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Films of Al, Al.O,. Mo and MoSi, were formed by ion beam assisted deposition (IBAD) at R ratios between 0.004 and 0.1 and
film thicknesses between 150 and 1100 nm. Al films were crystalline with a strong (111) fiber texture becoming more pronounced
and azimuthall iented with i R ratio. Mo films were crystalline with strong (110) texture and a distinct azimuthal
1< vre indicative of planar channeling of the ion beam along (110} planes. The microstructure of Al films is characterized by large
columnar grains at R = () with breakup starting at R = 004, while that of Mo tilms showed little chang: with increasing R ratio.
Al,;0, and MoSi, films are amorphous under all deposition conditions. The average stress in oxide and silicide films 1s tensile at
R=0and bccnmc\ compressive with increased values of the normalized energy, saturating at ~ 15 eV /atom, The average stress in
Mo films is tensile at R =0, increases to a maximum value of 0,63 GPa and becomes compressive with increasing normalized

energy.

1. Introduction

Microlaminates have received considerable atten-
tion in recent years because of the potential to tailor
composition, microstructure and interface propertics
to enhance strength, toughness and oxidation resis-
tance. Substantial increases in strength, for eaample,
have been reported for Al/AlL,O, [1] and Cu/Ni [2]
when layer thicknesses were less than 500 nm. In high
temperature MoSi »-bascd compositcs, alloying with Nb
has been shown to significantly incrcasc toughness [3],
an inherent problem with silicides. While vapor deposi-
tion has traditionally been used to preduce microlami-
nates, it has been rccognized that significan? improve-
ment in propertics of films can b¢ achieved by ion
beam assisticd deposition (IBAD). IBAD has been
showii to increawe film density, promote equiaxed grain

2. Experiment

fon beam assisted deposition was conducted in a
chamber containing two 6 kW clectron beam guns and
a 3 cm Kaufman ion gun with a base pressurc of
2% 10" Torr for 200 and 1000 nm thick Al,O; films
and Mo/MoSi, films, or 2% 10~7 Torr for 150 and
400 nm thick 57,0, filme. Depositions were normal to
the substrate at the following rates; Al 0.7 nm/s,
AlLO;: 1.0 nm/s, Mo: 0.25 nm/s, and MoSi,: 0.25
nm/s for Mo and 0.65 nm/s for Si. fon b')mbdrdmcnl
was pciformed using 209 to £93 ¢V Ar* ions at an
angle of 45° to the substratc normal, with current
densitics in the range 2 to 190 wA /cm?, giving a range
of R (ion/atom arrival ratc) ratios from 0.004 to 0.1,
tablc 1. Results are also expressed in terms of the

formation and film/substrate adherence, and provide
control over crystal texiure and residual stress [4]. The
objective of this rescarch is to synthesize Al/Al,O,
and Mo/MoSi, microlaminates by IBAD with the
intent of developing an understanding of the depen-
dence of microstructural and geometric variables on
strength and fracture resistance. The work reported
here describes the synthesis and characterization of
monolithic Al,0;, pure Al metal films and Mo/MoSi,
microlaminates produced by ion beam assisted deposi-
tion.

normalized encrgy, E,. which is the product of ihe
beam voltage and the R ratio. The chamber pressure
during deposition was 1-3X 10" Torr. Deposition
raies for cach source were measured independently
with quartz crystal monitors and the bcam current was
monitored with a Faraday cup. Deposited films ranged
in thickness from 150 to 1100 niu.

The amount of material deposited and the composi-
tion or stoichiometry of the films deposited onto
graphite foil were determined by Rutherford backscat-
tering analysis at an angle of 165°, and fit with the aid
of the program. RUMP [5]. Crystallinity and texture

