Strain gradients and normal stresses in textured Mo thin films
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The high-resolution x-ray-diffraction technique was used to explore strain variations in sputtered
Mo films with thicknesses of 170, 260, and 800 nm that poss&&4@ out-of-plane texture. The

strains in crystallographic planes perpendicular to the surface of each film were found to be
nominally constant and compressive at all x-ray penetration depths. Near the surface of each film,
the inclined-plane strains were compressive, and then relaxed as the penetration depths approached
each entire film thickness. The strain tensor in a laboratory reference frame for each film, as a
function of penetration depth, revealed that the normal strgiwas tensile near the surface of each

film, and then relaxed to a nominally constant value as the penetration depths approached the entire
film thickness. The penetration depth over which the normal strain decayed to a nominally constant
value increased as the total film thickness increased. A consequence of the large normal strains near
the free surface of each film is that the corresponding normal stresses were nonzet897©
American Vacuum Societ)S0734-210(097)01102-7

[. INTRODUCTION more crystallographically textured, the average grain size in-
_ _ _ creases, and the void density at the grain boundaries in-

Thin metal films that grow with a preferred crystallo- creases. Thus, the use of a depth sensitive technique to probe
graphic orientation are used for a variety of technologicallythe strain can lead to a better understanding of the relation-
important applications. For example, a strong and tough mulship petween the strain and microstructure.
tiscalar multilayer primarily composed of Mo, which is being  The depth of penetration into a material can be controlled
developed for use as a high-temperature coating, developSyghen conducting direct measurements of interplanar spac-
(110 in-plane texture:* Mo films that develop d110 out-  jngs with x-ray diffraction in a grazing incidence geometry,
of-plane texture are also used for x-ray mirfoand as the  pecause one can use the phenomenon of total external reflec-
bottom electrode in solar ceflsThe development of exces- tion of the incident x-ray bear? 4 This is in contrast
sive residual strains during the growth of these films cang sypstrate curvature methdd<* and the sidy techni-
affect the mechanical, optical, and electrical properties of th%lue25—27 which can only determine the average stress
film. Therefore, an understanding of the interplay betweeny, o ghout the entire film thickness. A high-resolution x-ray-
stress, strain, and microstructure is important for the producg;tt action (HRXRD) technique, which combines two graz-
tion of reliable thin-film structures. _ ing incidence geometries, was recently used to study poly-

Several investigators have noted a correlation between th@rystalline Mo films less than 100 nm thidklt was found

mlcrostLuctur;: n l\ﬂo anq o';_r;er Lh":( fl(érpésFand the allverage[hat the strains parallel to the film surfaces were constant and
stress throughout the entire film t ICKNESS-Or example, It isotropic as a function of penetration depth, but also that the
has been observed that compressively stressed films have

latively | density of voids at th | boundari sftain normal to the film surfaces varied as a function of
relatively ‘ow density of voids at the column boun arles'penetration depth. Additionally, the normal strain was tensile
Conversely, films that exhibit an average tensile stress have

: . . ar the free surface of the films. A correlation to the micro-
high degree of voiding at the boundaries of the columns;
Structure was not made.

however, it has been shown that microstructural features . .
The goal of the present study was to explore strain varia-

; ; 8-11 ; .
phange during f'".” growtfi®**In physically vapor depos t(i]ons in thicker Mo films that are beginning to develop a
ited films, the grains near the substrate tend to be small an S .
referred out-of-plane growth direction, and begin to corre-

equiaxed. With increasing film thickness the films becom ) .
q 9 ate these results with microstructural features. Thus, the

> . , . . HRXRD technigue was used to determine the depth depen-
Presently at International Business Machines Corp., Semiconductor Re- . .
search & Development Center, 1580 Rte. 52, Hopewell Junction, Nydence of the strain in Mo films that are 170, 270, and 800 nm

