HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS7, 073508(2005

Stress in sputter-deposited Cr films: Influence of Ar pressure
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We studied the tensile stress and grain-width evolution in sputter-deposited Cr films with thickness
from 20 nm to 2.7um. Films were deposited in an industrial Hauzer 750 physical vapor deposition
machine at 50—80 °C. The films exhibited a columnar microstructure. A power law behavior of the
tensile stress as well as of the average grain width with thickness was observed. Both power
exponents were strongly dependent on the Ar pressure during deposition. The power exdonent
stress varied from 0.26 to 0.79 for the range of Ar pressures (5ed03-2x 1072 mbap. The
mechanism of tensile stress generation is the shrinkage of the grain boundaries. Assuming the same
shrinkage of the grain boundaries all through the layer, the stress and the grain width would be
inversely proportional. Indeed, the grain width followed the same power law as the stress at low Ar
pressurd «=0.31)], but not at high Ar pressuriex=0.583)]. Transmission electron microscopy
showed the formation of numerous voids. At higher Ar pressure the void fraction is significantly
higher than at low pressure, thereby diminishing stress generati®@20® American Institute of
Physics[DOI: 10.1063/1.1876579

I. INTRODUCTION sure, level of contamination, and ion bombardment, can in-
o ) ] o _ fluence the growth resulting in the microstructure of another
Intrinsic stress is an important characteristic of thin,gne \When grown in zone T, grains widen with thickness

films. It has a major effect on the performance of a thin meta|hjje tensile stress decreases. The widening of the grains
coating. The origin of stress in sputter-deposited metal films g ,its from competitive growth of grains with different crys-

has been intensively investigated during several decades'tgllographic orientations and, consequently, with different

has been es;ablish_ed .that,_ basically, the tens_ile StUess Wowth rates. Faster growing grains widen on the expense of
sputter-deposited thin films is due to the attraction betwee thers. In this way, grains with a certain preferential orienta-

grains at grain boundang@ram boundary.shrlnkageand tion start to dominate and a certain crystallographic texture is
the compressive stress is generated by |on—peérﬁr1@e— formed

cently it was shown for a series of Cr films deposited at a I
; . . A number of atomistic growth models as well as stochas-
pressure of 0.3 Pa that the tensile stress is proportional to ﬂ}e

amount of grain boundaries per unit Ienét‘ﬁhis proportion- IC growth equations describe the surface growth in terms of

. . 7 . . . .
ality requires that grain boundaries undergo the same shrinl?—caIe invariance”’ The scaling behavior of grain width and

age all through the layer. The general validity of this hypoth-surfacﬁ r.o_ugg nesh§ Vr\]”th t|h.|cknes_s was a:ssl r:gbsedr\{edf expert-
esis can be disputed since it is easy to imagine that shrinka enta Iy: Inbee high-me 'tlln%_lpOInt me(tja Id :alr; I fce
of the grain boundaries is dependent on, for example, cry ow-melting point metal fiims  produce y sputter

. 0
tallographic orientations of neighboring grains, which maydeF’Os't'o'ii as well as by other methods: The power ex-
change with thickness. ponents describing the growth are characteristic parameters

The microstructure of polycrystalline films deposited by ©f @ growing system. However, experimental conditions can
magnetron sputtering is qualitatively described by the strucinfluence the overall growth behavior and power exponents
ture zone mode{SZM) (see Ref. 4 and references thejein 8S well. The two surface processes influencing the growth of
SZM is based on experimental observations and differentibigh-melting point metals are surface diffusion and geomet-
ates microstructures on the basis of the ratio between thdc shadowing. While in molecular-beam epitaxy only sur-
substrate temperature and the melting point of the materiaface diffusion is relevant, in physical vapor deposition
T./T,, As the substrate temperature increases, SZM predict®VD) both phenomena are of importarice.
the microstructure to be, first, rather open columiane ); Cr films are often deposited by PVD in industrial appli-
then competitive growth is predicted, which results in colum-cations. In this paper, we report on the scaling behavior of
nar structure with grains widening with thicknes®ne T; the tensile stress in sputter-deposited Cr films and relate it to
zone |l, at even highef,, predicts much larger columnar the grain growth. The experimental conditions corresponded
grains. However, other parameters, for example, gas prese the border between zone | and zone T. Since no recrystal-

