UCRL-JC-130782
PREPRINT

Mechanical Properties of Cu/Ta Multilayers Prepared by
Magnetron Sputtering

Tai D. Nguyen
Troy W. Barbee, Jr.

This paper was prepared for submittal to the
Materials Research Society
San Francisco, CA
April 13-16, 1998

April 1998
¢
C R
S
Y &S
\" r&ﬁ(’q}&é’b\ &
o

Thisis apreprint of apaperintended for publication in ajournal or proceedings. Since
changes may be made before publication, this preprint is made available with the
understanding that it will not be cited or reproduced without the permission of the
author.



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor the
University of California nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or the University of California, and shall not be used for advertising
or product endorsement purposes.



MECHANICAL PROPERTIES OFCU/TaMULTILAYERS PREPARED BY
MAGNETRONSPUTTERING

Tai D. Nguyen and Troy W. Barbee, Jr.,
Chemistry and Materials Science Department,
Lawrence Livermore National Laboratory, Livermore, CA 94550.

ABSTRACT

The microstructure and mechanical properties of sputtered Cu/Ta multiesmerstudied. X-
ray diffraction and transmission electron microscopgracterization indicate thboth the Ta and
Cu in the 2 nm period multilayer are predominaiatigorphouswhile in longer periodsamples,
the layers arecrystalline, with the metastable tetragonfd-Ta observed. Noobservable
microstructure changes upon annealing atG@erefound. Anaverage Vickers micro-hardness
value of about.5 GPa was measuredhich increases about 5¥4pon annealing at 30C.
Residualstress inthe multilayers and its dependence thermal annealing areeported. The
relationships between microstructure and mechanical properties in the multilayers are discussed.

INTRODUCTION

Multilayers composed of nanometer laykicknesses havehown enhanced mechanical
properties and ar¢hus candidatesfor wear resistancoating applications. The mechanical
properties depend on the component matepetperties, processing conditions, microstructure,
and interfacial structure in the multilayers. Interfacial structure and reactions become important as
the thicknesses of the component layers approach the dimension of the interfaces. In this research,
we investigate the effects of the materials properties of the layer constituentsnaltifeyers, in
particular their thermodynamic ardhetic properties, and of post deposititneatments on the
mechanical properties of the multilayerswo thermodynamically differenéystems were chosen:
materialspairs that are immiscible to eacbther, and pairsthat react toform compounds in
equilibrium conditions. In this paper, we presehé results for anmmiscible system,Cu/Ta
multilayers, with bilayer periods ranging from 2 to 200 nanometers.

Cu/Ta is a technologically interesting system for a variety of reasons. Ifebasapplied in x-
ray optics, and is being considered gsotential barriefor Cu metallizationprocess irelectronic
devices:? Thermodynamically, Cu and Bae immiscible and the binasystem ischaracterized
by a positiveheat ofmixing. The equilibriumphasediagramdoes notshow the presence of any
solid solution noiintermetalliccompound. An amorphous phase@i-Ta alloys however has
been obtained by either co-sputtetingball mill mechanical alloying of the elemental powdérs.

Growth, structureand properties of Ta and Cu single films have been studied extensively.
Two different structuresthe equilibriuma-BCC phaseand the metastablB-phase tetragonal,
have been reported in thick (> 2.5 nm) sputtered Ta films and depend on deposition conditions and
film thickness:®'° Also, residualstresses in Téhin films have beeriound to vary withfilm
thickness and deposition parameféfsThin Ta films are compressive; while films at thicknesses
between 10 and 50 nm are ten&fle.This stress transition is attributedthe transformation from
an amorphous phase to fhierystalline phase between 2.5 and 20 nm film thicki¥ssStress in
sputtered films of 100 nm thick grown on oxidized Si wafers were found to be highly compressive
at low pressure, and tensile at high pres$titeAnnealing of the compressive tetragonal Ta single
films lead to stressrelaxation whose mechanisms include plastic deformations at moderate
tempegatures, antthe tetragonaB to BCC-a phase transition at temperatures betweeri 60d
80C°C.



