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G.S . Was, J.W . Jones, C.E. Ka]nas, L.J. Parfitt and A . 1Vlashayekhi
The Unit -it), of Mtclugan, Ana Arhor, M, 48109, USA

D.W. Hoffman
Research Staff: Ford Motor Conipaay, D-born, hfl48124, USA

Films of A1, AI,O,, Mo and MoSi, were formed by ion beam assisted deposition (IBAD) at R ratios between 11 .11114 an] (l.1 and
î4m th ;cknesses between 1511 and 111x) nm . Af films were crystalline with a strong (I 11) fiber texture becoming more pronounced
and azimuthally oriented with increasing R ratio . MO films were crystalline with strong (110) texture and a distinct azimuthal
t- :. +re indicative of planar channeling of the ion beam along ( 110) planes. The microstructure of AI films is characterized by large
columnar grains at R =0 with breakup starting at R= 004, while that of Mo films showed little chang : with increasing R ratio.
A1203 and MoSi, films are amorphous under all deposition conditions. The average stress in oxide and silicide films is tensile at
R=0 and becomes 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 properties
to .-haocc strength, toughness and oxidation resis-
tance. Substantial increases in strength, foi example,
ht:ve been reported for Al/All-0 .1 [I] and Cu/Ni [2]
when layer thicknesses were less than 500 nm . In high
temperature MoSi,-based composites, alloying with Nb
has been shown to significantly increase toughness [3],
an inherent problem with silicides. While vapor deposi-
tion has traditionally been used to produce microlami-
nates, it has been recognized that significant improve-
ment in properties of films can bb achieved by ion
beam assistod deposition (IBAD). IBAD has been
shown to incrca :e film density, p-mote equiaxed grain
formation and film/substrate adherence, and provide
control over crystal tcxaure and residual stress [4] . The
objective of this research is to synthesize AI/AI,O,
and Mo/MoSi 2 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 AI1O 3, pure AI metal film :; and Mo/MoSi,
microlaminates produced by ion beam assisted deposi-
tion.

2. Experiment
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Ion bears assisted deposition was conducted in a
chamber containing two 6 kW electron beam guns and
a 3 cm Kaufman ion gun with a base pressure of
2 X 10 - " Torr for 200 and 1000 nm thick AI,O, films
and Mo/MoSi, films, or 2 X 10' Torr for 150 and
400 nm th :,.H X,0 1 films . Depositions were normal to
file substrate at the following rates, AI: 0 .7 nm/s,
AI1O,: 1 .0 nm/s, Mo: 0 .25 nn/s, and MoSi, : 0 .25
nm/s for Mo and 0 .65 nm/s for Si. Ion bombardment
was pettormed using 209 to ~93 eV Ar' ions at an
angle or 45° to the substrate normal, with current
densities in the range 2 to 190 LtA/cm2 , giving a range
of R (ion/atom arrival rate) ratios from 0.004 to 0 .1,
tablo 1 . Results are also expressed in terms of the
normalized energy, E� , which is the product of ^,he
beam voltage and the R ratio. The chamber pressure
during deposition was 1-3 X 10- s Torr. Deposition
raics for each source were measured independently
with quartz crystal monitors and the beam current was
monitored with a Faraday cup. Deposited films ranged
in thickness from 150 to 1100 nm .

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



Table 1

Deposition parameters and composition analysis of WAD films

were determined by X-ray diffraction (XRD) using
Cu K (, radiation in a Rigaku dlffractometer operated
at 4(1 kV and 100 mA. 0/20 s , ans of rotating samples
were conducted for both Al t-J A1=0, films of thick-
ness 100() run . Pole figures were generated for the Al
(111), (2011) and (220) poles. 0/20 scans of rotating
samples were conducted for Mo film ,; of thickness IM)
not and pole 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
intcrfcrometry [fi] on 150-400 nm films of A1,0,, 200
nm films of Mo and MoSi r , and a 50 vol % Mo/MoSi,
microlaminatc deposited onto glass cover slips (150 Win
thick). The curvature of the cover slip relative to in
optical flat was determined before and after deposition

(1 .S 'Va-t al. ; Ssrah~sr .s of nucrolnnunntt" srarritrr"~

by observation it 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 thicknesses.

