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A series of Cr films with varying thicknesses have been prepared using a multiple moving substrate
deposition geometry. These films have been investigated with several experimental techniques,
including synchrotron x-ray scattering, pole figures, electron microscope, and double crystal
diffraction topography. It was found that the-plane stresses are highly anisotropic in these Cr
films. The anisotropic stresses, characterized by two principal stresses in two characteristic
directions defined by the deposition geometry, are quantified based on a methodology given in the
Appendix. The plan view transmission electron microscopy observations reveal that the Cr films
develop well-organized microstructures. The grains, which are elongated along the radial direction,
are crystallographically aligned as well. The development of crystallographic texture in the Cr films,
further revealed by pole figures and azimutb@) x-ray scans, depends on both the deposition
geometry and the film thickness. The preferential orientation of film growttiig] for thinner films

(<1.6 um), and then becomdd11] for thicker films. Correspondingly, th@-planetexture varies

in a conformal manner. In the former caf&Q0] and[110] directions of grains preferentially align
along the radial direction and the direction of platen rotation, respectively. In the latter case, the
preferential orientation of grains in the radial direction becofiég], while that in the direction of
rotation remains to bgL10]. The occurrence of the anisotropic stresses and their dependence on film
thickness is related to the evolution of the anisotropic structuréraptinetexture. The correlation

is discussed in terms of the modulus effect associated wnitilane texture, the stress relief at
intercolumnar voids, and the texture transition. 2002 American Institute of Physics.
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I. INTRODUCTION temperature$ Tsai et al. have studied Cr films as the under-
layer for Co-based films, and have indicated that develop-
Cr films are used as engineering protective coatings foment of(110) or (200) textures of Cr film is closely related to
wear and corrosion resistantelso used in photomasks, in- the types of substrate materidfsThis result, however, is not
tegrated circuits, optical, and magnetic deviteSFor most  supported by the recent observations made by Miller and
applications, the film properties and performance stronglyHolland; Tang and Thoma$and Fenget al® These authors
depend on the crystallographic orientatittexture of the  have indicated that the preheating of substrate appears to be
grains in the films.® For example, Cr films, used as an un- the deciding factor for forming200) texture, regardless of
derlayer for thin magnetic recording media, have been show{yhat types of substrates are used. Two mechanisms for tex-
to Significantly enhance the CoerCiVity of Co and CO'baseC{ure formation have been proposed by F&t@| for Cr
magnetic films if its crystallographic orientation is properly fiims® (i) The crystallographic texture originates from the
controlled’® The preferred orientations of magnetron sput-preferential orientations of islands before continuous film
tered Cr films are reported to be eith@l10) or (200, de-  forms and(ii) the crystallographic texture develops due to
pending on Ar pressure, substrate temperature, and substrgi@ter growth of grains with favorable orientations after the
bias™*"® Ravipatiet al. have observed110 texture in the  fims become a continuous film. The authors contributed the
Cr films deposited at low-argon pressure and low-substratg, mer mechanism to th&110) texture and the latter to the
temperature, an200) texture in the films deposited at high (200 texture. Although not stated explicitly, these studies on
Cr have focused primarily oout-of-planetexture, i.e., the
dElectronic mail: zhibo.zhao@delphiauto.com crystallographic alignments in the direction of film growth.
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FIG. 2. The x-ray diffraction pattern of a 14&m Cr film obtained with

I | symmetric reflection geometry, which indicates €0 type out-of-plane
texture.

Ar the impurities in the films. The primary deposition param-
FIG. 1. The multiple moving substrate deposition geometry used for theeters include 460-W power, 2-mTorr Ar pressure, and 6-cm
magnetron sputtered Cr films. Note that the multiple substrates move Undetarget—substrate distance.
neath the cathode through the rotation of a support plate. The x-ray scattering experiments were conducted at the
Stanford Synchrotron Radiation Laboratory under standard
conditions(3-GeV and 100-mA at fi)l The monochromatic
Of particular relevance to this work are the observations by-ray with wavelength 0.124 nm was selected using a Si
Karpenkoet al. who reported that the sputter-deposited Mo (111) double-crystal monochromator. The wavelength was
thin films (under certain deposition geometryan develop calibrated via a standard LgBowder specimen. The hori-
in-plane texture™ The authors have proposed that self-zontal divergence and vertical divergence of the beam were 3
shadowing effect and the anisotropic shape growth of grainand 0.2 mrad, respectively. The incident beam was defined
are primarily responsible for the development of ifiplane by a 1 mmx1 mm slit. Specimens were mounted onto a
texture!? However, whether it is a general phenomenon forHuber 5020 four-circle diffractometer. TH&10] flat edges
deposited materials or just unique for Mo films is unknown.of (100 Si substrates were used as a reference so that all
This work is intended to address this issue through the struc-
tural characterization of magnetron sputtered Cr films.

