

Zimejumos 3.2.2.3. - 3.2.2.5. attélotie dati liecina par to. ka potenciala sa-
dalijums Sunam ar cilindrisku un stiepveida anodu nozimigi atskiras no ideala
Peninga slazda potenciala sadalijuma tikai katodu malu tuvuma un to centra
atbilstosi.
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3.2.2.3. ziméjums.
Potenciala sadalijums ideala Peninga $una.

ro = 20mm, zo = 25mm.

S0
A
571 ]

UL o 3
£y

3.2.2.4. zime&jums.
Potenciala sadalijums Peninga §iinai ar stienveida anodu.

Attalums starp katodiem 50 mm, U, = 0 kV, Up = —2000 V. Anoda diametrs neievérojami

mazs.

rd;‘

I,/ mm P f ran

3.2.2.5. ziméjums.
Potencialu sadalijums Peninga Sunai ar cilindrisku anodu.

Katoda radiuss r; vienads ar anoda radiusu r,, attalums starp katodiem 2d = 50mm, anoda

garums [, = 50mm, katodu potencials 2000 V.

23



3.2.3. Kartinu biezuma vienmeribas datorsimulacija

Viens no galvenajiem planu kartinu raksturlielumiem ir to biezuma vienmeri-
ba. Praktiski liela nozime ir teorétiskai biezuma vienmeéribas apréekinasanai, ja ir
doti eksperimentalas uzputinasanas iekartas geometriskie parametri. Kartinam.
kas ir iegiitas ar jonu uzputinasanas metodi, biezuma vienmeériba ir butiski at-
kariga no izputinato dalipu sadalijuma pa izlidoSanas lenkiem. Sadalijjums pa
izlidosanas lenkiem ©, virkné gadijumu var tikt aproksimeéts ar sekojosu fun-
keiju: ((n 4+ 1)/27) cos™ © [59, 60]. Ir svarigi noskaidrot, vai iespéjams ar $o
aproksimeéjoso funkciju aprakstit katodu izputinasanu Peninga izlade.

Datorprogrammas, kura modelé Peninga $ina notiekoSos procesus, pamata ir
talak sekojosa teorija.

Peninga §tina izputinasana notiek no diviem katodiem (3.2.3.1. zim.)

3.2.3.1. ziméjums.

Peninga Siinas geometrisko parametru shematisks attélojums.

Oxyz ir atskaites sistéma ar elementarvektoriem _3)_}} I) kuras Oxy plakne
sakrit ar paliktpa virsmu. Tiek ieviestas jaunas koordinatu sistemas O'z'y'z’,
kuras O'z'y’ plakne sakrit ar pirma katoda virsmu, un atbilstosi, koordinatu
sistema O"z"y"2". Tad o}, o}, of ir punkta O' koordinatas paliktna atskaites
sistema. Izvelamies vektoru (713)' perpendikularu katoda plaknei, kur P'(p), p}.0)
ir punkts paliktna plakne. Tad katoda atskaites sistémas elementarvektors !._;
bus: ? = (W/KW’)W kura komponentes ir £k, = 73 = (p| — (w"l)/[(_)?’)ﬂ

— o
ky = 732 = (ph — a3)/|O'P'|, ki, = y33 = —a3)/|0'P'|, kur |O'P'| = ((p} -

"'Jl I

Z
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o) + (py, — ab)? 4+ @?)'/2. Elementarvektors ?, biis ar sekojosam komponentem:

g= i = 0,4y, = 2 = Ysa/ (Va2 +73) "%, &, =3 = —y32/ (132 +73)"/%. Vektora
j komponentes var atrast: j' = k' x 7'.
Mes izvelamies patvaligu punktu 7'(t;, t5,0) uz paliktpa virsmas. Var atrast

=* .
punkta 7" koordinatas katoda sistema t}, t}, #; un elementarvektora &, kurs ir

perpendikulars paliktnim, komponentes k|, k5, k3, izmantojot formulas (24):
3
t) =3 %(t; —of), (24)
=1

Dalinu skaits N, kas tiek izputinatas laika vieniba no laukuma dz'dy’ punkta
S'(s}, s5,0) apkartneé ir:
N = kj(z', ') /e, (25)
kur j(z',y') - katoda jonu stravas blivums, k -izputinasanas koeficients katoda
materialiem ar Xe joniem, e - elektrona ladins.

Dalinu skaitu dN telpiskaja lenki d€) var noteikt pec formulas:
dN = N7dX2, (26)

kur 7 ir izputinato dalinu telpisko sadalijjumu aprakstosa funkcija. Piegemsim,
ka funkcija 7 ir neatkariga no azimutala legka, un tai ir forma ((n+1)/27) cos™ ©
159, 60].

Lai do ir paliktpa laukuma elements punkta 7', tad:

dQ) = docosz[:|ﬁ[2, (27)

kur 7 ir legkis starp parauga virsmas normali un ﬁ
Nemot vera So faktu, no pirma katoda virsmas G izputinato dalinu plusmu

punkta 7" atrod péc formulas (28):

dN, j(@',y') cos 1;’! P
7 /fk |2 -dz'dy’, (28)

No otra katoda iegusim identisku plusmu dN,/do,. Pilna plisma dN/do

punkta 7" bus abu plismu dN, /do; un dN,/do, summa.
Praktiski punktus P’ un P” izskaitlo izmantojot citus geometriskos paramet-
rus (3.2.3.2. zim.).



P(p,0,0
P"(p} .0.0) o P00 g

af ©(af o3.0%)

Sy

3.2.3.2. zim&jums.

Peninga $iinas geometrisko parametru shematiska diagramma.

1 - pirmais katods, 2 - otrais katods.

Ja katodu platums ir a, OK = d un s; un s, ir attalums starp katodu malam,
tad (29):

82 L Sl

1) = arcsin

(29)

Punkta O" koordinatas w,, us, uz punkta P koordinati p, sistema O"z"y"2" var
atrast (30), (31), (32):

a

uy = . ;52 sin 1, (30)

Uy = L -;92 cos 1, (31)
ugz = 0,

p1 = ustg(2¢) + uy. (32)
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Punktu O’, 0", P' un P" koordinatas var iegut (33), (34), (35):

= TH (33)
4
as =0,
"o a ;
[a% —d—acosz,b, (34)
o) =—af, &y =0, oy = ag,

p'l = A :82 — a3 tan ¢, (35)

PL = —Pi-

Aprekinos jonu stravas blivums tiek pienemts ka konstants un var tikt nemts
ka puse no izlades stravas.

Izputinasanas koeficientu k ir iespéjams novertét ar datorprogrammas TRIM
palidzibu [70, 71]. Tika atrasts sis koeficients polikristaliskam Al ar Xe joniem,
kuru energija ir apmeram 0,5¢U,=1000 eV, nemot vera, ka izlade notiek spie-
diena ~ 10~ tori un vaja magnetiska lauka. Izputinasanas koeficienti sadursmes
lenkiem 90°, 45° un 60° ir 0,74, 2,3 un 4,0 atbilstosi. Integrali (28) aprekina
skaitliski.

Pluasmas dN/do vienmeriba ir ari kartinas biezuma vienmeriba. So vienmeri-
bu NM var atrast (36):

dN/domax — AN/domin
dN/domax + dN/domin

Datormodelésana iegitie dati redzami zimejumos (3.2.3.3. - 3.2.3.9.). Saja

NM =

(36)

programma tika nemti parametri, atbilstosi musu uzputinasanas iekartai, un

mainits sadalijuma funkcijas ((n + 1)/27 cos™ © koeficients n.
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relativais biezums

platums mm 60 0 garums mm

3.2.3.3. zimejums.

Modeleta virsma, attalums d=59 mm, n=1.

relativais biezums

Q1w
o o ® =

garums mm

platums mm 60 0

3.2.3.4. ziméjums.

Modeleta virsma, attalums d=104 mm, n=0,25.
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relativais biezums

relativais biezums

platums mm 60 0 garums mm

3.2.3.5. zZiméjums.

Modeléta virsma, attalums d=129 mm, n=0,25.

=
oo i
‘ o

o
(@]
L

o
o
Vi

60 0 garums mm

platums mm

3.2.3.6. ziméjums.

Modeléta virsma, attalums d=59 mm. n=0
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ralativais biezums

platums mm 60 0 garums mm

3.2.3.7. zim&jums.

Modeléta virsma, attalums d=59 mm, n=0,25.

relativais biezums

60 0 garums mm

platums mm

3.2.3.8. ziméjums.

Modeléta virsma, attalums d=59 mm, n=0,5.
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ralativais biezums

60 0 garums mm

platums mm

3.2.3.9. zimejums.

Model&ta virsma, attalums d=59 mm, n=0.75.

Iegiuitie teoretiskie dati tika salidzinati ar praktiski iegtitu kartinu vienmeribu.

Rezultati apskatiti nakosaja nodala.
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3.3. Modificetas Peninga Stinas 1pasSibas

3.3.1. Uzputinasanas iekartu izveide optimizejot

elektrodu veidu un izkartojumu

Balstoties uz apskatito teoriju, musu laboratorija, parveidojot Peninga sunu,
ir izveidotas tris veidu uzputinasanas iekartas — ar plakaniem katodiem un ‘_/
veida anodu (3.3.1.1. zim. - $adas $unas parametri ir aprakstiti darba [28]), ar
stienveida anodu un atverem katodos (3.3.1.2.. zim.), un ar T veida anodiem
(3.3.1.3. zim.).

3.3.1.1. zZim&jums.

Modificéta Peninga suna.

1 - katodi, 2 - anods, 3 - pamatne.

L 7

3.3.1.2. zimé&jums.

Modificéta Peninga stina ar diviem stieples anodiem.

1 - katodi, 2 - anodi, 3 - pamatne.
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3.3.1.3. zZimé&jums.

Modificeta Peninga Suna ar diviem T veida anodiem.

1 - katodi, 2 - anodi, 3 - pamatne.

[zveidotajam modificetam Peninga Sunam ar stienveida anodiem ir iegutas
voltamperraksturliknes (3.3.1.4. - 3.3.1.5. zim.) atkariba no katodsprieguma, spie-
diena kamera un anodu skaita.

No grafikiem ir redzams, ka stieples anodu gadijuma palielinot spiedienu virs
kada kritiska lieluma notiek straujs stravas pieaugums. Acimredzot, izlades ap-
gabala veidojas plazma, kas ir tam par iemeslu. Tapat ir redzams, ka palielinot
anodu skaitu, izlades strava pieaug. Ta ka anodi tika izvietoti simetriski at-
tieciba pret katoda garumu, tad attalums starp tiem mainijas - palielinoties anodu
skaitam, attalums starp tiem samazinajas. lespéjams, ka divu anodu gadijuma
attalums bija optimals.

T veida anodu gadijuma izlade iedegas pie zemaka spiediena neka stieples
anodu gadijuma. To var izskaidrot ar to, ka lauku rada ari anoda vertikala
dala. Diemzel st anoda dala trauce rasties potenciala sadalijumam, kas butu tuvs
idealajam.

Praktiski kartinu uzputinasanai piemerotaka izradijas pirma konfiguracija ar
plakaniem katodiem un \_/ - veida anodu (3.3.1.1. zim.). Ir paredzams, ka Sadas
sistemas potencialu sadalijums ir tuvs 3.1.1. ziméjuma attelotas Sunas potencialu
sadalijjumam, jo cilindriska anoda gadijuma $unas potencialu sadalijums atskiras

no ideala tikai katodu malu tuvuma.
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3.3.1.4. zimejums.

Voltampérliknes modificétai Peninga stinai ar Al katodiem un stieples anodiem - a) viens

anods, b) divi anodi, c) tris anodi, d) ¢etri anodi.
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3.3.1.5. zim@&jums.
Voltamperliknes modificétai Peninga Stunai ar Al katodiem un T veida anodiem - a) viens

anods, b) divi anodi, ¢) tris anodi, d) ¢etri anodi.



3.3.2. Kartipu biezuma vienmeribas eksperimentals

novertéejums

Lai noteiktu puscaurspidigu kartinu, kas iegiitas ar ieprieks apskatito (3.3.1.1.
zim.) modificéto Peninga stinu, biezuma vienmeribu, tika iegiits caur sim karti-
nam izgajusas gaismas intensitates sadalijums pa kartinas virsmu. Sim nolikam

tika izveidota iekarta, kas redzama 3.3.2.1. ziméjuma.

[!1——4

cBL

3.3.2.1. zim€éjums.

Iekarta caur Al plévi izgajusas gaismas intensitates sadalijuma noteiksanai.

1 - lazers, 2 - lazera stars, 3 - paraugs, 4 - optiskais sensors.

Par gaismas avotu tika izmantots pusvaditaju lazers MT4042. Caurgajusas
gaismas uztversanai un analizei tika izmantota ierice CBL ar optisko sensoru. Te-
gutie dati tika apstradati ar sim nolikam raditu datorprogrammu, kura izskaitlo
pléves biezumu. Biezuma izskaitloSanai ir nepiecieSams zinat caurgajusas gaismas
intensitates atkaribu no kartinas biezuma. Lai iegutu so atkaribu, tika iegutas
caurgajusas gaismas intensitasu vértibas kartinam ar zinamu biezumu.( 3.3.2.2.

zim.)
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3.3.2.2. zim@éjums.

Caurgajusas gaismas intensitates atkariba no kartinas biezuma.

Zinot So atkaribu, Al kartinas absoliito biezumu var izskaitlot (37):

y (Tﬂ. = Tn+l)(Ip = In+l)
! In = In+l

+ Tﬂ-i—ls [37)

kur T, - kartinas biezums dotaja punkta,
I, I,4+, - caur etalonkartinam izgajusas gaismas intensitate,
I, - caur Al plévi izgajusas gaismas intensitate dotaja punkta, pie kam
In. < Ip < In+l ’

T, 1,4, - atbilstosie etalonkartinu biezumi.

Eksperimenta tika uzputinatas Al kartinas uz paliktnyiem 60x60 trijos dazados
attalumos d : d,=59 mm, dy=104 mm, d3=129 mm. Attalumi no anoda lidz
paliktnim atbilstosi ir ;=70 mm, l,=115 mm, [3=140 mm. Katodu platums
a=25 mm, garums b=>50 mm, attalumi s;=48 mm, $,=57 mm.

legutie dati tika atteloti trisdimensiju grafiku veida, kas redzami sekojosajos
zimejumos (3.3.2.3. - 3.3.2.5.).
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platurns mm garums mm

3.3.2.3. zimejums.

Al kartinas relativais biezums. Attalums no anoda lidz paliktnim - 70 mm (d=59 mm).

relativais biezums

platums mm 0 garums mm

3.3.2.4. ziméjums.

Al kartingas relativais biezums. Attalums no anoda lidz paliktnim - 115 mm (d=104 mm).
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relativais biezums

garums mm

platums mm 00

3.3.2.5. zimgjums.

Al kartinas relativais biezums. Attalums no anoda lidz palikinim - 140 mm (d=129 mm).

legutas virsmas salidzinatas ar datormodelésana iegutajam. Precizakai datu

interpretacijai ir salidzinati virsmu Skersgriezumu grafiki (3.3.2.6. - 3.3.2.12. zim.)

Al kartinas (—A—) un modelétais (—M—) relativais biezums, attalums d=59 mm, n=1.
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- F 3 %
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L o L) b L
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3.3.2.6. zZimejums.
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3.3.2.7. zim@&jums.

Al kartigas (—A—) un modelétais (—M—) relativais biezums, attalums d=104 mm, n=0,25.
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3.3.2.8. ziméjums.

Al kartinas (—A—) un modelétais (—M—) relativais biezums, attalums d=129 mm, n=0,25.
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3.3.2.9. zim&jums.

Al kartinas (-A-) un modeletais (—M—) relativais biezums, attalums d=59 mm, n=0.
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3.3.2.10. zimé&jums.

Al kartinas (—A—) un modelétais (—M-) relativais biezums, attalums d=59 mm. n=0.25.
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3.3.2.11. zZim@&jums.

un modelétais (—M—) relativais biezums, attalums d=59 mm, n=05.
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3.3.2.12. zZimé&jums.

Al kartigas (—A—) un modeléetais (—M—) relativais biezums,
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Salidzinot visus modelésana iegutos datus ar eksperimentalajiem datiem. var
secinat, ka katodu izputinasanu Peninga izladé var aproksimeét ar funkciju ((n +
1)/2m) cos™ ©, ja n=1 (attalumam d; = 59 mm) un n=0,25 (attalumam d, = 104
un d3 = 129 mm). Lielums n=0,25 labi apraksta ar1 Cu kartinu iegusanu Ar
gaze spiediena 8 - 1073 tori [60]. Faktu, ka dalinu sadalijuma pa lenkiem funkcija
maina savu izskatu, mainoties attalumam d, var skaidrot ar izputinato dalinu
mijiedarbibu ar darba gazes atomiem.

Dalinu briva cela garums A var tikt atrasts:

A = V2rn,a? + (mng(as + a,)?)/4y/1 + ms/m,, (38)

kur n; ir izputinato atomu skaits un n, ir gazes atomu skaits tilpuma vieniba;
M. Mg, @ Un a, ir atbilstoSo atomu masas un diametri. Tiek pienemts, ka
ms << my.

Brivais cels izputinatajiem atomiem, kuru kinetiska energija ir daudz augstaka
par gazes atomu termalo energiju, ir ~ 40 % garaks par izskaitloto ar formulu
(38) [72]. Briva cela garums A izputinatiem Al atomiem izskaitlots no formulas
(38) ir 105 mm, kas parada, ka starpatomu sadursmes ir janem vera, ja d = 104
un 129 mm, kas labi redzams ar1 ziméjumos 3.3.2.7. un 3.3.2.8. - sakritiba nav
parak laba. Var pienemt, ka dalipu plisma attaluma r no punkta S(z',y'.0)
samazinas par exp(r/A) [73].

Tabula 3.3.2.1. ir doti relativie kartinu uzputinasanas atrumi v/vsg. kur vsg
ir eksperimentalais uzputinasanas atrums ja d=59 mm, un aprekinata relativa
pluisma (dN/do)/(dN/do)se, kur (dN/do)se daligu izskaitlota plusma, ja d=59

mm, nemot vera eksponencialo faktoru un bez ta.

d, mm | v/vsg (dN/do)/(dN/da)sg
ar eksponencialo faktoru | bez eksponenciala faktora
104 0,17 0,23 0,34
129 nm | 0,13 0,12 0,22

3.3.2.1. tabula.

Eksperimentalie un teorétiskie kartinu uzputinasanas atrumi.

Ziméjuma 3.3.2.13. attelots relativais kartinu biezums t/t,,,, ka koordinatas
x un y funkcija, ja d=104 mm. Ir redzams, ka eksponencialais faktors ne parak
daudz maina liknu izskatu. Acimredzot, eksponencialais faktors ir nepietiekams,
lai aprakstitu dalinu sadursmju ietekmi. Tai pat laika, teorija labi apraksta

gadijumu, ja d=59 mm, kad dalinu sadursmes var nenemt vera.
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3.3.2.13. zim&jums.

Relativais kartinu biezums t/t,,,,, ka funkeija no (a) - x, un (b) - y. ja d=104 mm: 1 -

eksperimentalie dati, 2 - teorétiskie dati nenemot véra eksponencialo faktoru, 3 - teorétiskie

dati gemot véra eksponenciilo faktoru.

Kartinu vienmeéribu var raksturot ar parametru J:

d= (tmar T tﬂl?:ﬂ.)/(tﬂlﬂI 17 tmin)e

(39)

kur 4. un t,,¢n ir maksimalais un minimalais kartigas biezums atbilstosi.

Eksperimentalais un teoréetiskais parametrs o ir redzams 3.3.2.2. tabula.

d, mm 6, %
eksperimentalais teoretiskais nemot | teoretiskais nepemot
vera eksponcialo | vera eksponcialo
faktoru faktoru
59 57,8 73,5 66,9
104 19,5 26,9 22,5
129 16,3 19,8 15,9

3.3.2.2. tabula.

Lielums & dazadiem d.

Tapat ka no grafikiem, ir redzams, ka eksperimentalie dati labi sakrit ar teore-

tiskajiem tuva attaluma lidz paliktnim. Lai parbauditu vidéja un tala attaluma

iegutu kartinu vienmeribu, ir jamaina modelesanas datorprogramma, nemot vera

dalinu izkliedi uz darba gazes joniem un sprieguma sadalijumu katodos.
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3.3.3. Modificétas Peninga Sunas inerto gazu
atsuknésanas spéja

Pasreizéja laika magnetizlades sukni tiek plasi izmantoti augstvakuuma ie-
guSanai gan rupnieciskam, gan laboratoriju vajadzibam. Inertas gazes sadas
sistemas tiek izmantotas dazadam vajadzibam, pieméram, jon-kodinasanai, ana-
lizejot materialu virsmas jonu - jonu emisija, Ozé - elektron-analize u.c. [74-80)..
Inerto gazu atsuknésanai Seit tiek izmantoti vai nu difuzijsukni vai turbomole-
kularie sukni, kuru funkcionesanai ir nepiecieSami art mehaniskie priekSvakuuma
sukni. Miisu rezultati liecina par to, ka iepriekSminéto suknu vieta, kuri patere
elektroenergiju videji par divam kartam vairak neka magnetizlades sukni, var iz-
mantot vienu vai vairakas izlades $unas ar oglekla katodiem, lai atsiknétu Xe no
1072 Iidz 10~* tori, pec ka ir iespejama efektiva serijveida magnetizlades siikna
darbiba.

