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Laue transmission diffraction optics for thin film stress calculation
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White beam Laue transmission diffraction topography has been used to determine the curvature of
a crystalline substrate, from which the stress in the overlaying coating is determined. A detailed
analytical method has been developed which correlates the introduction of curvature to the substrate
in two orthogonal directions with attendant changes in the dimensions of a given topographic
reflection. The size of a given reflection is found to depend on the dimensions of the incident beam,
the horizontal and vertical incident beam divergences, the orthogonal curvatures of the crystalline
substrate, the camera length, and the indices of the selected reflection. The thermal tests of sputtered
polycrystalline Ta and Cr films on Si(100) substrates are used to demonstrate the applicability of
this phenomenon. Simultaneous observation of film delamination and quantification of associated
stresses is shown to be possible. 2003 American Institute of Physics.
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I. INTRODUCTION delamination and concomitant stress can be obtained simul-
taneously using the substrate itself as a veritable noncontact
The myriad applications of polycrystalline thin metal strain gauge.
films, from magnetic devices to protective coatings, have
motivated a need for information regarding their mechanicall. EXPERIMENT
and adhesive behavior as a function of temperature and load Thin Ta and Cr films were grown on the native oxide of

conditions! Recent work has used synchrotron white beamSi(100) wafers by dc magnefron sputtering in a vacuum
Laue transmission diffraction topography/radiography tochamber with a base pressure less than/Torr. Typical

conc_urrently image the adheswe_ failure of a polycrysta!Ilnesubstra,[es were 1 o cm rectangles havingl10) edges.
Ta film and the structure of its underlying crystalline

. . o The films were grown to a nominal thickness of 950 nm at an
Si(100) substrate during thermal testfh§ince x rays con- 9

T . ultrahigh purity Ar working gas pressure of 2 mTorr. The
tributing to the topographic image must also pass through th?esidual growth stresses in these films were obtained using

thin film, a radiographic image of the film is superimposeddouble crystal diffraction topographyDCDT), and were
on the topographic image of the substrate, both of which areund to be— 200+ 18 and+ 416+ 35 MPa in the Ta and Cr
captured in real time by a 2Am resolution charge coupled films respectivel§ B

device (CCD) camera. The stress evolution of thin films in Thermal testing of these films was conducted using an

these experiments has typically been ascertagmesituus-  5nnaratys consisting of a heating device/sample holder and a
ing an ancillary stress determination method, and subsesqrtaple CCD x-ray imaging system, described previously by
quently correlated with the radiographic/topographiczpaget a1° This apparatus is shown schematically in Fig. 1.
images’ In the present work it is shown that the x-ray optics The Laue transmission diffraction topography experi-
of the aforementioned Laue experiment permit the substratgents were performed on beamline 2-2 at the Stanford Syn-
curvature, and therefore the thin film stress, to be calculateghotron Radiation Laboratory. This is a white x-ray beam-
from variations in the dimensions of a given reflection. line having an energy range of 2—40 keV and a divergence of
In the past, crystal disorientation has been assessed usiggs mrad for the spot size used. Before thermal testing the
a transmitted white beam with a horizontal divergence ofccD camera was placed over the desired Laue reflection; in
1°-3° for the purpose of studying polygonization in this case &133 reflection was selected for superior feature
metals’® Bent-crystal Laue optics have since been imple-contrast and placement within the confines of the experimen-
mented as focusing monochromators for high-energy synt| apparatus. Ta and Cr thin film specimens were heated in
chrotron x rays and neutrofi$ Additionally, there is contin-  aijr at a rate of~ 100 °C/min to 585 °C and held there for 60
ued interest in the use of bent-crystal Bragg optics asnin, at which time the heating lamps were turned off and the
reflective x-ray lense$.The current study employs a low- samples were allowed to cool in air. Additionally, 2 mTorr Ta
divergence(0.6 mrad white beam in transmission, having a specimens were thermal tested for shorter durations of 5, 8,
cross section large enough to yield substantial radiographi¢/2, and 43 min using the same heating rate and holding
topographic information. Thus, the morphology of thin film temperature. Synchrotron white beam Laue transmission dif-
fraction topography/radiography was performed during each
Author to whom correspondence should be addressed: electronic maifl€rmal test with real-time footage captured on video and
blfrench@engin.umich.edu high resolution still images captured with a frame-grabbing
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FIG. 1. Schematic of the thermal testing apparatus and x-ray image acqui-
sition system.
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computer. The camera length was 33 cm and the incident
beam had a cross section that measured 12.&m@amm.
The resolution of the CCD camera was gfh/pixel and its