lization occurs during deposition of Cr at room temperature,
dauthor to whom correspondence should be addressed; electronic mait.he microstructure of a film preserves the growth history.
s.y.grachev@tnw.tudelft.nl Thus, stress measurements were combined with transmission
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. . o FIG. 3. Average grain width vs thickness on a double-logarithmic scale for
FIG. 1. Stress vs thickness in double-logarithmic scale for samples prog,,q samples grown at the outermost Ar pressureapBx 10° and (b)
duced at Ar pressures ¢8) 5x 107, (b) 7x 107 (c) 1x10°% and(d) 2 2% 1072 mbar. The slopes are equal to 0.31 and 0.58, respectively.
X 1072 mbar. The slopes of the lines, fitted through the data, are 0.26, 0.43,
0.57, and 0.79, respectively.

croscopy(TEM) was applied to cross sections of two thick
3 2 7
electron microscopy study of the microstructure. The influ-Samples produced ab610™* and 2< 107 mbar. The bright-
ence of Ar pressure during sputter deposition on the scalin{jEId images and selected area diffraction patterns were ob-

behavior and on the film microstructure was investigated. @ned with a Philips CM30T microscope operating at

300 kV. Elemental composition of selected regions of a
Il EXPERIMENTAL DETAILS specimen was done with energy dispersive spectroscopy
' (EDS).

Cr films with thickness from 20 nm te-2.5 um were
deposited in an industrial Hauzer 750 PVD machine. Thq||. RESULTS
target plate has dimensions of 68020 mnt and is placed . . )
at 18-cm distance from the sample holde(180) wafers of Figure 1 shows the development of stréswith thick-
100-mm diameter with a native oxide were used as subDeSS(T)a'n Cr mTS prodU(Z:ed at four dlfz“ferent Ar pressures:
strates. The temperature of the substrate during deposition< 10+ 7> 107 1x 107, and 2<10° mbar. The stress
was in the range of 50—80 °C. We applied a dc-power OpurveSU(r) are presented on a double-logarithmic scale in
5 kW to the target, which resulted in the deposition rate oforder to illustrate the power law dependeneér) ~ 77 The
~2 nm/s, slightly dependent on Ar pressure. Ar pressuré©Wer exponent for thinner films varied with Ar pressure in
was varied in the range between X303 and 2 a wide rangda=0.26, 0.43, 0.57, and 0.79, respectiyeht
% 1072 mbar. a thickness of around &m the stress curves no longer fol-

Film stress was measured before and immediately aftdP" the power law and tend to level off for all Ar pressures.
deposition with a wafer curvature methdThe surface Force per unitlength is an integral of stress over thickness of
morphology was examined with scanning electron microsthe film and represents the moment exerted by the film on the
copy (SEM). X-ray diffraction(XRD) was used to determine
crystallographic texture in films. Transmission electron mi- §
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FIG. 4. SEM images of thick samples in series growrtaats x 1073-, (b)
FIG. 2. Force per unit length vs thickness drawn on a linear scale. Data of X 107%-, (c) 1 X 1072, and(d) 2 X 10-2-mbar Ar pressures. For the average
Fig. 1 were used. grain widths see Table I.
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FIG. 5. Brightfield TEM micrographs of specimens producedaatlow-
(5% 10°% mbap and(b) high-Ar pressuré2x 102 mbay). Selected area dif-
fraction patterns are inserted.

50 nm

substrate. The transition is seen even better when the data are
presented as force per unit length versus thickness graph,
o(7)7 versusr, on the linear scaléFig. 2). The right part of

the graph is close to linear, pointing to the absence of a stress
gradient, in contrast to the left part.