Musu laboratorija augstvakuuma iekarta tiek izmantota planu kartinu iegu-
Sanai. Pirms plévju uzklasanas tiek iegiits vakuums 1077 - 10'? tori, izmantojot
magnétizlades sukpus. Ir vajadzigs nodrosinat pastavigu darba gazes spiediena
uztureésanu (10 tori), kas nodroSina pastavigu kartipu uzputinasanas atrumu.
Ta ka izmantojama darba gaze ir inerta gaze (musu gadijjuma - Xe), tad Seit
rodas nopietna problema - magnetizlades suknus nevar izmantot inertas gazes
atsuknesanas nestabilitates de| [81]. Citu sukpu izmantosana nav iespéjama, jo
tie nedot vajadzigo retinajuma pakapi, piesarno darba kameru vai ari rada lielu
darba gazes patérigu, kas stipri sadardzina uzputinasanas procesu, kad Xe tiek
izmantots ka darba gaze. Uzputinot oglekla kartinas, tika noverota Xe spiediena
samazinaSanas. Mes eksperimentali paradijam, ka noraditas iekartas var tikt
izmantotas ka vakuumsukni Xe atsiiknesanai 1073 - 10~ toru diapazona.

Atsuknésanas atrums tika atrasts pec pastaviga tilpuma metodes [82]. Tiek
merits spiediens no P, lidz P, laika intervala no t; lidz ¢, pastaviga tilpuma V"

Tad atsuknesanas atrumu S var atrast:
S =2,3[V/(t2 — t,)|1g(P1/ Py). (40)

Eksperimenta gaita tika veikti vairaki atsiknésanas cikli, kuros tika noverota
Xe atsuknésana, katodu piesatinasanas un gazes izdaliSanas process. Izlades para-
metri bija sekojosi: izlades strava I}, = I, = 9,25 mA. anodspriegums U,; = 1.4
kV, U, = 1,8 kV. Vakuumkameras tilpums ir = 30 1. Eksperimentalo datu
apstrade notika sekojosi: no spiediena atkaribas no laika datiem tika ieguta

nepartraukta aproksimeéjosa funkcija, talak, izmantojot So funkeiju ar formulu
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(40) tika atrasts atstiknéSanas atrums. Ziméjuma 3.3.3.1. redzamajai spiediena

P atkaribai no laika ¢t aproksiméjosa funkcija bija funkcija:
P(t) = P+ (2A/m)[w/(4(t — to)* + w?)], (41)

kur P, = 0,0034, t; = 482,7713, w = 1602,07887, A = —6.36674. Zimejuma

3.3.3.2. redzamajai atkaribai, atbilstosi:
P(t) = Az + (A1 — Ay) /(1 +exp((t — t0)/B)), (42)

kur 4; = 0,00591, A, = 0,00037, t, = —306.172517, B = 103, 78863.

Sakuma spiediena P =~ 1, 6-10~3 tori atsuknésanas atrums pirmo piecu minusu
laikd mainijas vaji aptuveni 0,0045 1/s limeni un péc tam samazinajas lidz nul-
lei, jo pie t > 400 Xe spiediens sasniedza minimalo vertibu =~ 0,85 - 10~* tori
un talak nemainijas (zim. 3.3.3.2.). Sakuma spiediena P ~ 0,65 - 10~ (zim.
3.3.3.1.) atsuknésanas atruma atkariba no laika ieverojami atskiras no iepriekséejas

un beigu spiediens ir &~ 0,37 - 1073,
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3.3.3.1. zZim&jums.
Xe spiediena (1) un atsuiknésanas atruma (2) izmaina laika, ja sakuma spiediens kamera -
~ 0,65-1072 tori.

Sadi procesi tika atkartoti vairakkart, ar 10 vai vairak minigu partraukumiemn.
Visos procesos tika noverota Xe atsuknéSana. AtstukneSanas atrums pakapenis-
ki samazinas, lidz notiek pretéjs process - Xe izdalSanas. Partraucot procesu.
Xe talaka izdalisanas ir neliela. Kopuma eksperimenta laika tika atsuknéts no
1,93-1073 Iidz 0,74 - 10~ tori. Lielakais atsiiknéSanas atrums - 0,158 1/s.
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3.3.3.2. zimé&jums.
Xe spiediena (1) un atstiknéSanas atruma (2) izmaina laika, ja sakuma spiediens kamera -
~ 1,610 tori.

Izmantojot modificétu Peninga Stinu ar metala (Co, Mo, Fe, Ti) katodiem,
spiediena samazinasanas netika novérota. Ir zinams, ka metaliem ir neievérojami
maza inerto gazu atomu sorbcijas spéja [83].

Magneétizlades siknos aktivas gazes tiek atsuknétas vairaku procesu del. Vie-
glas gazes, ka udegradis, tiek atstiknétas galvenokart difundéjot gazes joniem
katoda virsma, kura ir attirita jonu bombardesanas rezultata, un reagéjot tur ar
katoda vielu (visbiezak - titanu). Smagakas gazes - slapeklis un skabeklis - var
reagét ar katodu virsmu, ietriekties dzilak katoda un reaget tur, vai ari reaget
ar izputinato katoda vielu uz anoda vai uz sukna sienam. Inertas gazes tiek
atsuknetas galvenokart fiziskas sorbcijas de] - ietriecoties katoda. Dala inertas
gazes jonu var atstaroties no katoda virsmas, izveidojot atrus neitralus atomus.
Sie atomi tiek "iemiréti” pleve, kura veidojas uz anoda, pie tam, $o atomu skaits
ir atkarigs no R = my/m;, kur m; - géazes jona masa, m, - katoda vielas atoma
masa, un no jona kriSanas lenka uz katodu. Jo lielaks ir R, vai lielaks ir krisanas
lenkis, jo vairak jonu atstarojas no katoda ka neitralas dalinas [84, 85].

Miasu gadijuma, acimredzot, Xe atsuknesanu var izskaidrot ar Xe jonu sor-
beiju katodu virsma, difundesanu, ka ari "iemureSanu” oglekla atomu pléeve, kas
izveidojas uz katodiem, jo Xe atommasa (131,30), salidzinot ar oglekla atommasu

(12,011), ir liela un ar1 videjais krisanas lepkis miusu gadijuma ir neliels, tapec
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varbiitiba atstaroties no katoda ir loti nieciga. Més izmantojam oglekla katodus,
kuriem ir poraina struktura. Pietiekosi augsta spiediena (vairak par 107* tori)
jonu stravas sadalijums pa katoda virsmu ir tuvs vienmerigam [67], un katodus
bombardéjoso jonu energija samazinas. Tadejadi samazinas izputinato oglekla
atomu skaits attiecinats uz vienu jonu. SI iemesla de| pec izlades iedegsanas
sakotneji notiek jonu difundesana katodu pievirsmas slani un atbilstosa spie-
diena samazinasanas. Procesam turpinoties uz katoda izveidojosos kartinu iz-
putinasanas process domine par to veidosanas procesu, ka rezultata izputinoties
katodam notiek agrak absorbétas gazes izdaliSanas un atbilstoss spiediena pie-
augums. Spiediena 10~* tori jonu stravas sadalijums pa katodu virsmu mainas
(maksimalais lielums - katoda centra), uz katodu ejoso jonu energija pieaug, ka
rezultata notiek gazes jonu iemuresana oglekla pleve periferialajos (talos no cen-
tra) katoda apgabalos. Sakara ar to, jonu sorbeija un iemurésana uz katoda
izveidojosajas kartinas sakotneji domine. Talak sorbcijas un desorbcijas pro-
cesi nolidzsvarojas, ka rezultata dp/dt tiecas uz nulli. Tam par iemeslu ir jonu
stravas samazinasanas un atbilstosi oglekla atomu skaita samazinasanas, kas ir
nepieciesami difundéjoSo Xe atomu iemireésanai. Bez tam, mainas ari attieciba
starp jonu sorbeciju un iemuresanos, jonu plisma uz katodiem sak pieaugt un
notiek katodu pievirsmas slana piesatinasanas ar Xe atomiem, ka ari agrak ab-
sorbétas gazes izdalisanas, ka rezultata desorbcijas process turpmak sak domineét
un notiek spiediena pieaugums darba kamera. Ja pirms izdalisanas procesu par-
trauc, tad dala gazes jonu izlido atpakal kamera, bet dala difunde dzilak katoda
iekSiene, pie kam, difundéjuso jonu skaits ir lielaks neka izdalijusos, par ko liecina
katoda piesatinaSanas laika gaita, kas samazina ta atsiknésanas spejas. Tas ir

iespéjams atjaunot, ja katodus izkarse vakuuma.

3.3.4. Kartipu uzputinasanas metodikas izstradasana

Kartinu iegusanai tika izstradata sekojosa metode. Darba gaita kamera tick
iegtits augsts vakuums - lidz 107 tori. Pirmaja etapa kamera tiek atsiknéta
ar ceolitu stkni vai ar ellas difuzijsikni, pec tam tiek izmantots magnéetizlades
suknis HM/I-04. AtsukneSanas procesa tiek veikta vakuumkameras karsésana lidz
423-473 K. Spiediens kamera tiek noteikts ar jonizacijas vakuummetru BI1-12,
kuram pievienots Alperta - Baijarda jonizacijas devéjs.

Kamera ir novietoti 5 pamatnpu turétaji, kas lauj viena eksperimenta procesa
uzputinat piecu veidu 20 paraugus (uz vienas pamatnes - 4 paraugi) (3.3.4.1.

Zim.).
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3.3.4.1. zimejums.

Vakuumkameras YSY -4 skérsgriezums.
1 - vakuumkameras siena, 2 - uzputinaSanas iekarta, 3 - paraugu turétajs, 4 - aizsargvairogs, 5

- atkvelinasanas iekarta, 6 - Peninga Sunu suknis, 7 - vakuumkamera, 8 - pastavigie magneti.

Vajadzigais pamatnu turetajs pretl uzputinasanas iekartai vakuuma tiek nos-
tadits ar pagrieSsanas mehanisma palidzibu. Inerta gaze tiek ielaista ar augstva-
kuuma adatveida ielaideju. Inertas gazes spiediens darba rezima ir 7- 10" tori.
Tas tiek regulets ar modificetu Peninga sunu ar oglekla katodiem. Darba gazes
paterins ir aptuveni 3 - 107 litri viena procesa, tatad lidz pat 3-107% | uz vienu
paraugu.

Uzputinasanas iekarta - modificéta Peninga suna atrodas magnetiskaja lauka,
kas ir paraléls paraugu paliktpiem un ir & 70 Oe. Katodiem tiek pievadits sprie-
gums 1,0 - 2,0 kV, bet anodi ir iezemeti. Vielu uzputinasanas atrumi sada spie-
diena ir 0,4 A/s-28 A/s.
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4. Kartinu fizikalo 1pasibu petisana un
modificeSana
4.1. Kartinu kristalografiskas struktiiras petijumi

4.1.1. Rentgenstrukturanalizes metodika

Musu laboratorija rentgenstrukturanalizes veikSanai tiek izmantots rentgen-

difraktometrs DRON - 3M. Ierices pamatsastavdala ir rentgenlampa 2BSV28Cu

- aizlodéta elektronlampa (4.1.1.1. zim.).

4.1.1.1. zim&jums.
Rentgenlampas 2BSV28Cu uzbuive.

1 - katods, 2 - fokus@josa uzmava, 3 - rentgenstarojuma izlaisanas logi,

4 - anods, 5 - aizsargcilindrs,

Ta sastav no stikla balona, kura ievietoti divi elektrodi: katods - volframa
spirale un anods - masiva vara caurule. Stikla balona ir augsts vakuums, kas no-
drosina brivu elektronu kustibu no anoda uz katodu, katoda siltuma un kimisko
izolaciju, ka ari nelauj notikt izladei starp elektrodiem. Katoda izstarotie elek-
troni paatrinas lampas polu elektriskaja lauka, ietriecas anoda, kur tiek strauji
bremzeti, ka rezultata apmeram 1% to kinetiskas energijas tiek parversts ren-
tgenstaros. Izstarotais starojums iedalas “mikstaja” starojuma ar nepartrauktu
spektru un “cietaja” jeb raksturigaja starojuma ar dazam spektra lIinijjam. Mik-
stais starojums labi absorbéjas stikla, tapec rentgenstaru izlaisanai tiek izmantoti
vieglo metalu (berilijs, litijs, bors) sakauséjumu vai metaliska berilija logi. Cieta
starojuma katrai linijai atbilst noteikts vilpa garums. kas atkarigs no anoda ma-

teriala. Sis linijas sadalas grupas, kuras sauc par sérijam un apzime: K. L.\



u.t.t. Vislielaka intensitate ir K sérijai, ta satur tikai tris linijas ar ieveérojamu
intensitati un mazu vilpa garumu. No tam divas visspecigakas veido dupletu K,
un K,,, kas ir salidzinami péc intensitates: K, =~ 2K,,. Biezi difrakcijas aina
dupletu nevar izskirt, tad par vilpa garumu pienem:
2Xk,, + Ak,
3 2
kur Ak, - linijas K, vilna garums, Ak, - linijas K, vilpa garums.

(43)

Tresa linija Saja seérija tiek saukta par Kj, tas vilpa garums ir mazaks par
10%, bet intensitate ir 1/7 no K,, intensitates.

Par rentgenlampas barosanas avotu izmanto baroSanas ierici, kas vienlaicigi
ir ar1 difraktometra operativais galds. Uz §1 galda ir novietots mehanisms, kas
saista rentgenlampu ar goniometru un aizsargapvalku. Lampas spraugas tuvuma
ir iebuvets rentgenstarojuma izejas aizbidnis. Lampai tiek pievadits spriegums
30 kV un strava 25 mA.

Lai ieguitu difrakcijas ainu jeb difraktogrammu - difragéta stara intensitates
maksimumu atkaribu no difrakcijas lepka, musu iekarta tiek izmantota kvazifo-

kuséjosa Brega -Brentano (4.1.1.2. zim.) shéma.

Anthhnas

"v

4.1.1.2. zZim&jums.

Kvazifokuséjosa Brega - Brentano shéma.

F - rentgenlampas fokuss, P - paraugs, S - detektora sprauga, R - goniometra radiuss.

Ta pamatojas uz ievilkto lenku, kuri balstas uz vienu un to pasu loku, viena-
dibu: rentgenlampas fokusam F, registréjosa detektora spraugai S un plakanam
paraugam P jaatrodas uz vienas rigka linijas. Pagriezot paraugu par lenki ©.
ir nepiecieSsama detektora spraugas parvietoSanas pa goniometra rinka liniju par
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lenki 20, tas nozimé, ka parauga legkiskas kustibas atrumam ir jabut divas reizes
mazakam neka detektoram.

Saja fokusesanas shema fokusesana notiek tikai viena - horizontala plakne.
Vertikala plaknée (perpendikularai 4.1.1.2. ziméjuma shemai) fokuséSanas neno-
tiek, tapec kila izkliede Saja virziena ir jaierobezo, lai samazinatu ta ietekmi
uz difrakcijas maksimuma profilu un atrasanas vietu. lerobezosanu var veikt ar
Sollera spraugam (paraléli novietotu plaksnisu sistéma) un ar horizontalu spraugu

palidzibu, kuras ierobezo kulisa augstumu (4.1.1.3. zim.).

4.1.1.3. zimgjums.
Difraktometra DRON - 3M rentgenoptiska shéma.

1 - rentgenlampas fokuss; 3,7 - horizontili ierobezojosas spraugas; 2,6 - Sollera spraugas;

4,8 - vertikali ierobezojoSas spraugas; 5 - paraugs.

Difragetais starojums iziet caur sekundaro Sollera spraugu sistému un anali-
tisko spraugu un noklust detektora.

Ka detektors tiek izmantots scintilaciju skaititajs, signals no kura nonak bloka
KUD-1, kur tiek pastiprinats, tiek veikta amplituidu selekcija dazadu blakus-
paradibu novérSanai un talak tiek izmantots ka informacijas signals impulsu
skaitiSanas atruma noteikSanai. Signals talak tiek novadits uz datoru, kur in-

formacija tiek saglabata failos un veikta turpmaka datu apstrade.

4.1.2. Daifraktometrisko datu apstrades

datorprogrammas izstrade
Difraktometrisko datu apstradei tika izveidota datorprogramma, ar kuras
palidzibu var tikt veikta iegito difrakcijas maksimumu apstrade: dupleta sa-

daliSsana, starpplaknu attaluma noteikSana, integrala platuma noteiksana. polik-

ristalisko bloku izméru un mikrodeformaciju noteiksana.
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Ieprieks tika minéta problema par dupleta K,, un K,, liniju parklasanos
difrakcijas aina, kas apgrutina precizu difrakcijas maksimuma lenka noteiksanu.
Viena no $o liniju atdalisanas metodem ir Rec¢ingera [86] metode, kas balstas uz

sekojoSiem piepgemumiem:

1. eksperimentalas liknes intensitates sadalijums ir likyu /ey un Ja, summe-

sanas (4.1.2.1. zim.);

2. divu dupleta komponensu intensitates attiecas ka 2/1 un savstarpéji nobi-

ditas par lenki §(20), kuru var atrast:

$8n Opiana
) -

kur A,, - linijas K,, vilpa garums, A,, - linijas K,, vilna garums, ©,,,, - lenkis,

5(26) == 2(’\&2 == ’\m) {44)

kur$ atbilst eksperimentalas liknes difrakcijas maksimumam.

I(IL.‘I‘!

4.1.2.1. zZim€jums.

Difrakcijas likgu sadalisana.

Interferences likne I,, ir precizs liknes I,, atveidojums, tikai ar divreiz sa-
mazinatam ordinatam un ta ir nobidita attieciba pret likni I,, par lenki 6(20).
Ja (20) ir funkcija, kas nosaka intensitates sadalijumu likne, tad funkcijai, kura

noteiks intensitates sadalijumu parklatas liknes I,, un I,,, ir sekojoss izskats:
1
1(20) = i(20) + 51’(29 —9). (45)

Dupleta dalisanu sak no abscisas 20, (4.1.2.1. zim.), kura atrodas interfe-

rences liknes krustosanas punkta ar fona liniju A. Saja punkta var piepemt. ka
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I1(20—-6) =0, lidz ar to I(20) = i(20,). Sis pienémums ir speka, lidz sasniedzam
lenki 20, + 0. Eksperimentalo likni $aja apgabala nosaka tikai liknes /o, inten-
sitates sadalijums. Pamatojoties uz to, var konstruét likni éi(ze —¢). Sadalisim
abscisu zem eksperimentalas liknes vienadas dalas. Sada sadalijuma gadijuma
katram punktam, kas atrodas virs nogriezna AB, nosaka ordinatas i(20), dala
tas uz pusém un atliek Sos lielumus attaluma §(20). So operaciju turpina lidz
punktam B. Péc §i punkta summara likne 7(20) ir divu likyu ¢(20) un %i{?@ —4)
parklajums. Tad intervala BC atnem no eksperimentalas liknes ordinatam jau
konstruetas (intervala AB) ordinatas 3i(2© —6) un konstrue likni /,, lidz galam.
Sis liknes ordinatas dala uz pusem un atliek attaluma §(20) konstrugjot likni I,,,.

Sada veida notiek pilniga dupleta atdalisana. Izmantojot Brega vienadojumu:

QdHKLSiI]@:)\, [—16]

kur dy i - starpplakpu attalums, A- rentgenstara vilpa garums, © - difrakci-
jas lenkis, var noteikt starpplaknu attalumu, nemot atdalito liknu maksimumu
lenkus un atbilstosos vilpa garumus. Indeksi H K L ir interferences indeksi, kuri
ir vienadi ar plakgu kopas indeksu hkl, atstarojums no kuram rada doto likni
rentgenogramma, reizinajumu ar atstarojuma kartu n: H = nh: K = nk; L = nl.
Zinot dotas liknes indeksus H K L, var noteikt, no kadam plaknem un kuras kartas
atstarojums tas ir.

Starpplaknu attalumu var noteikt arl izmantojot eksperimentalas liknes sma-

guma centru [87]. Lenki, kurs atbilst $im centram, atrod:

> 1(O)T(0)

20=""0—— 420, (47)
1(i)

=1

N

kur I(7) - i-ta liknes punkta intensitate, 7°(z) - i-ta punkta lenkis, 20, - lenpkis,

kura difrakcijas profils parklajas ar fonu.

