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ORIENT.4T10N SELECTIOS i\ND NIICROSTR[!f”TI’ I{:fl. E\ ’OLKTION OF

EPITASIAL Pt FIL\lS OX (001) \lgo

P.AUL C. 31CINTYRE. C.\RL J, \l.AGGIORE, and \lIC13.AEL Y.4ST.ASI

\laterials Science and Technology Division, Los Alamos National Laboratory, Los A]amos, NM

97545

ABSTFL4CT

Thin platinum tilms were deposited at several dii~erent deposition rates and with varying

thickness on (001 ]-cut hfgO single crystal substralcs bv electron beam e~’apora[ion. A mixture

of two epitaxial H orientations were detected in [he tilms by X-ray ciitTractlon and planar ion

channeling experiments (00 1) [100] Pt // (00 1) [100] NlgO (the “cube-on-cube” orientation) and

( I I 1) [1 10] Pt // (001) [ 1101 hlgO, The elfkct of deposition rate on film orientation indicated the

( 1I 1) Pt orientation was preferred under conditions of high driving force for nucleation. The

volume fraction of the Iilms occupied by the ( 1I I ) orientation increased with nominal film

thickness, at a comtan! suhstratc tcmpcraturc ilnd dcposiiinn rate “[”his resuli imiiu;llus crystnllites

having i he ( I I I ) 1’[ orionf;lrion yrcw more quicklv ti)llowing nucktti(m th;m the (00 1), The

mosaic spread ofttw Pt orientations dccrcascd mnrkcdlv m the nominal film thickness incrcascd

from - I 5 mn (iS(.)lillCLl islands) to 20 nm (continuous tilm)



information slorage :md processing ha~.e caused rcnwed intcresr in thin metal Iilnls and

multilayers] 4 Epitaxial platinum films deposl[cd on to [~~01) \fgO substrates have been

investigated as initial epilayers in Pt/Fe .rnulrilayers in[cnded for m:]iywto-op[ic media,5 6 Lu et

ti. ” hal’e also used platinum ~hin films on (00 1) \lqO PSan tp]t~sii~l electrode marcrial t_Grgrowth

of highly-oriented BaTiOl tlms. “h present mwrk is intcndwi 10 develop a more detailed

understanding of [he nature and mechanisms or’ orientation selection in R tllms deposited on to

the (00 I ) MgO surtace.

Noble metal tilms deposit~d cm to (00 I ) h~rgO!hrough a variety ot” deposition tec:,niques”

‘ 89 frequently have a mixed orientation wilh both (001) and ( I I I ) Pt planes parallel to the

substrate surtace, The ( 111) orientation tends to dominate in poivcnstdline R tilms deposited

on to non-lattice-matched substrates because the ( I I I ) plane has the lowest surhce energy and

fastest in-plane growth rate in kc metals, Lairson et al,’ prepared Pt tilms on

magnetron sputlerimg with substrtite hcnting that were csscntiallv cornplcfclv ( I

00 I ) MgO by

I )-oriented at

400°C and almost crmplete!v (001 )-orient~d at OSO’l(’ “rhe (00 I )-t~ricntw-l Pt tilms prepared at

high substrate tcmperat,lres had a “cube-on-cube” ~pit:l~iill relationship ivith tlw s(lbstri~tc ‘lhey

also found that deposition of an initial thin “wed” Ii]ver ot’ iron on to (00 1) hlgo. prior to Pt

deposition, resulted in nucleation and growth of platinum tilms that wntairwl wilv Ihe “cubc-on-

cubc” orientation, lhc i 11 I ) Pt orientation wits complctclv sup’) rcsscd. { I“hc importance 0[

“seeding” [he MsO surface wi[h iron prior to dcposi[ion t}! Ihc desired cpitminl Iilm Iwd

previously been dcmonstrnted l-w t~ticnnc and mvorkcrs in Alill;quivth (~t”wt;lilic tlliiltilil~~rs

tm ((MI ) hl@ “i Nariwnn ct al Himrcstiyalcd pulsml loser dcpt)sititm ~)t”P! tilllls 011tt) ([){) I ) \lgo

wilhout prc-deposit i~m (~!’;1swd Iavcr “l”lwsc w)rhws I(lcl]tltld tlIv tunlpcr:lt{llr f;IIILI.V[~t”( I I I )

10 (()() I ) ortcntnlion Wilcllilly ilS 200-501)’’(” ;Im! (d)suriul (Ix(cllc’rlt crtsldllinl’ qII, IIIlv In L’pll:mi;d