12533, thick, which possess @10 out-of-plane texture.
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TaBLE |. List of diffraction peaks collected at each penetration depth from TasLE Il. List of diffraction peaks collected at each penetration depth from

the free surface of the 170-nm-thick Mo film. the free surface of the 260-nm-thick Mo film.
Penetration Peaks collected in Peaks collected in Penetration Peaks collected in Peaks collected in
depth(nm) symmetric geometry asymmetric geometry depth(nm) symmetric geometry asymmetric geometry
5,10 {110, {200, {211, {110, {200, {211 5, 10, 65, 125, 260 {110, {200, {211, {110, {200, {211
{220, {310, {321 {220, {310, {321
25, 60, 110 {110, {200, {220, {310}, {110, {200, {211
{222, {321, {400
170 {110, {200}, {211}, {220, {110, {200, {211 dicular to the sample surface in the symmetric configuration,
{310, {222, {3213, {400 whereas the diffraction condition can be satisfied for planes

which are inclined to the sample surface in the asymmetric
configuration. The x-ray penetration depths were varied by

Il. EXPERIMENTAL PROCEDURES changing the angle of the in(_:oming x-ray near the _critical
. angle for total external reflection of 0.3# The diffraction
A. Sample preparation peaks collected in the symmetric and asymmetric geom-

Molybdenum films, with thicknesses of 1¥®.5, 270 etries, at each penetration depth for each film, are shown in

+13.5, and 80840 nm, were deposited from a 99.95% pure 1ables 1, 1, and Ill. _ _

Mo target onto 75-mm-diam &i00) wafers by direct current The nature and degree of the texture in the Mo fllms_ were
planar magnetron sputtering. The wafers were in the uas_measured_from reflectlon x-ray pole flgu_res. The pole flgu_res
received” condition, with a native oxide coating. The sput-Weré obtained from a Rigaku texture diffractometer config-
tering occurred without significant heating of the substratesired in the Schultz geometry, which was attached to a
The sputtering power was 308 \W-8 nm/min deposition Rigaku Rotaflex equ_lpped with a 12 kW Cu rotating anode
ratd and the chamber was pumped to a base preSSL“%)urce(o.154 nm radiation Pole figures for thféllO), (200,
~6x10°8 Torr. The chamber was then backfilled with Ar @nd(211) poles were collected for all of the films, as well as
and maintained at a pressure-e£x 103 Torr. The samples for a random polycrystalline Mo standard. The Mo standard

were mounted face down 5 in. above the sputter source in @S prepared by powder pressing and sintering, had an av-
horizontal platen which rotated at 20 rpm. The target Waserageogram size 0k 10 um, and was thick enough to absorb
presputtered onto the shutter for at least 3 min to prevent 100% of the incident rays. The degree of the texture the

oxides or contaminants from being sputtered onto the waferd/© films was quantified by a “times random” approach,
which is elucidated elsewhefe.

The average biaxial stresses in the films were determined
by a macroscopic substrate curvature technique, double-
The present HRXRD experiments were conducted at therystal diffraction topographyDCDT). The technique is
Stanford Synchrotron Radiation Laboratof§SRL under based on the observation that, for a bent single crystal sub-

standard condition€3 GeV and 100 mA at fijlon the eight-  strate (Si for this work which is illuminated with highly
pole focused wiggler station BL-72. A Si(111) double- parallel and monochromatic x rays, only that portion of the
crystal monochromator was used to select the incident x-ragrystal lattice that is in the Bragg condition will create a
wavelength of 0.124 nrfil0 keV) from the continuous spec- topographic image in an x-ray photographic film detect-
trum. The horizontal and vertical divergence of the beam oror.8-2° By initially capturing the topographic image of the
BL 7—2is 3 and 0.2 mrad, respectively. Slits1 mnf were  portion of the sample in the Bragg condition, and then rotat-
used for the incoming beam, and 1 mrad Soller slits weréng the sample about an axis perpendicular to the plane of
used for the diffracted beam to limit vertical divergence. Thediffraction and exposing the film again, a series of bands will
signal was detected with a Ge detector. The samples weferm on the film. From this information, the substrate curva-
mounted on an automated Huber four-circle goniometer. Théure can be calculated. If the curvature of the substrate is
dedicated BL 72 computer was used to control the goni- determined before and after the film deposition, the average
ometer motions, the shutter, and the photon counting. The

experiments were conducted in the “dose” mode by putting

a scintillation counter in the path of the incident beam, pe-TABLE Il List of diffraction peaks _collecteq at each penetration depth from
cause the current in the synchrotron ring decreased linearfy)® ée surface of the 800-nm-thick Mo film.

