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STRESS RELAXATION IN SPUTfERED W FILMS AND W/GeSi/Si HETEROSTRUCIURES 

F. M. Ross, Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, CA 94720; 
R. R. Kola, R. Hull and J. C. Bean, AT&T Bell Laboratories, 600 Mountain Avenue, Murray 
Hill, NJ 0797 4. 

ABSTRACT 

We have investigated stress relaxation in GeSi/Si heterostructures on which thin W films have been 
sputtered with different stress states. Real-time electron microscope observations of the relaxation 
process demonstrate that the presence of the stressed metal film changes the relaxation kinetics of 
the GeSi/Si heterostructures. We discuss the significance of this result for the processing of 
strained layer heterostructures into devices. We have investigated the relationship between 
microstructure and stress in these sputtered W films, and, by developing a novel specimen 
geometry for the transmission electron microscope (fEM), we present dynamic observations of the 
evolution of microstructure and stress during the 13-W ~-W transformation. 

IN'IRODUCTION 

Tungsten thin films find many applications as absorbers for x-ray masks and in VLSI 
metallisation. However, sputtered films are usually deposited with a high intrinsic stress. These 
high stress levels can result in voiding in VLSI metallisation, and are also disadvantageous in x-ray 
masks where distortion of the pattern must be minimised. A further effect of stress in a sputtered 
tungsten film can be to alter the kinetics of relaxation of an epitaxial strained layer heterostructure 
on which the fJ..lm is deposited [1]. It is therefore important to understand and control both the 
initial stress state of the film and any changes in stress during subsequent device processing. 

It is now well established that the primary parameter controlling stress in films sputtered at 
room temperature is the pressure of the working gas during deposition [2-5]. Small changes in the 
pressure can alter the stress state from highly compressive to highly tensile, in both very thin (tens 
of nanometers) and thicker (micron) W films. The mechanism for this effect is thought to be a 
competition between scattering in the plasma, which decreases the directionality of the incident 
ions, and the enhancement of surface mobility by ion bombardment [3]. This model predicts a 
strong correlation between microstructure and stress state. W films with compressive and tensile 
stresses are, in fact, known to have distinctive microstructures, in terms of grain size, voids, argon 
concentration and lattice parameter [6-9], although the quantitative relationship between these 
parameters and the stress is still not fully understood, particularly for the case of very thin films. 

In this paper we will describe an investigation into the microstructure and the evolution and 
effects of stress in thin W films sputtered onto a variety of substrates. When W films are deposited 
on metastable GeSi/Si heterostructures, we fmd that the presence of a particular sign of stress in 
the W fJ..lm can diminish or enhance the rate of formation of misfit dislocations at the GeSi/Si 
interface upon heating. This result is of interest in the suppression of dislocation nucleation from 
the edges of patterned mesas in strained layer systems. We have characterised the differences in 
microstructure between compressive and tensile a-W 111.ms deposited on Si(lOO), and we fmd 
several features which are not expected on the basis of present microstructural models. We will 

... discuss these features, in particular the presence of voids in compressively stressed fJ..lms, in terms 
of the evolution of the film structure from a metastable 13-phase. Finally, we have observed in real 
time the microstructural changes occurring during the transformation from 13- to a-W on 

·• polysilicon which can occur at temperatures as low as 170°C. This has been achieved by 
developing a novel membrane specimen geometry for the TEM, which has enabled us to observe 
the transformation without problems associated with strain relief at the edge of the specimen, and 
to derive thermodynamic data such as the activation energy for the transformation. 
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THE EFFECT OF W FILM STRESS ON THE RELAXATION OF GeSi HETERO
STRUCTURE$ 

The relaxation kinetics of epitaxial strained layer systems, such as the GeSi/Si system, have been 
accurately measured by studying the relaxation of metastable structures in the TEM [10]. Molecular 
beam epitaxy was used to grow GeSi/Si structures at a relatively low temperature (550°C). The 
GeSi layer thicknesses were chosen to be above the critical thickness [11], but not by so much that 
significant relaxation occurred during growth. Discs were then cut from the wafers ultrasonically 
and were chemically etched from the back to form electron transparent regions. On heating these 
specimens above the growth temperature, misfit dislocations appeared at the GeSi/Si interface: the 
formation and movement of the dislocations was observed in real time during heating in a TEM 
[10]. 

It appears from these kinetics studies [1, 10], as well as from experiments on patterned 
mesas [12, 13], that the nucleation of dislocations, rather than their propagation once formed, is 
the rate limiting step in the relaxation process. Our experiments also show that most nucleation 
events take place at the outer edge of a disc or the edge of a patterned mesa [1]. Since there are· 
substantial advantages in performance to be gained by suppressing the formation of dislocations in 
strained layer systems [14, 15], we were therefore interested in finding out whether particular 
processing steps alter the nucleation kinetics at the edges of a mesa. 