Pt tilms depcwed at 700GC \arti\an et d h~porhesii!ed that dillirences m Iiinetlc eneryr oflhe

incident vapor tlux present in ditl_ercnt deposition techniques atYects [he tempernt’~re range for

orientation s~~ltching, The et~ectlve deposition tempcramre increases ~vith bombardment by low

w:ergy ions present in the vapor during sputtering and ( lt~w pressure) pulsed lr.ser deposition, ”

In previous work,q we investigated the temperature range o~orientation switching in Pt

tilms deposited on tc (00 I ) KlgO substrates bv e-beam ei~apcration. wi[hout the ncn-thermal

tmerbuj contributions present in sputtering or pulsed laser deposition. These tilms were completely

( 1I 1)-oriented at substrate temperatures (TJ below 500”C, A miwure of{ I I 1) and (001) Pt was

observed at “r, = 700° C. “I_hcsc results indicate the orientation switching temperature range is

higher in Pt deposition from a thermal vapor [ban in sputtering or pulsed laser deposition. in

keeping with Naravan’s hypothesis. Planar ion channeling a~d X-ray diffraction studies of the

evaporated tilms indicated the (00 I )-oriented Pt had the “cube-on-cube” cpitr~ial relationship with

the (00 I )-cut klgO single ~~still substrates. I\ strong in-plane alignment was also detected in

the(lll )-oriented Pt(lll) illOl Pt /1(001) [! 10] ?,fg(j,q “his orientation relationship was not

reported bv Lairson ct al ‘ l,~r Naravnn et :)1H It has. however, been obscrwd In Au iilms

evaporated on m cienvtd (00 I ) Na(’1. _’:md appcnrs [o Ix n ,gcner:ll fc:lturc of cpitaxv Iwtwcwt !_cc

metal !Ilms ;Ind ionic single cwstal substrntcs having the rocksalt stnlcturc

wpprcssion ot’( I I I )-oriented PI was also observed ill the c-beam ~~ilp[)ri~[~ld

Icmpcrnturcs as low 0s 25”(’ 1“

Iron “sm,l” layer

tilms iit substrate



urowlh rates and interthcial eneruies of Pt cnw:lllitcs havinu the ~~M)l) and ( I I 1) orientations,..

EXPERINIENTAL PROCEDURE

A detailed description of the pkuinum tilm deposition process is given elsewhere. ” In brief,

tilms were evaporated in a cryo-pumped chamber with a base pressure of approximately 1 x 10@

m-r. The polished (001 ) hlgO substrates were used as-received from the vendor, with only brief

ultrasonic solvent cleaning. Substrates were fixed to a nickel heater block with silver paste and

:he block was installed in the chamber in intimate contact with a planar resistive heating element.

Temperature measurements were made using a “I_ype K thermocouple buned in the nickel block,

between the heating element and the substrate. Specimens were heated to 700aC and held at that

temperature for 30 min prior to deposition. :411films were deposited at a nominal substrate

temperature of 7000C. Ikuosition rate was measured bv an oscillating quartz c~+stal rate mcnitor.

Film orientation was characterized by X-ray diffraction and planar ion channeling during

RBS. The crystalline qualitv of the Pt films was estimated from the ratio of the backscattering

yield Iwhind [he Pt surface peak during axial ctmnneling 10 that measured in a random sample

oricntaticm (Xm,n), .S-rav dit?hcrion was pcrtbrmcd w’i[h (’u Ku radiation and x four-circle

goniomctcr, Rutherford bitckscattc:-ing spectrometrv mcasurcmcnts were pertbrmed wi[h 1,6

MeV 41[e’ ions and a scattering angle of IoN” “I”rmwmlssion electron microscopy (“[’EM) studies

of the Iilni microstn]cturc were :IISOpcrtbrmed I“IIc ml results will hc lliscuswd vwy brietlv

here and ot yreater Icngh in ii tilturc pllhli~iltlt~n

RFX!II.’IS AND DIS(”I:SSION

I:igurc I c~ml:lins 1!-20 X-rilV ditlincti[)fl sc;lns [dl[;llfwd !i-(m 1)[ Iilms [Jt-20 nnl mmlinitl



:hickness thut \vere deposited iJt - ~J(15. and O S nns “l”he 20 posi[ions o(the M ( I 11), NlgO

(()()2), and M (00~) r~tle~ti~ns are I:lbel]ed in the jigure So othrr tilm rcrlecrions \vere detected

~mtside of the range of2e shown in [he figure, The maximum dithctea intensity ot’rhe Pt ( 1 I I )

peak is over an order of magnitude greater in the high deposition rare tilm than it is in the low rate

film, However, the Pt (002) reflection of the high rate tilms is signiticantlv less intense than that

ofthe lower rate sample, The rati(l of peak intensities for the Pt ( 111) and (002), 1(,,,JI[mz), is 95.6

for the film deposited at 0,8 nris and 1.7 for the tilm deposited at -0.05 nrrds. The intensity ratio

measured tbr [he lower rate specimen is similar to that previously reported for Pt films deposited

at a rate of O 2 nnvs at the same substrate temperature” The in-plane alignments of the two film

orient miens are also identical to those repor?ed in reference !3.