So lepki ievieto formula (46), par vilpa garumu nemot vertibu, ko atrod péc
formulas (43).

Difrakeijas maksimuma liknes platums ir svarigs lielums, kurs ir atkarigs gan
no polikristalisko bloku izmeériem, gan mikrodeformacijam, gan citiem lielumiem.

Ta ka liknes platuma noteikSana ir apgrutinata liknes saplisanas ar fonu del. tiek
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ieviests jedziens integralais platums [88]. To var atrast pec formulas (48):

2(9m+£}
[(2(O,, + £)d(22)
2(Om—¢)

Ima:c (26111 ) ’

kur 3(20) - liknes integralais platums, [,,,,(20,,) - maksimuma intensitate,

B(20) =

(48)

20,, - maksimalas intensitates lenkis, I(2(0,, & ¢) - funkcija, kas apraksta
intensitates sadalijjumu pa legkiem 20.

2(Om+e) e

Lielums [ I(2(©,, % ¢)d(2¢) ir difrakcijas liknes laukums. So laukumu tu-
2(9111"5)

vinati var atrast ka daudzu trape¢u summu. Ja liknes punktu skaits ir liels, tad

§1 metode ir pietiekosi preciza.

Ja paraugs ir bez mikrodeformacijam (mikrodeformacijas - %, kur d - starp-
plaknu attalums), un liknes instrumentalais platums (liknes platums, ko nosaka
virkne citu faktoru - sakotneja kiula izkliede, rentgenstaru iespiesanas parauga
dzilums, kiila dabiskais platums u.c.) ir salidzino§i mazs, tad parauga bloku
lielumu var noteikt pec Selakova [88] formulas:

__ge
Dcos©,,’

kur D - parauga bloku lielums.

B(20) = (19)

Savukart, ja parauga bloku izmeri ir lieli un difrakcijas maksimuma liknes pla-
tumu ietekmeé tikai mikrodeformacijas, tad tas var atrast no formulas (50):
3(20) = 4% tan ©,,. (50)
Realos gadijumos integralais platums ir platums B, kas ir atkarigs gan no difrak-
cijas platuma (3, gan no instrumentala platuma b. Un difrakcijas platums /3, sa-
vukart, ir atkarigs gan no bloku izmeéra, gan mikrodeformacijam. Sada gadijuma.
vispirms ir jaiegiist instrumentalais platums b. Sim noliikam izgatavo etalonpa-
raugu, kura bloku izmeri ir lieli (virs 1 gm) un taja nav mikrodeformaciju. Sadn
paraugu var iegut, izgatavojot to no ta pasa materiala, ka pétamais paraugs.
un labi atkvélinot to. Si etalonparauga integralais platums ari biis platums b.
Pienemsim, ka eksperimentalo likni apraksta funkcija h(z), instrumentalo likni -
g(x), bet funkcija f(x) apraksta difrakcijas likni, jeb likni, kuru iegutu bez ins-
trumentala liknes paplasinajuma ietekmes. Seit = A(20) - attalums no liknes

maksimuma lidz apskatamajam punktam. Tad saikni starp B, b un 3 var izteikt:

B _ [ f(x)g(z)dx

B [g(z)dz (51)
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b [ f(@)gla)ds
B [ f(z)dz =

Ja ir zinamas funkcijas g(x) un f(z), tad var atrast 3/B un b/B. Bet eksperi-

(52)

mentali var noteikt tikai g(z) un h(z), un f(z) ir atkariga gan no bloku izmera,
gan mikrodeformacijam. Tapéc dazadu faktoru ietekmes sadaliSanai izmanto vai
nu aproksimaciju metodi, vai harmonisko analizi [88].

Aproksimaciju metode balstas uz funkciju g(z) un f(z) izveli. Sakotneji ir
nepiecieSsams atrast liknes f(x) integralo platumu.

Parasti difrakcijas Itknem atbilst sekojosa veida funkcijas: e **"; — vai

' l+ax?
U_-H:ET)T' Var pienemt, ka funkcijas g(z) un f(z) ir Gausa funkcijas: g(z) = e 2%

un f(z) = e *%", tad no (51) un (52) seko:

i  NT o v VT
b-[g(z:)d.r— ¥T, {ivj fle)ds = YT,

B ks b ky

BT VRAR B JRR
no sejienes

v’ + 32 = B2 (53)

Atbilstosas formulas, ja tiek izveletas citas funkcijas, dotas tabula 4.1.2.1.

g(x) f(x) Sakariba starp b, B un /3

ehE | gl 8/B=\/1—b?/B?

(l-i—x'c:;:r'z}2 1+kl:1173 ,H/B = % (]_ = % + }3% 5 l)

s = b b
1+;§21-2 [1+kl,ze)-z gIB = % (1 ~ 2 m)

1 1 ’ _
1+koz? 1+kyx? d/}3 =1- b/B
1 L B =t B)?

(1+k2x2)? | (1+k122)2 (b+B)*+bB

4.1.2.1. tabula.

Formulas lielumu b, B un 3 atraSanai.

Eksperimentali nosakot B un b ir javeic K, dupleta sadalisana, jo Iinijas K,
nemonohromatisma del tas forma mainas.

Ja ir atrasts [3, tad var atrast bloku izmérus pec formulas (49) vai mikro-
deformacijas pec formulas (50), ja difrakcijas paplasinajums notiek tikai bloku
izmeéru vai mikrodeformaciju dél atbilstosi. Ja liknes paplasinasanas notiek abu
faktoru del, tad javeic So efektu atdalisana. Seit var izmantot 4.1.2.1. tabula dotas

formulas, tikai B vieta ir jaievieto [, b vieta - m (integralais platums, ko rada
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bloku izmeéri) un 3 vieta - n (integralais platums, ko rada mikrodeformacijas).
Soreiz ir zinams tikai lielums /3, bet ir divi nezinamie - m un n. Tade| ir jaiegust
atbilstosSo plaknu pirmas un otras kartas atstarojumu integralie platumi 3; un 3,

tad, rekinot divu vienadojumu sistému, var atrast nepieciesamos lielumus [88].

4.1.3. Kristalografiskas strukturas péetyjumu rezultatz.

Pasreizeja laika vairakos darbos eksperimentali ir noteikts, ka kartinu, kuras
iegiitas ar vakuuma metodem, kristaliska struktura ir atkariga no apaksslana
veida starp paliktni un uzklajamo plevi [30-33]. Mes noskaidrojam, ka dzelzs
kartinu kristalografiska struktura ari ir atkariga no apaksslana veida.

Kristaliska tekstiira tika noteikta salidzinot musu datus ar atbilstosiem hao-
tiski orientétu pulverveida paraugu datiem (ASTM FILES). Tika analizeta Fe
atbilstoSo difrakcijas maksimumu intensitate, pie tam tika ieguti difrakcijas mak-
simumi vismaz no ¢etriem vienadiem paraugiem visu veidu kartinam un atrastas
maksimumu intensitasu vidéjas vertibas. No iegutas difraktogrammas tika ieguti
ari kartinu starpplaknu attalumi pec formulas (46).

Sajos merijumos K, duplets netika sadalits, jo nebija nepieciesama loti preciza
starpplaknu attaluma noteik$ana. Tika izmantota A vertiba, kuru atrod pec
formulas (43).

Dzelzs kartinu difraktogrammas tika registreti tikai difrakcijas maksimumi
[110] un to otra karta [220]. Tas liecina par to, ka kartinam ir speciga plakyu
{110} noteicosa orientacija (kristalografiska tekstura) paraleli paliktna virsmai.
Lidz ar to, Fe kartinu teksturas pakapi un strukturas defektu koncentraciju
(kristaliskas struktiiras pilniguma pakapi) vienam un tam pasam kartinu biezu-
mam var raksturot ar difrakcijas maksimumu intensitati [88]. Fe difrakcijas mak-
simumu [110] intensitates atkariba no apaksslana biezuma redzamas sekojosajos
ziméjumos (4.1.3.1. - 4.1.3.6.). Punkteta linija rada Fe difrakcijas maksimuma

[110] intensitati bez apaksslana.
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4.1.3.2. zimé&jums.

100 nm biezas Fe kartinas [110] difrakeijas maksimuma intensitates atkariba no Ti apaksslana.
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20 nm biezas Fe kartinas [110] difrakeijas maksimuma intensitates atkariba no Zr apaksslana.
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100 nm biezas Fe kartigas [110] difrakcijas maksimuma intensitates atkariba no Zr apaksslana.
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Ka redzams, likumsakariga Fe [110] difrakcijas maksimuma intensitates iz-
maina ir novérojama tikai kartigai ar Ti apakSslani. Izmantojot citu metalu
apaksslanus likumsakariga izmaina nav noverojama. Tomer, visos gadijumos Fe
[110] difrakcijas maksimuma intensitate ir lielaka, ja dzelzs uzklats uz apaksslana.
Tas ir izskaidrojams ar to, ka apaksslanim ari ir kristalografiska tekstura, kas ie-
spaido Fe kartinas augSanu. Mes atradam, ka Ha apaksslanim ir tekstura {002},
Zr - {100} un {002}. Ti apaksslana gadijuma difrakcijas maksimuma intensitate
bija loti vaja, un nebija iespéjams raksturot teksturu.

Miisu rezultati rada, ka Fe kartinpam un ari apaksslaniem ar vienadiem para-
metriem, kas ir iegiiti viena uzputinaSanas procesa, ir liela atskiriba starp atbil-
stoso difrakcijas maksimumu intensitasu vertibam. Tas liecina par to, ka kartinas
tekstiiras formesanai un struktiiras defektu koncentracijai ir gadijuma raksturs.
Tai pasa laika meés ieguvam skaidru augséja slaga difrakcijas maksimumu in-
tensitates atkaribu no apaksslana maksimumu intensitates. 4.1.3.1. tabula ir
paradita sakariba starp 100 nm Fe kartinu difrakcijas maksimuma [110] inten-
sitati un 100 nm Zr un 100 nm Hf atbilstosajiem difrakcijas maksimumiem. Doto
kartinu Fe/Zr un Fe/Hf paraugi tika ieguti viena atbilstosaja uzputinasanas pro-
cesa. Redzams, ka veidojas Zr un Hf apaksslani ar atskirigu atbilstoSo difrakcijas

maksimumu (DM) intensitati, kas ietekmeé augsslana (Fe) maksimuma intensitati.

Zr [100] DM | Fe [110] DM | Hf [002] DM | Fe [110] DM
int. imp/sek | int. imp/sek | int. imp/sek | int. imp/sek
1.paraugs | 500,0 708,3 1500,0 4583.3
2.paraugs | 66,6 416.6 458.3 2083.3

4.1.3.1. tabula.
100 nm biezas Fe kartinas difrakcijas maksimuma (110) atkariba no apaksslana atbilstosajam

intensitatem.

Apakseja slaga struktiiras veidoSanas gadijuma raksturs un kristaliskas struk-
turas pilniguma pakapes liela ietekme uz augsejo slani, viena un ta pasa apaks-
slana gadijuma, nelauj atrast sakaribu starp apaksslana materialu, ta biezumu

un Fe kartinu kristaliskas strukturas pilnigumu.
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4.2. Termiskas apstrades ietekme uz kartinu Tpasibam

Parklajumu termoapstradei jeb atkveélinasanai ir liela nozime to ipasibu mo-
dificesana un veidosana. Atkvélinasana ietekmé virkni parklajumu ipasibu
vaditspéju, spriegumu, deformaciju, kristalisko tekstiiru, izraisa dazadas fazu
parejas u.tt. [89-94] Liela dala So paradibu ir saistitas ar defektu skaita sa-
mazinasanos atkvelinasanas procesa.

Galvenie teorétiskie aspekti, kas saistiti ar defektu atkvelinasanu, tika ap-
skatiti darba [95]. Teoriju, kas apskata planu kartinu ipatnéjas pretestibas mainu,
ko izsauc defektu atkvelinasana, petija Vends. Vips izvirza nosacijumu, kas ap-
galvo, ka deformaciju, kuras samazinasanas ir noverojama atkveélinasanas laika,
rada vakances un starpmezglu defekti, kas atrodas tuvu viens otram. Lai Sie
defekti sapliistu un lidzsvarotos, ir nepiecieSama raksturiga energija E. Tiek
uzskatits, ka energija, kas nepieciesama, lai defekti parvietotos viens pie otra,
ir loti neliela. ST energija var mainities no nulles lidz aktivacijas energijai, kas
nepieciesama pasdifuzijai [54].

Atkvelinasana ietekme ari diftizijas norisi kartinas [96-98]. Tiek uzskatits, ka
planas kartinas ar graudu izméru apmeéram 100 nm parsvara notiek difuzija pa
graudu robezam [99-101]. Bet polikristaliskos paraugos graudu robezam biezi ir
minimala energija, ka rezultata atkvelinasana var stipri ietekmeét kristalografisko
tekstiiru un veicinat daudzslagu sistemu sajauksanos [102].

Nemot véra to, ka tadas daudzslanu kartinas slagu biezums ir neliels (dazi
simti nm), lai nenotiktu slagu termostimuléta sajauksanas plevju iegiisanas pro-
cesa laika, pamatnes temperatura ir tuva istabas temperaturai, vai nedaudz
parsniedz to. Sakara ar to, svarigi ir izpetit daudzslagu sistémas termisko stabi-

litati un termiskas atkvelinasanas ietekmi uz kartinu ipasibam.

4.2.1. Atkvelinasanas vakuuma ietekme uz kartinu

kristalografisko teksturu

Ir iegutas griti kiastosu metalu W, Mo, ka arl Fe un Ni planas kartinas bie-
zumu diapazona 50 - 500 nm, veikta to atkvelinasana 20 min lidz 1 h vakuuma
(~ 107° tori) pie dazadam temperatiiram diapazona (573-773)K. Ar difrakto-
metru tika veikta paraugu rentgenstrukturanalize.

Gruti kustoSo metalu paraugu atkvelinasana radija difrakcijas maksimumu
stavokla izmainas, platuma samazinasanos (strukturas defektu samazinasanos),

to intensitates palielinasanos un neietekmeéja kristalografiskas teksturas tipu, bet.

62



atkvelinot Fe pléves, notika ne tikai noraditas izmainas, bet ari teksturas iz-
mainas, t.i., koherentas izkliedes bloku parorientacija. Ta, pieméram, 500 nm bie-
zai Fe kartinai pirms atkvélinasanas tika noverots maksimums [110](zim. 4.2.1.1.
(a)), bet pec atkvelinasanas sis maksimums vairs netika noverots, toties, paradijas
intensivs maksimums [200] (zim. 4.2.1.1. (b), (c)).

Tapat tika noverota rentgendifrakcijas maksimumu intensitates nelineara at-
kariba no pléves biezuma tas atkvelinot. Ta , pieméram, pie 673 K un 773 K
atkvelinatai 70 nm Fe kartinai difrakcijas maksimumu intensitate ir augstaka ka

100 nm un 200 nm plévém pie tadam pasam temperatiram (skat. tabulu4.2.1.1.).

Biezums Difrakcijas maksimumu relativa intensitate
[200] [110]
neatkv. | 573 K [ 673 K | 773 K | neatkv. [ 573 K | 673 K | 773 K
70 nm 0 104 840 1808 0 0 0 0
100 nm 0 140 444 616 0 0 0
200 nm 164 336 752 1184 0 0 0
500 nm 200 324 3440 | 16800 360 440 0

4.2.1.1. tabula.

Fe kartigu difrakcijas maksimumu relativa intensitate.

Noverotajam 1patnibam par iemeslu varetu but kristalitu augSanas ipatnibas.
Acimredzot vispirms izputinata viela uz pamatnes nogulsnejas amorfa plana slani.
uz kura veidojas kristalitu slanis (200). Uz &1 kristalitu slana var veidoties
nakosais slanis ar citu teksturu (110). Ja virsejais slanis (110) ir pietiekosi plans,
ka tas ir 70 nm pléves gadijuma, tad slanis (200) ir spejigs vairakkartigi uzlabot
savu teksturizacijas pakapi. 100 nm un 200 nm biezu plévju gadijuma nakosais
slanis (110) vél nav pietiekami biezs, lai to noverotu ar rentgendifraktometra
palidzibu, bet ir par iemeslu sliktakai pléves teksturizacijas pakapei. Atkveélinatu
Fe plevju difraktogrammu ipatniba ir ar1 K, dupleta saskelsanas difrakcijas mak-
simumiem (200), kas liecina par augstu defektu atkvelinasanas pakapi atbilstosas
teksturas kristalitos.

Ni kartinam Sada veida teksturas maina netika noverota. Tika ieguts tikai
maksimums [111], kura intensitate pieauga un integralais platums samazinajas
(skat tabulu 4.2.1.2.), pieaugot atkveélinaSanas temperatiirai, kas liecina par de-
fektu atkvélinasanos un teksturizacijas (kristalitu orientésanas viena virziena)

palielinasanos.
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44°

500 nm Fe
500 nm Fe 773 K
(a) (b)

660 64()
500 nm Fe
773 K

(c)

4.2.1.1. ziméjums.
500 nm Fe kartinas difrakcijas maksimumi (a) - pirms atkvélinasanas [110], (b) - pec

atkvelinasanas [110], (c) -pec atkvélinasanas [200].
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Biezums

Difrakcijas maksimumu relativa intensitate

neatl. 573 K 673 K 713 K
50 nm 48 152 2130 3040
70 nm 180 2280 2400 3488
100 nm 160 1680 3600 3980
200 nm 768 1808 4800 5640

No atomspeka mikroskopa (ASM) datiem var secinat, ka atkveélinatam Ni
kartinam pieaug arl virsmas graudu izmeri (zim. 4.2.1.2. un 4.2.1.3.). Ta pieme-
ram, neatkveélinatam 70 nm biezam Ni kartinam vidéjie un maksimalie virsmas

graudu izmeri ir 0,45 nm un 0,65 nm, bet atkvelinatam 573 K grados - 0,53 nm

4.2.1.2. tabula.

un 1 nm, atkvelinatam 673 K - 0,68 nm un 1,07 nm.

Ni kartigu difrakcijas maksimumu relativa intensitate.

70 nm biezas Ni kartinas ASM attels.

4.2.1.2. zim&jums.




g e O

4.2.1.3. zime&jums.

Lidz 673 K atkvelinatas 70 nm biezas Ni kartinas ASM attéls.

4.2.2. Atkvelina3anas vakuuma ietekme uz kartinu

magneétiskajam ipasibam

Pedejos gados liela uzmaniba tiek veltita planu magnétisku kartinu peétiju-
miem, tai skaita daudzslanu sistému, sastavosu no magnetisku un nemagnetisku
materialu sekojosam submikronu biezuma kartam. Tas ir saistits ar to, ka sados
objektos tika atklatas tadas unikalas ipasibas ka liela perpendikulara magnetiska
anizotropija, loti izteikts magnétoptiskais Kerra efekts (MOKE), nelinearais mag-
nétoptiskais Kerra efekts (NOMOKE), gigantiska magnétpretestiba, apmainas
mijiedarbibas starp fero-magnétiskajiem slaniem caur nemagnetisku starpslani
oscilejosa daba, u.c. [103-109].

Kartinu magneétisko ipasibu pétisanai var izmantot magnétoptiskos efektus.
Maikls Faradejs atklaja pirmo magnétoptisko efektu 1845. gada. Vins noveéro-
ja paradibu, ka magnetiskais lauks pagriez polarizacijas plakni caur borsilikatu
atstarotu no metala virsmas, bet rezultats nebija apmierinoss sakara ar virsmas
neregularitatem. Trisdesmit divus gadus velak (1877) Dzons Kerrs atklaja So
efektu, kad petija polarizaciju no puleta elektromagnéta pola atstarotai gais-

mai [111]. Miusdienas $im efektam ir liela nozime, sakara ar pielietojumu datu
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glabasana [112-116].

Pirmo fenomenologisko izskaidrojumu magnétoptiskajiem efektiem deva Mak-
svels. Vins skaidroja lineari polarizétu gaismu ka divu cirkulari polarizetu kompo-
nensu superpoziciju un Faradeja efektu var skaidrot ka divu cirkularu modu kon-
sekvenci, kuram ir dazadi rotacijas atrumi [117]. Tatad Faradeja rotaciju nosaka
atskirigas dielektriskas konstantes pa kreisi un pa labi cirkulari polarizetai gais-
mai. Pirmo magnétoptisko skaidrojumu no kvantu teorijas viedokla deva Hulme
1932. gada. Vips atziméja, ka dielektriska konstante ir atkariga no elektrona
spina mijiedarbibas ar ta orbitu, kas apvieno elektrona spinu ar ta kustibu. Spin-
orbitalas mijiedarbibas iemesls ir elektrona spina s mijiedarbiba ar magnetisko
lauku kustiba caur elektrisko lauku VV ar impulsu ?: ~ (VV x 7)s. Si mi-
jiedarbiba savieno magnétiskas un optiskas feromagnétika ipasibas. St teorija
bija nepilniga, jo Hulme nepéma veéra vilpu funkcijas izmainu spin-orbitalas mi-
jiedarbibas del. To izdarija Kittels, kas lava vinam iegut precizakus aprekinus.
Pilnigu magnetoptiska efekta feromagnetikos aprakstu deva Argyres, izmantojot
perturbaciju teoriju [118].