Finite element calculations carried out for W/GeSi/Si and W/Si!GeSi/Si structures show that a 
stressed metal overlayer can significantly alter the stress at the edges of a mesa. We have therefore 
compared relaxation kinetics for GeSi/Si and Si/GeSi/Si structures on which tensile and 
compressively stressed W films had been sputtered, and we find that the sign of the stress in the 
metal overlayer alters both the onset of relaxation and the ultimate dislocation density [ 1]. This 
result suggests that a suitably stressed metal overlayer may be useful in diminishing the driving 
force for the formation of dislocations in the processing of patterned strained heterostructures. 

9377-7357 

50nm 

(a) (b) 
Figure 1. Bright field images of 300nm W films sputtered onto Si (001) with (a) a compressive 
stress of -950MPa and (b) a tensile stress of 900MPa. Both images were taken under focus to 
enhance the void contrast. w deposition was carried out in a eve 601 rf diode sputtering system 
with a load lock. The base pressure was lxi0-7 Torr and the Ar pressure during sputtering was 15 
and 23 mTorr respectively. Substrates were cleaned in situ by Ar sputtering. TheW target, 20cm 
in diameter, was positioned about 8cm from the substrate and a power density of 1.6 Wcm-2 was 
used. The substrate was not intentionally heated but its temperature probably rose by <l00°C. 
Film stress was measured using a Flexus 2320 laser deflection system. 
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THE MICROSTRUCTURE OF SPUTTERED W FILMS 

Figure 1 illustrates the microstructure of the compressive and tensile W films described above. 
Both films have a <110> texture and grain sizes of about lOOnm. The grain boundaries are heavily 
faceted, and both films have voids within the grain and along the boundaries. In the compressive 
film these voids have diameter about 3nm; their shape is a triangular prism with the long axis in the 
[111] direction and <110> type faces (see figure 2b). The number density is 3x1011cm-2 and the 
voids comprise 1-2% of the volume of the film. In the tensile microstructure, the voids are larger 
and more complex in shape, but the long axis is still clearly related to the orientation of the 
individual grains. The number density is 5xiOllcm-2 and the voids comprise 5-10% of the 
volume. In addition to these voids, much larger, circular "pinholes" (2x 1Q8cm-2, 40nm diameter, 
0.3% of the volume) go through the tensile film. RBS and XRD show that the compressive and 
tensile films have 1.6 atomic% and 1.2% Ar, and lattice parameters 0.3172 and 0.3166nm, 
respectively. The oxygen content, as measured by AES, is less than 1 atomic%. 

These differences in microstructure are interesting in the context of the microstructural model 
developed by Thornton for thick sputtered films [2-5]. In this model, at low Ar pressures, higher 
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Figure 2. High resolution images, taken near Scherzer defocus on the Berkeley Atomic Resolution 
Microscope. (a) Grain structure of compressive (-795MPa) ~-Was deposited on a polysilicon 
membrane. The lower right hand grain is an a-W nucleus. Note the apparently amorphous regions 
at triple points. (b) Void structure in a film which has transformed to the a phase. Distinctive void 
shapes are seen, and the void spacing is comparable to the grain size in the initial ~-W structure. 
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energy bombardment enhances the surface mobilities of W atoms, allowing them to fill the 
intercolumnar voids of the low temperature growth structure. Thick films should show dense, 
fibrous grains (zone T microstructlJ!e), with a compressive stress related to the incorporation of 
interstitial W or Ar into the film by an energetic particle peening effect (this point is at present under 
discussion [ 4, 16, 17]). At higher pressure, the reduction in energy and directionality should lead 
to lower surface diffusion and a voided (zone 1) structure dominated by self-shadowing effects. 

The presence of voids in the compressive microstructure is not expected on the basis of this 
model and as far as we are aware has not been observed elsewhere. The tensile stress expected 
from such voids [4, 16, 18] must be compensated by a compressive stress due to interstitials or 
substitutional Ar [ 17]. The presence of Ar in these voids may also influence the overall stress and 
we are presently investigating whether the voids are preferred sites for Ar impurities. We believe 
that the voids are left behind during the formation of the stable a-W film from a smaller grain size, 
metastable (3-W film. We will discuss this point in more detail below. 

In the tensile fllm, the void directions are clearly related to the crystallography of each grain 
rather than to any geometry of the sputtering system. They are therefore unlikely to originate 
entirely from self-shadowing effects, and perhaps indicate a significant amount of surface diffusion 
to create favoured facets. We believe that although the relationship of microstructure to sputtering 
parameters is well understood for thick fJ.lms, the present results show that in the case of very thin 
films the details of the nucleation of individual grains have a significant influence on the final 
structure. 