Generally, Cr is considered to have low-atomic [(5"17g
mobility.X* Thus, vapor-deposited Cr films tend to develop
large tensile residual stress, which often affect their adhesior
to substrate$.Many studie*~!" have revealed the direct o °
link between the microstructure and the stress state in thir 0 ©
films. One objective of the present study is to determine the o
stress states of the Cr films and to identify their correlation to
the film structures. The emphasis will be placed on the evo- o
lution of thein-planeanisotropic characteristics of the films.

Il. SPECIMEN PREPARATIONS AND EXPERIMENTS (b): (200) é
©

A series of Cr films with varying thickneg6.1—4.5um) Z o
were prepared using dc magnetron sputtering, with a mul- & o

tiple moving substrate geometry shown in Fig. 1. In such a|®
geometry, four Si(100) single crystal wafers were placed |o
onto a¢=30-cm rotation platen, and the center of each sub-| °©

strate is about 25 cm from the rotation axis. The Si substratey| ©,

were always oriented in a consistent manner such that thei| %, $
[110] flat edges align with the radial direction of the platen. I L L
The chamber base pressure was typically less than I]—'IG. 3. Intensity distribution of th€110 and (200 reflections from a

_6 . s
X 10 " Torr. I_DI’IOI’ to deposition, the Cr 'Farget was presput-j g.,m cr film, obtained by azimuthab scan at a grazing incidence angle
tered for 5 min to remove the surface oxides and thus reducebtained by azimuthap scan at a grazing incidence angle.
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were performed on selected Cr films with transmission elec-
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tron microscopy. To prepare TEM thin foils, 3-mm discs
were prepared by ultrasonic cutting and mechanically
thinned from the substrate side tal25 um. The discs were

then chemically etched using a HYHF:CH;COOH mix-
ture (3:5:3 until Cr films became partially exposed. Subse-
quently, the specimens were ion milled at 5 KeV either from
one side or both sides to achieve electron transparency.
FIG. 4. Intensity distribution of th€110 and (200 reflections from a Thm_f"m texture Wa.s meas.ured from refiection x-ray
1.6-um Cr film, obtained by azimuthab scan at a grazing incidence angle. POl€ figures collected using a Rigaku Rotaflex x-ray system
equipped with a 12-KW rotating anod€u K radiation

and a Rigaku texture diffractometer configured in the Schultz

specimens were oriented consistently with respect to the ir]geor]etry(/j. 10 determine the st in Cr il Il the Si
cident beam. Diffracted x rays, whose vertical divergence n order o determine the stresses n Lr fims, all the Si

was limited by a 1-mrad Soller slit, were received by a Ger_wafers characterized by double-crystal diffraction topogra-

manium solid-state detector with nitrogen cooling. The sym-phy before and after film deposition. The curvature differen-

metric reflection geometry was used for determination of théials were used to calculate the stresses in thin films based on

out-of-planetexture. The symmetric grazing incidence ge- the equations given in the Appendix.

ometry (GIXS) was used to collect the reflection intensities

from the lattice planes that are nearly parallel to the film|||. RESULTS OF STRUCTURAL CHARACTERIZATION

normal. The Bragg conditions for major reflections of each :

Cr film such a€110), (200, and(211) were first established, ~ Structure of the texture in the 1.6-

Then azimuthalp scans were performed, where the intensity ~ Figure 2 shows the diffraction pattern of a Juéa Cr

of a particular reflection was collected while the specimerfilm, which is obtained using the symmetric reflection geom-

was rotated along its normal. Apparently, the diffraction in-etry. Thus, the appearance of only tf1d0) reflection indi-

tensity at anyg is directly proportional to the volume frac- cates that theut-of-planetexture is thg110; type. The azi-

tion of grains that have this particulam-plane orientation.  muthal (¢) scans on the same film provide the-plane