Studies of Cu/Ta multilayers, however, are few. Reporteariterature havéocused on the
microstructure of the layet§™ The Ta in multilayers prepared biectron beam evaporation has
the equilibriumBCC structure! Sputtering of Ta/Cu multilayers with Ta laydickness up to
10 nm producegshe metastable tetragonfifTa structure with a preferreet002> growth
orientation'> Annealing of Cu/Ta/Cu trilayersesults in a re-orientation of texturedd02>
tetragonal Ta t&x202>/<211>, an ofhe [3-tetragonal to the equilibriurBCC structure. In this
paper, we report the preliminary results on the hardness, and restigsaland their dependence
on thermal annealing in sputtered Cu/Ta multilayers.

EXPERIMENTAL TECHNIQUES

The multilayerswere deposited by, dc-magnetron sputtering onto 4Ww&fiers. The base
pressure othe chambemwas inthe 10 Torr range,and the sputteringgas was Ar at 2 mT
pressure. The period of the multilayers studiednges from 2 to 200 nanometers, waitual
thickness of Cu and Ta layerd.he number of bilayepairs inthe multilayerswvas varied sothat
the total thickness of these films is approximately 25 microns. Thick filrakeofental Cuand Ta
of sequentially deposited 10 nm thick laygrere also synthesized as base-kteicture. For
annealingstudies ofthe residualktress, Si wafersoatedwith an approximatel\600 nm thick
thermal oxide film were used to avoid silicide reactions during annealihgfirst and last layers
in all the multilayers were Ta, and the sample with the shortest period (Zasmalsocoated with
an additional 2 nm of Ta as a capping layer.

The structures were studied by low- drigh-angle x-ray diffraction, and cross-sectional and
plan-view transmissiorlectron microscopYTEM). The x-ray diffraction measurements were
performed using a Rigaku x-rajffractometer and Cu K radiation. The TEM specimens were
prepared by mechanical grinding and dimpling followed by ion milling. They wereeitanined
in a Topcon 002B 200 kV high-resolution electron microscope, at the National @enigdectron
Microscopy,Lawrence Berkeley Nation&laboratory. Residuadtressmeasurements wemaade
using a commercial Tencor (KLA) laser-scanning wafer curvature measurepparatus. In-situ
stressmeasurement during annealing wassformed on a covered hptate with a N, flow for
isolation. Aheating rate of ®/minuteand a coolingate of 10C/minute were used. Vickers
hardness tests were performed at 50 gram andy00 loads normal tthe layeringfor films on
the silicon substrates and removed from the Si substrates. Hardness was measured both on the top
layers, and on the layers near the substrate of the multilayers removed from the substrates.

RESULTS ANDDISCUSSION

Structure and phases:

Low angle x-ray diffraction scans ofthe as-deposited and annealed 2 and 5 nm period
multilayers are shown in Figure 1The modulation apparent in tisean background arises from
the approximately 3 nm thick Ta layer on top of thelsert period multilayers.The intense low
angle Bragg’'s peaksndicate strong compositional modulation in botthe as-deposited and
annealed samples. Essentially no effects due to annealing’ @t &@0apparent in the Figure.

High angle x-ray diffraction scans ofthe multilayerswere performed to study thickness
dependence of individual laystructures and microstructure evolutiontiie multilayers as the
period varied. Figure 8howsthe high angle diffraction patterns d¢fie multilayerswith period
from 2 nm to 200 nm, and of tldemental Taand Cufilms. The Ta filmhas peaks &3.7 and
70.8 in 20, which correspond to the first and second orders of ther@astablg3-tetragonal Ta
structure. The Cu film shows preferred FCC 111 and 200 growth orientafibesCu layers in
the 5 nm period multilayer sample (approximatély nm Culayer thick) and largelgrow




preferentially in the 111 directio@® = 43.3), with an increasin@00 peak 0 = 50.4) starting
at 100 nm periodand a 22(peak RO = 74.T) in the200 nm period sampleThe 2 nm period
sample shows a broad peald a shoulder at a lower angle, atirdarmediateposition between
the111l FCC Cuand one of the Taeaks. This broad peak isharacteristic of a preminantly
amorphous phase. Ionger period samples
the tetragonal Tahase,with a dominant 002
and 202/211 growtlorientations along with
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Figure 1. Low angle x-ray diffraction scans of
as-deposited and annealed 2 nm and 5 nm
period multilayers showing that essentially no Chy il
effects due to annealing at 3@are apparent.
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Figure 2. High angle x-ray diffraction scans of
the Cu and Ta single films and multilayers.
Peaks of the FCC Cu and the metastable tetradiomalstructures are present. Satellite peaks of the
Cu and Ta lattices are observed in the 5 and 10 nm period multilayers indicating uniform
periodicity.