The planar ion chmmeling plot in Figure 2 displays the in-plane alignrrlents for the high rate

tilm of both the Pt (11 I ) and (00 1) orientations (solid trace), with the planar channeling pattern

of the (00 I ) MgO substrate provided for comparison (dashed trace). The ordinate in the tigure

is the backsci~ttering yield and the abscissa represents the J20 tilt increments of O 2° used in til~ing

the sm-nplc from +8° to -II” :Ind back about two mutually ofihogcmal axes that arc themselves

pwpcndicuktr to the ion beam :~ dip in the spcctmm corresponds [O channeling along a set of

planes that have been brought parallel to the I,vt beam by tilling the specimen. Channeling along

Ihc { 100} and ( I I O} planes w-as rcsponsiLlc tiw the dwpcst minimn dctecrcd from the MgO

subs[ratc ;md the (00 I )-~~ricntccl Pt (’oincldrrwc of { I (X) } and { I 10 } plilnnr channeling minima

in i~iym-c 2 contit-ms :hnt the ((KI I )-t~ricnrw.l t)t hw.1the “ctlt}c-~~11-c~ll]c” ~pitii~ii~l rclilti(mship with

[hc sut)s[rate. .\dditiolli]l minima present i!) the 1? ;Irld not in [hc hlqO tr~cc :Irt indicated by

Nstcrisks in the tiyurc “Ilcsc ciyht strnn~ mirlirtw ~~(’rc prohxx-1 t-w chnnrwlin,q ,Ilong ihc { I IO}

plitncs in the ( I I I )-twicnlcd Pt ‘Ilc { I IO} plnrws h:lvc [he dwpcst cllilrlrlt!liny minima of wyj



planes normal to the IIII ) face otian tic c~slal “ I-!Ie i~slli[ing orienrallon relalicmship for the

(1 1I )-oriented Pt is ihen 111 I ) [l i@] P[ / (~lt~l) f ! IO] \lyO, as prmiouslv” rcponcd.

These results indicate a significant increase iv t 111) oriemation occurs In Pt tilms deposi:ed

m rates above 0,2 nrrus. Combined \vith earlier obsemations of the substrate temperature et~ect

on I% film orientation.” the data in Figure I indicate ( I 11) Pt c~staliit. es tend to dominate in films

deposited under conditions of high driving force for nucleation ( low temperature, high rate),

,Y-rav distraction was used to characterize orientation changes with thickness in Pt films

deposited at -- ~)2 nm”s tbr va~ing lengths of lime Figure 3 conrains o~~erlaid (3-20 scans from

tilms cf 1,5, 3,0, and 20 nm nomlnai thickness, Irl [he thinnest film. a Pt ( I I I ) peak cannot be

discerned above the background A very weak, broall Pt (002) reelection may be present in the

shoulder of the (002) NlgO peak at 20=46°. Both ( I I I \ and (,002) rctlectlons are discemable in

the s~an of the intermediate-thickness tilm. The intensity ratio. 1(11,jI,(M)2),is O.1!3, indicating a

slrong preference for the “cl,bc-on-cube” orientation in this thin island tilm, Plan view TEM

studies indicated the 1 5 al:d 3 0 nm nominal thickness films characterized in Figure 3 were

discontinuous wi[h avernge island diwnctcrs of 10 nm and 50 nm. rcspectivelv Island coalcsence

had not occurred in the 1 5 nm Ihick films but had cf’idcntly begun in the intermediate thickness

!ilm, breed on the presence of high angle gain boumiarics wpartiting the ( 111 ) and (00 I ) Pt

[mcntntions within individual islilds “111~ I’t till~l {J!-21)nm Il(}nlin;il thickness Ivas ct}ntinuous \vi[h

small pinholes along (Iw bo(idilll~s bctlvu~n SOITIC (It” IIW ISI;III(IS l“lw (1-2U S(”iln t~)r this spccinwn

in I:iyurc .?shtlws a dclinilc prctkrrnuc ti)r I IN [ I I I ) 1’1[)1IL*nl;l[loll I“hc intcnsl[v r;lti~l is 4 () in

this unsc I“llc JO positl(ms (It” [IIC ( I I I ) illl(l (11(]2) rcllcul ions arv l“t:nsislcl]! \\llll tllc Inllk d-

spacin~s O!-these plarws l“hc tilm and substrnr~ wcrr d:’sticallv rclmcd. in k(cpiug lvi~h the..