For a GIXS experiment, usually only the top layer of a film intensity distributions of two major reflections of bcc Cr:

contributes to the diffraction intensity. Such a layer is esti-(110 and (200), as given in Fig. 3. The presence of the

mated to be~100-nm thick for all the Cr films in this study. strong peaks in these patterns suggests that the grains have
Surface morphologies of Cr films were examined with athe preferential crystallographic orientations in the plane of

scanning electron microscope. Microstructural observationghe film, namely, then-plane texture. The structure of tex-

Radial
direction

pm Cr film
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FIG. 6. The x-ray diffraction patterns of Cr films with different thicknesses, o)

obtained with symmetric reflection geometry. The results indicate that the

out-of-plane texture changes from ttELO) type to the(111) types after a FIG. 7. Intensity distribution of th€110), (200), and(211) reflections from
certain thickness. The nominal thicknesses of the fil@s0.1 um; (b) 0.4 a 0.8um Cr film, obtained by azimutha$ scan at a grazing incidence
um; (c) 0.8 um; (d) 1.6 um; (e) 3.2 um; and(e) 4.5 um. angle.

ture can be inferred from the patterns shown in Figs. 2 and §22) reflection is usually only 6% of that of the10 re-
with aid of the (110 projection[Fig. 4(a)]. Based on the flection, as reported in the Joint Committee for Powder Dif-
diffraction geometry ofé scan, one can establish that thefrgction Standard card. Therefore, the diffraction patterns in
structure of the texture is related to the deposition geometry719S- @€) and @f) suggest the occurrence of thel1)-type
The result is schematically illustrated in Figibt The tex-  out-of-planetexture in thicker Cr films. This implies that the
ture is represented by the preferential crystallographic orienoUt-of-planetexture changes from thel10 type to (111
tations in three characteristic directions as defined by th&/P€, which occurs between 1.6 and 3.
deposition geometry, namel110], [110], and[100] prefer- ~ Figure 7 shows the azimuthal scan results of am8Cr
entially align in the direction of film growth, the radial di- film, as an example for the thinner films. Detailed analysis
rection, and the direction of platen rotation, respectivelyindicates that the thinner films (Qum<t<1.6um) have a
These crystallographic orientations conform to the relationSimilar type ofin-plane texture as the 1.Gum film. Their
ship governed by a cubic lattice. Thus, the texture in the Cfexture structure can be also described by Fg).4n-plane
film is triaxial in nature. Shown in Fig.(8) are the(110) and ~ t€xture is quantitatively evaluated using two physical
(200 pole figures, which further verifies the structure of tex- Variables:? the half width at half maximuntHWHM) of the
ture and its correlation with the deposition geometry, as replntensity peaksin ¢ scans and the volume fraction of the
resented in Fig. @). textured grains. Apparently, the two variables reflect the “de-
gree” and the “amount” of textured grains, respectively. The
HWHM is obtained by fitting the patterns from the azimuthal
scans using Gaussian functions. The volume fraction of tex-
Figure 6 shows the diffraction patterns of a series of Crtured grainsV; is defined as the ratio of integrated intensity
films with varying thickness, which were obtained via sym-from textured grains to that from the entire scattering volume
metric reflection geometry. For comparison, the strongesof a film. The results of HWHM an¥; are presented in Fig.
peak in each pattern is normalized to 100%. The thinneB. Both HWHM andV; appear to scalépproximately lin-
films (0.1, 0.4, and 0.&m) exhibit similar diffraction pat- early with film thicknesd, especially ag>0.4um. Vs in-
terns as that of the 1.am film, indicating that these films creases with increasing film thickness, and reaches more than
also have thg110-type out-of-planetexture. However, in  95% att=1.6um. This suggests that nearly all the grains
the diffraction patterns of thicker filmS.2 and 4.5um), the  are textured at such a thickness. HWHM, indicative of the
strong(222) reflection appears in addition to thEl0) reflec-  angular spread of textured grains, decreases with increasing
tion. Note that for a bulk Cr sample, the intensity of the thickness. Its value approaches 10t&atl.6um, indicating

B. Thickness dependence of textures in Cr films
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FIG. 8. Variations of the volume fraction of textured grains and HWi1
peaks in intensity distributioms showing the evolution nature of the in-
plane texture.

that textured grains achieve a high degree of alignment ai

this thickness.

