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Real-time measurements of stress evolution during the deposition of Volmer-

Weber thin films reveal a complex interplay between mechanisms for stress generation

and stress relaxation. We observed a generic stress evolution from compressive to

tensile, then back to compressive stress as the film thickened, in amorphous and

polycrystalline Ge and Si, as well as in polycrystall;ne Ag, Al, and Ti. Direct

measurements of stress relaxation during growth interrupts demonstrate that the generic

behavior can occur even in the absence of stress relaxation. When relaxation did occur,

the mechanism depended sensitively on whether the film was continuous or

discontinuous, on the process conditions, and on the fildsubstrate interracial strength.

For Ag films, interracial shear dominated the early relaxation behnavior, whereas this

mechanism was negligible in Al films due to the much stronger bonding at the A1/SiOz

interface. For amorphous Ge, selective relaxation of tensile stress was observed only at

elevated temperatures, consistent with surface-diffusion-based mechanisms. In “all the

films studied here, stress relaxation was suppressed after the films became continuous.
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I. INTRODUCTION

The small length scales and reduced dimensionality associated with thin film

microstructure can change the mechanical behavior of films relative to the bulk. One

common example is the large residual stress often observed to develop in thin films

during deposition. While in heteroepitaxial growth the primary source of stress is from

lattice mismatch, most film-substrate combinations lead to Volmer-Weber (V-W) growth,

without lattice matching. The microstructural stages in the V-W growth mode include

(see Fig. 1): nucleation of discrete islands, island growth, island impingement and

coalescence, percolation of the island array, and channel-filling to eventually form a

continuous thin film, which can be polycrystalline or amorphous depending on the

material and the deposition conditions. For polycrystalline thin films, an additional

process, grain coarsening (grain growth) can occur during and after coalescence.
.?

The goal of this study is to understand the detailed structural origins of thin film

stress by examining stress evolution during film growth using real-time wafer curvature

measurements. Previous work has shown that a complex evolution of the film stress is

associated with V-W growth [1-5]. It is only now becoming widely appreciated that this

behavior arises from a dynamic interplay between different stress generation

mechanisms, coupled with a variety of possible mechanisms for stress relaxation. Studies

of stress generation processes have focused mostly on real-time growth experiments [l-

5], while studies of stress relaxation processes have focused on post-growth thermal

cycling experiments [6-10]. Here we explore the competition between stress generation

and relaxation mechanisms by combining film growth studies with isothermal growth
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interrupts that further elucidate the nature of the relaxation mechanisms. We have

examined a wide range of matexials systems in order to obtain a comprehensive picture of

stress evolution. After we present our data, a brief review of relevant mechanisms for

stress generation and relaxation is given. We then discuss the implications of our data

within the context of these mechanisms.

m’ 162000
II. EXPERIMENTS C!3STI

All films were grown on Si (001) substrates that had either a native oxide or a

thermally-grown oxide. No variations in the resulting stress evolutions were observed

between the two substrates. The substrates were f~st solvent-cleaned in an ultrasonic

bath, then etched in a 4:1 HzS0d:H20z solution that reduces hydrocarbons. After transfer

into the UHV chamber, the substrates were outgassed at 350”C for 1 hour (for metal film
.,

depositions) or 750°C for 5 minutes (for semiconductor film depositions).

All films were deposited by electron beam evaporation in ultra-high vacuum. Base

pressures were 1xlO-’OTorr, while deposition pressures were in the range 5X1(Y9– 3X10-8

Torr, which was mostly hydrogen. Deposition rates ranged from 0.1 – 5 MS and were

controlled using quartz crystal monitors.

During deposition, the wafer curvature was measured using a multi-beam optical

stress sensor (MOSS). MOSS is a laser deflectometer that illuminates the sample with an

array of parallel laser beams, as shown in Fig. 2. Upon reflection from the substrate,

divergence is introduced into the laser array due to the substrate curvature. The changing

divergence is measured on a CCD camera by measuring the changes in spacing between
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adjacent laser beams. More details on the MOSS apparatus can be found elsewhere

[11,12].

The curvature, K, is directly proportional to the product of the film stress and the film

thickness (which we wil refer to as the “stress-thickness”) [13,14]:

where cr is the film stress, h is the film thickness, h, is the substrate thickness, “and M, is

the biaxial modulus of the substrate. In a real-time growth experiment, both the stress

and thickness will be time-varying. Wafer curvature must be interpreted carefully, and

correlated with direct microstructural measurements, since the observed curvature

depends not only on the stresses present in the film, but also on how much film material
.:

is present, how the material and stresses are spatially distributed, and how well forces are

coupled between the film and substrate (i.e., on the interracial shear strength).

Select samples were examined ex situ using atomic force microscopy (AFM) and

transmission electron microscopy (TEM) in both plan-view and cross-section.