(20 = 38.8) peaks otthe tetragongbhase inthe 10 nm period sample abserved to growvith
increasing period of thenultilayers. This peak could not be identified conclusively weither
structure, though studies by other researcherd{sgansconcluded that the peak this position
in their samples correspond ttee tetragonastructure’? Satellitepeaks ofthe Cu and Tdattices
areobserved irthe 5 nm and 10 nm peri@hmples, which suggestdefined periodicity in the
multilayers. Highanglex-ray diffractionscans othe samples annealed at 3D0ndicate that no
change from the as-deposited state occurred. The scan of the annealed 2 nm periduhsatmple
broad peak at amtermediateposition betweerthe Cu and Tgeaks,similar to that in the as-
deposited sarple. The lorger period samles show the peaks corrg®onding to the tetrgonal Ta



structure, and the FCC 111 Cu peak. The FCC 111 Cu peak in the scan of the 5 nsapwgsied
shifts closer to the bulk value upon annealing.

A cross-sectional bright-fiellEM image of the 2 nmperiod multilayer sample and its
diffraction pattern arshown in Figure 3.The layers arseen to be continuous andiform. A
few crystallites1-2 nm indiameter ar@bserved in boththe Cu and Tdayers. The diffraction
pattern shows the large spacing modulasipotsnear the direct beawrising fromthe multilayer
periodicity, and a diffuse halo indicative of an amorphous structure having an awnéeagéomic
spacing of 0.225 nm, which agrees well with the vaetrmined fronthe high anglex-ray scan
presented aboveThe TEM image of the 5 nnperiod sample in Figure ghowsthatboth layers
arecrystalline. The in-plane grain size ahost ofthe grains inthe Cu layers (light contrast) is
significantly larger than the layénicknesswhile thegrains inthe Ta layergdark contrast) are
comparable or slightlfarger. The Ta structure in longer period multilayers appekssrdered,
although in the 5 nm periashmple, highlytextured002 Ta is observed, asdicated in the high
anglex-ray diffraction patternElectron diffraction pattern of the 5 nm period samplernoss-
section seems to indicate heteroepitaxial growth of the 111 Cu and the 002 tetragonal Ta phases

multilayer
periodicity

broad ring
CulTa

Figure 3. Cross-sectional TEM bright-
field image and corresponding
diffraction pattern of the 2 nm period
multilayer sample. Continuous and
uniform layers are observed in the
bright-field image. The position of

the broad halo in the diffraction pattern
is consistent with that in the high-angle
x-ray diffraction scan of the same
sample.




Figure 4. Cross-sectional TEM image of the 5 nm period sample. The dark layers are Ta and light
layers Cu. Evidence of hetero-epitaxial growth across the interfaces is seen at this small period.
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Figure 5. Residual stress in the Cu/Ta multilayers. hat i d by the in-ol
All samples become more tensile upon annealing that is supported by the in-plane 330a
at 300C. and 220 Culattices that are about.6%

mismatch with each other®® The

diffraction patterns of the longer period multilayers however show more random in-plane structure.
This is consistent with the x-ray diffraction data that shthas as the multilaygperiod increases,
other orientations d8-Ta nucleate and hence the in-plane epitaxial growth is no longer preferred.