Misu paraugu magnetisko ipasibu pétijumi tika veikti Maskavas Valsts Uni-
versitates Magnétisma katedra. Tilpuma magnétiskas ipasibas tika noteiktas ar
vibraciju magnetometru. Pievirsmas magnétiskas 1pasSibas tika meritas izman-
tojot magnétoptisko mikromagnetometru, aprakstitu darba [119]. Ir zinams, ka
magnéetoptiskais Kerra efekts jiit magnetizaciju noteikta pievirsmas dziluma, kas
atbilst gaismas iespiesanas vide dzilumam t;,. Lielumu #;, nosaka no attiecibas
tie = A/Amk, kur A - kritosa vilna garums, k - vides gaismas absorbcijas koefi-
cients. Saskana ar esosajiem eksperimentalajiem datiem [120], lieluma ¢, vertiba
feromagnetikiem neparsniedz 10 - 30 nm, ja kritoSas gaismas kvantu energija
ir robezas no 0,5 < hw < 5 eV. Dotaja gadijuma, t;,, bija aptuveni 15 nm.
Histerezes cilpas un magnetizacijas liknes tika izméritas ar ekvatoriala Kerra
efekta palidzibu. Ta kda mérjjumu (metodikas) jiitibas paaugstinasanai tika lie-
tota magnétoptisko signalu modulacijas registracijas metode, tad paraugs tika
parmagnetizéts ar mainigu magnetisko lauku H ar frekvenci f=80 Hz. Lauks H
tika pielikts paraugu plakné perpendikulari gaismas krisanas plaknei. Faktiski
tika meritas sakaribas o(H)/og ~ M(H)/Ms, kur o = (I — Iy)/Iy, I un I - at-
tiecigi no magnetizéta un nemagnetizeta parauga atstarotas gaismas intensitates,
og - o lielums pie M = Mg, Mg - piesatinajuma magnetizacija.

Merijumi tika veikti divos areja lauka H virzienos, kas tika pielikts paraugu

plakné. Viena gadijuma lauka virziens sakrita ar paraugu sagatavosanas laika
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pielikta lauka virzienu (apziméts ar D1), otra gadijuma H virziens bija perpen-
dikulars D1 un ir apziméts ka virziens D2.

Pétot Ni kartinu magnetisko ipasibu atkaribu no atkvélinasanas temperaturas,
tika iegiitas magnetizacijas liknes un histerézes cilpas. Ziméjumos 4.2.2.1.-4.2.2.9.
ir redzamas pievirsmas magnetizacijas liknes, iegiitas ar MOKE atkveélinatiem un

neatkvelinatiem paraugiem virzienos D1 un D2.

M/ Ms

(a) (b)

4.2.2.1. zZim&jums.
Neatkveélinatu 50 nm Ni kartinu pievirsmas magnetizacijas liknes (a) - virziena D1, (b) -

virziena D2.

1,0|-
= :
EO,S Ni as-deposited,
t=70 nm,
H /I D2

0 30 60 90 120
H (Oe)

(a) (b)

4.2.2.2. ziméjums.
Neatkvélinatu 70 nm Ni kartigu pievirsmas magnetizacijas liknes (a) - virziena D1, (b) -

virziena D2.
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120

4.2.2.3. ziméjums.
Neatkvelinatu 200 nm Ni kartinu pievirsmas magnetizacijas liknes (a) - virziena D1, (b) -

virziena D2.

1,0f

0,5}

M/ M

— T

30 ﬁ-?o;-)"’-“ 120

0,0

(a) (b)

4.2.2.4. zZim&jums.
573 K atkvelinatu 70 nm Ni kartinu pievirsmas magnetizacijas liknes (a) - virziena D1, (b)

virziena D2.

1,0F 1,0f
= o5 = o5
= =

0,0 0,0

0 30 éﬂ(ogo 120

(a) (b)
4.2.2.5. zimejums.

573 K atkvélinatu 200 nm Ni kartigu pievirsmas magnetizacijas liknes (a) - virziena D1, (b)

virziena D2.
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T,.,,=400C
t=50 nm,
H/I D2

30 6?”&) 120 150

(b)

4.2.2.6. zim&jums.

673 K atkvelinatu 50 nm Ni kartinu pievirsmas magnetizacijas liknes (a) - virziena D1, (b)

virziena D2.

(a)

673 K atkvélinatu 200 nm Ni kartinu pievirsmas magnetizacijas liknes (a) - virziena D1, (b)

0,

%

4.2.2.7. zZiméjums.

virziena D2.

30 sa(cgc; 120 150

(b)
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4.2.2.8. zimé&jums.
773 K atkvélinatu 50 nm Ni kartigu pievirsmas magnetizacijas liknes (a) - virziena D1, (b) -

virziena D2.
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(a) (b)

4.2.2.9. zimeéjums.
773 K atkvélinatu 100 nm Ni kartinu pievirsmas magnetizacijas liknes (a) - virziena D1, (b) -

virziena D2.

No ziméjumiem redzams, ka neatkveélinatam un atkvélinatam pie 473 K Ni
kartinam lauka, kas pielikts virziena D1, magnetizacijas vertibas sakuma ir fak-
tiski nulle. Talak ir noverojams straujS magnetizacijas pieaugums un. sakot
no kadas lauka vertibas, magnetizacijas lielums eksperimenta kludu robezas ne-
mainas. Magnétoptisko signalu analize darbos [121] paradija, ka lauks, pie kura
notiek straujS magnetizacijas kapums, atbilst parauga koercivitates spekam H.,.
bet lauks, no kura magnetizacija nemainas, atbilst piesatinajuma laukam H,.
Lauka, kurs ir pielikts virziena D2, siem paraugiem ir noverojama faktiski lineara
magnetizacijas atkariba no H lidz pat piesatinajuma laukam H,. Novérota mag-
netizacijas liknu atskiriba liecina par magnétiskas anizotropijas (MA) eksistenci
neatkvélinatos un pie 573 K atkvélinatos paraugos. Pie 673 K un 773 K atkveli-

natiem paraugiem magnetizacijas liknes virzienos D1 un D2 praktiski ir vienadas.



kas liecina par paraugu izotropiju.
Paraugiem tika iegiitas ar1 pievirsmas (MOKE) un dziluma (VSM) histerézes
cilpas virzienos D1 un D2 (4.2.2.10.- 4.2.2.17. 7zim.).

1.0 F—H 1T 02
t=70 nm
0‘5 .m-chp:sited

0,0

=
55 05}

1.0

4.2.2.10. ziIm&jums.

Neatkveélinatu 70 nm Ni kartigu histerézes cilpas (a) - pievirsmas (MOKE) virziens D1, (b) -

MOKE virziens D2, (c) - dziluma (VSM) virziens D1, (d) - VSM virziens D2.

Histerézes cilpu analize apstiprina plaknes magnétiskas anizotropijas eksis-
tenci neatkvelinatos un pie 573 K atkvelinatos paraugos, ka ari pie 673 K un 773
K atkvelinatu paraugu izotropiju. Pie tam, var secinat, ka neatkvelinatiem un pie
573 K atkvelinatiem paraugiem virziena D1 ir faktiski taisnsturainas histerezes
cilpas, bet virziena D2 - izteikti lézenas. Saskana ar pastavosajiem prieksstatiem
(120, 122] sada planas kartigas uzvediba ir iespéjama parmagnetizéjot paraugu
vieglas (EAM) un smagas (HAM) magnetizacijas ass virziena. Tas nozime,
ka, pateicoties kartingu uzputinasanas laika paraléli parauga plaknei pieliktajam

magnetiskajam laukam, paraugos rodas inducéta magnetiska anizotropija.
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H (Oe)

(1] B— 2
120 80 40 0 40 80 120
H (Qe)

(c)
4.2.2.11. ziméjums.

Neatkvelinatu 200 nm Ni kartinu histerézes cilpas (a) - pievirsmas (MOKE) virziens D1, (b) -
MOKE virziens D2, (¢) - dziluma (VSM) virziens D1, (d) - VSM virziens D2.
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4.2.2.12. ziméjums.
573 K atkvelinatu 50 nm Ni kartigu histerézes cilpas (a) - pievirsmas (MOKE) virziens D1,

(b) - MOKE virziens D2, (c) - dziluma (VSM) virziens D1, (d) - VSM virziens D2.
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4.2.2.13. zimejums.

573 K atkvélinatu 70 nm Ni kartinu histerézes cilpas (a) - pievirsmas (MOKE) virziens D1,

(b) - MOKE virziens D2, (c) - dziluma (VSM) virziens D1, (d) - VSM virziens D2.
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4.2.2.14. ziméjums.

573 K atkvelinatu 200 nm Ni kartinu histerézes cilpas (a) - pievirsmas (MOKE) virziens D1,

(b) - MOKE virziens D2, (c) - dziluma (VSM) virziens D1, (d) - VSM virziens D2.
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4.2.2.15. Ziméjums.
673 K atkvelinatu 70 nm Ni kartinu histerézes cilpas (a) - pievirsmas (MOKE) virziens D1,

(b) - MOKE virziens D2, (¢) - dziluma (VSM) virziens D1, (d) - VSM virziens D2.
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4.2.2.16. zime&jums.
673 K atkvelinatu 200 nm Ni kartinu histerézes cilpas (a) - pievirsmas (MOKE) virziens D1,

(b) - MOKE virziens D2, (c) - dziluma (VSM) virziens D1, (d) - VSM virziens D2.
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4.2.2.17. zimejums.
773 K atkvelinatu 200 nm Ni kartinu histerézes cilpas (a) - pievirsmas (MOKE) virziens D1,

(b) - MOKE virziens D2, (¢) - dziluma (VSM) virziens D1, (d) - VSM virziens D2.
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Histerézes cilpu parametru meérijumi lava iegit koercitiva speka H, un re-
ducetas paliekosas magnetizacijas Mp/Mg atkaribas no kartinu biezuma un at-

kvelinasanas temperatiiras (4.2.2.18. un 4.2.2.19. zim.)
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4.2.2.18. zim&jums.
Pievirsmas (MOKE) un dziluma (VSM) koercitiva speka H, atkariba no Ni kartinu biezuma
virzienos D1 un D2 pie dazadam atkvélinasanas temperatiiram: (a) - neatkvelinats, (b) - 573

K, (c) - 673 K, (d) - 773 K.

So datu analize paradija sekojoso. Neatkvelinatas un pie 573 K atkvelinitas
Ni kartinas koercitivais speks H, pieaug, palielinoties kartinas biezumam, bet
reducéta paliekosa magnetizacija M3"" /Mg lauka, kas paralels D1, ir gandriz
konstanta. Tilpuma paliekosas magnetizacijas M} ° /Mg atkariba ir lidziga M;""/
Msg. Mﬁ“"/ﬂ-!s un M;}""/MS vertibas ir vienadas ar ~ 0,95 un 0.9 atbilstosi.
Vislielakas pievirsmas un tilpuma koercitiva spéka vertibu virziena D1 un D2
atskiribas ir noverojamas pie 573 K atkvélinatam 200 nm biezam kartigam.

Pie 673 K un 773 K atkvelinatiem paraugiem ir faktiski identiskas magnetisko

lielumu atkaribas no biezuma virzienos D1 un D2. Koercitivais speks H, abos vir-
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4.2.2.19. zim&jums.

Pievirsmas (MOKE) un dziluma (VSM) paliekosas magnetizacijas atkariba no Ni kartinu
biezuma virzienos D1 un D2 pie dazadam atkvélinasanas temperaturam: (a) - neatkvelinats,

(b) - 573 K, (c) - 673 K, (d) - 773 K.
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zienos ir vienads, bet dazads tilpuma un pie virsmas. Abos gadijumos tas pieaug,
palielinoties kartinas biezumam (maksimala H, vertiba ir pievirsmas gadijuma
200 nm biezai Ni kartinai). Paliekosa magnetizacija M /My palielinoties kartinas
biezumam samazinas, pie kam ir vienada tilpuma un uz virsmas. Sie rezultati
liecina par to, ka pec atkvelinasanas pie 673 K un 773 K Ni kartinas klust faktiski
anizotropas un magnétiski cietakas.

Noverotais koercivitates pieaugums palielinoties kartinu biezumam un at-
kvelinasanas temperatiirai var tikt skaidrots, izmantojot rentgendifrakcijas un
ASM datus (skat. 4.2.1. nodalu). Visam pétitajam Ni kartinam tika noteikta
polikristaliska struktiira ar graudu lielumiem vienadiem ar kartinas biezumu.
Pasreizeja laika ir pieradits, ka magnétiska lauka daba planas kartinas ir atkariga
no tadiem parametriem ka kristalografisko graudu lielums, to kristalografiska
orientacija un domenu sienu mijiedarbiba [123-125]. Ka jau tika minets, peétitajos
paraugos ar rentgendifraktometru tika noverots tikai maksimums [111], kas nora-
da uz graudu orientéSanos parsvara virziena (111) paraléli parauga virsmai. Palie-
linot atkvelinasanas temperatiiru, maksimuma [111] intensitate pieaug (skat ta-
bulu 4.2.1.2.), kas liecina par atkvelinato Ni kartigu teksturesanas palielinasanos.

Saskana ar publicétajiem datiem [120, 126], koercivitate palielinas pieaugot
magnétisko kartinpu biezumam, kas izskaidrojams ar kartinas tilpumu veidojoso
graudu izmeru palielinasanos. Kopuma, mes novérojam Sadu magnétisko un
strukturalo Ni kartinu datu korelaciju.

Tuva lauka H,. lieluma palielinasanas pieaugot atkvelinasanas temperaturai
var ari tikt skaidrota ar pievirsmas graudu izmeru palielinasanos [127, 128]. Sa-
skana ar ASM datiem, pievirsmas graudu izmeri atkvelinatam Ni kartinam pieaug
(skat. 4.2.1. nodalu).

leguito datu salidzinasana parada, ka H>"" > HY un M3*" /Mg > M} /Ms.
Sada tuva lauka un tilpuma magnetizacijas raksturlielumu atskiriba ir tipiska
magnétiskam kartinam ar iepriekSmineto biezumu [129]. Analogiski eksistejosiem
datiem [120, 125|, Sis fakts var tikt skaidrots gan ar pievirsmas tilpuma gan
visas kartinas tilpuma raksturigo doménu struktiiru, ka ari ar kartinas virsmas
graudainibas eksistenci.

Fe kartinu magnétiskas ipasibas tika meéritas divos virzienos D1 un D2, un,
lidzigi ka Ni kartinu gadijuma, tika konstatéta induceta magnetiska anizotropija,
pie kam EAM sakrit ar paraugu izgatavoSanas laika paraleli parauga plaknei
pielikta speka H virzienu. Magnetizacijas likgu un histerézes cilpu, izmeritu

pieliekot lauku paraleli EAM, analize lava iegut koercitiva speka atkaribu no
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pléves biezuma un koercitiva spéka atkaribu no termiskas apstrades temperatiiras
(4.2.2.20. un 4.2.2.21. zim.).
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4.2 .2-20- Eimﬁjllms.

Koercivitates atkariba no Fe parauga atkvélinasanas temperaturas.
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4.2.2.21. zZim&jums.

Koercivitates atkariba no Fe parauga biezuma.

No dotajiem ziméjumiem ir redzams, ka magnétisku plévju termoapstrade

stipri iespaido plevju magnétiskas pasibas. Pie kam, biezakiem (70, 100, 200 un
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500 nm) paraugiem ir novérojama koercivitates samazinasanas ar nelielu pieau-
gumu 573 K rajona (70 nm kartigai) un 673 K (100, 200 nm kartinam), 50 nm
kartinai koercivitate pieaug. lespejams, ka teksturas orientesanas virziena [200]
(kas atbilst vieglas magnetizacijas virzienam masivos paraugos) samazina koerci-
vitati, bet kartigu graudu izmeru palielinasanas veicina koercivitates pieaugumu,
ka rezultata rodas sarezgitas koercivitates atkaribas no temperatuiras un kartinu
biezuma liknes. Ta, piemeéram 70 nm biezas kartinas koercivitates samazinasanas
pie 673 un 773 K atbilst lielai [200] difrakcijas maksimuma intensitatei pie sim

temperatiram (4.2.2.22. zim.).
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4.2.2.22. zZim@juIns.
Fe kartinu difrakcijas maksimumu relativa intensitate atkariba no atkvélinasanas

temperaturas.

Planakais Fe paraugs - 50 nm, bija rentgenamorfs, tapec ir gruti izskaidrot
ta koercivitates pieaugumu, pieaugot atkvélinasanas temperaturai. lespejams, ka
Seit lielaka ietekme ir virsmas graudainibas samazinajumam vai izmainam doménu
struktura.

Ni kartigam var noverot lidzigu likumsakaribu - 70 nm biezai Ni kartinai
ir vismazaka koercivitate bet difrakcijas maksimuma [111] intensitate lielaka vai
tuva 100 nm biezam paraugam. 50 nm kartinai pec atkvelinasanas pie 573 K
koercivitate samazinas (4.2.2.23. zim.).

Tas liecina, ka kristalitu orientéSanas virziena, kas sakrit ar vieglas magne-

tizacijas virzienu masiviem paraugiem (Ni tas ir [111]), var samazinat koercivitati.
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4.2.2.23. zimgjums.

Ni kartinu koercivitates atkariba no parauga atkvélinaSanas temperatiiras.

Biezakiem (100 -200 nm) paraugiem lielaku lomu spélé graudu palielinasanas ie-
tekme, jo kristalitu orientacija virziena [111] nebija tik izteikta, ka Fe kristalitu
orientacija virziena [200]. Tapat, paraugus atkvélinot, samazinas virsmas grau-
dainiba, kas Saja gadijjuma ir efektivaka par kristalitu orientésanas ietekmi uz
koercivitati, ka rezultata, koercivitate pieaug.

Daudzslanu sistéemam [Co/Fe/Ni]n péc atkvélinasanas vakuuma koercitivais
speks H, palielinas. Ta, pieméram, izejosajiem paraugiem ar biezumu 17,5 (24,5)
nm, H, vienads ar 5 (2,5) Oe, atbilstosi, bet atkvélinatiem paraugiem ar biezumu
17,5 (24,5) nm, H, ir vienads ar 40 (15) Oe.

4.2.3. Nanostrukturéeto kartinu sistemu termiskas

stabilitates novertesana

Ka jau tika minets, daudzslagu sistémas var notikt dazadu slagu dalinu difu-
zija citos slanos, ka rezultata var veidoties cietie skidumi un kimiski savienojumi
[47]. Lai nodrosinatu $adu sistému stabilitati, ir iespejams izmantot dazadus
starpslangus. Biezi par starpslani izmanto oksidu [47, 48|, bet tiek izmantoti ari
dazadi cita veida starpslagi [49-53].

Lai izpétitu oksida starpslanu lomu termiskas stabilitates nodrosinasanai. tika
izmantoti ar mikrotribologisko metodi iegitie paraugi. Saja metodé izmanto

metala struktiiru sagrausanas momenta — metala dalinas tiek atrautas no metala
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loksnes un parnestas uz pamatni intensivas dinamiskas bides deformacijas apsta-
klos (4.2.3.1. zim.).

4.2.3.1. zimejums.

Mikrotribologiskas metodes parklajumu uzneSanas shéma.
1 - parklajuma materiala nanodalinpu norausana, 2 - $o dalipu oksidésanas un 3 - uzklasana uz

pamatnes.

Mikroskopiski deformacijas shéma ir idziga berzes procesam raksturigajai.
Procediira tiek veikta gaisa vide, tade] notiek intensiva parnesamo metala dalinu
oksidésanas.

Tika petiti Al parklajumi uz Al, Cu un stikla pamatném ar biezumu 3-10
mkm. Cietibas meérjjumi paradija, ka mikrocietiba ir 8-12 reizes augstaka ka
izejmaterialam. Parklajumiem ir augsta nodilumizturiba un augsta adhézija ar
pamatni.

Paraugiem tika veikta rentgendifrakcijas analize ar 4.1. nodala aprakstito
metodi, atrasti graudu izmeri. Rentgendifrakcijas dati apstiprina oksida slanu
eksistenci, ka arl sistemu termisko noturtbu - pec atkvelinasanas vakuuma ir
noverojamai oksidu difrakcijas maksimumi un kartinu graudu izmeérs nemainas

tas ir robezas no 20 - 150 nm (4.2.3.2. zim.).
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4.2.3.2. ziméjums.
Ar mikrotribologisko metodi uzklata Al kartinas uz Cu pamatnes difrakcijas aina (a) - pirms

atkvelinasanas, (b) - péc atkvélinasanas vakuuma 773 K, 20 min.
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Graudu izmeérus apstiprina art ASM dati (4.2.3.3. un 4.2.3.4. zim.) - tas

robezas no 20 lidz 250 nm.

stow angle

P 1ight angle

4.2.3.3. zZiméjums.