0168-583X /93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved



G.5 Was cval. 7 Synthests of mucrolamunate st-uctures

1357
Table 1
D P and position analysis of L3AD films
Film Nominal R ratio Energy E, O/Al or Mo/St Ar [at.%) O [at.%]
type thickness [nm]) [ron/atom] {eV/ion] {eV /atom] (£0.0D (+0.02) (+0.1)
AlLO, 50 0 0 0 1.61 0 -
0.004 320 e 1.56 0.47 -
oM 281 281 152 0.47 -
0.04 400 60 i.su 30 -
0 668 560 8.1 1.52 293 -
0.1 587 58.7 147 4.03 -
200 0 0 0 1.67 0 -
0.01 R 28 LEV) 0.99 -
LA} 593 59.3 .47 412 -
400 0 0 ] i67 0 -
0.0045 320 144 1.53 0.65 -
0.01 281 37 153 1.19 -
0.04 400 16,0 1.50 2.90 -
1000 0 [} 0 133 0 -
0.004 209 0.84 141 0.62 -
0.04 500 200 1.33 0.5 -
1N 593 593 1.53 4.31 -
Al 100 0 0 0 - 0 6.1
[IRVI2Y 250 1 - 0.47 38
0.04 488 195 - 548 32
0.1 463 46.3 - 417 3.1
Mo 200 0 (] 0 - « 17.0
oo 251 25 - 0.69 12.2
0.025 0 8.5 - Lo 149
0.0 376 188 - [tAY) 9.0
0.078 409 30.7 - 1.0 6.0
0.10 461 46.1 - 1o 5.1
MoSi, 200 0 (] 0 1.35 0 38
0.01 345 35 1.36 0.75 4.6
0.025 415 104 1.37 1.43 38
0.05 4N 23.6 134 2.58 29
0n7s 88 3o.o 1.27 349 24
Q.10 516 516 1.21 4.94 24

were determined by X-ray diffraction (XRD) using
CukK, radiation in a Rigaku diffractometer operated
at 40 kV and 100 mA, 6/26 s ans of rotating samplcs
were conducted for both Al wad AlLO, films of thick-
ness 1000 am. Pole figures were generated for the Al
(1113, (260) and (220) poles. 0/26 scans of rotating
samples were conducted for Mo films of thickness 1000
nm and poie figures were generated for the (110) pole.
Grain size and morphology were determined from
transmission electron microscopy (TEM) of planar and
cross section samples on a JEOL 2000 FX TEMSCAN
at 200 kV. Residual stress was determined by optical
interferometry [6] on 150-400 nm films of Al,O;, 200
nm films of Mo and MoSi,, and a 50 vol % Mo/MoSi,
microlaminate deposited onto glass cover slips (150 pm
thick). The curvature of the cover slip relative to an
optical flat was determined before and after deposition

by observation ir monochromatic light. Curvatures were
determined by least squares fitting of parabolas to the
recorded fringe spacings and are related to the average
stress in the film [6). All calculations of stress were
made using the nominal film thicknesscs.

3. Results and discussion
3.1. Coating composition and microstruciure

In all the Al,O, films cxcept those at 1000 nm,
there is a decrease in the O/Al stoichiometry with
increasing R ratio, consistent with observations re-
ported by Shimizu 7] and Kelly (8] for 1 keV Ar?
bombardment of Al,0, which show a preferential loss
of oxygen during bombardment, The oxygen content in
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Fig. 1. (111) (a), and (200) (b) pole figurcs of 1 pm thick Al deposited at R = 0.1 (46 eV /atom) using 593 eV Ar* at 45° to the
substrate normal.

the Al films is relatively constant at about 3 at.% in the
films deposited during bombardment. This is about
half the value of that incorporated without bombard-
ment (FVD) and is consistent with results of Cuomo et
al. {9] who found that ion bombardment of Nb during
film growth resuits in a “cleaning effect” in which the
sputter yield ratio of O to Nb cpproaches 40. Ar
incorporation inio both Al,O; and Al metal is a func-
tion of the R ratio and reaches a value of about 4 at.%
at R=90.1.

In Mo films, there is a decrease in the oxygen
content with increasing K ratic from i7 at.7 (V) w
5 at.% (R =0.1), in agrecment with results of Cuomo
et al. [9). Ar entrapment remained low, amounting to
only 1 at.% at the highest R ratio, also consistent with
measurements on Nb [9]. The Si/Mo ratio of the
silicide ranged between 1.22 and 1.35, considcrably
below the target value of 2.0. This may be due to the
shape of the Mo plume during deposition caused by
uneven melting of the charge material. The Si/Mo
ratio decreased with increasing R ratio indicating pref-

\,

Fig. 2. (110} pole figure of 1.1 wm thick Mo films deposited at (a) R = 0 (PVD), and (b) R = 0.1 (46 eV /atom) using 500 eV Ar* at
45° to the substrate normal.

erential sputterinrg of Si, in agreement with results of
Liau et al [0} for PtSi. The oxygen conczntration
remained low in MoSi,, and tended to decrcase with
increasing R ratio. The Ar concentration was signifi-
cantly higher in MoSi, than in Mo metal which is
consistent with observations of greater incorporation of
Ar ir 2morphous materials [11].