B. Measurement

with time. The need for a high-brightness source such as a Peaks collected in Peaks collected in
synchrotron for precision strain measurements in thin films  Penetration symmetric asymmetric
was demonstrated previoust. depth(nm) geometry geometry
The HRXRD technique uses both the symmetric and 5 190, 50, 120,200 {110}, {200}, {211}, {110}, {200,
asymmetric grazing incidence geomettfds collect the dif- {310, {222, {321, {400 {211, {310
fra_lction_data, so that crystallographic pla_nes With_z_i variety of 105, 110, 130, (110, {200,
orientations can be probed. The diffraction condition can be 557 290 (211, {310

satisfied for crystallographic planes which are nearly perpen
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Fic. 1. (1;@ pole figures for(@) 260 nm andb) 800 nm Mo films. In all of Penetration Depth (nm)
the pole figures the sample normal is parallel to the page normal, and the
times random values are indicated in the upper right-hand side. Relative Lo .
intensity refers to the percentage of the maximum times random diffraction 0.10 —
intensity in each pole figure. The times random value for the 260 nm film 1 (b) a {310} B {321}
was also 2 S0 the_polg figure was not shown for brevity. The_ir_1tensity 0.05 m {222} o {400}| F
concentrations coaxial with the sample normal and 60° away from it indicate g ] L
a preferred110) growth direction in these films. by ] r
=) 0.00 L
L] ] C
2 ] r
biaxial stress throughout the entire film thickness can be de- 5  -0.05 -
termined using the modified Stoney equatior?3A detailed ~ E ] '
description of the DCDT apparatus used for this study is * -0.10 -
contained in a previous publicatidf. ]
015 4Y———+1r——rrr——————————
IIl. RESULTS 0 50 100 150 200 250
A (110 pole figure for the 260 and 800 nm films is shown Penetration Depth (nm)