aperture diagonal was 18 mm with an aspect ratio of 3:4. FIG. 2 Sequence of topographic/radiographic im_ages obtained during the
The size of this CCD camera aperture onlv permitted th 60 min thermal testfoa 2 mTorr Tathin film. The time from the start of
p yp %eating is given, as is the temperature. The image is initially featureless;

observation of one reflection at a time with this experimentahowever, at later times blistering is observ@d09 3. Eventually, spalling

configuration. To study the diffraction optics of multiple of the film is evident in the bottom left of the image at 2260 s. At right are

Laue reflections. three Ta-coated Si (100) wafers were S(};_chematic drawings of the reflection at each time, with the width and height
. .. .. Jabeled.

lected for static transmission Laue topography. The radii o

curvature of these wafers were previously determined to be

—15.89+0.38, 238.7-8.6, and 14.02 0.68 m using DCDT; . . N I
&elght remains nearly constant. Following is a derivation of

the corresponding curvatures are simply equal to the invers . . . . -
of the radii of curvature. Kodak™ type SR-1 film was placed.equa“on.S rglatlng the image size to the instantaneous stress
thhe thin film.

normal to the beam 10 cm behind each sample and exposé

for 23 s to record transmission Laue patterns. The incidentt I datcrysta] Ilng Slf_bStrate 'S |r1trodtlj C(?Sf o tt.he aforde.rtpen-
beam had a cross section that measured 21.&mM@mm loned transmission Laue experiment, difiraction conditions

are satisfied for all permitted planes by the incident white

for these exposures, and was normally incident upon the wg- . .
fer surface. A 1 mm thick Al filter was used to reduce theabeam a_nd any reflection may be selected with the CCD cam-
ra. With no curvature in the substrate, the plaidI)

diffracted beam intensity. The negatives developed of each ) . . ; .
Laue pattern were scanned into computer files so that eat%_ eates :\2—?3 ill_ffracng_n %metrg_l\ﬂse%ln% 4. In dth|s
reflection could be subsequently examined with image-'_gure; —”Q’ Ql ' L _L ;o an
processing software. RSI__S'_IlMOR. The substratg surf_acg is perpendicular to
the incident beam, and the point of incidence of the beam on

plane (kl) is labeled O. The angle of incidence i9

b
¢
<45.16mmp>

IIl. DATA ANALYSIS

Figure 2 is a sequence of topographic/radiographic im- ] height
ages depicting thé€l33) reflection at different stages during ]
the 60 min thermal testf@ 2 mTorr Tafilm. The image is
featureless initially, but at later times blisterif@109 $ and
spalling(2260 g are evident as the film delaminates from the
substrate under high compressive stress. These images can
be analyzed to yield information about the delamination ki-
netics and about the propagation of substrate defects, but that
analysis is beyond the scope of this article. In addition to the
features in the film and substrate that can be seen in Fig. 2, it
is also clear that the actual dimensions of the reflection
change during thermal testing. Bending of the substrate
causes this focusing effect, as the film becomes strained by
thermal expansion mismatch and oxide formatibRigure 3 Time (sec)
I,S a plot of the_Chang_es n the, width and height of the re],CIeC-FIG. 3. Plot of the dimension change of tt#33) reflection vs time during
tion as a function of time during the thermal test. The widthie 60 min thermal testfa 2 mTorr Tathin film. These data are typical of

of the reflection is observed to change drastically, while thahe 2 mTorr Ta films subjected to the 60 min thermal test described in this
study.