The FVD (R=0) Al film displayed a strong (111}
fiber texture which was enhanccd with incrcasing R
ratio, fig. 1a. The numbers on the pole figures refer to
relative X-ray intensities. The (200) pole figure of the
VD sample showed a strong azimuthal orientation,
presumably influenced by the single crystal Si sub-
strate. With increasing R ratio, this azimuthal texturc
was gradually superseded in favor of a differeni az-
imuthal texture, fig. 1b, which is aiso consistent with
planar channeling of the ions along (220) planes ((220)
pole figure not shown). Rccent obscrvations of Dietz et
al. [12] showed that a normalized energy of 80 eV /atom
is needed to cbserve a channeling texture in Al. The
effect of ion Lombardment at lower values of E, is
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primarily to increase atomic mobility, allowing more
compietc development of the preferred growth texture.
Their observations are generally consistent with ours
except that we observed the development of a channel-
ing tcxture at 46 eV /atom. Alumina and silicide films
were amorphous over all R ratios.

The (110) pole figure for the 1 pm, PVD Mo film,
fig. 2a, showed a strong (110) fiber texture pernendicu-
lar to the film surface, consistent with the growth
texture of bee films [13]. The pole figure for the 1 pin,
R =0.1 Mo film, fig. 2b, indicated a strong (110) fiber
texture at an angle of 15° to the substrate, as well as a
distinct azimuthal texture repr d by the areas of
high intensity 60 radial degrees from the fiber axis. The
cvolution of the azimuthal texture is indicative of pla-
nar channcling of the ion beam along (110) plaues i
the film, resulting in a preferred orientavion cf the
grains along the ion beain directiva [i3,14]. This chan-
neling behavior is indicated by the high intensity arcas
locatea $3° to the jon beam direction. The tilt in the
fiber axis is not weil understood but correlates with the
beam direction.

TEM of planar and cross section samples revealed
that the PVD Al films consist of columnar grains
extending through the thickness of the sample (1000
nmy, fig. 3. Orain diameters are 0.3-0.3 times the
fength. ‘the size of the grains indicates that the tilm
tempcerature during deposition was probably less than
200°C [15]. Ton bombardment with an K ratio of 0.04
showed a predominantly columnar structure with a
disnersion i fincr grains, principally at the film-sub-

05 pm

Fig. 3. Bright field electron micrographs (planar and cross
section) of | wm thick Ai fiims jor R =0 (PVD) (4, b), and
R =0.04 using 488 eV Ar* (c, d).
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0.1 pm

Fig. 4. Bright fieid electron micrographs of cross sections of
1.1 pm thick Mo/MoSi, films (a) R=0 (PVD) and (b)
R = 0.07 for Mo layers and R = 0.01 for MoSi, layers.

strarc interface, fig. 3. The grain size changss from
about 0.5 wm (PVD) to 0.2 pm (R = 0.1). These results
suggest that ion bombardment during deposition is
increasing the nucleation density, and is most effective
at the substrate-film interface.

Bright field transmission election micrographs from
cross sections of Mo/MoSi, muitilayers deposited by
PVD and IBAD are shown in fig. 4. The microstruc-
ture shows a fine grain wtructure for the Mo phase
(<10 nin) and a tenturcless but “strcaked” structure
for the silicide nhase. The streaking is most likely due
to density variations caused cither by cracking or the
formation of voids. There is iittle difference between
the PVD and IBAD microstructures except that in the
IBAD microlaminate, the sireaking is less pronounced.
These observations ar¢ consistent with those of Harper
et al. for Nb deposition [14].