in Fig. 1. This two-dimensional pole figure illustrates the
location of (110 planes, in three-dimensional space, as afc. 2. SFrains in plgne_s perpendicular to the sample surface, obtained in the
functionof the inclination angleand the azimuthel angle. 5/7"erE 9215 nidence ety @ Lo andb) B0 e
The presence of intensity concentrations neartia@gles of  gither film. The 260 nm film displayed the same trend and was not shown
0° and 30°, and symmetry of the diffraction intensity at@ll for brevity.
angles, indicates the presence dfla0) out-of-plane texture
in both films. The(200) and (211) pole figures support this
conclusion, but were not shown for brevifyAs shown in
Fig. 1 the maximum times random values for the 170, 260tor frame of reference used for the tensor calculations is
and 800 nm films when compared to a polycrystalline solid y rame .
standard were 2, 2, and 6, respectively, indicating the press—hOWn |n'F|g. 4. The, Y aﬁdz axesin the'laboratory frame
ence of a weak110) out-of-plane texture in each filih. were d'eflne.d by con5|der|ng.the orientation of thg plan'e of
The diffraction data were corrected for Lorentz polariza-difffaction in the asymmetric geometry. The diffraction
tion and absorption and fit with a Voigt or Gaussian functionP!@n€ contains the incoming x réy, the diffracted x ray,
to determine the location of each peak. Zhis was then and the sample normat, Thus, the sample normal defined
used to determine the interplanar spacings for ekl the z axis, the perpepdmular component to the diffraction
family of planesdy,, from Bragg’s law and the strain was Plane defined the axis, and the cross product afandz
calculated usinge, = (dy—do)/do. Because of the diffi- defined they axis. The Ji110] direction is parallel to the
culties involved in making a strain-free refractory metal film @xis, and this direction was placed perpendicular to the axis
standard, a strain-free lanthanum hexaboride powder sta®f rotation, and parallel to the tangent of the platen, during
dard (NIST SRM 660 was used to detect any systematic SPutter deposition. Once defined in the laboratory reference
offset during the experiment. The Joint Committee for Pow-frame, all strain displacement vectors were used to solve for
der Diffraction Standard$JCPDS d, values for Mo were the six unknowns in the strain tensor. The strain eigenvalues
then corrected for this offset and used for the strain calculaand eigenvectors were then calculated for each symmetric
tions. The resulting strains obtained in the symmetric geomstrain tensor using the approach outlined by R§/&he nor-
etry are shown in Fig. 2, and the strains obtained in thenal components of the strain tensor are shown in Fig. 5. The
asymmetric geometry are shown in Fig. 3. strain eigenvalues were converted to stresses using Hooke’s
The strain tensors for all of the penetration depths in eackaw and the bulk elastic constarsand ».3* The degree of
film were calculated using the least squares methodologtexture in the films was not significant enough to warrant the
developed by Imura, Weissmann, and SI¥d@he labora- use of the single-crystal elastic constants.
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¥ -0.10 o Plane of Diffraction
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3 -0.20 2
£ -0.30° --m--{110} | [
= 404 ——{200}| ko
-0.40 1 O {211} | f
-0.50 -
o B S B B AL e \ Y
0 50 100 150 200 %
Si[110]
Penetration Depth (nm)
_:[ SE— I ‘ 3 Direction of carousel rotation during sputtering
0.20 e . :
0.10 7 P J— 3 FiG. 4. Schematic of laboratory axis system used for strain eigenvalue and
- 0.00 ,E------"""""" F eigenvector calculations. The sample normal, incident x kayand dif-
= ) e fracted x-rayk comprise the diffraction plane. The sample normal forms the
*%\ -0.103 .. ‘ g z axis, the perpendicular to the diffraction plane thexis, and the cross
E _0.20_; 2 product of thex andz axes forms theg axis.
£ -0.307 --m--{110} |
£ E —e— {200} | £
@ -0.403 -0 {211} | [ The results of that study were used to deposit Mo films with
-0.50 - the degree of texture desired for the present work, and are
LN L B L BN BRI L : : :
0 50 100 150 200 250 300 summarlzeq as fqllows. X-ray pole figure analysis sho_wed
that films with a thickness below 80 nm were polycrystalline,
Penetration Depth (nm) and that films with a thickness of 200 nm developeld 203}
T T T P D B out-of-plane texture. In films with a thickness above 200 nm,
0.10 - = the intensity of the{110 out-of-plane texture continued to
0.00 3 it W 3 increase with film thickness. A twofold symmetry in the dif-
g ] : fraction intensity began to appear inun films, indicating
¥ -0.10 7 - the development of 410 in-plane texture. Thé11Q in-
g -0.20 . d plane alignment became pronounced once the films reached
2 0.30 ELS —-m--{110}] | a thickness of Zum. The 170, 260, and 800 nm films used
£ ) ] (200} | | for t_his Wor_k had q{llC} o_ut-of-plane texture, as illustrated
s -0.40 4 e {211} | F in Fig. 1, with maximum times random values equal to 2, 2,
-0.50 — & -{310} E and 6. The alignment of the planes in L0 growth di-
0.60 ] c rection is expected in bcc thin films because {h&0; planes
’ AR AR R L have the highest planar packing density, and a minimum sur-
0 50 100 150 200 250 300 350 face free energy® At small film thicknesses, where the
Penetration Depth (nm) surface-to-volume ratio in the film is high, minimization of

the surface free energy will dominate thin-film growfh°
Fic. 3. Strains in planes inclined with respect to the sample surface, ob- The strains for higher-order planes perpendicular to the
tained in asymmetric grazing incidence geometry,(®r170 nm,(b) 260  sample surface as a function of penetration depth are shown
nm, and(c) 800 nm films. There is a strain gradient in these planes, whichm Fig. 2 for the 170 and 800 nm films, which is representa-
gre:;g:-es in magnitude as the penetration depth from the free surface I{]IVe of the data for the 260 nm film. The entire thickness of

the 800 nm film could not be penetrated in the symmetric
grazing incidence geometry, so data were collected for the
top 200 nm only. The strains display a negligible gradient
and maintain a value of approximatety0.10% for the 170