Change in dimension (mm)
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) ) ) — FIG. 6. Plan view of the rectangular white beam incident on a substrate with
FIG. 4. Diffraction geometry of planehkl). The direct beanMOR is  aqiys of curvaturdR, . The deflection of the substrate experienced at each
incident on planelfkl) at pointO, yielding the diffracted bear® T, which edge of the incident beam ig, .

intersects the camera plane at pointLine segmentOQ represents the

normal to plane fikl).

. Vi
=/MQO, and the other anglesé2z /. ROT, a=/MON, yl—arcsn'<2—R1
B=2MOP, and 6= 2ZNMQ= 2~ SRT, are defined. Points

R S andT lay in the camera plane, whe2=RS and H Simila;ly, in they plane the substrate is deflected by an angle
— where

: (1a

=ST are coordinates indicating the point of intersection of 72’
the diffracted beam and the camera plane. The distance be- [ w
tween the substrate and the camera plarle=©OR. y2=arc Slf(ﬁ)- (1b)

The line segmenOQ is normal to diffracting plane
(hkl) and has magnitudéh?+k%+12. For a cubic substrate Plane (kl), described in Fig. 4, will be subject to some
with unit cell edges parallel to the coordinate axes, and &hange in orientation with respect to the incident beam due
diffracting plane bkl), MO=h, MN=k, and NQ=I. It to §ubstrate deflection ang_l@@, v5. Initially, assuming the_z
should be emphasized that the plane “indicask, and! are |nc_|dent beam h_as zero divergence, the following relation-
only used to specify the angle between the diffracting plan&hiPS can be written:
normal and the incident beam. The substrate material need

not be cubic; any crystal structure with any orientation could  {gn9= h ' (2a)
be represented by the schematic of Fig. 4, provided equiva- JkZ+12

lent values ofh, k, andl are substituted to preserve the cor-  tany=k/h, (2b)
rect geometric relationship. In the present work, the Si(100) tang=1/h, 20

substrates were positioned such that (h80) surface was
normal to the incident beam akd10) edges were parallel to tans=1/k. (2d)
they and z axes. Thus, th€133 reflection selected by the From these relationships it is clear that

CCD camera was represented with “indice$i=1, k

=4.243, and =0. 2 \tarfa+tar’B

If this substrate is bonded to a film in a state of biaxial ~ tan20= - - , (3a)
stress and the substrate is sufficiently thin, this stress will tara+tarrf—1
cause curvature of the substrate in two orthogonal planes, as tanw
seen in Fig. 5. Assuming this substrate and film assmebly is COSH= —=———r, (3b)
. . . L . \/taFaHaF,B
illuminated by a rectangular beam of white radiation, having
dimensionsy; along they axis andw; along thez axis, the ins— tang 3
beam will expgrier}ce deﬂection of the substrate in the Sino= ’—tar?a+tanz,8' (30
plane as seen in Fig. 6. Figure 6 shows that at the edges of
the incident beam the substrate is deflected by an apgle It is now desirable to relate Eq&) to the dimensions of
where the diffracted beam in the camera plane. To simplify these

relations, it is clear by inspection that only four rays, defin-
ing the corners of the rectangular incident beam, need to be
considered. The deflection experienced by these four rays
due toy; andy, is determined by the convention shown in
Fig. 7.

Mapping of these four rays to the camera plane will use
the convention shown in Fig. 8. Also labeled in this figure
are the divergences possessed by each edge of the incident
beam. The rays diffracted to pointss, t, andu in the camera
plane will have coordinated)(,H) in that plane determined
FIG. 5. Crystalline substrate with radii of curvatuRg andR,. by the respective deflections experienced by each ray. It
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FIG. 7. lllustration of the substrate deflectionsy,, = y,, experienced by
the four rays that define the incident beam.
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these equations that; and vy, effectively rotate the diffract-
ing plane normal about theandy axes, respectively.