C. Structure of the texture in thicker films

Since the thicker films have th@11)-type out-of-plane
texture, theirin-planetexture is expected to differ from thin-

ner films. This is evidenced by the azimuthal scans of the

4.5-um film shown in Fig. 9, which reveals certain distinct
features. First, th€200) reflection shows a uniform intensity

distribution, as opposed to the cases of thinner films. Second

the intensity of the(211) reflection peaks at different azi-
muthal angleq¢). These variations are consistent with the
fact that preferential growth direction now[it11] instead of
[110]. In these thick films, few grains posse0) planes
perpendicular to the plane of film. This leads to the nearl
uniform intensity distribution of th€200) reflection. Further-
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FIG. 9. Intensity distribution of thé110), (200, and(112) reflections from

a 3.2um Cr film, obtained by azimuthad scan at a grazing incidence
angle.
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FIG. 10. (a) A [111] projection showing the relationships between several
crystallographic orientations, arth) a schematic drawing illustrating the

ycorrelation between the structure of texture in the thicker Cr films and the

deposition geometry.

more, the presence of six peaks in the azimuthal scan of the
(112) reflection in Fig. 9c) agrees well with th€111) pro-
jection shown in Fig. 1@). Based on these analyses, one can
establish the correlation between the structure of texture in
the thicker films and the deposition geometry, as shown in
Fig. 1Qb). The preferential orientation in the direction of
platen rotation remainsl10], and the one in the radial direc-
tion becomeg112]. This result is consistent with thg.10)

and (200 pole figures shown in Fig.(b).

D. TEM observation and electron diffraction

Figure 11 shows the plan view TEM results, where the
microstructures in different depths of the Jufa Cr film are
revealed. The micrograph in Fig. (Hl, taken from the layer
(~500 A) near the film-substrate interface, represents the
microstructure of the film at the very early stage of its depo-
sition. The equiaxed, fine grains show little preferential ori-
entation, as indicated by the electron diffraction pattern
shown in Fig. 11b). The micrograph in Fig. 1t), taken
from the top layek~500 A), represents the microstructure of
the film near the end of deposition. The microstructure is
organized and anisotropic, consisting of elongated grains
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FIG. 11. Plan view TEM results of a 1,6m Cr film. Note that(a) and (b)
were taken from the top layer of the film, afg) and (d) were taken from
the layer adjacent to the film-substrate interface.

FIG. 12. Plan view TEM results of a 46m Cr film. Note that(a) and(b)
were taken from the top layer of the film, afe) and(d) were taken from a
with aspect ratios as high as four. The grains, which e|ongat@idlayer that is approximately 1.,6m from the film-substrate interface.
along the radial direction, are also aligned crystallographi-
cally. This is evidenced by its electron diffraction pattern in

Fig. 11(d), on which a detailed analysis indicates that structure, not surprisingly, resembles that of the top layer of
(@) The preferential orientation in the direction of film the 1.6um film. Figure 12d) shows the electron diffraction
growth is[110], pattern taken from the midlayer of the 4un film, clearly
(b) The direction of grain elongation [400], and pointing to the(110 out-of-planetexture. This further con-
(c) Thein-planedirection normal to grain elongation is firms the results by x-ray diffraction that texture changes
[110]. from the (110 type to the(111) type in the thicker films.

These observations are consistent with the structure of tex-
ture deduced from x-ray diffraction studies.
Figure 12 presents the plan view TEM results of the!V: ANISOTROPIC STRESS IN THE Cr FILMS

4.5,um film. The microstructure of its top layér-500 A) is The stress in the Cr films is generally anisotropic and

shown in Fig. 12a). The grains are still elongated along the gy:onq1y depends on film thickness. As shown in Fig. 13, the
radial direction, but the _aspect_ratlos become much ?ma”%-plane stress state is characterized by two principal
compared to the 1.gm film. This suggests that the micro- gyresses: The stress in the radial direcéiorand the stress in
structur.e is Iess_amsotroplc for the thicker f||lms. Howgvgr,the direction of platen rotatiom, . For the very thin films,
the grains are still well aligned crystallographically, as indi- gyress; is smaller than stress,. Their differences become
cated by the electron diffraction pattern in Fig.(B2 An gmajier as the film thickness increases within the range

analysis of the patterp Ieac_is to o _ . - 0.1um<t<0.4um. After a certain thicknesst{0.5um),
(a) The preferential orientation in the direction of film stresso, becomes gradually larger thary . The stress an-
growth is[111], isotropy reaches its maximum at the thicknéssl.6um,