The microstructural evolution of Mo films dynamically nm film, and —0.03% for the 800 nm film. A negligible

sputter deposited onto the native oxide of18D), in 10  strain gradient was also found for thin polycrystalline Mo
mTorr Ar, at a rate of 34 nm/min, was reported in a previousfilms®® and highly textured Al alloy filmg® This indicates
publication® This study combined transmission electron mi- that the strain state remains isotropic in the plane of growth,
croscopy(TEM) and x-ray-diffraction to study the develop- even as a preferred out-of-plane growth direction forms.
ment of out-of-plane and in-plane texture in Mo films sput- A significant strain gradient was identified for crystallo-
tered onto moving substrates as a function of film thicknessgraphic planes inclined to the sample surface in both the 170,

IV. DISCUSSION

J. Vac. Sci. Technol. A, Vol. 15, No. 2, Mar/Apr 1997
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Total Film Thickness (nm)
0.015 | o b e by TR L
] I Fic. 6. The decay length for the normal strai as a function of total film
@ 1 L thickness. The line is intended as a guide for the eye. The increase in the
E 0.010 ] [ decay length with film thickness increases may be related to microstructural
] L features such as grain size and surface roughness, which also increase as
ol i r film thickness increases.
8 B L
g 0.005 - N
-g g n
3 ] [ Although inclined-plane strains as a function of penetration
£ 0.000 B depth in thin films have not been widely studied, Ballard,
§ 1 i et al. recently reported that the spacing of(321) planes in
@ ] v v i a 1 um Mo film, obtained in the asymmetric grazing inci-
*0-005 e dence geometry, varied as a function of penetration d&pth.
0 50 100 150 200 250 300 The strain tensor in the laboratory reference frame for the
Penetration Depth (nm) 170, 260, and 800 nm films are shown in Figéa)55(c),
| | | | | respectively. The strains along tkeandy directions in the
L laboratory framee,, ande,, , remain relatively constant and
0.015 - - . yy) "= . .
@ 1 (c) ce--E x| F compressive at each penetration depth, with magnitudes be-
g ] —o—eyy | | tween —1x10~3 and —5x10 3 This is in agreement with
= 0.010 ——tgz | [ the strain information obtained from the symmetric grazing
g j r incidence geometry in Fig. 2, because both are indicating
_§ 0.005 r strains in planes perpendicular to the film surface. On the
3 - - other hand, the normal component in the laboratory frame,
£ . - €,, varies as a function of penetration depth in each film. For
£ ] r the shallowest penetration depth, 5 nm, the normal strain
z 1 ¢ i reaches+7x102 for the 170 nm film,+13x10 2 for the
<0.005 260 nm film, and+15x 102 for the 800 nm film. The nor-
Y 50 100 150 200 250 mal straine,, then smoothly decreases to a value of about
Penetration Depth (nm) +1x10"2 for each film. The arrows in the figures indicates

the area where the normal stradp, decays to a value repre-
Fic. 5. Normal components of strain tensor as a function of penetratiorsentative of the entire film thickness; this is discussed in
depth for(a) 170, (b) 260, and(c) 800 nm Mo films. The normal straia,, detail below

is tensile near the free surface of each film, and then decays to a nominally - . . . .
constant value. The arrows indicate the area in which the normal strain The origin of the strain profiles in the sputtered Mo films
decays to a constant value. may be related to several factors, including vdidsygen or

argon impuritie$?~*° and crystallographic flaw®. The data

in Fig. 6 may give some insight into the factors influencing
260, and 800 nm films, as shown in Fig&a)3 3(b), and 3c), the strain gradients. Figure 6 shows the penetration depth
respectively. The data were collected at increasing penetravhere the normal straie,, decays to a nominally constant
tion depths for the 800 nm film until the strains relaxed to avalue (indicated by the arrows in Fig. 5, and in previously
nominally constant value. A correction for the refractive in- published dat® for a 100 nm Mo film as a function of total
dex was taken in to consideratiéhThe strains in thé110}, film thickness. This distance is referred to as the decay
{200, and{211} planes were compressive near the free surlength for the normal strain. As shown in Fig. 6, the decay
faces(—0.20% to—0.50%9 and then become more tensile, at length increases as the total film thickness increases. The
about the same rate. When the entire film thicknesses amrror bars indicate the uncertainty in the decay length due to
penetrated, the strains were betwee.10% and—0.10%. the density of the data points in Fig. 5. The trend in Fig. 6