Ar mikrotribologisko metodi iegiita Al parklajuma uz Cu pamatnes ASM attéls.
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4.2.3.4. zZiméjums.

Ar mikrotribologisko metodi iegiita Al parklajuma uz stikla pamatnes ASM attéls.
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Ziméjuma 4.2.3.5. redzams graudu izmeru sadalijums, kas atrasts no ASM

datiem.

600
D alipu zmérs. nm

4.2.3.5. ziméjums.

Ar mikrotribologisko metodi iegutu paraugu graudu sadalijums péc izméra no ASM datiem.

Miusu iekarta oksidu kartinu iegiiSsana nav iespéjama, tade| sistémas stabi-
lizeéSanai tika izmantoti oglekla starpslani. Tika izgatavoti paraugi - C/Al/x15/C
un C/Ti/x15/C ar slagu biezumu 20 nm, C/Fe/x3, Al/Fe/x3 ar slanu biezumu
30 nm gan uz stikla, gan sitdla pamatnes. Dala no paraugiem tika atkvelinati
vakuuma pie 773 K 1 h. Rentgendifrakcijas pétijumi liecina par kimisku savieno-
jumu veidoSanos jau pirms atkveélinasanas - kartinas ar oglekla starpslani veidojas
karbidi (4.2.3.6. zim.).

Kaut gan sadu savienojumu veidoSanas parasti ir iespeéjama tikai pie & 1000 K
[130], planas kartinas, iegitas plazmas uzputinasana, sadi savienojumi var veido-
ties arl istabas temperatiras [54], kam par iemeslu ir plazma ka kimiskas reakcijas
aktivéjoss faktors. Acimredzot, sie savienojumi veidojas kartinu saskares vietas,
kur izveidojas plans savienojuma slanis.

Péc atkvélinasanas savienojumu smailes klust izteiktakas, kas liecina par sa-
vienojumus veidojosa slana biezuma palielinaSanos vai ar1 teksturesanas un kris-
talizésanas pieaugumu. Metala difrakcijas maksimumu intensitate palielinas ne-

daudz, kas apstiprina kartinu nanostruktiiras saglabasanos (4.2.3.7. zim.).
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4.2.3.6. ziméjums.
C/Fe/x3 ar slagu biezumu 30 nm uz sitala pamatnes rengendifrakcijas aina neatkvelinatam

paraugam.
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4.2.3.7. ziméjums.
C/Tif %15 ar slanu biezumu 20 nm uz stikla pamatnes rengendifrakcijas aina atkvelinatam

paraugam.

Sos rezultatus apstiprina art kartinu cietibas merijumi - C/Al/x15/C un
C/Ti/x15/C tika noverota liela cietiba (4.2.3.1. tab.), kas vairakkart parsniedz
masiva metala cietibu. Ir zinams, ka graudu izméram samazinoties, stipriba un
cietiba palielinas [131, 132]. Tas ir pazistams ka Holla-Peca likums. Nanostruk-
turéetas kartinas pieaug graudu robezu loma, kuras kalpo ka barjeras dislokaciju

kustibai. Karbidu veidosanas, kuriem ir loti augsta cietiba, dod papildus ie-
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guldijumu novérotaja cietibas pieauguma.

C/Al/x15/C un C/Ti/x15/C uz Si pamatnes mikrocietibas meérfjumu rezultati.

Lielaka cietiba atkvelinatiem paraugiem apstiprina piepémumu par savieno-
juma slana palielinasanos.
Var secinat, ka oglekli var izmantot ka nanostruktiru stabilizéjosu starpslani.

Ir zinams, ka oglekla nitrida slanis tiek izmantots ka strukturu stabilizéjoss starp-

karbids .

Citu materialu izmantosana nedod tadus rezultatus ka ogleklis. Ta pieméram,

Fe un Al daudzslanu sistémas notiek loti aktiva slanu sajaukSanas temperatiiras

Materiali H, GPa
Al/C 15,4
Ti/C 16,0

Ti/C (atkvel.) | 18,5
Si 10,0

Al (izejas) 0,25
Ti (izejas) 2,35

4.2.3.1. tabula.

slanis [53], miisu gadijuma $ada noliika var tikt izmantots metalu (Ti, Al, Fe, Ni)

ietekmé (4.2.3.8. un 4.2.3.9. zim.).
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4.2.3.8. ziméjums.
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4.2.3.9. zZimejums.
Fe/Al/x3 ar slagu biezumu 30 nm uz sitala pamatnes rengendifrakcijas aina atkvelinatam

paraugam.

Péc atkvelinasanas metalu smailes faktiski vairs nav novérojamas, bet ir izteik-
tas savienojumu smailes. So 1paSibu var izmantot, lai iegutu dazadu savienojumu

kartinas.



4.3. Lazerapstrades ietekme uz planu kartinu 1pasibam

4.3.1. Lazerapstrades metodika parklajumu ipasibu
modificéSanai

Materialu lazerapstrade, arl tieSais lazerieraksts, balstas uz intensiva lazera
starojuma mijiedarbibu ar parauga virsmu un/vai atmosferu, kas ieklauj o pa-
raugu. To var klasificét divas grupas: konvenciala lazerapstrade un kimiska
lazerapstrade. Konvenciala lazerapstrade notiek inerta atmosféra un nenotiek
nekadas materiala kimiska sastava izmainas. Turpreti kimiskaja lazerapstrade
notiek materiala kimiska sastava izmainas, vai tiek ierosinatas kimiskas reakci-
jas. Realos gadijumos biezi apstrades iedalijums kimiska vai nekimiska ir prob-
lematisks vai vispar nav iespejams [133].

Mijiedarbibas mehanisms starp lazera gaismu un vielu ir atkarigs no lazera
stara parametriem un fiziskajam un kimiskajam vielas ipasibam. Lazera stara
parametri ir vilpa garums, intensitate, spatiala un temporala koherence, pola-
rizacija, mijiedarbibas lenkis un laiks. Materialu var raksturot ar ta kimisko
sastavu un mikrostruktiru.

Konvencionala lazerapstrade parasti tiek veikta ar infrasarkana (IR) spektra
lazeru gaismu. Tas var ierosinat brivus elektronus metala, vai vibracijas izolatora.
Pusvaditajos var notikt abu veidu ierosinajumi. Pamata ierosinajuma energija
parversas siltuma laika, kas ir iss salidzinajuma ar citiem procesa laika posmiem.
Sekojosi, lazera stars ar nelielu vai vidéju intensitati var tikt uzskatits ka siltuma
avots, kas ierosina temperaturas pieaugumu uz parauga virsmas. Temperaturas
sadalijums ir atkarigs no parauga materiala optiskajam un termalajam ipasibam,
un fazu pareju tuvuma - no parejas energijas. Shematiski tas ir paradits ziméjuma
4.3.1.1

Ja lazera stara energija ir liela, var notikt parauga materiala iztvaikoSana.
Pieaugot lazera energijai, iztvaikojoso dalipu skaits arl pieaug, un svariga kliist
lazera stara mijiedarbiba ar Sim dalinam, ka rezultata dalinas jonizéjas un rodas
plazma. Parasti plazma intensivi absorbe lazera gaismu. Sakara ar procesa neli-
nearitati, nelielas lazera stara parametru izmainas var kardinali izmainit procesa
rezultatu. Neskatoties uz sim grutibam, lazera ierosinatas morfologiskas, struk-
turalas un kompozicionalas materialu virsmu un planu kartinu izmainas rada lielu
interesi. Popularakie konvencionalas lazerapstrades veidi ir lazeratkvelinasana,
cietibas transformesana, rekristalizacija, glazesana, parklajumu iegnsana, ma-

terialu riudisana u.c. Lazera stara jauda sados procesos parasti ir 10% — 108
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4.3.1.1. zim&jums.
Temperaturas sadalijums uz parauga virsmas, iedarbojoties uz to ar lazera staru.

1 - lazera stars, 2 - temperatiiras sadalijums, 3 - paraugs, 4 - virsmas ierosinajumi.

W/em?. Procesa dzilums ir no dazi desmiti angstrémi lidz vairaki centimetri,
kas atkarigs no parauga materiala un lazera parametriem [133].

Materialu kimiskaja lazerapstrade tiek veidoti parklajumi un fizikali - kimiskas
modifikacijas ierosinot kimisku reakciju. Apstradajot paraugus ar lazera staru
dazadas atmosferas var veikt virkni procesu: iegut dazadus parklajumus, kodinat.
veikt ablaciju, sintézi, dopesanu, oksidésanu, nitridizaciju, reducésanu, metaliza-
ciju, polimerizaciju u.c.

Kimiskas reakcijas ierosinajums var but netermals vai termals. Netermalus
ierosinajumus sauc par fotokimiskiem un termalus - par termokimiskiem. Foto-
kimiski ierosinajumi var but fotoelektroni pie metalu virsmas, elektrona-cauruma
pari pusvaditdjos, virsmas polaritonu selektivi ierosinajumi u.c. Tiri fotokimiskos
procesos temperatiiras pieaugums ir loti neliels un var tikt neieverots.

Biezi fotokimiskie procesi notiek kopa ar termokimiskiem, kads no tiem var
domineét, vai iesakties viens un turpinaties otrs.

Precizai termala vai netermala lazerapstrades procesa definéSanai ir nepie-
cieSamas detalizetas zinasanas par fundamentalu gaismas mijiedarbibu ar vielu
un par daudziem relaksaciju laikiem. Sada informacija ir pieejama tikai dazam
specialam sistemam. Si iemesla dél, definicijas parasti nav loti striktas. vél jo

vairak tadel, ka primara gaismas mijiedarbiba ar vielu vienmer ir netermala [133].
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Miisu laboratorija tika realizéts tieSais lazerieraksts, kas nozimé kadas struk-
turas vai raksta izveidoSanu parauga virsma, uz to soli pa solim iedarbojoties ar
lazeru. Rezultata uz parauga virsmas var iegut noteikta veida linijas vai liknes,
kuru morfologija un geometrija ir stipri atkariga no lazera jaudas.

Teoretiski izskaitlots temperatiiras sadalijums uz parauga virsmas tiesa lazer-

ieraksta laika shematiski ir attelots zimejuma 4.3.1.2..

[Lazera stars _
e

Linija 2

n‘ >
t

e i)

4.3.1.2. zim&jums.
Temperatiiras sadalijjums uz parauga virsmas tiea lazerieraksta laika.

Koordinatu sistémas sakums ir lazera stara vida, 7T, - temperatura p-ta r = (),

T. - temperatura p-ta © = a.

Lazera stara parvietoSanas notiek pa z asi ar atrumu ., un ieguto liniju
ipasibas ir atkarigas arl no §1 stara parvietoSanas atruma.

Tiesais lazerieraksts tiek plasi izmantots, jo ir iespejams iegut dazadas mi-
krostruktiiras ar labu morfologiju un citiem parametriem. Ta pieméram, tieso
lazerierakstu izmanto omisko kontaktu veidosanai, kézu laboSanai mikroelektro-
niskas ierices, litografisko masku defektu laboSanai, mikrolecu un dazadu trisdi-
mensiju mikroskopisku objektu izgatavosanai [133].

Miisu laboratorija tika izveidota iekarta kartinu lazerapstradei, ar kuras pali-
dzibu ir iespéjams veikt dazadu paraugu lazerapstradi dazadas atmosferas
(4.3.1.3. zim.). Paraugi tiek ievietoti kamera ar logu, kura ir hermétiski izoléeta
un taja tika uzturéta tdegraza atmosfera ar 1 — 2 - 10° Pa lielu spiedienu. Ka
starojuma avots tika izmantots CW YAG:Nd (vilpa garums 1064 nm) lazers.
Lazera stars tiek fokuséts uz parauga virsmas, stara diametra izmers pie 1/e”
intensitates bija 2wy = 20um. TieSam lazerierakstam stars tika parvietots per-

pendikulari parauga virsmai ar programmeéjama x-y galda palidzibu. legutas
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4.3.1.3. zimejums.

Lazerapstrades iekartas shema.

1 - lazers, 2 - lecu sistéma, 3 - spogulis, 4 - kustiga léca, 5 - reakcijas kamera, 6 - paraugs.

linijas tika novértétas ar optiska mikroskopa palidzibu, to pretestiba uz garuma

vienibu tika noteikta ar standarta cetru zondu metodi istabas temperatura.

4.3.2. Lazerapstrades ietekme uz kartinu vaditspeju un
magnetiskajam ipasibam
Darbos [134, 135] tika zinots par vadosu liniju lazerierakstu Y-Ba-Cu-O kera-

mika. Linijas tika iegutas pec augstak aprakstitas metodikas (4.3.2.1.. zim.).

4.3.2.1. zZiméjums.

Tiesaja lazerieraksta ieguta linija Y-Ba-Cu-O keramika.

St metode tika izmantota ari indija alvas oksida (ITO) kartinu metalizacijai.
[TO ir viens no visplasak lietotajiem vadoSajiem oksidiem, jo tas apvieno labu

elektrovaditspeju, ko iespéjams mainit plasas robezas, mainot skabekla daudzumu
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kartina, un labas optiskas ipasibas. So oksidu lieto dazadas optoelektroniskas
ierices, plakanajos displejos, sensoros u.c. ierices [136-141].

Miisu izmantotas ITO kartinas tika iegtitas reaktivaja magnetronu uzputina-
sana no metaliska avota. Merkis bija 20 ¢cm diametra In (92%) un Sn (8% peéc
svara). Parklajums In:Sn tika izkauséts argona/skabekla/udenraza atmosféra un
400 nm biezuma tika uzklats uz stikla (XC3) pamatnes. Paliktni 10 minutes
tika tiriti ultraskanas tiritaja ar acetonu un tad ar metanolu. Pirms ievietoSanas
sistéma, visi paraugi tika nosusinati ar sausu slapekli. ITO kartinu mikrostruk-
tura ir mikrokristaliska, ar nelielam metaliskam (In) salipam [142, 143]. Tika
izmantoti paraugi ar pretestibu &~ 10 k2-cm, kas ir 100 - 1000 reizes augstaka

par metalizéto liniju pretestibu. Kartinu gaismas absorbcijas spektrs redzams
ziméjumos 4.3.2.2. un 4.3.2.3..

100

Absorbcija, %

500 1000 1500 2000 2500
Vilna garums, nm

4.3.2.2. zimeéjums.

ITO absorbcijas spektrs gaismas vilpa garumu diapazona 300 - 2500 nm.

Lazera stara izraisito reakciju ITO kartina vienkarSoti var attelot sadi:

In,Sn;_,03+3H, ;)IIIISH1_I+3H20T
Laser heating
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4.3.2.3. zZiméjums.

ITO absorbcijas spektrs gaismas vilpa garumu diapazona 300 - 800 nm.

Rezultata tika iegtitas metaliskas linijas ITO kartinu virsma (4.3.2.4. - 4.3.2.6.
zim.).

Tika veikti eksperimenti ar dazadam lazera jaudam un stara parvietosanas
atrumiem udenraza atmosfera 1,5 -10° Pa liela spiediena. Ka redzams attelos, ja
lazera jauda ir neliela vai videja (1-7 W), tad tiek iegiitas linijas ar pietiekami labu
metalizacijas pakapi. Ja lazera stara jaudu palielina, notiek paliktna destrukcija

temperatiras gradienta del, kas rada ari liniju vaditspéjas samazinasanos.
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(b)

4.3.2.4. ziméjums.

Metalizetas linijas ITO kartinas virsma. Atmosfera - H,, spiediens 1,5 - 10° Pa, lazera jauda

~6,5 W un stara parvieto§anas atrums - 51 pm/s.
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(b)

4.3.2.5. ziméjums.

Metalizetas linijas ITO kartinas virsma. Atmosfera - Hs, spiediens 1,5 - 10° Pa, lazera jauda

~6,5 W un stara parvietosanis atrums - 84 um/s (a) un 244 pm/s (b).
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(b)

4.3.2.6. zimejums.

Metalizetas linijas ITO kartigas virsma. Atmosfera - Hy, spiediens 1,5- 10° Pa, lazera jauda

29,5 W un stara parvietosanas atrums - 51 pm/s (a) un 127 gm/s (b).
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Liniju pretestibas atkariba no lazera stara jaudas un skanésanas atruma pa-

radita ziméjuma 4.3.2.7..
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4.3.2.7. zim&jums.
Metalizéto liniju pretestibas atkariba no lazera stara jaudas (a) un stara parvietoSanas atruma

(b).

Eksperimentalie dati parada, ka tiesaja lazerieraksta ieguto liniju pretestiba
ir atkariga gan no lazera stara jaudas, gan stara parvietosanas atruma. Lielas
vaditspejas liiju iegtiSanai ir jaizmanto lielaka jauda un mazaks stara parvietoSa-
nas atrums, jo reducesanas reakcijai ir nepieciesams laiks un augsta temperatiira.
Bet janem véra parauga paliktna izturiba, kura plaisasana temperatiras gra-
dienta de] var krasi samazinat liniju vaditspéju, vai art pamatne var tikt pilniba
sagrauta.

Sadu tehnologiju var izmantot dazadu sensoru razoSanai, kontakta nodro-
Sinasanai u.c. merkiem. Mausu ideja ir izmantot S0 tehnologiju magnétisku-
nemagnetisku mikrostruktiuru izveidosanai magnetiskas kartinas. Viens no vei-
diem, ka iegut Sada veida strukturas, ir iedarboties ar lazera staru konvenciali -
lokali iztvaicet magnetisko materialu. Ziméjuma 4.3.2.8. ir redzamas iztvaiceta
linija daudzslanu sistema /Fe/Al/x3, kur Fe un Al slagu biezums ir 30 nm.

Ka tika paradits ieprieks (skat. nodalu 4.2.3.), sada daudzslagu sistema tem-
peraturas ietekme aktivi veido savienojumu FeAl, kuram ir atskirigas magnetiskas
ipaSibas. Ar lazera palidzibu ir méginats panakt lokalu sada savienojuma veidosa-
nos, kas ir vél viena iespéja magnétisku-nemagnetisku mikrostruktiiru izveidosana
(4.3.2.9. zim.).
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4.3.2.8. zim&jurns.
Ar lazera staru (defokuséts, jauda ~9.5 W) iztvaiceta linija /Fe/Al/x3 parauga uz sitala

pamatnes.

4.3.2.9. zimejums.

Ar lazera staru (defokusets, jauda a1 W) izveidota linija /Fe/Al/x3 parauga uz sitala

pamatnes.

Pagaidam misu riciba nav tehnikas, kas apstiprinatu ka ieguta linija ir ar

savadakam magnétiskajam ipasibam, bet darbs tiek turpinats.
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5. Promocijas darba galvenie rezultati

Darba veikSanai tika projektéta un izgatavota originala iekarta - modificéta
Peninga stuina nanostrukturétu vienslana un daudzslanu kartinu iegiusanai plazmas
uzputinasanas cela, un veikta tas izpéte iekarta ar bazes vakuumu 10~? tori.

Izmantojot datormodelesanu, aprekinats Peninga Sunas potencialu sadalijums
trijas dimensijas dazadam elektrodu konfiguracijam - idealam Peninga slazdam un
Peninga Sunai ar cilindrisku un stienveida anodu. Peninga Sunas ar cilindrisku un
stienveida anodu potencialu sadalijums maz atSkiras no ideala gadijuma. legutie
dati tika izmantoti uzputinasanas iekartu izveidoSana. Tika izveidotas modi-
ficetas Peninga Stunas ar stienveida un T veida anodiem, ka ari ar atvertu cilin-
drisko jeb \_/veida anodu. Visam katodu geometrijam tika iegutas voltamperu
raksturliknes, secinats, ka vislabak uzputinasanas iekartai atbilst modificeta stina
ar \_/veida anodu.

Atklata Peninga Stuinas ar oglekla elektrodiem spéja efektivi atsiiknét inerto
gazi (ksenonu) [144]. Sada spéja nav raksturiga parastajiem magnétizlades va-
kuuma sikpiem, kuros par katoda materialu kalpo aktivie metali (Ti u.c.).
Pétijumi paradija, ka ta izmantojama ka inerto gazu suknis spiediena diapazona
2-107% - 2-107* tori.

Izstradata vienslanu un daudzslanu nanostrukturétu kartinu uzputinasanas
metodika. Darba gaita kamera tiek ieguts ultraaugsts vakuums - lidz 10~ tori.
Tad kamera tiek ielaista tira darba gaze, kuras spiediens darba rezima ir 7- 10~
tori. Tas tiek reguléts ar modificetu Peninga Sunu ar oglekla katodiem [144].
Darba gazes paterins ir aptuveni 3-10~° litri viena procesa, tatad lidz pat 3-10°°
| uz vienu paraugu.