(b) The direction of grain elongation become®l2],  \yhere o is several times larger tham, . Furthermore, the

) ) ) ) .. stressesr, ando, exhibit the different dependencies on film
_ (0) Thein-planedirection normal to grain elongation is hjckness. As the film thickness increases from 0.1 to 1.6
still [110]. um, o, decreases drastically while, increases slightly. As
Again, these results are consistent with the structure of texthe film further thickens (1.am<t<3.2um), o, decreases
ture depicted in Fig. 10 obtained from x-ray diffraction stud-rapidly while o, shows little variation. Over these two
ies. The micrograph in Fig. 1@ was taken from a midlayer ranges of film thicknesses, stressesando, have displayed
which is roughly 1.5um from the film substrate. The micro- nearly reverse trends of variation. Such behavior appears to

and
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FIG. 13. Variation of the anisotropic stresses in Cr films as functions of film
thickness.

be related to the microstructural evolution, the developmenf herefore, the textured Cr films have the largest modulus in
of in-plane texture, and the texture change, as discussed ine radial direction. Such a modulus effect associated with

Sec. V. in-plane texture could be a factor that contributes to the
larger stress in radial direction than in the direction of platen
V. DISCUSSION rotation.

The highest-stress anisotropy is observed at aliout
~1.6um, which coincides with the occurrence of the utmost
grain elongationsee Figs. 11, 12, and J4along with the  B. Microstructural effect: Intercolumnar voids
strongest in-plane texture. Furthermore, both principal
stressesr, and o, in Fig. 13 show different trends of varia-
tions for filmst<1.6 um andt>1.6 um, respectively. These
are the two ranges of film thickness, in which the Cr films

develop different types oih-plane textures. Such observa-

tions suggest the links between the stress behaviors of the (E)Pundane}s and microscale voidgmainly intercolumnar

films and their microstructural features, which are elucidatealqlds)' The voujs, which exist between_ the _elongated grains,
in the following three sections. align preferentially parallel to the radial direction. For the

very thin films ¢<0.1um), the “voids” (if any) should be
A. Modulus effect associated with  in-plane texture on an atomic scale, and behave like grain boundaries. The
Generally, elastic properties of a crystal depend on Crys§tru<:_tural relaxations_of these grain _boundaries have been
-nconS|dered as the main source of tensile st(eften referred
to as Hoffman stredd) in the deposited films of metals with
low-atomic mobility, such as GP~22This seems to explain
that for the very thin Cr films (0.Lm<t<0.4um), stress
o, is higher than stress, . After a certain thickness, the film
gradually develops microscale intercolumnar voids as a re-
sult of the shadowing effect. Such voids are so wide that
atomic elastic couplings between neighboring grains are vir-
tually impossible. Thus, they serve as the sources of stress
relief, because these void regions cannot support stress.
E100=360 GPa; E,;;,=300 GPa; Apparently, the volume fraction of the intercolumnar voids
] increases as the film thickens, which contributes to the rapid
E110=270 GPa; andk,;;=250 GPa. drop in stressr, within the range of 0.Lm<t<1.6um.
Now let us consider the textured Cr films as depicted in FigsOn the other hand, the components of intercolumnar voids in
4(b) and 1Qb), respectively. For both types af-planetex-  the direction of platen rotation are negligibly small, which
tures, the radial direction coincides with the preferential ori-accounts for the little variation of, as a function of film
entations[100] or [112], which have the higher moduli. thickness.

For the films within 0.lum<t<1.6um, the different
dependencies of, anda, on film thickness could be inter-
preted based on the sources of generation and relaxation of
tensile stress, namely, the atomic scale vditginly grain

[hkI] direction can be written as

1
Ena S11—2[(S11— S12) — 3Sual(a® B2+ a®y*+ B2y),

whereS;;, S;,, andS,, are the elastic compliance and 3,
and vy are the directional cosines dfkl]. Using S;;
=0.28; S;,= —0.052; andS,,=0.97 for Cr'® one can get
the following results:
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C. Stress-driven texture transition?

