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We present a strategy of stress reduction in sputter deposited films by a nano-compliant layer at the
substrate using physically self-assembled nanostructures obtained at high working-gas pressures
prior to the deposition of a continuous film. This technique is all in sifu, and the nanostructures are
made of the same material as the deposited thin film and requires no lithography process. This
nanostructured layer has a lower material density and can act as a compliant layer to reduce the
stress of the subsequently deposited continuous film grown under low gas pressure. By using this
approach we were able to reduce stress values significantly in sputter deposited tungsten films and
the strategy of alternating high and low Ar gas pressures leads to the growth of much thicker films
without delamination. © 2005 American Vacuum Society. [DOI: 10.1116/1.1861940]

I. INTRODUCTION

The control of stress in physical vapor deposited thin
films is of continued interest due to its close relationship to
technologically important material properties. Further, thin
film stress often determines its adhesive strength to the
substrate,l*3 the limit of film thickness without cracking,
buckling, or delamination,*™ electrical properties,“Hz and
optical properties such as distortions in x-ray masks."?

It has been shown'*"? that the intrinsic stress in sputtered
tungsten films is correlated to Thornton’s structure zone
model (SZM).16 The SZM relates the microstructures of
sputtered thin films to the most prominent deposition param-
eters such as working-gas pressure and substrate tempera-
ture. The studies by Haghiri-Gosnet et al."  and
Windischmann'” have revealed that the transition from zone
1 of a porous and columnar structure to zone T of a denser
film, e.g., by passing from high to lower working-gas pres-
sures, corresponded to a dramatic change of stress from high
tensile to high compressive values (i.e., from a few GPa
tensile to a few GPa compressive for tungsten). The rapid
change of stress with pressure allows only a narrow window
of pressures that yields reasonably low-stress values (i.e.,
< a few hundred MPa for tungsten). Therefore, obtaining
low-stress films by controlling the working-gas pressure (at a
fixed pressure during deposition) has been difficult and is not
a robust method."* In the high-pressure part of zone 1 it is
possible to produce low-stress films. However, these films
exhibit poor electrical properties due to the columnar micro-
structure. This is partially due to adsorbed oxygen in the
voids, which results in an increase of stress to compressive.14

Similarly, the stress is a sensitive function of dc bias
Voltage” and substrate temperaturem’17 near the transition
between tensile and compressive values, which makes the
stress control difficult. A rf-substrate biasing technique has
been shown to improve the stress control over an optimum
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regime of cathode current, pressure, and the rf-substrate bias
values.'! On the other hand, the method is sensitive to the
type of materials to be deposited, and finding the optimum
parameter space can be challenging. In addition, Maier et al.
studied the effect of plasma-etch surface treatment of graph-
ite substrates before a deposition on the adhesion properties
of tungsten films sputter deposited at various temperatulres.9
Their plasma treatment is a chemical method that suffers
limitations of the type of substrate materials and the material
to be deposited. Also, the deposition may need high substrate
temperatures. Recently, Windt'® was able to reduce the stress
in sputter deposited W films using a bilayer structure of
W/Cr. He adjusted the deposition conditions to give com-
pressive and tensile stress in W and Cr layers, respectively.
His results suggest that with a suitable choice of layer thick-
nesses for W and Cer, the net stress in the bilayer can be made
to balance each other.

An approach by Karabacak et al.” demonstrated that a
thin layer of nanostructures formed by an oblique angle
deposition technique can act as a compliant layer and effec-
tively reduces the stress of the continuous film atop. The use
of a compliant layer in stress reduction has been shown to be
a more robust technique compared to other approaches men-
tioned above. During oblique angle deposition, the incident
flux that approaches on a tilted substrate is preferentially
deposited on the higher surface heights due to the shadowing
effect. This physical self-assembly process results in the for-
mation of nanorods. By this method, the nanostructured
compliant layer (NCL) of low material density is obtained in
situ and the nanostructures are made of the same material as
the deposited thin film. This method does not require any
lithography steps.

In this article we present another, and maybe a simpler
way, of obtaining a NCL. We suggest that nanostructures of
a NCL can also be produced using the SZM of sputter de-
posited films themselves. A “revised SZM” study by Messier,
Giri, and Roy20 has shown that zone 1 of classical SZM in
fact consists of five different subzones of columnar “nano-
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structures” with  typical sizes varying  from
1 to 3 nm to 200—-400 nm. At high working-gas pressures,
enhanced collision and scattering events result in particles
that obliquely incident on the substrate surface. Therefore,
the shadowing effects give rise to the formation of columnar
structures. The reduced ion bombardment at high pressures
slows down the adatom mobility and therefore results in less
dense films. The nanocolumns are typically separated from
each other by voids that are lower density regions.21 This
indicates that the low-density regions can be as small as
atomic scales, and also at the same time be as large as a few
tens of nanometers in size. Even in the deposition conditions
that normally favor the formation of dense films, thin film
strain that built up during the growth may lead to the forma-
tion of columnar structures. Huang e al. observed that sput-
tered Cu can form alternating layers of (111) and (110) tex-
ture where it is in the form of denser and columnar structure,
respectively.22 They explain their result by a self-
organization mechanism that includes shadowing effect and
competition between the strain and surface energies.