The tetragonal structure observed in the Ta layers imtliglayers, and irthe elemental film
grown on the thermal oxide underlayer, is in agreement with the repesigitis. The observation
of the 3-002 preferred growthorientation in thin Ta layers on Chasbeen associated with an
assumedinterfacial stress?? which becomesnegligible as thethickness increases A large
electronic transfer at the interfaces of the Cufitdtilayers® in addition mayfavor the growth of
the tetragonal phase. The equilibrium BCC Ta structure has been observed when groworon Al
Cr® underlayer, and isxplained by the closattice matchbetween the underlayer and theTa
structures, which promotespitaxialgrowth!* Thick Ta layers irour multilayershas a strongest
diffraction peak at th€@02 position, incontrast to thegrowing of the 202/2113-Ta peaks and
diminishing 002peak in Ta single layers with thickness larger than 30gnown on a Cu
underlayer? The Cu layesandwich inthe multilayerspromotesthe formation of theD02 B-Ta
grains perpendicular tehe film layering. Thin film growth and microstructure of Cu/Ta
multilayers will be presented and discussed in another paper.

Residual stress

The residuaktress inthe multilayersvas found to vary withthe multilayerperiod, with the
shortest period multilayer in tension, while all the other multilayeompression.The stress in
the 10 and 20 nm period multilayer is neld0 MPa,and becomes more compressive with the
period to about -300 MPa for the 100 nm period. The stress in the elemefita §aown on the
thermal oxide underlayer is compressive (-315 MPa), while that of the Cu is almost zZ&tea(}-8
Annealing of the multilayers to 300 results in residual stresses that are more tensiletlibaa of



the as-deposited state.The change in thetress withannealing is larger in smaller period
multilayers than in longer periodamples. The results ofthe residualstresses irthe Cu/Ta
multilayers are plotted ifigure 5. The large magnitude of the residsitess present ithese
multilayers may affect the indentation measurement of the hardness.

Hardness

The Vickershardness othe multilayers is presented fgure 6. It is observethat there is
little variation in thehardness valuegnd that noobservable enhancement in thardness with
decreasing multilayer period s&en. The averagdardness oéll the multilayers measuredhen
they are on the silicosubstrate is abous.5 GPa,which is between those dhe elemental
Cu (2.2 GPapnd Ta(11.7 GPal}hick films. The hardness othese samples after annealed at
300°C was found to babout 5% higher thathat of the respectivas-deposited sample§his
increase may be related to the change in the stresses in the multilayers.

The multilayerswith 40, 100,and 200 nm period wememoved fromthe siliconsubstrates,
and the hardness was measured bottherioplayers,and on the layers near teabstrate of the
these samples. The hardness of the samples removeth&sobstrates is lowehan that of the
multilayers on the silicosubstrate undehe residuatompressive stress statéhe hardness of
the top layers of the multilayers lisssthan that of thdayers near theubstrate, with amaller
difference at smaller periods. These differences may be due to possible larger grain size in the top
layers and/or théact thatlayers near the top of the samples are nosrasoth and flatwhose
effects are larger as the multilayers period increases.

The constant hardness of the multilayers with period was unexpected. Constant hardness with
period in the range between 2 and 15 nanomdiassalsobeen reported ilCu/Ag™ and Fe/Pt
multilayers®® In our Cu/Ta samples, it is possible that grainhénTa layers in the longer period
multilayers have similar sizes as those in shorter period sampléseagchin size effeaas not
observed. Nucleation of other orientations in the Ta layers in longer period multilagstsains
further grain growth of the 002 grains, which results in the loss of heteroepitaxial growth observed
in the 5 nm periodsample. Cross-section®EM observation otthe 20 nm period multilayers
shows disordered Ta structure, with a high fraction of the grains smaller than the layer thickness.

CONCLUSIONS

We have reported here saudy of the microstructure andhechanicalproperties ofCu/Ta
multilayers having periods ranging from 2 to 2@@. The structure in the 2 nm periodultilayer
is predominantly amorphous, while in longer period samples, metastable tetfddg@ahd FCC
Cu were observed. Both x-ray diffraction and TEM results do not indicate any significant changes
in the microstructure upon annealing at 30T he residuastress inthe 2 nm period multilayer is
tensile, while that in the longer period samples is compressive and increasiqgmath Vickers
micro-hardness testeveal littlehardnessenhancement witperiod. Anaverage value of about
5.5 GPa inthe as-deposited filmsvas observed whiclincreases about 5%pon annealing.
Differences inhardnesses measured films on substrates and removed from substrates are
observed which is attributed to the presence of large residual stresses in films on substrates.
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