Modelésanas cela novertets un eksperimentali parbaudits ieguto kartinu
biezuma vienmeérigums.  Eksperimentalam kartinu biezuma vienmeriguma
novertéjumam uz paliktniem 60x60 mm trijos dazados attalumos no elektroda tika
uzputinatas puscaurspidigas Al kartinas un iegiits caur s$im kartinam izgajusas
gaismas intensitates sadalijums pa kartinas virsmu. legitie eksperimentalie
dati salidzinati ar teoretiskajiem. Paradits, ka katodu izputinasana Peninga
izlade dalipu sadalijjumu pa izlidosanas legkiem © var aproksimeét ar funkeiju
((n + 1)/27) cos"© [59, 60], ja n=1 (attadlumam d; = 59 mm) un n=0.25
(attalumam dy = 104 un d3 = 129 mm).

Pétijumiem tika izmantotas plazmas uzputinasanas cela iegutas dazada bie-
zuma (50 - 900 nm) vienslana Al, Fe, Ni, W, Mo; divslagu Ti/Fe, Zr/Fe, Hf/Fe
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un daudzslanu C/Al/x15/C, C/Ti/x15/C, C/Fe/x3, Al/Fe/x3, [Co/Fe/Ni]xn
kartinas uz stikla, silicija un sitala pamatném ka ari ar mikrotribologisko metodi
[145] iegutas nanostrukturétas Al un Cu kartinas.

Promocijas darbs veltits nanostrukturétu (nanometru biezuma) kartinu
struktiras un magnétisko ipaSibu izpétei un to modificésanas iespéju no-
skaidrosanai. Petita 20 lidz 100 nm biezu Fe kartinu teksturas atkariba no
apaksslanga biezuma, apakSslanim izmantojot metalus (Ti, Hf un Zr), kuru rezga
periods ir tuvs Fe rezga periodam. Apaksslana biezums tika mainits no 0,5 lidz
300 nm. Dzelzs kartinu difraktogrammas tika registréti tikai difrakcijas mak-
simumi [110] un to otra karta [220]. Noverota Fe kartinas difrakcijas maksi-
mumu intensitates atkariba no apaksslana maksimumu intensitates, kas liecina
par apaksslana tekstiras ietekmi. Atrasts, ka Fe kartinu tekstureésanas pakape
nav likumsakarigi atkariga no apaksslana biezuma.

Atkvelinot Fe kartinas, noverota koherentas izkliedes bloku parorientacija:
500 nm biezai Fe kartinai pirms atkvelinasanas tika noverots maksimums [110],
bet pec atkvelinasanas sis maksimums vairs netika noverots, toties, paradijas
intensivs maksimums [200]. Atrasta rentgendifrakcijas maksimumu intensitates
nelineara atkariba no pleves biezuma: pie 673 K un 773 K atkvelinatai 70 nm
Fe kartinai difrakcijas maksimumu intensitate ir augstaka ka 100 nm un 200 nm
kartinpam pie tadam pasam temperatiiram. Sie fakti tiek skaidroti ar jau uzklato
slangu tekstiiras ietekmi uz nakoso slanu teksturésanos.

Fe kartinas noverota koercivitates samazinasanas 1,5 lidz 4 reizes, pieaugot
atkvelinasanas temperatirai no 273 K lidz 773 K. lespéjams, ka to rada izmainas
paraugu kristaliskaja tekstura.

Pirmoreiz veikti sistematiski pétijjumi par atkvelinasanas ietekmi uz Ni kartinu
strukturu un magnetiskam ipasibam. Noverots magnetisku 50 - 200 nm biezu Ni
kartinu, ka art 17,5 un 24,5 nm biezu daudzslanu [Co/Fe/Nijn sistemu koer-
civitates pieaugums palielinoties kartinu biezumam un atlaidinaSanas tempe-
raturai. Ni kartinam, pieaugot atkvelinasanas temperatiirai no 273 K lidz 773 K,
koercivitate palielinas apm. 3 reizes. Daudzslanu nanostrukturetai [Co/Fe/Ni|n
sistémai pieaugot atkvélinasanas temperatiirai no 273 K lidz 773 K, koercivitate
palielinas 8 reizes.

Visam magneétiskajam kartipam noverota induceta magnétiska anizotropija.
par ko liecina ieverojama magnetizacijas likyu un histerézes cilpu, kas meritas
divos savstarpeji perpendikularos lauka virzienos, atSkiriba. To rada kartinu

izgatavoSanas procesa paraleli pamatnei pieliktais magnetiskais lauks. Pec
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atkvelinasanas 673 un 773 K temperatiira $1 anizotropija ziid. So pasibu izmainu
var skaidrot ar kartinu tekstureéSanas pieaugumu, kristalitu izmera palielinasanos
un virsmas graudainibas samazinasanos.

Veikts pétijumu cikls par starpslagu lomu daudzslangu kartinu termiskas stabi-
litates paaugstinasana. Izmantoti aluminija oksida un amorfa oglekla starpslani.
Par amorfa oglekla starpslanu izmantoSanas perspektivu bija ipasa interese ari
tehnisku iemeslu del, jo Peninga stnas ar oglekla katodiem tiek izmantotas iz-
stradataja uzputinasanas iekarta. Petamo objektu loka ieklauti art ar originalu
mikrotribologisko metodi iegiiti nanostrukturetie Al un Cu parklajumi. Atrasts,
ka ar mikrotribologisko metodi iegutie Al/Al oksida nanostrukturétie parklajumi
ir termiski stabili temperaturas pat lidz 800 K, kas tuva aluminija kuSanas tempe-
ratirai. Neparasti augsto nanostrukturas saglabasanas speju nodrosina aluminija
oksida starpslani, radot barjeru diftizijas kontrolétai graudu augsSanai. Atrasts, ka
ar1 oglekla starpslani nodrosina nanostrukturas saglabasanos, nepielaujot metala
graudu augSanu caur slagiem. Tacu konstatets, ka gan uzputinasanas, gan
karseSanas laika notiek starpslanu modifikacija, uz to robezvirsmam veidojoties
karbidiem, ko apstiprina karbidiem atbilstosu difrakcijas maksimumu paradiSanas
rentgendifrakcijas spektros un kartinu mikrocietibas ievérojams pieangums. Sadu
reakciju aktivesanas jau uzputinasanas laika ir raksturiga plazmas uzputinasanas
procesam [54].

Peétitie nanostrukturetie Al/Al oksida parklajumi ka art Ti un Al daudzslanu
plazmas parklajumi ar amorfa oglekla starpslagiem sava nanostruktureta
stavokla, ka ar1 cieto oksidu un karbidu klatbutnes del uzradija augstu cietibu,
kura vairakkart parsniedz masiviem metaliem raksturigo cietibu. Augstas cietibas
del sie parklajumi varétu but perspektivi tribologiskiem u.c. pielietojumiem.

Petita kartinu modifikacijas iespéja lazerstarojuma iedarbiba. Fe/Al daudz-
slanu kartinas paradita magnétiska materiala lokalas iztvaiceSanas iespéja, kas
lauj mainit magnetisko kartinu konfiguraciju un veidot taja no kartinas brivus
celinus vai apgabalus. Izmantojot indija alvas oksida (ITO) kartinas ka modela
materialu, paradita struktiras lokalas modifikacijas iespéja lazerstarojuma in-
ducéto kimisko reakciju rezultata. Tiesaja lazerieraksta, kas veikts reduceéjosa
udenraza atmosfera ar CW YAG:Nd (vilpa garums 1064 nm) lazera palidzibu,
ITO kartinas ieguti vadosi celigi, kuru pretestiba ir lidz pat 1000 reizes
zemaka neka neapstradatai kartinai. Sis tehnologijas izmantosana ir perspektiva
daudzslanu kartinas, inducéjot reakcijas uz robezvirsmam.

Tuvakaja nakotné ir planots turpinat un padzilinat petijumus plano kartinu
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modificeésana ar lazerstarojumu, ka ari veikt dazadu daudzslagu kartinu kom-
binaciju mekléjumus, lai raditu jaunus materialus ar specifiskam magnétiskam,
elektriskam un mehaniskam ipasibam dazadiem pielietojumiem (sensori, atminas

u.c. funkcionalo elementi, antifrikcijas parklajumi u.t.t.).
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6. Promocijas darba tezes

Projektéta un izgatavota modificeta Peninga Stuna nanostrukturétu
vienslana un daudzslanu kartinu iegusanai un veikta izstradatas teh-
nologijas izpete iekarta ar bazes vakuumu 10~ tori, ka darba gazi izman-
tojot Xe. Paradits, ka siina ar oglekla elektrodiem izmantojama ka inerto

gazu siiknis spiediena diapazona 21073 — 2-10™* tori.

Petita Fe kartinu teksturas atkariba no Ti, Hf un Zr apaksslana biezuma.
Noverota Fe kartinas difrakecijas liniju intensitates atkariba no apaksslana
liniju intensitates, kas liecina par apaksslana orientacijas ietekmi. Atrasts,

ka Fe kartinu teksturéSanas pakape nav atkariga no apaksslana biezuma.

Visam magneétiskajam kartinam novérota inducéta magnetiska anizotro-
pija, ko rada kartinu uzputinasanas procesa paraléli pamatnei pieliktais

magnetiskais lauks, un kura izzud pec kartinu atkvelinasanas.

Ni un daudzslagu [Co/Fe/Ni]n kartinas noverots koercivitates pieaugums
palielinoties kartinu biezumam un atkvélinasanas temperaturai. Ni kartinas
klust magnetiski cietakas. Noveérotas izmainas var skaidrot ar kartinu tek-
sturéSanas pieaugumu, kristalitu izméra un virsmas graudainibas palie-

linasanos.

Atkvelinot Fe kartinas, noverota koherentas izkliedes bloku parorientacija
un atrasta rentgendifrakcijas maksimumu intensitates nelineara atkariba no
kartinas biezuma, kas izskaidrojama ar jau uzklato slagu teksturas ietekmi

uz nakoso slagu teksturésanos.

Petita Ti un Al daudzslanu nanostrukturéto kartigu struktiras stabilize-
Sanas iespéja, izmantojot aluminija oksida un amorfa oglekla starpslanus.
Atrasts, ka gan oksida, gan oglekla starpslani nodroSina nanostruktiiras
saglabaSanos temperaturas lidz 800 K, radot barjeru difuzijas kontrolétai
kristalitu augSanai caur slaniem. Noverota oglekla starpslagu modifikacija,
uz to robezvirsmam gan uzputinasanas, gan karsesanas laika veidojoties
karbidiem, ko apstiprina rentgendifrakcijas dati un kartinu mikrocietibas

ieverojams pieaugums.

Petita kartipu modifikacijas iespéja lazerstarojuma iedarbiba. Fe/Al
daudzslanu kartinas paradita magnetiska materiala lokalas iztvaicesanas

iespeja, kas lauj mainit magnétisko kartinu konfiguraciju.
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Properties of interfaces in solid state metal/oxide joints (AL/SiO,;, AUMEO,
Al/glass, Mg/MgO, Mg/Si0,, Infglass eic) are reported. The interfaces were formed at
plastic deformation of metal on the oxide surface at room temperature. Their struc-
ture, composition, and micromechanical properties were studied by the AFM, X-ray
diffraction, SIMS, optical microscopy, and precision microindentation techniques. A
noticeable adhesion was observed for metals with high affinity for oxygen and only in
the regions of the maximum shear stress. Formation of a reaction zone with an oxygen
concentration gradient in which the metal near interface hardens is detected. The
effect of mechanoactivation is considered as a result of physical and chemical inter-
action and formation of nanostructures in deformed metal/oxide systems.

Keywords: metal/oxide (metal/ceramic) interfaces, adhesion, mechano-
activation, micromechanical properties, nanosiructure.
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: 1. INTRODUCTION I
Metal/oxide interfaces play a crucial role in many important present-day techno-
logical applications such as optoelectronic and microelectronic systems, heterogeneous
catalysis, oxide dispersion-strengthened alloys, powder materials, solid state joint devices,
anticorrosion and thermal insulation coating industry, etc.; moreover, they have found
important applications in' medicine [1-3]. In such applications, often the properties of the
heterophase interface, but not of the bulk materials, determine the behaviour of a system.
Mechanical properties, structure, and adhesion strength on metal/oxide interfaces are of the
greatest concern. Most of studies in this area have been performed at high temperatures and
are devoted to the role of diffusion processes in the formation of the structure and adhesion
bonds [2-5]. At the same time, comparatively little attention has been paid to the obtaining
of metal-oxide composites at room temperature, when thermoactivation of adhesion is
negligible. Only few sources of detailed information in literature on this problem provide
evidence of such possibility [6-8]. According to some theoretical works {9, 10], it is
possible to enhance the adhesion at metal/oxide interfaces at room tempcramrc by

introducing the structural defects into oxide surface layers.

The question about the role played by structural defects in the formation of a
chemical bond at the solid-state interfaces is still controversial. On the one hand, there are
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consicerzZons about active centres of adhesion such as dislocations and vacancy groups
i1i]. On the other, experimental data on atomically-clean metal/metal, metal/Si and
metal/Ge interfaces have shown that under the conditions of full contact the atomic
interaction occurs with formation of chemical bonds, and no further activation of the
surfaces is needed [12-14]. In this case, the thermodynamical gain in surface energy (AF)
of two fully contacting materials could be expressed as follows: -

_!a

where y2 is the surface energy of the contacting metal A; . is the surface energy of the

2y, -vs,

contacting metal B (or semi-conductor); and y{;‘s is the interphase boundary energy.

Evidently, the AF values for such systems as metal/metal, metal/Si and metal/Ge are high
enough to form chemical bonding between the contacting surfaces. For the systems metal/
oxide the influence of the oxide surface activation on the adhesion strength could be
expected. One of the possible activation means is the mechanoactivation of oxide surface
layers by plastic flow of metals. However, experimental data on metal/oxide solid state
joining at room temperature are seldom met in the literature.

In the present work, the properties of interfaces in solid state joints of metal/oxide
(Al/Si0,, AVMgO, In/glass, Mg/SiO;, and others) formed by plastic flow of metals at room
temperature are investigated.

2. EXPERIMENTAL PRCCEDURE

The metal/oxide solid-state joints were obtained by static compression of freshly
prepared metal and oxide surfaces at room temperature. The contact experiments with
atomically-clean surfaces were performed in high vacuum (107 Pa) and in air by the
controlled rupture/cleaving of the samples. Right after the rupture of samples the surfaces
of metal and oxide were brought into contact with each other. The interfaces were formed
under the conditions of plastic flow of metal on oxide surface. For our studies,
polycrystalline simple metals (Al, Sn, Pb, Mg, Cd, In), boron-silica glass, and single crystal
oxides (810, ALO,;, MgO) were chosen. The adhesion strengths of joints were determined
in pull-off tests. The fracture mode was examined after the tests. The structure and
composition ‘of fracture surfaces were studied by optical microscopy (NEOPHOT 30),
AFM (Nanoscope), X-ray diffraction (DRON-3M), and SIMS (Secondary Ion Mass
Spectrometry). For the SIMS method, Ar* ions with energy of 6keV were used, the ion
sputtering rate being'0.01-0.02 pum/min. The peak intensity (I*, arbitrary units) of the
investigated elements served as a working standard. The micromechanical properties were
determined by a microhardness tester allowing the measurements to be carried out at very
small loading (3-10™ N) [15). The indentor was a Vicker's diamond pyramid. To reveal the
presence of dislocations in MgO single crystals the chemical etchant: 5 parts of saturated
NH,CI solution, one part of H,SO, and one part of distilled water - was used.

| 3. RESULTS AND DISCUSSION

The results of mechanical tests have shown that the metals Al, In and Mg have the
strongest adhesion to the oxides (Table 1). Fractures of these joints occurred with the
transfer of metal to the surface of oxide, being the evidence of a strong chemical bonding at
the metal/oxide interfaces. The adhesion strength of Sn, Cd, Pb was much smaller than in
the case of aluminium, indium or magnesium, and in many cases fractures occurred along
the metal/oxide interfaces. The observed distinction in the adhesion strength between the
investigated metals can be explained in terms of the thermodynamics of chemical inter-
action between metals and oxygen of the oxide.
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! Table !

Adhesion strength (o, MPa), transfer of metal (+ or ~) to oxide surfaces in pull-off tests
of metaVoxide joints, and metal oxide formation energies (~AZ 55107, J/kmol)

|
l

Oxide g, MPa Metal AZ3310°%,
Metal Glass Si0, ALO, MgO oxide Vicmol
Al 60 + | 62 + | 65 + |60  + | ALO, 1675
In 25 + 20 + 18 + 18 + In,Oy | 926
Mg 22 0+ |15 + (20 + 25 + | MgOo | 62
Sn 2 + 10 + 0 - 10 + Sn0, 581
Cd 2 - 0 - 5 + 5 + | cdo 260
Pb 2 - 2 + 10 ~-175 - PbO 219

l

Table 1 shows that the oxide formation energy increases from aluminium to lead.
Metals with a high affinity for oxygen form stronger adhesive bonds with the surface of
oxides. To verify this, more than one -set of experiments were run. This result will be
compared with the experimental data obtained by other authors who studied the adhesion
on thin-film metals/oxide systems after the activation by electron or ion beam and in
wetting experiments [16]. However, in our case the formation of strong adhesion in these
systems occurs not over the whole contact area but only in the regions of the maximum
shear stress (Fig.1,a). !

a)

'
i

Fig. 1. Micrographs of the fracture of metal/
oxide joints: Al transferred to Al;O5 at normal
contact {@) and at friction scheme (&), dark field;
AFM image of ransferred Al (¢)

Special experiments with the Al/glass system were performed so that plastic flow of
Al on the surface of glass could be obtained under friction. In this case strong adhesion is
observed over the whole surface of oxide (Fig.1, ). The AFM studies of surfaces show that
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=2 transferred metals (Al in this case) have a nanostructure with a grain size from 30 to
200 nm (Fig.1, c), though the nanostructure is not homogeneous. This result was confirmed
by our X-ray diffraction data and, in addition, it shows that the nanostructure of the
transferred Al is stable after annealing in vacuum. Thus, the action of the maximum shear
stress leads to the formation of nanostructure in metal near the interface. The raised density
of defects on the grain boundaries characterizes this strongly deformed state of metal. It
could be assuimed that the metals with high affinity for oxygen and having nanostructured
state form chemical bonds with the oxides more easily.

If we consider the obtained result for some processes on the oxide surface, we can
explain the metal/oxide chemical bonding at room temperature by mechanoactivation of the
oxide surface. Also, the possibility exists of such mechanoactivation by plastic flow of
metal. Point defects and dislocations may be treated as the main influencing structural
tfactors. The energy of point defect formation in oxide is insignificant (= 2 eV). Therefore, it
is possible to assume with confidence that point defects are formed in the near-surface
layers of oxide even at room temperature under the active plastic flow of all investigated
metals. On the other hand, it was interesting to find out the role of dislocations of oxide in
the formation of adhesive bonds. If dislocations in the zones of metal transfer to the oxide
cause the occurrence of adhesive bonds, then by etching it would be possible to reveal this.
We have studied the role of dislocations in I/MgO and Pb/MgO systems, with different (as
shown above in Table 1) adhesion and thermodynamics of metal/oxygen interaction (e.g
indium showed strong adhesion to a crystal, with transfer of metal to the MgO surface at
the testing of joints). At the same time, adhesion of lead did not exceed the level of physical
adsorption, and no transfer of metal was observed. Except for that, the hardness of soft In
(about 16 MPa) was smaller than the value of starting stress for dislocations in MgO (1, =
28-30 MPa), whereas the hardness of Pb (30 MPa) should be sufficient to create fresh
dislocations in MgO [17]. Etching experiments on the MgO crystal did not reveal the
presence of new dislocations around and inside the area of the transferred In (Fig. 2, a). As
concerns lead, groups of fresh dislocations are clearly visible in the field of its contact with
the crystal in the area of the maximum shear stress in MgO, but without any trace of Pb
adhesion with MgO (Fig. 2, b). So, at present there is sufficient evidence that dislocations
do not play any significant role in the formation of chemical bonding between metal/oxide
interfaces. Apparently, the high concentration of point defects on oxide surface can be the
primary mechanoactivation factor of adhesion with metals. We can assume that the pre-
sence of point defects facilitates the formation of metal-oxygen complex.

a)

Fig. 2. Micrographs of the etched MgO surface after contact with In (a) and Pb (b)

The leading role of oxygen and point defects in the formation of metal/oxide
adhesion is confirmed by the theoretical data on adsorption and by the experimental data on
thin film adhesion in metal/oxide systems [9, 10, 18]. To verify this hypothesis in our case
the chemical compound of the metal transferred to oxide was experimentally traced level-
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by-level by the SIMS method. Here, as an example, the result obtained for aluminium
transferred to glass is given in Fig. 3, which shows the presence of oxidized aluminium.
This result testifies about the formation of a reaction Me-MeO zone (with a size of 0.5-
1 um) spreading in the metal, with a gradient of oxygen concentration. The formation of
such a zone is possible only for metals with a high activity to oxygen and also because of
many deformation defects and the nanostructure of metals. The grain boundary diffusion
coefficients in nanomaterials synthesized by means of severe plastic deformation are known
to be an order of magnitude higher than in classical polycrystals [19, 20].

e
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Fig. 3. Dcpth profile of the intensity of SIMS-signal of Al" in the Al transferred to glass.
The intensity of non-oxidized Al is pointed as I'y '

Thus, in the regions of maximum shear stress the processes of atomic diffusion of
oxygen and formation of metal-oxygen complexes can take place. In turn, a change in the
mechanical properties of metals near the interface can also be expected. The presence of
metal oxide — even nonstoichiometric one — should raise the hardness of metals. We can
compare the mechanical properties of metals on the fracture surfaces at metal/oxide joints
with those of deformed bulk metals. The data on Al and In are presented in Table 2. As is
seen, the microhardness of the two metals noticeably increases in the fracture zone. At the
same time, the strength value for aluminium decreases, while in the case of indium it
remains high. Apparently, a brittle Al-Al,O, composite forms at Al/oxide interface (Al,O,
is known to be a very hard -and brittle material). For In,0O; these properties are expressed
weaker, and formation of such oxide causes increase both in hardness and in strength.

|
-

Table 2
Microhardness (H, MPa) and strength (o, MPa) of the deformed bulk metals and
the metals transferred to SiO;
Metal H, MPa o, MPa
bulk metal tansferred metal bulk metal transferred metal
Al 400 700 200 62
In 16 150 9 15

The change in mechanical properties of metal near the metal/oxide interface
corresponds to the SIMS data and testifies about the formation of .a reactlon zone under
influence of plastic deformation.