Corners of the diffracted beam illustrated in Fig. 8 can
now be assigned coordinate® (H,), (DsHs), (Dy,Hy),
(Dy,H,) in the camera plane. The length of each edge of the
reflection can be calculated with these coordinates using the
general equation

Umn=UmniT (Dm—Dn), (8

wherev ., is the length of edgenn of the reflection, and
Umni IS the length of the corresponding edge of the incident

should be noted that these are coordinates relative to eagfpam. Equivalent expressions can be written for any edge
incident ray, not on an absolute coordinate system. From Figyn of the reflection. Initially, assuming constant beam diver-

4 the following relationship can be written:

JHZ+D2=Ltan2. (4)
From Fig. 4 and using Ed4),

D= cosé\/m =L cosstan26, (5a)

H = sins\JHZ+ D2= Lsinstan26. (5b)

By substituting Egs(3), D andH can be expressed initially
as

D 2Ltana 6a
tarfa+tartB—1’
2L
tang (6b)

- tarfa+tarfB—1"

Now the divergence of the incident rays must be considere v obtained
The horizontal and vertical divergences of an unfocused syr{pate y obtained. Foduv,s,
chrotron white beam are defined as the beam dimensions

the sample divided by the source distaifesy, a 1 cmwide

beam incident on a sample 20 m from its source would have

a horizontal divergence of 0.5 mrad
After the deflectionsy,, v, and incorporating the diver-
gences, Eq96) become

o oLtan a+ y,+ ¢12) 7a
tark(a+ yy+ ¢2)+tark(B+ yot+ wl2)— 1
2Ltan B+ yo+ w/2) -

H=
tar(a+ y;+ ¢l2) +tart( B+ y,+ w/2)— 1’

gences and a constant substrate curvature, any reflection
edge length can be expressed as

Umno=Umnit AVmno 9

Herev o is the initial reflection edge length, ant g is

the difference ¢~ vmni) due to initial substrate curva-
ture, beam divergence, and experimental geometry. The sub-
sequent change in the reflection size due to a change in sub-
strate curvature can be found by subtracting @yfrom Eq.

(8):
Avmp=(Dp—Dp) —Avgo- (10

AvnnandAv o are measurable experimentally, so ELD)
must be solved in terms of substrate deflectignsand vy»,
Jrom which the radii of curvature of the substrate are ulti-
substitution of Eq(7a) for D,
gpd D, yields

2Ltan(a— vy, + ¢/2)
tarf(a— y,+ ¢12) +tarf(B— y,+ wl2)— 1

Avs=

B 2Ltan(a+ y,— ¢/2)
tarf(a+ y,— ¢/2) +tarf(B— y,+ wl2) — 1
_AUI'SO' (11)

Note that the terms,, v», ¢, andw possess signs accord-
ing to the convention outlined in Fig. 8. Equatiil) can be
solved graphically to yield values of; and y, given any

where ¢ and » are the horizontal and vertical beam diver- reflection kl), camera length., beam divergences and
gences, respectively, as labeled in Fig. 8. It is clear fromy, and change in reflection widthv,. Equivalent expres-

—Y1>-Y2 +m/2 157Y2
7 s
S Diffracted S
< Beam Image <
g t
Yi+Y, -w/2 +Y1,+Y5

sions can be written for,—D;), (H;—Hs), and H,
—H,) by following the same procedure. In the current study
the (133 reflection used could be treated as &k{) type,

as mentioned earlier, such tha& 0. Thus, Eq(11) could be
simplified to

Ccog4y,—2¢]+Ccosda—siNdy,—2¢]~0, (12

whereC=(Av,s+Av,0)/2L. This expression can be solved
algebraically, eliminating the need for graphical analysis,

FIG. 8. The four rays representing the corners of the incident beam diffracBUch that
to pointsr, s, t, andu on the camera plane, and each has experienced the

deflection of the substrate y,, * vy, labeled at that point. The contribu-
tions of the horizontal and vertical divergenegsind w to the anglesr and
B, respectively, are labeled on the edges along which they apply.