3 . Results and discussion

.3.1. Coating composition and microstruclare
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In all the AI 1Oj films except those at 1000 aim,
there is a decrease in the O/AI stoichiometry with
incr_asing R ratio, consistent with observations re-
ported by Shimizu [7] and Kelly [8] for 1 kcV Ar'
bombardment of A1 203 which show a preferential loss
of oxygen during bombardment. The oxygen content in
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Film
type

Nominal
thickness [nm)

R ratio
[ ion/atom)

Energy
[eV/ion)

E �
[eV/atom)

O/AI or Mo/Si

(±0.01)

Ar [at .",]
(±0.02)

O [at %)
(±0.D

A1 2 0, ü0 0 tl 0 1 .61 0
0.004 320 1 .44 1 .56 0.47
0.01 281 2.s i i .52 0.47
0.04 400 i b.0 i .50 " 08
0 (i68 560 38 .1 LS2 2.93
0.1 587 58.7 1 .47 4.03

2()0 0 0 0 1 .67 11
0.01 3Eitl ?.~ i 49 0.99
0.1 593 59 .3 1 .47 4.12

41x1 (1 (1 11 167 (1
0.0045 320 1 .44 1 .53 0.65
0.01 281 3.7 1 .53 1 .19
0.04 41x1 16 .0 1 .50 2.96

1000 (1 0 11 1 .33 (1
0.004 209 0.84 1 .41 0.62
0.04 500 20.0 1 .33 0.5
0.1 593 59.3 1 .53 4.31

AI 1(0) (1 () 11 0 6.1
0.01)4 250 1 0.47 3.8
0.04 488 19 .5 5.48 3.2
Il. 1 463 46 .3 41ï 3.1

Mo 200 0 11 0 17.0
0.01 251 2.5 (s.69 12.2
0.025 340 8.5 t,11 14 .9
0.05 376 18.8 0 i7 9.0
0.075 409 30.7 1 .0 6.(r
0.10 461 46.1 1 .0 5.1

Mosi, 200 0 (1 0 1 .35 (1 3.8
0.01 345 3.5 1 .36 0.75 4.6
0.023 415 10 .4 1 .37 1.43 3.8
0.05 471 23 .6 1 .34 2.58 2.9
01175 '.88 36 .0 1 .27 3.49 2.4
0.10 516 51 .6 1 .21 494 2.4
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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 results in a "cleaning effect" in which the
sputter yield ratio of 0 to Nb approaches 40 . AT
incorporation into both Àl'03 and Al metal is a func-
tion of the R ratio and reaches a value of about 4 at .%
at R=0.1 .

In Mo films, there is a decrease in the oxygen
content with increasing it ratio from i î at- -/o (?%iî,,; .u

5 at.% (R=0 .1), in agreement with results of Cuomo
et al . [9]. AT 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, considerably
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-
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Fig. 1 . (111) (a), and (200) (b) pole figures of 1 Win thick AI deposited at R=0 .1 (46 eV/atom) using 51 93 eV AT' at 45* to the
substrate normal.

erential sputtering of Si, in agreement with results of
Liau et al [ :0] fcr °tSi . The oxygen concentration
remained low in MoSi� and tended to decrease with
increasing R ratio. The AT concentration was signifi-
cantly higher in MoSi, than in Mo metal which is
consistent with observations of greater incorporation of
AT it amorphous materials [I1].