4. CONCLUSIONS

The investigation carried out by us allows the conclusion to be drawn that a strong

chemical adhesion arises on the metal/oxide interface under plastic deformation of metal at
room temperature. Mechanoactivation of the adhesion occurs in the metals with low oxide
formation energies only in the regions of the maximum shear stress. In such regions the
metals are nanostructured and noticeably hardened. Influence of dislocations on the oxide
surface was found to be insignificant; at the same time, the nanostructural state of metal,
1ogether with the high concentration of point defects in the near-surface layer of oxide, can
be the primary factors of interfacial chemical interaction in metal/oxide systems.
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MEHANOAKTIVACIJAS IETEKME E
UZ METALA/OKSIDA ROBEZVIRSMAS MUJIEDARBI BU

F. Muktepavela, G. Bakradze, V. Skvorcova, E. Tamanié, S. Stolarova
|
~Kopsavilkums

Petiti metala/oksida (AL/SiO,, In/MgO, Pb/MgO, Mg/SiO,, AVALQO; uc) robez-
virsmu adhézijas procesi un mehaniskas Ipadibas. Metalu cietfaZu savienojumi ar oksidiem
tika iegiiti aukstas metala plastiskas deformacijas apstakjos. Tika izmantotas SIMS, AFM,
X-ray optiskds un elektronu mikroskopijas un precizas mikrocietibas metodes. Atrasts, ka
ieverojama adh&zija notiek tikai bides deformaciju zonas, un ti vérojama sisttmam, kuras
raksturojas ar augstu metdla radniecibu ar skabekli. Uz robeZvirsmas no metala puses
veidojas reakcijas zona, kas raksturojas ar nanostruktiiru, skabek|a koncentracijas gradientu
un paaugstinatu mikrocietibu. Mehanoaktivacijas ietekme tika izskatita ka punktveida
defektu izveido3anas oksida virsmas slani, struktiras parvértibas metala un kimisko reak-
ciju rezultats. :
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The Use of Carbon-Cathode Penning Discharge Cells
to Evacuate Xenon over a Pressure
Range of 10--10~ Torr

L. V. Kozlovskii and E. Tamanis
University of Daugavpils, Vienibas iela 13, Daugavpils, LV-5400 Latvia
Received April 20, 2004

Abstract—Experimental data are presented as proof that the Penning discharge in a carbon-cathode cell can
be used to reduce (or regulate) the Xe pressure in the working chamber of an ultrahigh vacuum system from
2x 107 to 2 x 10~ Torr. Sorption of Xe is attributed to the implantation of accelerated ions in the porous
structure of the surface carbon layers formed while the cathodes are being prepared from a powdered material
and under ion bombardment. As the Xe pressure is lowered within the above limits, the evacuation rate
decreases from =0.045 L/s to zero. The time dependence of the evacuation rate is governed by the initial Xe

pressure.

The bombardment of surfaces with accelerated ions
of inert gases is used to study the surfaces of solid bod-
ics and the interaction between charged particles and a
solid body; to deposit pure surface layers; and, in other
experiments performed in an ultrahigh vacuum, to
remove polluted surface layers and apply film coatings.
Among the noble gases, Xe atoms have the highest
astomic weight and diameter, and the probability of
implanting them in surface layers is minimal; hence,
impurity atoms of Xe minimally alter the properties of
these surface layers. As a rule, ion treatment of a sur-
face in ultrahigh vacuum systems is performed over a
range of inert gas pressures in which the particle colli-
sion probability is low (10~~10- Torr), and the ion cur-
rent density varies within wide limits.

The diode magnetic discharge pumps convention-
ally used for the Xe evacuation at such pressures dis-
play instability that manifests itself as a cyclic rise in
pressure. As a result, the inert gas pressure may
increase uncontrollably to values of ~102-10~* Torr;
these exceed the limiting pressures of these pumps for
mert gases. The experience gained in carrying out
experiments with the Y CY-4 ultrahigh vacuum system
showed that the instability of HMJ/I-0 pumps when
exhausting Xe at a pressure ~5 x 10~ Torr is detected
after 5-10 min of operation.

A noticeable sorption of Xe was observed in exper-
iments on the deposition of film coatings in a Penning
discharge [1] when the cathodes were made of carbon.
Below, we present experimental data that characterize
the process of Xe sorption (i.e., its evacuation) in a Pen-
ning discharge cell with carbon cathodes and dimen-
sions of 20 x 40 x 5 mm.

Zeolite pumps cooled with liquid nitrogen were ini-
tially used to evacuate the working vacuum chamber;
in HMJI-04 magnetic-discharge pump exhausted it

further to a pressure of 5 x 10~ Torr. The vacuum sys-
tem was then warmed to a temperature of 150-200°C.
The gas pressure was measured by a BH-12 instrument
with the help of an Alpert—Bayard ionization gauge.
The anode voltage in the Penning discharge device was
varied from 1.4 to 2 kV.

The evacuation rate § was determined using the con-
stant volume method [2]. This method consists in mea-
suring the change in pressure from P, to P, in a cham-
ber of constant volume V over the time interval between
t; and t,:

S=2.3[V/(ty— 1,)] log(P,/P,). (1)

Figs. l1a and 1b show the time dependences of the
pressure and, hence, of the evacuation rate for two ini-
tial values of Xe pressure. The parameters of the dis-
charge had the following values: discharge current /, =
L, = 9.25 mA, anode voltage U,; = 1.4 kV and U,, =
1.8 kV. The volume of the vacuum chamber was =30 L.

The experimental data were processed as follows:
The approximating continuous function was deter-
mined from the time dependence of the pressure. Using
this function and Eq. (1), we calculated the values of the
evacuation rate. The function approximating the empir-
ical dependence of pressure P on time ¢ (Fig. la) is
described by the formula

P(1) = Pl) + (2A/m)[w/(4(1 - r“).'! 3 WI)]'

where P, = 0.0034, 1, = 482.7713, w = 1602.07887,
and A =-6.36674.
The respective function for Fig. 1b is
P(t)=A; + (A} — Ay)/(1 + exp((t - ty)/B)),
A;=0.00591, A,=0.00037,

ty=-306.17251, B=103.78863.

0020-4412/05/4801-0127 © 2005 Pleiades Publishing, Inc.
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At initial pressure P = 1.6 x 107 Torr, the evacuation
rate in the first five minutes varied only slightly around
a value of 0.045 L/s and then diminished to zero as a
result of the Xe pressure reaching its minimum
(=0.85 x 107 Torr) at # > 400 s and not changing further
(Fig. 1a). At starting pressure P = 0.65 x 10~ Torr, the
limiting pressure of Xe was =0.37 x 10~ Torr (Fig. 1b),
and the time dependence of the evacuation rate differed
significantly from the previous case.

When the cathodes were made of metals having dif-
ferent atomic weights and crystal structures (W, Ta,
Mo, Hf, Zr, Nb, Ti, Al, Cu, Fe, and Ni), the absorption
of Xe was not detected; over a time interval of 500 s, the
measured pressure remained constant within the error
of measurements. In view of this, the Xe sorption
observed in the case of carbon cathodes may be associ-
ated solely with the implantation of accelerated ions in
the porous structure of the cathode material, which was
manufactured from a powder. In a Penning discharge,
two cathodes are sputtered; as a result, a film is depos-
ited on their surfaces through the sputtering of the
opposite cathode. The deposition of the film proceeds
simultaneously with its sputtering. The ion current den-
sity is distributed nonuniformly over the cathode sur-
faces: it is maximal at their centers, diminishing with
the radial distance [3]. The Xe atoms contained in the
pores are “immured” by the carbon film only in those
regions on the cathode where the ion current density is
rather low (i.e., where the number of deposited carbon
atoms exceeds that of those sputtered).

The difference in behavior between the time depen-
dences of the evacuation rate at initial pressures of
1.6 x 10~ and 0.65 x 107 Torr resulted from the fact
that, in the first case, the decrease in the Xe pressure
was followed by a 11% decrease in the discharge cur-
rent, whereas, in the second case, the current was
almost halved; the resulting change in the discharge
current was approximated by a linear function. The sta-
bilization of the Xe pressure indicates that the pumping
process is governed by the high concentration of pores
in the cathode material, into which the Xe atoms pene-
trate after their neutralization at the surface, and the
contribution of their “immurement” to the sorption is
small. After all of the pores in the cathode’s surface
layer are occupied by Xe atoms, dynamic equilibrium
Is established between the following processes: (1) the
sputtering of atoms that were initially embedded in the
pores, (2) the implantation of bombarding atoms in
accessible pores, and (3) the elimination of pores and
the simultaneous formation of new ones due to the ion
bombardment of the cathode material.

At initial pressures of >2 x 10~ Torr, the pressure
declines over the first 3-5 min and then increases; i.e.,
instability appears in the pumping. This has been
labeled argonna instability, since it was first observed
during evacuation of argon using magnetic discharge
pumps equipped with Ti cathodes. As a result, the pres-
sure in the working chamber may exceed the original
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Fig. 1. Time dependence of (/) pressure P and (2) evacua-
tion rate § at a start pressure of (a) =0.65 x 10~ and
(b) =1.6 x 10~ Torr.

value of the Xe pressure. Under these conditions, the
instability is caused by the density of the ion current at
the cathode surfaces increasing with pressure. Initially,
ions are implanted in the pores; subsequently, ionic
etching dominates over deposition (thanks to the sput-
tering of the opposite cathode), and the originally
trapped gas atoms are released.

As is done in magnetic discharge pumps, several
discharge cells may be used to avoid this instability, one
substantial difference being that the anode voltage must
be sequentially applied to each cell after a certain time,
during which the evacuation rate is positive. If a single
discharge cell is used, the pressure of Xe can be low-
ered to the level of 1.8 x 10~ Torr. The experimental
data presented in this paper are evidence that the Pen-
ning discharge in a chamber with carbon cathodes may
be used to lower (or regulate) the pressure of the Xe gas
in the working chamber of an ultrahigh vacuum system
from 2x 107 to 2 x 10~ Torr. This range can be
extended by using more than one cell and by optimizing
the parameters of the discharge chamber (the configu-
Vol. 48
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ration of the electrodes, the anode voltage, and the mag-
netic field). It is common knowledge that diffusion or
turbomolecular pumps may also be used for this pur-
pose; in this case, however, the working vacuum cham-
ber may be soiled with vapors from the oils used in
these pumps, which is impermissible in ultrahigh vac-
uum studies.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

REFERENCES
1. Kozlovskii, L.V., Prib. Tekh. Eksp., 1995, no. 3, p. 193.

2. Roth, A., Vacuum Technology, Amsterdam: North-Hol-
land, 1976, p. 267.

3. Reikhrudel’, EM. and Smirnitskaya, G.V., ltogi Nauki
Tekh., Ser. Elektron. Primenenie, 1976, vol. 8, pp. 43-92.

Vol. 48  No. 1 2005



phys. stat. sol. {c} 2, No. 1, 339342 (2005) / DOI 10.1002/pssc.200460179

Influence of mechanoactivation on the adhesion and mechanical
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Properties of interfaces in solid state metal/oxide joints (AUSIO,, ALMgO, Alfglass, Mg/MpO, In/glass,
Mg/Si0Q. ¢lc.) are reported. Interfaces were formed at plastic deformation of metal on the oxide surface at
room temperature. Structure, composition, and micromechanical properties of the interfaces are studied
by AFM, X-ray diffraction, SIMS, electron, optical microscopy, and precision microindentation. A no-
" ticcable adhesion is observed in the regions of maximum shear strain in case of metals with low oxide
formation energy. Formation of 4 reaction zone with oxygen concentration gradient is detected in which
the metal near the interface hardens. The effect of mechanoactivation is considered as a result of physical
and chemical interaction and formation of nanostructures in deformed mefoxide systems.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Metzl/oxide interfaces play a crucial role in many important technological applications
including optoelectronic systems, oxide dispersion-strengthened alloys, catalyst, powder materials, solid
state joint devices, etc. [1, 2]. In such applications, frequently the properties of the heterophase interface
and not of the bulk materials, determine behaviour of the systern. Mechanical properties, structure, and
adhesion on metal/oxide inierfaces are of the greatest concern. Most studies have been made at high
wemperature and devoted to the role of diffusion processes. At the same time atiention has been paid to
obuaining of metal-oxide composites under plastc deformation of metals at room temperature, when
thermoactivation is negligible. A few data relevant o the problem provide evidence of such a possibility
[3. 4]. According to theoretical considerations [5, 6], introducing of defects into the surface layer may
increase adhesion at room temperature. The present siudy is focused on properties of interfaces of metal

joxide (AKSIO,, A/MgO, In/glass, Mg/Si0,, and other) solid state joints obtained by plastic flow of met-
als at room temperature.

2 Experimental procedure Metal/oxide solid state joints were obtained by static compression of
freshly prepared meial and oxide surfaces at room temperature. Experiments with atomically clean con-
tact surfaces were made by controlled rupture/cleaving of the samples in high vacuum (10 “Pa). The
interfaces were formed under conditions of plastic flow of metal on the oxide surface. Polycrystalline
simple s-p metals (Al, Sn, Pb, Mg, Cd, In), boron-silica glass, and single crystal oxides (8i0,, Al,O,,
MgO) were chosen for smdy as samples of high (99,99%) purity. Adhesion strength of joints was esti-

" Carresponding author: e-mail: famuk@iainet.iv. Phope +371 7261132, Fax:+371 7132778
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mated by pull-off tests. The fracoure mode was studied after the test. The structure, composition and
micromechanical properties were studied by AFM, X-ray diffraction, SIMS, optical microscopy and by a
microhardness tester allowing carrying out measurements at very small loading (3.10°N) [7,8).

3 Resulis and discussion The results of mechanical test showed that metals Al, In and Mg have the
strongest adhesion to oxides (Table 1). Fractures of these joints occurred with transfer of metal to oxide
surface being the evidence of a strong chemical bonding. Adhesion stength of metals Sn, Cd, Pb is
much smaller and fractures in many cases occured along the interface. The observed distunction in adhe-
sion between the investigated metals may be explained in terms of thermodynamics of chemical interac-
ton of metals with cxygen of the oxide.

Table 1 Adhesion strength { &, MPa), transfer of metal (+ or -} to oxide surfaces in the pull-off test of the
metal/oxide joint, and metal oxide formation energy (- AZ _,10*, Jkmol).

Oxide o, MPa el .
Metal Glass Si0, ALO, MgO eal  -AZ 107

oxide Jikmol

Al 60 + 62 + 63 + 60 + ALO, 1675
In 25 + 20 + 18 + 18 + In,0O, 926
Mg 22 + 15 + 20 + + MgQ 602
Sn 2+ 10 + 0 - 10 + SnQ), 581
Cd 2 - 0 - 5 + + CdO 260
Pb r 2+ 0 - 5 - PbO 219

Table 1 shows that the oxide formation energy increases from aluminium to lead. Metals with a high
affinity to oxygen form stronger adhesive bonds with the surface of oxides. However, formation of a
strong adhesion in these systems does not occur over the whole contact area but only in the regions of the
maximum shear strain (Fig. la). Special experiments with the Al/glass sysiem were performed so that
plastic flow of Al on the glass surface was obtained under friction. In this case a strong adhesion was
observed over the whole surface of oxide (Fig. 1b). The AFM studies of surfaces showed that ransferred
metals (in this case Al) have a nagostructure with a grain size from 30 to 100 nm (Fig. tc). Nanostructure
is not homogeneous. This result is confirmed by X-ray diffraction the data of which also show thai the
naoostructure of Al is stable after annealing in vacuum. Thus, action of the maximum shear strain leads
to the formation of nanostructure in metal near the interface. Nanostrucured metals with a high affinity
10 oxygen form chemical bonds with oxides.

We can explain the me/oxide chemical bonding at room temperature by mechanoactivation of the
oxide surface. Let us consider the possibility of mechancactivation of the oxide surface by plastic flow of
metals. Point defects and dislocations may be considered as the structural factors of influence. The peint
defect formation energy in oxide ( =2 eV') is insignificant. Therefore, it is possible to assume with confi-
dence their occurrence in near-surface layers of oxide even at a room temperature under active plastic
flow of metals. We have studied the role of dislocations in In/MgQ and Ph/MgO systems in which the
thermodynamics of me/oxygen interaction is different (Table 1). Frching of MgO does not reveal pres-
ence of new dislocations around and inside the area of the transferred In (Fig. 1d). The hardness of soft
In being only 16 MPa is smaller than a starting stress for dislocations in MgQ (7 , =~ 28-30 MPa). The
hardness of Pb (30 MPa} should be sufficient to create dislocations in MgO. Really, a group of new dis-
locations is found in the area of the maximum shear stress but with no trace of adhesion or transferred Pb
(Fig. 1 ¢). Apparently, a high concentration of point defects on the oxide surface the presence of which
facititates formation of metal-oxygen complex can be the primary factor of mechanocactivation. The

© 2005 WILEY-VCH Verlag GmbH & Co. KGak, Weinheim
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leading role of oxygen and point defects in me/oxide adhesion is confirmed by theoretical data on ad-
sorption and by experimental data on thin film adhesion in metal/oxide systems [5, 9].

Fig. 1 Micrographs of the
fracture of me/oxide joints :
transferred Al to ALO, at
norml contact (a) and at fric-
tion scheme (b), dark field;
AFM image of transferred Al
(c); etched MgO surface after
contact with In (d) and Pb (e).

To test the hypothesis of the leading role of oxygen the chemical compound of the metal trans-
ferred to oxide was experimentally traced level-by-level by SIMS (secondary ion masspectrometry)
method. The oxidised aluminium in the Al transferred 1o the surface of glass is shown in Fig. 2. This
result is an evidence of formation of a 0.5-1pum deep Me-MeO reaction zone spreading in the metal, with
a gradient of oxygen concentration.

——

140 A A]
5 1201 Glass Fig. 2 Depth profile of the intensity of SIMS-
E signal of Al" in the Al transferred to glass.
25 r Intensity of non-oxidised Al pointed as I’ .

1004 --°-
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0 0.5 1.5 z 25
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The grain boundary diffusion coefficients in nanomaterials synthesized by means of severe plastic
deformation are known to be by an order of magnitude higher than in classical polycrystals. Thus, in
regions of maximixm shear stress atomic diffusion of oxygen is promoted. A change of mechanical prop-
erties of metal near the interface may also be expected. Let us compare mechanical preperties of metals

on fracture of metal/oxide joints with properties of deformed bulk metals. The data on Al and In are
presented in Table 2.

Table 2 Microhardness (H,MPa) and strength ( O JMPa) of deformed bulk metals and metals transferred to 5i0,

H, MPa o, MPa
Meunl  — 5 Transferred bulk Transferred
Al 400 700 200 o2
In 16 150 9 15

As it is seen, the microhardness of the two metals strongly increases in the fracture zone. At the same
time the strength of Al decreases while in case of In remains high. Apparently, a brittle Al-A1 0, com-
posite is formed at the Al/oxide interface. Al,O,1s kmown to be a very hard and brittle material. [n oxide
is not 50 hard and brittle. Therefore, the presence of In 0, increases the hardness and strength.