Once forming the NCL using a high working-gas pres-
sure, we can decrease the working gas pressure in situ to
deposit the usual continuous dense layer of material. We can
expect that the compliant layer will relieve the stress in the
continuous thin film, which then results in better adhesion,
larger critical thickness, and better quality films. The process
can be repeated to form thick multilayer films.

Il. EXPERIMENT

In order to experiment with the approach described above,
we used a dc magnetron sputtering system to deposit tung-
sten films. W films were deposited on oxidized p-Si(100)
(resistivity 12—25 () cm) wafers (diameter ~7.6 cm) using a
99.95% pure W cathode (diameter ~7.6 cm). The substrates
were mounted on the sample holder located at a distance of
about 15 cm from the cathode. The base pressure of ~2
X 107% Torr was achieved by a turbo-molecular pump
backed by a mechanical pump. In all the deposition experi-
ments, the power was 200 W. We used an ultrapure Ar flow
to generate the plasma.

In a previous study by Shen et al., who used a similar W
deposition system, it has been shown that the film stress gets
close to zero at around ~15 mTorr.” Therefore, we set the
Ar pressure to 15.0 mTorr to obtain the low-stress NCL of
columnar W. For the low-pressure value, we used 2.0 mTorr
which would give dense but stressed films. We performed W
depositions on silicon wafers starting from the high-pressure
step and successively changing the pressure between high to
low at the end of each layer. The thicknesses of the films
were determined by a step profilometer and also verified by
scanning electron microscopy (SEM) cross-sectional images.
The deposition rates were measured to be ~12.0 and
~16.5 nm/min at the Ar pressures of 2.0 and 15.0 mTorr,
respectively. In this study, we set the thicknesses of the NCL
and the denser film to 165 and 120 nm, respectively. In ad-
dition, we will label the very first NCL layer on the silicon
substrate as n=1, the second denser W layer as n=2, the

JVST A - Vacuum, Surfaces, and Films

following NCL as n=3, and so on. The surface topography
was investigated using optical microscopy and atomic force
microscopy (AFM). We used a contact-mode AFM (Park
Scientific Auto CP) where the radius of the silicon tip used
was about 10 nm, and the side angle was about 12°. The scan
sizes were 2 X2 um? with 512X 512 pixels. The root mean
square (rms) roughness values were extracted from the quan-
titative surface height values. The crystal structure informa-
tion was studied by x-ray diffraction (XRD) measurements
using a Scintag diffractometer with a Cu target (A
=1.5405 A) operated at 50 kV and 30 mA. The diffracto-
meter was calibrated with respect to the peak positions of a
Si calibration standard.

The measurements of intrinsic thin film stress were per-
formed by using a dual wavelength (A\;=670 nm and \,
=750 nm) Flexus 2320 system, which uses a wafer curvature
technique. The film stress o then was calculated using
Stoney’s equation24

1 E dy’

TT6R(1-1v) d 0

where E, v, and d,, are Young’s modulus, Poisson’s ratio,
and thickness of the substrate, respectively, and d is the film
thickness (assuming d<<d,,,). Before a deposition, the R is
the radius of curvature of the reference wafer (R,). After a
deposition, the R becomes the relative substrate radius of
curvature and is calculated as R=R;R,/(R,—R,), where R,
and R, are the radii of curvatures before and after deposi-
tions, respectively. In conventional notation, positive signs of
film stress correspond to tensile and negative signs to com-
pressive stress values. However, since all the tungsten films
we investigated were in compressive stress state, in this ar-
ticle positive signs will be used to represent the compressive
stress.