JVST A - Vacuum, Surfaces, and Films
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Fic. 8. Magnitude of the normal stress, in the top 5 nm of several Mo
Fic. 7. Plan-view micrograph of 800 nm Mo film taken on the scanning films as a function of total film thickness. The line is intended as a guide for

electron microscope which illustrates significant surface roughness. Thie eye. The stress was calculated using linear elasticity and bulk elastic

grains are evolving into a zone 2 microstructure, which is characterized byfOnstantsEy,=324 GPa andy,=0.293. Because the normal stress near a

highly oriented columnar grains and faceted surfaces. ree surface must be zero due to mechanical equilibrium, this result would
imply that the surface of a thin film cannot be considered to be a perfect

linear elastic solid.

may be related to an increase in the grain size and/or the
surface roughness with film thickness. A previous publicatechnique?® used for this study, can yield the variation of the
tion showed a nearly linear increase in the grain size as mormal stresses and strains as a function of x-ray penetration
function of Mo film thickness for films between 5 and 80 nm depth for penetration depths as shallow as 5 nm from the free
in thickness that were magnetron sputtered under similasurface.
conditions! Also, the plan-view scanning electron micro-  The determination of the magnitudes of the errors in Figs.
graph shown in Fig. 7 for the 800 nm film shows substantiaR, 3, and 5 was discussed in detail in a previous
surface roughness. A more detailed study of the grain sizesublication?® The error in the penetration depth depends on
and surface roughness, with atomic force microscopy, wilthe uncertainty in the incident angle and how close the inci-
be needed to correlate these microstructural features to thent angle is to the critical angle. Very near the critical angle
strain gradients. The determination of the relevant microthe uncertainty in the penetration depth is greate®0 nm).
structural feature would then shed light on possible mechathe uncertainty in the crystallographic strains arose from
nisms for the strain generation. both systematic and random errors that occurred during the
One consequence of the large normal straijynear the experiments. Great care was exercised to minimize system-
free surface of each film is that the corresponding normaétic errors from instrument misalignment, specimen displace-
stressesr,, are nonzero. The normal stress for the top 5 nmment, and beam divergence. Also, the random counting er-
of each film was calculated using linear elasticity and therors were minimized by taking the following three
bulk elastic constant& and v, and is shown in Fig. 8. The precautions:
value of o, for the top 5 nm of each film increased with
total film thickness. The values of the normal stress over( )
each entire film thickness were also determined, and were
nominally zero, as expected from mechanical equilibrium. A )
plausible explanation for the near-surface stress behavior |(5
that the surface normal direction no longer corresponds t
the normal direction in the laboratory reference frame due t
surface roughness. The analysis of the normal stress near the
surface of thin films has not been widespread because it is The magnitude of the systematic error in the diffraction
difficult to obtain. Common stress measurement techniquegxperiments was evaluated by a careful analysis of the;LaB
such as substrate curvature and?sinmethods, determine standard data. The magnitude of the random errors in the
the stresses over the entire film thickness and assume a lirystallographic strains was determined by differentiating
axial stress stata priori.’>~?” Depth sensitive techniques, Bragg's law, and was equal to a maximum Ad/d of
such as grazing incidence x-ray scatteri@X$S), are gen- +5x10 * for the low signal-to-noise higher-order peaks.
erally used to profile in-plane strains as a function of x-rayThe maximum errors in the strain eigenvalues were deter-
penetration deptf®4"*8The symmetricd—26 scattering ge- mined using the approach described by Witte, Winholtz, and
ometry can be used to determine the average normal straleal® and a more detailed analysis of the la&tandard
only*®%® However, the recently developed HRXRD data, and were alsa5x10 “.

The experiments were operated in the count mode, and
at least 100 000 counts were collected from the incident
beam for each data point;

the data were collected in angular increments of
1x1072-1.5x10 2 deg; and

3) many of the diffraction peaks were collected multiple
times.
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