The FVD (R=0) AI film displayed a strong (111)
fiber texture which was enhance "+:ith incrasing R
ratio, fig . 1a. The aiairibers on the pole figures refer to
relative X-ray intensities. Tile (200) pole figure of the
evO sample showed a strong azimuthal orientation,
presumably influenced by the single crystal Si sub-
strate. With increasing R ratio, this azimuthal texture
was gradually superseded in favor of a different az-
imuthal texture, fig . lb, which is also consistent with
planar channeling of the ions along (220) planes ((220)
pole figure not shown). Recent observations of Dietz et
al . [12] showed that a normalized energy of 80 eV/atom
is needed to observe a channeling texture in Al. The
effect of ion bombardment at lower values of E� is

Fig . 2. (110) pole figure of Ll Win thick Mo films deposited at (a) R- 0 (PVD), and (b) R - 0.1 (46 eV/atom) using 500 eVAT' at
45° to the substrate normal.



primarily to increase atomic mobility, allowing more
complete development of the preferred growth texture .
Their observations are generally consistent with ours
except that we observed the development of a channel-
ing texture at 46 eV/atom . Alumina and silicide films
were amorphous over all R ratios.

The (110) pole figure for the 1 Rm, PVD Mo film,
fig. 2a, shmved a strong (110) fiber texture pemendicu-
lar to the film surface, consistent with the growth
texture of bee films [131 . The pole figure for the I Itty,
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 represented by the areas of
high intensity 60 radial degrees from the fiber axis. The
evolution of the azimuthal texture is indicative of pla-
nar channeling of the ion beam along (l i0) places it.,
the film, resulting in a preferred orientation cf the
grains along the ion beam direction [13,14]. This chan-
neling behavior is indicated by the high intensity areas
locatea W to the ion beam direction . The tilt in the
fiber axis is not welt 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
nm), fig. 3. Ctrain diameters are 0 .3-0.5 times the
length . The size of the grains indicates that the film
temperature di+ring deposition was probably less than
200°C (151. Ion bombardment with an R ratio of 0 .04
showe-i a predominantly columnar structure with a
ditinorsion of flncr grains, principally at the film-sub-
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Fig. 3. Bright field electron micrographs (planar and cross
section) of I pin thick r1,i iiims for R = 0 (PVD) (a, b), and

R = 0.04 using 488 eV Ar + (c, d).

3.2. Residual stress
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Fig. 4. Bright field electron micrographs of cross sections of
1 .1 Wm thick Mo/MoSi x films (a) R=0 (PVD) and (b)

R = 0.07 forMo layers and R = 0.01 for MoSi x layers.

strare interface, fig. 3 . The grain size changes from
about 0 .5 pin (PVD) !n 0.2 Wm (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 electron micrographs from
cross sections of Mo/MoSi x muLtilayers deposited by
PVD and MAD are shown in fig. 4. The microstruc-
ture shows a fine grain :structure for the Mo phase
(< 10 11111) and a tentiruless but "streaked" structure
for the silicHe nha .ie. The streaking is most likely due
to density variatimis caused either by cracking or the
formation of voids. There is little difference between
the PVD and MAD m?crestr,,cwres ,xcept that in the
MAD microlaminate, the streaking is less pronounced.
These observations a% consistent with those of Harper
et al . for Nb deposition [141.

Fig . 5 shows the variation of the average film stress
for Mo, MoSi s and 50 vol% Mo/MoSi x microlami-
nate as a function of the normalized energy E�. The
stress in the metal film starts out tensile (0.33 GPa at
E�= 0), increases to a peak of 0 .63 GPa at E� - 9
eV/atom. and becomes compressive at E� - 30
eV/atom. The stress of the PVf) film (R - 0) is in
agreement in both sign .nd magnitude with Nh films
deposited in a similar manner by Yee et al . [111 . Since
the relative magnitudes of the coefficients of thermal
expansion for Mo and the cover slip dictate a compres-

Vb. NOVELTECHNIQUES (b)
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sivc stress, the measured tensile stress must be primar-
ily intrinsic in nature . The initial rise in tensile stress
and the stress reversal arc consistent with the model by
Willer [ 161 in which the rise in tensile stress is believed
to be due to the removal of open porosity in the film
resulting in i. porous, but compact network in which
the short range attractive interatomic forces across
sma!! defects can act most effectively. These results arc
also consistent with the idea of a critical film thickness
at which the tensile stress increases abruptly due to
interconnection. of the growing nuclei [171- Further
increases in E� continue to density the film forcing the
stress toward zero. The compressive mr- at higher
values of E� is probably due to point defect production
by irradiation damage . Although oxygen incorp .xation
and Ar entrapment have been suggested as possible
causes for residual stress changes [18], neither is able
to acco:.nt for the observed bchaviol of the Mo films.