Qualitative adhesion tests were made by using a scotch
tape peel test. However, in cases where the film was already
peeling off or flaking by itself, we did not perform the peel
test and considered this film as failing in adhesion.

lll. RESULTS AND DISCUSSION

With no compliant layer present, we observed that the W
film starts to delaminate and peels off after thickness
~240 nm. Figures 1(a)-1(c) show optical microscopy topog-
raphies of the delaminated W film at various thicknesses.
The delamination patterns are in the form of randomly ori-
ented wrinkles at thickness ~240 nm [Fig. 1(a)]; parallel
periodic wrinkles at ~600 nm [Fig. 1(b)], and irregular-
shaped flakes at ~1440 nm [Fig. 1(c)]. The whole film
shown in Fig. 1(a) and the light-gray regions in Figs. 1(b)
and 1(c) were the buckled films that delaminated but still
loosely adhered to the substrate. The dark-gray regions in
Figs. 1(b) and 1(c) were exposed Si surfaces after the film
peeled off completely at those places. Some portions of the
W film that were peeled off but still barely attached to the
adhering film from their edges were shown as the black re-
gions in Fig. 1(b). Similar decohesion patterns for W films
were observed before™® and explained by the high compres-
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Fig. 1. Optical microscopy images of tungsten
morphologies: (a) ~240 nm, (b) ~600 nm, (c) ~1440
-nm-thick W films deposited on bare Si substrates. Film
delaminations can be seen clearly. Black color regions
in (b) are the W film that delaminated and completely
peeled off. Light-gray parts in (b) and (c) are delami-
nated W films that still barely stick to the Si surface,
and dark-gray regions are exposed Si surface areas. (d)

A ~570-nm-thick multilayer W film obtained by suc-
cessively depositing the W film at high/low Ar pres-
sures (four individual and successive layers of
~165 nm at 15 mTorr and ~120 nm at 2 mTorr). The
film is smooth (rms=1.3+0.1 nm) and has a good ad-
hesion. The scale bars are 100 um for (a), (b), and (c)
and 25 um for (d).

sive stress values in the film and followed by relaxation in
the form of wrinkles. As a driving force of the wrinkle for-
mation, the elastic energy that originates from the film stress
stored in the layer/substrate system is considered.®® Gille
and Rau® suggested that at sufficiently high stress values,
the poorly bonded areas and heterogeneities in the film may
induce elastic instabilities similar to the well-known “Euler
instability of a loaded column.” These instabilities can cause
periodic delaminations or buckling patterns if the release rate
of the elastic energy is equal to the debonding surface en-
ergy. In cases where instabilities are biaxial and have differ-
ent wavelengths at the orthogonal directions the delamina-
tion pattern can be in the form of wavy wrinkles similar to
the ones in Fig. 1(b). However, at lower stress values below
a critical limit the wrinkles cannot propagate and they be-
come randomly oriented as in Fig. 1(a). On the other hand, if
the film stress passes a higher limit, the growth of wrinkles
can become unstable and the film can delaminate as a whole
or in the form of flakes such as in Fig. 1(c). In addition,
O’Keefe and Stutz observed that high compressive stress val-
ues of sputter deposited W films decreased as a function of
time while the film relaxed and delaminated in the form of
wrinkles.’

In contrast, the multilayer NCL/dense W films of high/
low Ar pressure (e.g., 15 mTorr/2 mTorr) did not delami-
nate for any of the thicknesses we investigated (e.g., up to
~2300 nm formed by n=16 individual layers). Figure 1(d)
compares a smooth ~570-nm-thick multilayer W film (rms
=1.320.1 nm,n=4) to Figs. 1(a)-1(c) of delaminated W
films at various thicknesses with no compliant layer. In ad-
dition, all these W films deposited with NCL passed the
scotch tape peel test that indicates the enhancement in adhe-
sion.

Figure 2 shows the measured stress values of single layer
low Ar pressure (no compliant layer) and multilayer (high/
low Ar pressure) tungsten films as a function of total film
thickness. Single layer W films made under low Ar pressure
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quickly develop very high compressive stress values
(~2.35 GPa) even at ~120 nm thickness. On the other hand,
a single layer of high-pressure W film made by using an
NCL step (~165nm thick) has a low stress value
~0.05 GPa (off scale and is not shown in Fig. 2). This is
consistent with the previous studies on the change of stress
with the working-gas pressure.m’15 The maximum tempera-
ture of the substrate during the deposition was measured to
be ~85 °C. It has been previously shown that a ~50 °C
increase in substrate temperature during sputter deposition of
tungsten corresponded to a negligible “thermally induced”
stress value of ~50 MPa.' Therefore, in our samples the
stress values are mostly incorporated during film growth or
“growth induced” stress.