a
As theout-of-planetexture changes from th@10 type ¢ ‘\\
to the (111) type, the preferential orientation in the radial , i R J/ \“ \R2
direction changes tp112] from [100]. Correspondingly, the ‘H | ¥ /‘/ ‘\\
h

modulus of the Cr films is expected to decease in the radial
direction, which contributes to the reduction in stresqfor
t>1.6um). Such a reduction in the elastic energy could be
the driving force for the texture transition. This is plausible
due to the following considerations: »
(@) The grain elongation and the development of texture 4\ ¥ G,
seems to reach saturation around A6 (see Fig. 14 If the ’
trend continues, these grains would grow into each other. G2 Neutral Axis
Furthermore, there should be an up limit of the length of the
grains, which is dictated by the surface diffusivity at the
given deposition condition.
(b) As the film deposition proceeds, temperatures in the
chamber and at the growing film surface increase, especiaI@CK’\IOV\/LEDGMENTS
for the late growth stage of thick films. The atomic mobility The U.S. Army Research Office, Research Triangle Park,
and surface diffusion are enhanced, as indicated by the fagC, supported this research work under Grant Nos. DAAG
eted surface structure shown by the thicker filffgy. 14. 55-98-1-0382 and DAAD 19-02-1-0335. The synchrotron ra-
(c) At t~1.6um, the stressr, reaches very high mag- diation x-ray scattering experiments were conducted at Stan-
nitudes. Given the high-stress state and the enhanced atonfisrd Synchrotron Radiation Laboratory, a DOE supported fa-
ability/surface diffusion, it is plausible that the growth of the cility. The authors would like to thank Dr. Jeff Hershberger
film searches for and transits to an energetically favorabl€¢Argonne National Labs Dr. Jay F. WhitacréJPL, Caltech
configuration. The texture transition appears to serve such gnd Ms. Beth Ann RaineflBM) for their help in x-ray scat-
purpose, as evidenced by the rapid decrease,irafter t tering experiments.
>1.6um. For metal films, changes olt-of-planetextures
with thickness were previously reported in other systéhis.
Similarly, the competition between surface energy and elasti@PPENDIX: DETERMINATION OF ANISOTROPIC
strain energy was believed to be the cause for the texturg | RESS

N\ 1

FIG. 15. The model for determination of anisotropic stress.

6
turnover” For a film deposited onto @10) or (111) Si single crys-
tal, the isotropic residual stress in the film causes isotropic
VI. CONCLUSIONS deformation of the substraté.The stress can be calculated

using the well-known Stoney equatiéhln the case of stress

C_:r films prepared using dc magnetrc_)n spgtter under th(?;misotropy, the stress state in a thin film is described by two
multiple-substrate geometry have been investigated in ter incipal stressesr; and o,. Other notations used in this
of their stress states and unique structural features. General rk are shown in Fig. 15. For a film-substrate composite

the stresses in these films are strongly anisotropic. The alke position of its neutral axis was considered by

isotropic stresses are characterized by two principal stressas,videnko Let 8 be the shift of the neutral axis from the
One is the stress in the radial directiom, | and the other is center plane of the substrate. It was given that

the stress in the direction of platen rotatiom,j. Both o,
ando, are dependent on film thickness. The stress behavior, E;rh (1+ )
including both stress anisotropy and the film thickness de- 0= E.27 h E.’ (A1)
pendence, is linked to the microstructural features, including S ( +ﬁ><E—f
the crystallographic textures. Generally, the Cr films develop s
well-organized microstructures, which consist of elongatedvhereE; andEg are Young’s modulus of film and substrate,
grains separated with the preferentially aligned intercolum+espectively. This quantity is usually very smeadt1% of the
nar voids. The direction of grain elongation, consistentlysubstrate thicknegslt is valid to assume that the neutral axis
along certain crystallographic orientations, is related to theof the film-substrate composite locates at the center ptane
deposition geometry and coincides with the radial direction=0 of the substratéas long ahi<H). In fact, this is one of
The thinner films {<1.6um) develop(110) out-of-plane  the underlying assumptions for the Stoney equation
texture and the related-planetexture. For thicker films, the 2

E H°1
out-of-planetexture becomes &111) type and the related = ———— — —,
in-plane texture changes conformably. The correlation be- 6(1-») h R
tween the anisotropic stress and the film structures is disfhe principal strains at theplane in the substrat@ig. 15
cussed in terms of the modulus effect associated with can be represented by
planetexture, the stress relief at intercolumnar voids, and the
texture transition. Meanwhile, it is suggested that the texture €1(2)=