3.2 Residual stress

Fig. 5 shows the variation of the average film stress
for Mo, MoSi, and 50 vol% Mo/MoSi, microlami-
nate as a function of the normalized energy E,. The
stress in the metal film starts out tensilc {0.33 GPa at
E,=0), increases to a pcak of 0.63 GPa at E,~9
eV/atom. and becomes compressive at E, ~ 30
eV/atom. The stress oi the PVD film (R=0) is in
agreement in both sign snd magnitude with Nh films
deposited in a similar manner by Yee ct al. [11). Since
the relative magnitudes of the coefficients of thermal
cxpansion for Mo and the cover slip dictate a compres-

Vb, NOVEL TECHNIQUES (b)
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sive stress, the measured tensile stress must be primar-
ily intrinsic in nature. The iritial risc in tensile stress
and the siress reversal are consistent with the model by
Miiller [16] in which the rise in tensile stres belicved
to be due to the removal of open porosity in the film
resulting in i porous, but compact nctwork in which
the short range auractive interatomic forces across
sma!! defects can act most cffectively. These results are
also consistent with the idea of a critical film thickness
at which the tensile stress increases abruptly due to
interconncction of the growing nuclei [17). Further
increasss in E, continue to density the film forcing the
stress toward zero. The compressive stress at higher
values of F,, is probably duc to point defect production
by irradiztion damage. Although oxygen incorporation
and Ar entrapmeii have been suggested as possible
causcs for residual stress changes {18], neither is able
to account for the obscrved behavios of the Mo films.

The silicide and alumina films, figs. 5 an 1 6, behave
very differently from the metal iffees in that SIresy
decreases «t i ery low valuc of E, crosses into the
compressive range  carlier, and saturates by 15
eV/atom. The immediate decrease in tucss and the
lower crossover values of £ may be related to the
lower value of the activation energy for sclf- dlffusmn in
an amorphous structure as compared to a crystalline
lattice. Yce et al. [11] found that the R ratio required
10 caust a transition from tensile to compressive stress
was as much as a factor ¢f 3 smaller for amorphous
WSi, than for crysialline Nb. The saturation in the
value of the compressive stress with increasing R ratio
is expected for an amorphous structure where the
mechanism is duc to densification of the microstruc-
tuic and not the introduction of lattice defects. The
higher 2tom mobility in the amoerphous structure may
result in more rapid dens ion causing the climina-
tion of the tensile stress peak, or an cffective shift of
the curve to lower values of £,. An altcrnate expla-
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Fig. 6. Average film stress as a function of the normalized
energy for Al,O; samples of nominal thickness 150, 200 and
400 nm.

nation tor the change in film stress is the entrapment
of Ar The form of Ar in the film is not known, but if it
were in solution, then a residual compicssive stress
would be expected. However, if Ar entrapment was
responsible for the compressive stress, then the stress
should continue to become more compressive with E|
rather than saturating as observed. Results for multi-
layer films consisting of five bilayers of 50 vol ‘% Mo
and 50 vol % MoSi, are also shown in fig. 5. The point
marked by the arrow designates a film synthesized
using R = 0.07 for the Mo layers and R = 0.01 ior the
iayers corvesponding to the crossover points for
the pure constitucnts. Although the residual stresses in
the composiie do 'y obey a ditca superposition of the
stresses of the individual layers, the same trend is
cvident.

4. Conclusions

Ton beam assisted deposition of Al, Al,0,, M« and
MoSi, using 209-293 ¢V Ar' jons was found to
strongly affect the composition, microstructure, texture
and residual stress.
- Increasing R ratio lcads to an increase in Ar entrap-

ment and a reduction in oxygen incorporation in all

films. In Al,O0, and MoSi, films, the stoichiometry
becomes increasingly vich in the mctallic specic due
to preferential sputtering of the light clement.

- The (111) fiber texture of deposited Al is intensificd
with ion bombardment and an azimuthal texture
induced by planar channcling along (220) planes
Jdevelops at higher R ratios. The (110) fiber texture
of deposited Mo is intensified with ion bombard-
ment and an azimuthal texture develops due to
planar channeling of the ion beam along (110) pranes
in the film.
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- lon bembardment during deposition results in a
breakup of the columnar grain structure and a re-
duction in grain size in Al films, but produces iittle
visible change in the Mo layers except for a decrcase
in contrast variations in the silicide layers, presum-
ably due to densification,

- Residual stress in Al,O,, MoSi, and Mo films, and
a 50 vol % Mo/MoS8i, microlaminate changes from
tension to compression with increasing normalized
energy, probably due to ion beam induced densifica-
tion of the film.
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