4 Conclusions A strong chemical adhesion is obtained on the metal/oxide interface under plastic
deformation of metal at room temperature. Mechancactivation of adhesion occurs in metals with low
oxide formation energy in the regions of maximum shear stress. In the Me-MeO reaction zone forming at
shear stress the metal is nanostractured and hardened. The nanostructured state of metal, together with

high concentration of point defects in the near-surface layer of oxide promote chemical interaction of the
metal and oxide oxygen increasing adhesion.
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Investigations on the laser-induced reduction of indium tin oxide (ITO) are presented. Here, the oxygen content of the
material is locally decreased by CW YAG:Nd laser irradiaticn in hydrogen atmosphere. The dependences of resistance of
metallized stripes versus laser beam power and beam scanning velocity are shown. Electrical eonductivity of laser-written
stripes was estimated 2—3 orders higher with respect to raw ITO Rlm conductivity.

Keywords: laser processing, direct laser witing, laser-assisted reduction
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1. Introduction

Indium tin oxide (ITQ) is one of the most widely
used transparent conducting oxides for optoelectronic
devices, flat panel displays and sensors, as it combines
good electrical conductivity with high transparency in
the visible range [1-3].

Laser processing, including direct laser writing, is
based on the interaction of intense laser radiation with
either the material surface or/and with the ambient
medium surrounding this material (4]. The micro-
scopic mechanism of excitation can be photothermal or
photochemical in nature.

‘We had reported that oxygen content of advanced ce-
ramic materials can be locally reduced by CW YAG:Nd
laser irradiation in hydrogen atmosphere [5, 6]. Here a
similar method has been presented to produce metal-
lized stripes on to ITO surface.

| 2. Experimental procedure

Indium tin oxide thin films were obtained by reac-
| tive magnetron sputtering from metallic source. The
| target was a 20 cm diameter In (92%) and $a (8% by
| weight). Alloy In-Sn was melt in argon atmosphere
. by using quartz crucible. Films (400 nm in thickness)
| were deposited on glass (K-8) substrates. The sub-
| Strates were cleaned in an ultrasonic cleaner for 10 min

| ® Lithuanian Physical Society, 2004
| @ Lithuanian Academy of Sciences, 2004

with acetone and then methanol. All substrates were
blown dry with nitrogen gas before they were intro-
duced into the deposition system. The structure of a
thin TTO film is microcrystallic, with small metallic
(In) islands.

For laser processing the ITO samples were placed
into a reaction chamber, which has been operated with
constant pressure of hydrogen 1.5 bar. Laser-induced
reduction and alloying was then achieved by focus-
ing the irradiation of CW YAG:Nd (1064 nm wave-
length) laser beam onto the sample surface. In the
present experiments the diameter of the beam waist was
2wg = 20 pm at 1/e? intensity. For direct laser writing
the laser beam was translated perpendicularly to sam-
ple surface with PC programmable z—y stage. The
conducting stripes were characterized by optical micro-
scope, the resistance per length of stripe was measured
by using a standard four-probe technique at room tem-
perature. _

The conducting stripes were characterized by op-
tical microscope, the resistance per length of stripe
was measured by using a standard four-probe tech-
nique at room temperature, We have used ITO sam-
ples with medium range conductivity (=10 k}-cm)
100-1000 times lower compared to laser metallized
stripes. It allows one to use in the first approxima-

tion the four-probe method for resistance measure-
ments.

ISSN 1648-8504
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Fig. 1. Metallized stripes on [TO. The ambient atmosphere was 1.5 bar Hg, laser power ~6.5 W, and scanning velocity 51 pm/s.

Fig. 2. Metallized stripes on ITO. The ambient atmosphere was 1.5 bar Hz, laser power =26.5 W, and scanning velocity (a) 84 um/s and
(b) 244 um/s.

3. Results

We have demonstrated laser-induced metallization
of ITO (Figs. 1--3). The dependence of resistance of
stripes from laser beam power and beam scanning ve-
locity are shown in Fig. 4. The electrical conductiv-
ity of laser-written stripes due to reduction in hydrogen
ambient was estimated 2-3 orders higher with respect
to raw ITO film conductivity.

Here, the hydrogen pressure is 1.5 bar, different laser
power and scanaing velocity has been used. With low
and medium laser powers (1-7 W) strong surface re-
duction of material takes place. When the laser power
is further increased, destruction of the sample surface

was observed (Fig. 3), which evidently leads to con-
ductivity decrease.

Experimental data show that the resistance of the
conducting stripes depends strongly upon from pro-
cessing parameters: laser beam power and scanning ve-
locity. For higher conductivity of stripes it is necessary
to use higher light power and longer reaction time with

respect to diffusion processes and melting of reduced
IT0.

4. Conclusions

We have presented single-step direct laser writing of
electrically conducting patterns onto indium tin oxide
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2.3, Metallia‘bd stripes on ITO. The ambient atmosphere was 1.5 bar H2, laser power 9.5 W, and scanning velocity (a) 51 gm/s and

(b) 127 pm/s.
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Fig. 4. Resistance of metallized stripes versus {a) 1aser beam power and (b) beam scanning velocity.

urface. The process is believed to be based on pho-
dthermally activated diffusion and removal of oxygen
om the sample surface. Because of strong influence
f oxygen content on the resistance of ITO, this tech-

ique permits one to draw conducting electrode struc-
bres,
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Santrauka liy varZos priklausomybé nuo lazerio spinduliuotés galios ir spin-

Tirta ind%io alavo oksido redukcija ¥vitinant lazerio spindu- dulio slinkties greiio. Rasta, kad lazeriu i¥deginty juosteliy lai-
lin. Deguonies koncentracija pavyksta lokaliai suma¥inti ¥vitinant dumas yra 2-3 eilémis didesnis, nei pradinés ne3vitintos pléve-
YAG:Nd lazeriu vandenilio atmosferoje. Gauta metalizuony juoste-  1€s-



Direct laser writing of conductive patterns in advanced
ceramic materials
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ABSTRACT

Investigations on the laser-induced reduction of advanced ceramic materials, including high-temperature superconductive
(HTSC) ceramics, are presented. Here, the axygen content of the material iy locally decreased by CW YAG: Nd lases
irradiation in H; mmosphere, Direct laser-written metallic stripes into the weakly conducting sample surface had been
tested by sundard 4-point-probe technique in He dewar. New data about resistance temperature dependences of 100% laser
reduced stripes of HTSC Y-Ba-Cu-O ceramics has been determined. Our experimental data are in good agreement with
Miatthissen's law with respect oo laser-oritten electrades as Y Cuy alloys, As for high resistive stripes in HTSC ceramics
being written into the Surface under incomplete reduction regime we have found similsr resistance behavior 0 random
network of Cu fine particles comnected 2D through thin oxide barviers. In the case of Bi - based HTSC ceramics a
controversial picture takes place — low melting temperature of Bi oxide gives rise to scgregation of Bi microspheres along
the stripes corresponding to incompiete dectroding. Although the Inser-axsimed muface alloying and metallization of
biccerarnics has been performed.

1. INTRODUCTION

Laser processing, including direct laser writing, is based on the izteraction of intense laser radiation with either the material
surface orfand with the ambient medium swrounding this material '. The microscopic mechanism of excitation can be
photatherma! or photochemical in nature. As for novel ceramic HTSC and bioceramics, which are highly sbsorbing in the
visible region of spectram snd are very sensitive to the changes of axygen concentration, there exist many possibilities to
perform direst laser writing (structure modification, electroding). Our previous detailed rescarch > * of laser-induced
oxidetion and reduction of HTSC materials and In;O, - giass systems “ had been spplied for electroding and gas sensor
devices. The present work reports the more detailed investigations of the resistmce: of laser-reduced stripes with respect to
completeness of the procesa,

2. EXPERIMENTAL

For laser processing the semples (polished cersmic peliets) were placed into s reaction chamber, which was opersted with
constant pressure of hydrogen or axygen up w 2000 mbar. Laser-induced oxidstion-reduction or atloying was then achieved
by focusing the 532 nm or 1064 nm waveiength CW YAG: Nd laser besm onto the sample surface. For direct laser writing
the reaction chamber was transisted perpendicularly to the laser beam with PC programmabie x-y stage. The conducting
st::ipumwudby&dmdwﬂwmmﬂemmmm)mdopucal
mmmmwm«aﬁpummwmwm a standard four-probe technique.
As for HTSC ceramic samples the prereduction in oven (nitrogen ambient) has been performed (in order to obtain highly
resistive reference host).

-TREX0AS15.00
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3. RESULTS AND DISCUSSION

WeMMummdmhmmwm&lmummonw
which are in good agreement with our earlier work *. According to research * of 4d transition metal impurities in Cu and
classic Matthiasen’s law and our experimental data we have concerned that laser-written conductive stripes are YCu, alloys.
The temperature dependences of the resistivity of laser-reduced Y-Ba-Cu-O HTSC stripes clearly demonstrate true metallic
ongm(l-‘ig.l)Fahhﬁmm:dﬁbmﬁaﬂn&mof%mwknqphd InRvs /T
analysis with respect 1o 2D conductivity model of coupled fine particies of Cu *, Figure 2 shows the resistivity in Arrhenius
coordinates of the incomplete reduced stripe characterized with energy barrier »0,4 ¢V. As for Bi-based HTSC ceramics
(oompoaiﬁmBi,&.@&u&)m“mmﬂm—mdmmMmeIw
melting temperature of Bi oxide corresponding with early segregation of Bi microspheres along the stripes. Direct X-ray
microprobe analysis of reference host and laser processed zone confirms Bi segregation (Fig.3., Tab.1.).

As for the laser processing of bioceramics we have performed preliminary experiments of laser-induced reduction and
etching of bioceramics.

108 130 100 140 300

Fig. 1. Temperature dependence of resistivity for completely laser-reduced stripes in Y-Ba-Cu-O ceramics. a) - 240 mW, 1800
mbar, 4 W, b) - 520 mW, 1800 mbar, 40 p /s, ¢) - 240 mW, 1800 mbar, 40 /s, d) - 240 mW, 1800 mbar,200 s, ¢) -
520 mW, 500 mbar, 100 /s, f) - 400 mW, 500 mber,100 p/s.

/.—-’

1T (X)

Fig. 2. Arrhenius plot for resistivity of incompletely laser- reduced stripe of Y-Ba-Cu-O ceramics.
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Element Line (eV) Counts
1 2 3
920 694 100 106
Cu . 40 749 100 129
2960 679 100 119
1300 4714 938 692
1820 4908 1009 762
Sr 1840 478 1070 892
1860 4743 1113 886
1880 4005 1120 998
8i 2420 6654 9190 2887
2440 7192 9975 9358
3680 3594 541 375
Ca 3700 4029 564 366
4000 1103 ki 400
4020 1097 89 339

Tab. 1. X ray micrazoade line intensitics for different srea (reference host 1, bowndary —2, Bi rich microspheres - 3)

HgB.wgmu&hdhmmmBi,SnCnCu;O. ceramics. Numeration corresponds to
the X ray microprobe data in Table 1. 1 - reference host, 2 - boundary, 3 - laser processing central zone. The
stripe width — 20 pum.

CONCLUSION
We have determined metalic type of resisitivity of completely laser-reduced stripes of Y-Ba-Cu-0 cerami As for
1muﬁi_ciundepeeofmd|.l:ﬁonwhﬂenplummoxmhwuﬁdenﬂwukmmm.mmmﬁgmc
ceramics are not useful for iager-assisted electroding due to early Bi segregation in the process.
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Abstract—The nonuniformity of thickness of films obtained by ion sputtering in the Penning discharge is eval-
uated by calculations and measured experimentally. The calculated and experimental data agree if the angular
distribution of the sputtered particles used in calculations has the form (n + 1/2n)cos"8, where n = 0.25-1,
depending on the distance to the substrates. The dependence observed is explained by the effect of collisions of
the sputtered Al atoms with Xe atoms of the working gas at a pressure of 7 x 10~ Torr.

The working gas pressure plays an important role
during ion sputtering. If the pressure is such that Md < 1,
where A is the free path of the sputtered particles and
dis the target-substrate distance (for which the dis-
tance between the target and substrate centers can be
taken), due to collisions, the particle energy becomes
comparable to their thermal energy. Sputtering devices
based on the Penning discharge [1] make it possible to
deposit films in a wide pressure range, including the
case of AJd> 1. The low-pressure conditions can be
employed for depositing multilaver films with layer
thicknesses of up to several nanometers, when high
deposition rates are unnecessarv. In order to obtain
films with a minimum working gas content, the heavi-
est inert gas, Xe, must be used.

Two cathodes are sputtered in the Penning dis-
charge. The influence of the angular distribution of the
sputtered particles on their deposition rate has been
studied for substrates positioned in parallel or normally
to the cathode [2]. This work considers the case of a
plane substrate arbitrarily oriented with respect to the
cathodes (Fig. 1).

The number of particles N sputtered per unit time
from an area element dx'dy’ in the vicinity of the point
S(x', y', 0) onto the cathode surface is

N = kj(x', y')/e. (1

where k is the sputtering coefficient of the cathode
material by Xe ions, j(x', y) is the current density for
single-charge ions, and e is the electron charge.

The number of particles dN entering inside the solid
angle dQQ is determined by the formula

dN = N1dQ, )

where 1 is the function describing the angular distribu-
tion of the sputtered particles. When polycrystalline
targets are sputtered, the distribution of the sputtered
particles in the escape angles 8 measured from the nor-

mal to the target surface is approximated by the cosine
law '
((n+ 1)/2m)cos™d. 3)

We assume that 7 is independent of the azimuthal
angle and has the form (3). Such a function 7 is used for
describing particle flows in apparatuses for film depo-

sition. Let do be an element of the substrate surface
area in the vicinity of point 7. Then,
—|2

dQ = dccosw!‘TSl : (4)

where W is the angle between the normal to the substrate

—
surface and TS . In view of this fact, the number of parti-
cles dN/do falling on the unit area of the substrate per unit
time in the vicinity of point T during sputtering of a single
cathode is determined by the expression

dNlda = | j’-‘&%lr—:—o_s—wdx'dy‘. )
G ¢ T

Substrate

Cathode
Fig. 1. Layout of the cathodes and substrare.

Cathode
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0 X P(p.0,0)

\

Fig. 2. Symmetric arrangement of the cathodes with respect
to the substrate.

where G is the cathode surface. The ion current density

j(x', ") was considered to be constant in dN/dc calcula-
tions.

In our experiments, the cathodes were positioned sym-
metrically with respect to the substrate plane (Fig. 2).
The geometric parameters of the sputtering system are
characterized by the value of d. cathode width a, and
distances s, and s, between the parallel straight lines
confining the cathodes in the form of a rectangle.

Note that, for a sputtering system symmetric with
respect to the Oyz-plane, the particle flow arriving at
the point (x, y, 0) during second cathode sputtering is
equal to the particle flow from the first cathode at the
point (—x, y, 0). Thus, when conducting computations,
one may calculate the flow of condensing particles
from a single cathode. In this case. the particle adhesion
coefficient was assumed to be | [3]. Note that in order
to calculate the relative condensate thickness it is suffi-
cient to assume that the adhesion coefficient is con-
stant. Integral (5) is calculated numerically.

Al films were deposited with the following dis-
charge parameters: p = 7 X 10~ Torr (Xe pressure),
U, =2 kV (anode voltage), and 5 mA (discharge cur-
rent). The geometric parameters of the sputtering sys-
tem are as follows: a = 25 mm. b = 50 mm (cathode
length), 5, = 50 mm, and s, = 57 mm. Glass substrates
with dimensions of 60 X 60 mm were used. Films were
deposited at d = 59, 104, and 129 mm. The film depo-
sition rate was determined from the mass of the coating
deposited in a given time interval.

The thickness nonuniformity was studied with the
photometry technique. First, a calibration curve was
measured, i.e., the power of laser radiation with a wave-
length of 70 nm transmitted through films was measured
as a function of film thickness in a range of 5-60 nm. An
MT4042 semiconductor laser and a CBL instrument
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Fig. 3. Relative film thickness t/ty,, as a function of the
coordinates x and y in the substrate plane: (a) experiment
and (b) calculations atn=0.25and d = 104 mm.

(Texas Instruments) with an appropriate sensor were
employed. Cubic splines were used for interpolating
experimental data [4]. Then, the transmitted light
power was measured at the nodes of a 2 X 2-mm grid on
the surface of a substrate measuring 60 x 60 mm with a
deposited film. The thickness values were computed by
using the calibration curve.

Experimental data were compared to the calculated
ones obtained at different n (0, 0.25, 0.5, 1. 1.5, and 2)
in formula (3). We found that, for d = 59 mm and
d=104, 129 mm, the best fitted n are | and 0.25,
respectively. As an example, Fig. 3 shows 3D plots of
the relative film thickness 1/r,,,, as a function of coordi-
nates x and y in the substrate plane for d = 104 mm. The
value of n = 0.25 described well the experimental data
for Cu films deposited at an Ar pressure of 8 x 102 Torr
[5]. The fact that the function describing the spatial dis-
tribution of the sputtered particles changes its form
with increasing d is, apparently, associated with colli-
sions between these particles and atoms of the working
inert gas.

1999
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Fig. 4. Relative film thickness #/ as a function of the
coordinate (2) x in the plane y = 0 and «b) v in the plane x =0
at d = 104 mm: (/) experimental data: {2) calculations with-
out an exponential factor: and (3) calcularions with an expo-
nential factor.

The free path A of a particle can be calculated from
the formula

X' = Jmnal+(rn(a,+a) V) T+ mim, (6)

where n, and n, are the numbers of the sputtered atoms
and gas atoms per unit volume, and m,, m,, a,, and a,

Table 1. Relative values of the film deposition rates and aver-
age densities of the sputtered-particle flows on a substrate with
dimensions of 20 x 20 mm atd = 104 and 129 mm

(dN/do)(dN/do)se**
d, mm | vivg* | the exponential ;
59 |factoris taken into the e:gponenual fac-
Sk tor is neglected
104 0.17 0.23 0.34
129 0.13 0.12 0.22

* vsg is the experimental value of the film deposition rate atd = 59 mm.
**(dNIdG)sg is the calculated flow of Al atoms atd = 59 mm.
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are the masses and diameters of the corresponding
atoms. It is obvious that n, << n,.

The free path for the sputtered atoms, whose kinetic
energy is much higher than the thermal energy of the
working gas atoms, is ~40% longer than that calculated
from formula (6) [6]. The A value for the sputtered Al
atoms calculated from (6) was 105 mm, demonstrating
that interatomic collisions must be taken into account at
d = 104 and 129 mm. This can be done if we assume
that the particle flow at the distance r from the point
S(x, ¥, 0) decreases by a factor of exp(r/A) [7].

Table 1 presents the relative film-deposition rates
obtained experimentally and the relative values of
dN/do calculated with and without an exponential fac-
tor in integral (5) at various 4 values. These data show
that, if collisions are taken into account in such a simple
form, a much better agreement with the experimental
data is observed in comparison to the collisionless
model.

Figure 4 presents the relative film thicknesses /f,,,
as a function of coordinate y in the plane x =0 and coor-
dinate x in the plane y = 0 for 4 = 104 mm. These data
show that the introduction of an exponential factor does
not significantly change the curve shapes. The calcu-
lated and experimental data agree well for d = 59 mm.
This is probably due to the fact that this d value is
smaller than the free path of the particle. It is obvious
that the introduction of an exponential factor is insuffi-
cient for describing collisions, and their consideration
is a separate problem [6], which was not examined in
this study.

The ion current flowing to one cathode can be con-
sidered to be equal to approximately half of the discharge
current. By using the data calculated for d = 59 mm (when
collisions can be neglected) and measured film deposi-
tion rates, we calculated the coefficient of sputtering
polycrystalline Al by Xe ions, which was found to be
2.9. The TRIM program was used for these calculations
[8]. The average energy of Xe ions in the Penning dis-
charge can be approximately evaluated as 0.5eU, =
1000 eV, taking into account that the ionization in the
discharge occurs in the entire discharge gap at pres-
sures of ~10~* Torr and weak magnetic fields. The sput-
tering coefficients at angles of ion incidence of 90°,
45°, and 60° were found to be 0.74, 2.3. and 4.0,
respectively. For the cell geometry used in experiments,
the angles of incidence of Xe ions on cathodes lie
within a wide range, thus yielding a sputtering coeffi-
cient value characteristic of an oblique ion incidence on
the cathodes.

A characteristic of the film’s thickness nonunifor-
mity is the parameter 3 defined by the relation
8 = (tmax = tmin)/(tmax + Tmin),

where t,,, and f,;, are the maximum and minimum

thickness values, respectively. Table 2 presents experi-
mental and calculated 3 values.

No. 4 1999



NONUNIFORMITY OF THICKNESS OF FILMS OBTAINED 581
Table 2. Values of & for various d

8, %
d, mm | o\ serimental fadgem:?;hen:ﬁ' the exponential
value %0 - factor is neglected
59 57.8 73.5 66.9
104 19.5 269 225
129 16.3 19.8 159

Comparing the results of measurements to the cal-
culated data, we see that the cosine law in the form (3)
can be applied to evaluating the film thickness nonuni-
formity for Penning sputtering devices as well.
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