(A2)

z
transition may be driven by the reduction in elastic energy. R_l
(A3)
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A . €1(2) T €2(2) €1(2)—€x(2)
0101 ,, oy(2)= 25751 2(51=51) 0S 2, (AB)
; 1 .
Substrate =—=> »-[100]S; oxy(2)= 3_44[ €(2) — €1(2)]sin 2a.
r\m i These stress tensors can be further written as
] 11
= — 4+ —
7x(2) 2(spts) \R1 Ry
[010]si o . 1 1
+ —|cos 2,
V 2(s11~S12) (Rl Rz)
g—»[100]si <—= Thin Film : L
= — 4+ —
’\01 7y(2) 2(s11tS12) ( Ry Rz)
z ! ! 20 A7
————| =~ =|cos Z,
FIG. 16. The angléd) between the direction of principal stress and the 2(s11—S129) \R1 Ry (A7)
[100]s; generally differs from the angléx) between the direction of the
principal curvaturex; and the[ 100]; . z[1 1)\ . )
O'Xy(Z)— 5—44 R_]_ R_2 Sin Zar.
According to stress tensor transformation, the principal
2) z stresses at the plane of substrate are obtained as
€ Z)= —.
R 11 1
Consider a general case where the directions of principal o1(2)= R_l + R_2 2(S11+S10)
curvatures do not coincide with the crystallographic direc- _
tions[ 100]g; and[ 010]s;. Under such a condition, the direc- N 1 1 \/ cos 2a N Sin' 2a
tions of the principal curvature may not necessarily reflect R; Ry V4(s;;—510)? a4 &
the directions of principal stresses in the film. In order to (A8)
utilize the elasticity theory for cubic single crystal, one needs (11 1
to perform tensor transformations. The notations used for the o2(2)= R_l + R_2 2(S11+S1)
following analysis are shown in Fig. 16. Le&(2),
€,(2)€,,(2), and €,(z) be the strain tensors ana(z), B 1 i \/ cos 2« N Si 2«
0,(2)04y(2), 0,(2) be the stress tensors in the substrate with R, R, 4(811—S10)° St4 Z:

respect to thex—y coordinate system, which coincides with ) ) )
[100]; and [010]g;. Then the strain tensor transformation The momenta associated with substrate deformation can be

leads to obtained from Eqs(A8) by integrating over the substrate
thickness. Apparently, these momenta must be balanced by
_ate €6 those associated witt; and o,, the stress in the thin film,
e(2)= + COS v, .
2 2 given as
_ate a-e Mi=(oihW) 3H,
€,(2)= 5~ 5 °0s 2, (A4) f 1 (A9)
Ms=(a,hL) 3 H.
€Er— €
€xy(2)= 2 > Ysin 2a, Based on the balance equations, one can obtain the equations
correlatingo; ando, to Ry andR,
wheree; and e, were represented by Eq#3). The stress-
strain relationships for single crystal can be given as o :E i+ i 1
0 Y6 \Ry Ry/2(s14t510)
S11 S12 S12
ez z
2 o || 742 11 cod2a  si2a|H?
Ey(Z) S12 Sss Si2 o'y(Z) S 5+ 5 _
= o |- (AS) R; Ry V4(s;—s1) s h’
EZ(Z) 512 512 Sll O 44 Alo
€xy(2) 0 0 0 suto2 1{ ( 11 ) 1 (AL0)
===+ =—| 77—
Combining Eqs(A4) and(A5), one can obtain 2 6[|Ry Rp/2(s1+51)
€1(2)+€)(2)  €1(2)—€x(2) o ( 1 1 ) \/ cos 2a R Sirf 2a| H?
zZ)= cos 2, |5 -
ol 2(s11t512) 2(s11—512) Ri R 4(s11—812)° Sia | h




7192 J. Appl. Phys., Vol. 92, No. 12, 15 December 2002

The angled formed byo; and[100]g; can be determined by

2(S11—S
tan 20= Mtan 2.

A1l
™ (A11)

If the [110] flat edge of the Si wafer is aligned with the radial

direction(refer to the deposition geometry in Fig, bne has
a=0 and

01

1 ( Si1 slz) H?

T 6(s5-s5,)\Ry Ry h’
L L A2
? 6(s;;—s7) \R, Ri/ h’
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