-fhc silicidc and aluniina films, figs . 5 an 16, behave
very differently from the metal ii "ms in that :hc stress
decreases ,~t a .cry low value of En , crosses into the
compressive range earlier, and saturates by 15
eV/atom. The immediate decrease in "-ss and the
lower crossover value of F� may he related to the
lower value of the activation energy for self-diffusion in
an amorphous structure as compared to a crystalline
lattice . Yc:c et al . [I II found that the R ricio required
to cause a transition from tensile to compressive stress
was as much as a factor cf 3 smaller for amorphous
WSi . than for crystalline Nb . The saturation in the
value of the compressive stress with increasing R ratio
is expected for an amorphous structure where the
mechanism is due to densifi"_wlion of the micrustruc-
tu ;c and not the introduction of lattice defects. The
higher !om mobility in the amerphnu~ s!ruclurc ms1V

rc,ult in more rapid densification causing the elimina-
tion of the tensile stress peak, or an cifectivc shift of
the curve to lower values of En . ^n altcrnatnc cepla-
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Fig. 5 . Average film. stress as a function of the normalized
energy for 2(X) nm thick Mo and MoSi, films and a 1 .1 Wm

thick microlaminate of Mo/MoSi,,

4. Conclusions
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Fig. 6. Average film stress a, a function of the normalized
energy for AI_0, samples of nominal thickness 150, 21N1 and

41N1 nm.

nation for the change in film stress is the entrapment
^ r Ar The form of Ar in the film is not known, but if it
were in solution, then a residual compressive stress
would be expected. However, if Ar entrapment was
responsible for the compressive stress, then the stress
should continue to become more comt" rcs-i-e with E n
rather than, saturating as observed . Results for multi-
layer films consisting of five bilayers of 50 vol r.', Mo
and 50 vol % MoSi, arc also shown in fig . 5. The point
marked by the arrow designates a film synthesized
using R=0.07 tot the Mo layers and R=0.01 "ion the
MoSi, iaycrs corrr.sponding to the crossover points for
the pure constituents. Although the residual stresses in
the cr+mposile t1,) m+t obey a dii-i. superposition of the
stresses of the individual layers, the same :rend is
evident .

Ion beam assisted deposition of Al, A1,0 3, Mt" and
MoSi, using 209- ;-93 eV Ar' ions was found to
strongly affect the composition, microstructure, texture
and residual stress .
- Increasing R ratio leads to an increase in Ar entrap-

ment and a reduction in oxygen incorpolmion in all
films . In AI,O, and MoSi, films, the stoichionictry
becomes increasingly rich in the metallic specie due
vi preferential sputtering of the light element.

- The (111) fiber texture of deposited A1 is intensified
with ion bombardment and an azimuthal texture
induced by planar channeling along (220) planes
develops at higher R ratios. The (110) fiber texture
of deposited Mo is intensified with ion bombard-
ment and an azimuthal tex:arc develops rhtr to
planar channeling of the iou beam along (110) planes
in the film .



Ion bernbardrncnt during deposition results in a
breakup of the columnar grain structure and a re-
duction in grain size in AI films, but produces little
visible change in the Mo layers except for a dccrcas,
in contrast variations in the silicide layers, presum-
abiv due to densificmiQn�
Residual stress in A! 20,, MoSi, and Mo films, and
a 50 vol% Mo/MoSi, 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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