STRESS RELAXATION IN SPUTfERED W FILMS 

In order to examine the evolution of stress and microstructure in these films we have developed a 
novel specimen geometry for the TEM. Electron transparent membranes were fabricated by 
depositing 150nm of polysilicon or SixN y by low pressure CVD, and then opening a 
500x500J.UD.2 window from the back side of the wafer using photolithography and an EDP etch. 
TheW film was then deposited onto the membranes and the wafer was diced into suitable sizes for 
examination in the TEM. This method has the advantage that. specimen preparation artifacts are 
eliminated and the stress in the metal film does not make the thin areas curl up. We were concerned 
that the temperature rise during sputtering may have been different in the membranes and the 
unetched parts of the substrate, but examination of the films by conventional methods on unetched 
regions showed no significant microstructural differences. 

Our results confirm earlier observations [19] that films of less that 5nm are amorphous. 
50nm compressively stressed W films on polysilicon show both the a and 13 phases (15% and 
85% respectively), (figures 2 and 3a), as identified by their poly~stalline diffraction patterns. 
Nuclei of the stable a phase (bee structure) are present as 4x109cm· voided grains, 40-lOOnm in 
size. The metastable 13 phase (A15 structure) has grain sizes of 7-15nm; voids up to 2nm across are 
present at the boundaries and particularly the triple points, although not within the 13 grains. On 
heating this structure in the mi~scope, we observed a dramatic grain growth process, with further 
a nuclei forming and the a phase consuming the smaller 13 grains (figure 3b and c). This 
transformation, occurring at temperatures as low as 130°C, is similar to that seen by Petroff [6]. It 
is an irregular nucleation and growth process, proceeding rapidly across individuall3 grains but 
slowing at grain boundaries. The final structure shows grain sizes of over lOOnm, and within each 
pin are voids of similar density to the voids in the initiall3 structure. We believe that voids in the 
j:5 structure remain in the same positions in the a grains, suggesting that the 13-W -7a- W 
transformation involves movements over very short length scales, rather than extensive 
rearrangement. The reaction velocity is thermally activated with an activation energy of 
1.14±0.1eV and a prefactor of 1o2 nm sec-1, as measured from in situ TEM observations. At these 
low temperatures we would expect grain boundary diffusion to be more important than self 
diffusion. However, the activation energy for grain boundary and self diffusion in W are both of 
the order of 4-6eV [20], and the value we find is closer to the energy of migration of W atoms on 
W, 0.8eV [6]. The kinetics are determined by diffusion at voids and grain boundaries, and reflect 
the fact that the diffusion in these highly stressed thin films is unlike that in bulk material. 

During this microstructural evolution, the stress state in the film changes, the initially 
compressive stress having been reduced by about 250MPa (measured after cooling to room 
temperature). The reduction in atomic volume from 13 to a-W (9.635 to 9.545x10-6 m3mol-1) 
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XBB 9377-7350 

Figure 3. Bright field images showing different stages in the ~-W--7a.-W transformation. (a) 50nm 
W as-grown on a polysilicon membrane. The a. phase shows up as bright grains while the smaller
grained~ phase appears darker. (b) After 15 minutes heating at 170°C the a. phase has grown at 
the expense of the~ phase. (c) After a few seconds at 450°C the transformation is complete. Moire 
fringes are due to the interference between polysilicon and a.-W grains. 
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would lead to a stress change of 1.8GPa (calculated using bulk elastic constants [20]) so that the 
elimination of excess free volume must also be occurring. The reduction in stress state is certainly a 
driving force for this reaction, and we are in the process of comparing the reaction kinetics in 
tensile and compressive fllms to assess the importance of stress in the 13-W -?a.-W transformation. 

Control experiments show that there is no further reaction at higher temperatures once the 
transformation is complete. Films deposited on SixNy substrates already show a fully transformed 
a.-W structure; the lower thermal conductivity of the substrate here perhaps leads to higher 
temperatures during deposition. 

CONCLUSIONS 

W films sputtered with different stress states show a distinctive microstructure. We have studied 
the evolution of this microstructure by performing dynamic experiments in the TEM, and we 
suggest that the voids we see in compressively stressed W films are due to its formation from a 
smaller-grained J3 phase precursor. We have derived thermodynamic parameters for the 
transformation from ~-W -?a.-W and believe that the reaction is controlled by a diffusive process at 
the grain boundaries. We have also examined the effect of stressed W films on the relaxation of 
strained layer substrates. We suggest that compressive and tensile W films may have applications 
in the processing of strained layer devices because of their potential for changing the relaxation 
kinetics of metastable epitaxial heterostructures. 

We acknowledge the valuable assistance of D. Bahnck in preparing TEM specimens and L. E. 
Trimble and H. A. Huggins in the fabrication of electron transparent membranes. This work was 
supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, Materials 
Science Division, U. S. Department of Energy under contract No. DE-AC 03-76SF00098. 
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