The multilayer structures formed by these individual lay-
ers of high/low pressure have mild stress values (e.g.,
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FIG. 2. Measured stress values (compressive) of single layer low Ar pressure
(open circles) and multilayer high/low Ar pressure tungsten films (filled
squares) are plotted as a function of total film thickness in a semilog scale.
A multilayer structure starts first with a high-pressure step on the Si wafer.
However, the first data point corresponds to a ~120 nm W film at low
pressure. The “n” represents the total number of individual layers. The high-
pressure step gives rise to the formation of a nanostructured compliant layer
(NCL), while for the low-pressure step we obtained a denser layer with
higher stress. All the multilayer films have good adhesion.
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FiG. 3. Cross-sectional SEM image of a multilayer W film obtained by
successively depositing the W film in situ first at 15 mTorr to obtain the
nanostructured compliant layer (NCL) (~165 nm,n=1) nm, second at
2 mTorr to obtain the denser film (~120 nm,n=2) nm, and then repeated
the NCL/denser film seven more times (total number of individual layers
n=16). The multilayer film is ~2300 nm thick. The scale bar is 100 nm.

~1.30 GPa at ~2300 nm thickness) as shown in the Fig. 2.
Interestingly, unlike the single layer W films made under low
pressure, the stress of multilayer film decreases as the total
thickness increases. The incorporation of each additional
NCL seems to increase the efficiency of compliance in the
multilayer film. In addition, the stress seems to level off at
higher thicknesses of the multilayer film. This may be due to
the competition between the stress buildup with the increase
of total film thickness and the relaxation mechanisms asso-
ciated with the NCLs. At higher thicknesses these two effects
can reach an equilibrium state and the stress becomes stabi-
lized. Therefore, NCL used in this way allows us to fabricate
very thick films with reasonable low stresses. As an example,
Fig. 3 shows an SEM cross-section image of
~2300-nm-thick film, where the multilayer structure can
also be realized.

In addition, the crystal structure of W films with and with-
out NCL and their densities are investigated. Depending on
the growth conditions and thicknesses of the films, the sput-
ter deposition of tungsten films can give rise to either the
a-phase W, which has the equilibrium bce structure, or the
metastable B-phase W, which has an A15 (cubic) structure,
or a mixture of both phases.“"26 The lattice constants are
3.16 and 5.04 A for a-W and B-W, respectively. These two
phases may have very different properties, for example, the
measured resistivity of S-W film is an order of magnitude
higher than that of the a-W film.”’ Figure 4 compares the
XRD plot of a low-pressure single layer W film of ~340 nm
(as measured from the nondelaminated region of the wafer)
to a multilayer film of high/low pressure of ~2300 nm thick.
The XRD profiles are very similar for both types of films.
The polycrystalline films consist of a mixture of @ and S
phases. However, the dominant « phase can be realized with
the existence of a strong «(110) peak for both the low-
pressure and the multilayer high/low-pressure W films.
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FiG. 4. X-ray diffraction (XRD) spectra of a single layer W film made under
low Ar pressure and a multilayer W film made under alternating high/low Ar
pressures W film are shown. The intensity for the single layer W film spec-
trum in the y axis is offset for clarity. The inset is the zoomed in of a(110)
peak profiles. Both the experimental peaks (thick line curves) and the
smooth line fits (thin line curves) show the peaks shift towards smaller 26
values due to a compressive stress in these films.

Moreover, the position of the XRD «(110) peaks shifted to-
wards smaller 26 angles from the equilibrium position at
26=40.262°. For example, see the inset in Fig. 4 where the
peaks at ~39.945° and ~40.159° are for a single layer low-
pressure and the multilayer high/low-pressure W film, re-
spectively. This type of shift indicates the existence of larger
atomic plane spacing, and has been explained to originate
from a compressive stress in the film.” The location of the
a(110) peak for the low-pressure W film (~39.945°) corre-
sponds to a lattice spacing of ~3.189 A. This is about
~0.79% larger than the equilibrium lattice parameter of an
a-W (~3.164 A) film. On the other hand, the a(110) peak
for a multilayer W film shows a smaller shift (~40.159°)
that corresponds to a lattice spacing of ~3.172 A, which is
only ~0.25% larger than the equilibrium lattice spacing.
This is consistent with the smaller stress values that we ob-
served in our multilayer W films.

IV. CONCLUSION

In conclusion, it has been shown that a nano-compliant
layer formed by a high working-gas pressure processing can
provide stress reduction, adhesion improvement, and a high
critical thickness for sputter deposited W thin films. The
technique is all in situ and the nanostructures are made of the
same material as the deposited thin film. This method does
not require any lithography steps. The nanostructure layer
has a lower material density and can act as a compliant layer
to reduce the stress of the subsequent deposited continuous
film. By using this approach we were able to significantly
reduce stress values in sputter deposited tungsten films on Si
surfaces. These lower stress thin films exhibit stronger adhe-
sions to the substrates thereby avoiding delamination. In ad-
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dition, by using a multilayer structure made under alternating
high and low gas pressures, we obtained very thick W with
high structural integrity.
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