1

| Ccosda N ) ey
=—| arcssif ——=| +arctanC
"7g JC2+1

. (13
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FIG. 9. Stress vs time data from the 60 min thermal tést @ mTorr Ta

film, generated from the data plotted in Fig. 3. The temperature profile forF|G. 10. Stress vs time data from 5, 8, 22, 43, and 60 min thermal tests of

thermal testing is plotted on a secondaraxis. The data points labeled 2 mTorr Ta films. These samples were heated along the same temperature
A-D were generated from the four topographs shown in Fig. 2, such thaprofile shown in Fig. 9.

point A represents 0 s. Points B, C, and D represent 758, 2109, and 2260 s,
respectively.

bic TayO5, which has approximately half the density of the
The fact that3=0 for this reflection also explains the ab- as-depositegb-Ta phase. Formation of this less-dense oxide
sence of change in the height of the reflection, as seen iexplains the magnitude of compressive stress, which is more
Figs. 2 and 3. than three times larger than that predicted by coefficient of
Oncey; andy, are knownR; andR, can be calculated thermal expansiofCTE) mismatch aloné! At a time of
from Egs.(1). The strain in the substrate due to the radius ofabout 7® s a maximum stress is achieved, and a stress re-
curvature,R, can be expressed as laxation begins. This relaxation is accompanied by the first
observation in the radiographic images of thin film blistering,
, (14) presumably the mechanism responsible for this initial stress
R relaxation. At about 2000 s, there is a small plateau in the
wheree is the strain and is the distance from the neutral stress versus time data. Radiographic images show that at
axis of bending. All that remains is to determine the stressethis point spalling of the film is first evident, and apparently
in the film corresponding to radii of curvatuR®, andRR,, accounts for all further stress relaxation of the film until
using the modified Stoney equation cooling is initiated. The slope of the curve tends toward zero
5 just before cooling begins, as the stress approaches zero and
E(hg? (1 1 > : o di
= —(__ _> (15)  the driving force for film spallation disappears.
6hi(1-vs) R Rg Applying the same methodology used to generate the
whereq is the film stressE; is the substrate elastic modulus, data plotted in Fig. 9, the 2 mTorr Ta films'’ stress response to
v, is Poisson’s ratio of the substra is the initial radius ~ Shorter thermal tests was investigated. Stress versus time
of curvature, andhg andh; are the thickness of the substrate data from 5, 8, 22, 43, and 60 min thermal tests is plotted in
and film, respectively?*®It is clear upon inspection that the Fig. 10. Each data series overlaps very closely, which dem-
instantaneous stress is calculated relative to the initial streg¥istrates the uniformity of both the thermal testing proce-
in the film, so it is imperative that the initial stress be calcu-dure and the thin film response. This uniformity is further
lated by some other means to offset the calculated streddustrated by the fact that the maximum compressive stresses

data. In this case, double crystal diffraction topography wa&chieved in the 22, 43, and 60 min thermal tests are nearly
used’ equal. Another important result of this plot is that for each

thermal test duration, most of the stress present in the film
just before cooling is retained except for a slight relaxation
that can be attributed to thermal stress relief. This stress re-
The preceding analysis can now be applied to the imagetention is most likely the result of oxidation-induced stress,
obtained from the 60 min thermal test of the Ta film. Usingand is the subject of future study. A similar phenomenon was
Es/(1-vs)=180.5GPa,hg=490 mm, and other constants observed by Cabrakt al during vacuum anneals of Ta
defined earlier, Fig. 9 is generated from the width data plotcoatings:!
ted in Fig. 3. Using this plot, events in the stress evolution of  Data obtained from the 60 min thermal test of the 2
this sample can be unambiguously identified and ascribed tmTorr Cr coating yielded the results plotted in Fig. 11. As
specific mechanism&.g., blistering or spalling in the film  with the Ta films, stresses much larger than CTE mismatch
Subsequent to heating, a large compressive stress is inducedtiress are achieved in the film as the sample is heated to its
X-ray diffraction performedex situreveals that this Ta film holding temperature. Again, this can be attributed to oxide
has made a complete conversion to base-centered orthorhofiermation, as evidenced lBx situx-ray diffraction scans. At

e=

(o

IV. RESULTS
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FIG. 11. Stress vs time data from the 60 min thermal tést ® mTorr Cr  FIG. 12. Calculated change in reflection widttiosed symbolsand experi-
film. The temperature profile for thermal testing is plotted on a secondary mentally measured change in reflection widtipen symbolsfor_three pre-
axis. determined Si (100) wafer curvatures. The Si (132)36), and(337) reflec-
tions are shown because of their disparate changes in reflection width as a
function of wafer curvature. The lines are drawn to guide the eye.