The change in Pt film orientation \vith increasing thickness Indicates nucleation of(OOl)

islands is preferred Those [ 111)-oriented islands that do form appear to grow more rapidly

following nucleation lhan the “cube-on-cube” Islands, They, therefore. occupy an increasing

fraction cfthe total film volume as the deposition time and rmminal film thickness increase, Fecht

and Gleiter’J used rotating particle experiments to demonstrate that both the (001) and (11 1)

orientations obsewed here result in low ener~~ interfaces between t’cc metal tilms and ionic

rocksalt-structure substrates. In the .Au/(00 1) \fgO system. the “cube-on-cube” orientation

resulted in the ic)west energy interface, The ( 111) [ I 1O] Au // (00 I ) [ I IO] hfrgO inter-t-ace had

somewhat higher ener-gy. The preference for “cube-on-cube” Pt islands during nucleation probably

results horn th~ir lower tilrdsubstrate interracial energy,

The quality of the epitaxial relationship between the Pt islands and the substr,ue also

improved as the tilm thickness increased. rhis was evident in the mosaic spread of rctlecticns in

electron difiaction patterns obtained during ‘iEM,and also irl the Pt y,,,,nmcosured in the tilms

of I 5, 30 and 20 nm nominal thickness. Figure 4 is iI plot of X,,,ml’ersus ncminai Iilm thickness,

with two data poinrs for -20 nm thick specimens “rhe high dechanneiimg \’icld 01’IIw thinner films

was caused by slight misalignment O( :he [001 ] and [ I I I I axes t)f the I)t islilrlcls rcl;irivc to the

substrate normal The R Xm Jccreased s~mcivllat t~oIn 72 l” ~ to 05 2“6 ilS Illc nornirlal Iilm

thickness increased from I 5 to 3.0 nm The Xn,mofthc continuums. 20 IIm thick films W:IS ill the

r,ange 23-6 8°4 In c{~mpari.;on. Mrrctt12 uwasured J ~,,,,,,of 2 (.)”fi t~lr :11)1sill~j~ ~.rvsf:ll during.

channeling with 22 NIcV Iwlium Ions :\ Xn,,nl~f - \ 00& ivns rt~llllnc!f,’ [llcilslllL’tl f~~rttl L’ ~lgO

single crvstid sldxlrotcs used in this ~1 IIk Snwarlnq t)l-ulcctrt)ll dilli;]cll~ln spt~ls ;Icllllircd frt~’11



TENI specime~:s of the thinner films also indicated the existence of small rot:~lions ofthc islands

about the substrate normal. “These mworienta[lons fiere nor obsened in eiec~ron diffraction

patterns taken from rhe 20 nm thick films.

CONCLUSIONS

Two epitaxial orientations were observed in thin Pt tllms evaporated on to (001) MgO

substrates: (001) [100] Pt // (001) [100] NlgO and ( 11 1) [1 10] Pt // (001) [1 10] NfgO. Islands

with these orientation nucleated and grew to coalescence through the froimer-Weber mode of

epimxy, The ( I I I)-oriented Pt islands dominated in tilms deposited at rates greater than 0.2 nrrds

at a substrate temperature of 700” C Toge~her with pre~lous results on the substrate temperature

dependence of film orientation, these new results indicate the ( 1I I ) epitaxial Pt orientation is

preferred in films deposited under conditions of high driving force for nucleation. Rotating

pzrticle experiments reported in the literature suggest the “cube-on-cube” Pt orientation has a

lower energy intert%ce with the substrate than the ( I 11) orientation. Our present studies indicate

the “cube-on-cube” islands dominate in very thin (precoalesence) tilms, The ( 11 I ) orientation

occupied a much larger fraction of continuous films (- 20 nrr thick) that were deposited under

identical condi~ions, “llese results indicate the (001 )-oriented Pt islands nucleated preferentially,

“l’hose ( I I I )-oriented islands that formed, however, evidently grew more rapidly following

nucleation than the (001 ) and marje up all Increasing fraction of the tilm volume as the film

thickness increased
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.
Figure 1. X-rav dit~ractlon d- 20 scans of Pt tilms Jcposired on [o (001 ) \lgO al u 05 and U S

nrrus.

Figure 2. Planar ion beam channeling plot o~a specimen depcsited at 0.8 nrrds (see text)

Figure 3 X-ray 0-2(3 scans of Pt !iIms of- 1.5, S (), and 20 nm nominal thickness on (()()1) ,\lgO.

Figure 4. Plot of Pt X,Mversus tilm thickness for Pt films deposilec! at 700° C and 0.2 nrn/s.
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