TEM study showed that the films posses a columnar mi-
crostructure(see Fig. 5. The average grain width as a func-
tion of distance from the substrate was estimated with TEM
for two thick samples. Figure 3 presents the result for
samples grown at the outermost Ar pressure. The grain-width
increase at a low Ar pressure o&5L0~2 can be described by
a power law with the exponel&=0.3+0.]) close to that for
the stress evolution in the filfw=0.31). At an Ar pressure
of 2Xx 1072 mbar, the power exponent for the grain growth is
significantly smaller than that for the stress development
(0.58+0.03 as compared to 0)79

It was observed by XRD that the 1/8n-thick samples
possessed 110 fiber-type crystallographic texture. The texture
was comparable in all cases. FIG. 6. Brightfield TEM micrographs, taken slightly under focus, from the

The surface morphology of 1.2—1,8n-thick films was ~ Wwo samples shown in Fig. 5.
studied with SEM(Fig. 4). The average grain widths are 50,

65, 65, and 100 nm for samples grown at 5073, 7x 103, ture was observed with selected area diffraction pattéms

1x 1072 and 2x 102 mbar respectivelfsee also Table)]  sets in Fig. 5, which is common for bcc metals.

Another feature observed with SEM is that grains of the ~ Numerous platelike voids, situated both at the grain
sample grown at the highest pressure are faceted and posséstindaries and inside the grains, are outlined by Frensel
sharp edges. fringes in under-focus conditiongFig. 6). The grains of

TEM images from the top part of films grown at an Ar sampleb consisting of a “stem” and “twigs” are often barely
pressure of X 103 mbar (a) and 2<102mbar (b) are  connected. The grains of samgehave a similar, but more
shown in Fig. 5. The structure of samplés rather dense in dense structure with voids-ig. 6(a)]. In Fig. 5a) voids are
comparison with the porous structure of sampplel10 tex- not readily visible, but in the higher magnification with

TABLE |. Characteristics of thick samples of four series grown at various Ar pressure and power exponents for

the series.

At pressure Thickness Average grain width Stress Exponents for Exponents for
(mbap (um) (nm) (MPa) the stress the grain width
5x10°3 1.14 50 862 0.26 0.31
7x10°° 1.35 65 375 0.43 e
1x107? 1.37 65 269 0.57 ‘e
2x107? 1.26 100 110 0.79 0.58
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under-focus[Fig. 6a)] they are clearly present. Still the aries are effectively formed and stress is high in such a film.

grains of samplea are well-attached to each other, which As Ar pressure increases, the flux angular distribution gets

explains a higher tensile stress in the film. wider, and the energy distribution of the deposited atoms
Distinct areas marked in Fig. 6 with “v" are situated at shifts to lower values. As voids form due to the lack of

the ends of “twigs,” which correspond to wide open areas irdiffusion, they are never filled-in since geometric shadowing

between grains that are partly filled with an amorphous mascreens the flux of arriving atoms.

terial. These areas were investigated with EDS. The analysis

showed the presence of a higher percentage of oxygen in th§ CONCLUSIONS

area in Compal‘ison with the rest of the film. The enhanced The Sca"ng behavior Of stress evo'ution and grain

presence of oxygen in the “v" areas suggests that duringrowth in Cr films was studied. It was observed that the
TEM-specimen preparation oxidation of ion-milling debfis power exponent depends on Ar pressure during deposition.

Cr) collected in the voids occurred. At low Ar pressure, grain width and stress evolve according
to the same power law. However, we found that this correla-
IV. DISCUSSION tion breaks down when Ar pressure exceeds a certain value.

The study of the microstructure showed that the formation of

It was proposed in a number of publications that the, ;4 i the film is responsible for the ineffectiveness of the

tensile ;tréelzgs is generated by the shrinkage of the graig.»in houndaries in stress generation. Void formation also
boundaries:” Assuming the same shrinkage of grain bound-a¢e (s the relationship between the grain width and stress.

aries all over the layer and the power law dependence of the,thermore, even for deposition at low pressure the power
grain width on thickness, the shrinkage itself was estimateql, , preaks down for films thicker than Am

in Ref. 3. In this approach, the stress in the laye(7),
should be proportional to the grain-boundary density and iInACKNOWLEDGMENTS
versely proportional to the grain widthy(t) ~ g (7). Hence,
the decrease of stress and the increase of grain width Witk}l c
thickness should exhibit the same dependence.
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