a time of about 700 s there is a slight reduction in the slope
of the stress data, which eventually approaches zero just b&i (100) wafers of predetermined curvature. The dimensions
fore cooling is initiated. The complete conversion of theof many reflections were measured and compared to the di-
coating into a stable high-temperature oxide could explairmensions predicted by Ed11) (solving for Av,so with
this reduction in slope. Another possibility is that an outerAv,s=0) for the given substrate curvatures. Figure 12 illus-
oxide scale has formed which becomes increasingly resistattates the calculated and experimental results from the
to further oxide penetration, thereby reducing the rate afi(133), (206), and(337) reflections, selected for their dis-
which compressive stress forms in the film. While this be-parate trends over the given range of wafer curvatures. In
havior is the subject of further investigation, it is clear thatterms of the anglesr and B (defined by Fig. 4 the (133,
there is no catastrophic stress relaxation as exhibited by th@06), and (337) reflections represent the conditions> g,
Ta coatings. This is corroborated by the radiographic images= 3, and B> «, respectively. While there is generally good
of this sample, which showed no evidence of blistering oragreement between calculated and experimental data, dis-
spalling. Upon cooling the thermal stress in the film is re-crepancies could be due to error in the measured camera
lieved while a compressive stress is retained, presumably ddength, slight misorientation of the wafers within the refer-
again to the presence of less-dense oxide phases. ence frame outlined in Fig. 4, or nonuniform wafer curva-

As a preliminary check of this technique’s validity, it is ture.
of interest to compare the slope of the initial stress versus
temperature data to predictions based upon the CTE mig/: CONCLUSIONS
match between the film and the substrate calculated from Focusing of transmission Laue reflections due to crystal
bulk CTE values. The experimental data from the Ta and Ccurvature has been described in detail, and its utility as a
films yield slopes of 1.3 and 0.9 MPa/°C, respectively. Thenondestructive means for simultaneously observing thin film
predicted values for the Ta and Cr films are 1.1 MPa/°Cmorphology and computing thin film stress has been demon-
(15.4% differenceand 0.8 MPa/°Q12.5% differencig re-  strated. The effects of camera length, incident beam dimen-
spectively. There are two possible explanations for this difsions, beam divergence, reflection indices, and substrate cur-
ference. First, the predicted slopes were calculated usingature were taken into account. The dynamic experiments
bulk CTE values that might not necessarily describe the bepresented here consider the use of BkQ) type reflection,
havior of thin films!* Second, while stress due to oxidation and thus the stress is only accurately calculable in one direc-
of the films should be minimized in this initial stage of the tion. Monitoring of an pkk) type reflection would provide
thermal test, some oxidation inevitably occurs which mightsensitivity to the substrate curvature in two directions and
increase the stress over values predicted solely by thermabssibly provide a useful means for studying anisotropically
expansion mismatch.This second possibility is supported stressed films>'® Static transmission Laue topography of
by the fact that for each film tested, the experimentally de-Ta-coated Si (100) wafers with previously determined curva-
termined slope was greater than the predicted slope, asres provided corroborating data fdiKk) type reflections,
would be the case if there was an added stress componedémonstrating good agreement between predicted and ex-
due to oxidation. perimental data. Plots of predicted reflection dimensions are

All dynamic experimental data presented thus far havepotentially useful in selecting a reflection to observe for a
been generated from observing the Si(133) substrate reflegiven application.
tion. Since observation of additional reflections is necessary The experimental configuration used could resolve
to corroborate this analytical method, static transmissiorthanges in stress of about 15 MPa for the samples tested.
Laue topographs were taken from the three Ta-coatedhis resolution can be improved in a number of ways other
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