III. RESULTS

The curvature evolution for different V-W films grown on Si02 are shown in Fig. 3.

Unless otherwise noted, all growths occurred at room temperature (RT). The data are

plotted as stress-thickness vs thickness, where the slope of the curves represents an

“incremental” stress associated both with growth of new film, and relaxation occurring
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within the existing film [12]. Note that positive values of stress-thickness imply a tensile

mean stress (i.e., spatially averaged through the film), while negative values imply a

compressive mean stress. Positive (negative) slopes correspond to a tensile

(compressive) incremental stress, even in cases where the absolute stress-thickness is

negative (positive).

Generically similar behavior was observed in all

initial compressive stress, to tension, which reversed

cases, with an evolution from an

back into long-term compression.

This behavior has been frequently observed previously [1-5]. The detailed”evolution, and

the magnitudes of the observed stresses, differ significantly amongst the materials used in

our study. Two materials that show somewhat unique behavior are polycrystalline Ge (p-

Ge), which exhibits a very weak tensile “peak”, and Ti, which exhibits a double-tensile-

peak. Table I summarizes the maximum observed incremental stresses in the tensile and

long-term compressive regimes, as well as the homologous deposition temperature, and
..

the deposition rate.

In Fig. 4 we replot the Ag and Al curvature data, both on a thickness scale Fig. 4(a)]

and on a normalized scale that highlights the differences in behavior [Fig. 4(b)]. For Ag,

there was a long initial regime over which there was no stress generation, either tensile or

compressive. We obtained this result repeatedly for Ag on Si02 under different

deposition rates and temperatures. By comparison, Aljlms on Si02 suppoti stressesfiom

the earliest stages of growth.

The circles on the curves in Fig. 4 correspond to the thicknesses where we obtained

TEM rnicros@ucture data. Fig. 5 shows a side-by-side comparison of the microstructure

of Ag and AI from plan-view. TEM. The TEM micrographs were acquire~ from graded-

5
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thickness samples where a shutter was moved across the wafer during deposition, in order

to obtain the full range of evolution in one deposition. While evolution of the

microstructure after deposition and upon exposure to air is possible, this should not affect

our basic conclusions.

Ag islands at 120-160 A mass equivalent thickness contain numerous grain

boundaries and we will refer to these as polycrystalline islands. Significant island

impingement to form grain boundaries has clearly occurred prior to reaching a nominal

thickness of 120 ~ in Ag. Films of Al at 25-40 ~ thickness exhibit similar

microstructure (although the Al islands have smaller height-to-width (aspect) ratios than

the Ag islands). Nonetheless, the stress evolution behavior in the two materials is

strikingly different. For Ag at 120 & tensile stress generation was barely starting to

develop. Even at 160 ~ mass equivalent thickness of Ag, near the onset of percolation,

the tensile curvature has reached only 11YO of its maximum value. On the other hand, for
,.

the case of 40 ~ thick Al, the tensile curvature has already reached 51% of its maximum

value.

Fig. 6 shows the stress evolution for amorphous Ge (a-Ge) deposited at room

temperature (solid line) and at 185°C (dashed line). Reflection high energy electron

diffraction (RHEED) patterns obtained during growth confirmed the lack of long-range

order. Even for these amorphous films, the typical compressive-tensile-compressive

evolution of stress associated with Vohner-Weber growth was observed. A non-contact

AFM image of a 70 ~ thick a-Ge film deposited at 185°C is shown inset in Fig. 6 that

confirms the V-W growth mode, and shows that the a-Ge islands have an aspect ratio of

about 0.2. As shown in Fig. 6, raising the deposition temperature increased the thickness
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required to obtain the maximum in the tensile curvat&e (which is directly correlated with.

when the film becomes continuous, e.g., see Figs. 4 and 5, and [1]), and reduced the,.

magnitudes of both the tensile and compressive stresses.

In order to examine relaxation kinetics@ more detail, we performed interrupts during

the deposition process, both before and after film continuity was achieved. Fig. 7 shows

the behavior for a-Ge deposited at room temperature. Fig. 7(a) shows the curvature vs

time, which explicitly demonstrates the relaxation kinetics, while Fig. 7(b) shows

curvature vs thickness. ~ the latter case, the interrupts

useful for studying the stress evolution when growth,.

are compressed, but the plot is

is resumed after an interrupt.

Absolutely no relaxation was obse~ed during growth interrupts at room temperature,.,”., ,.,

either before or after continuity, over time ,scales comparable to those of the depositions

themselves. Note in Fig. 7(b) that no. effect from the interrupts on the stress evolution

was observed when growth was resumed.

Fig. 8 shows the growth interr,upj behavior for a-Ge deposited at 185”C, again as a

function of both time and thickness. Prior to film continuity a clear relaxation of the

tensile stress ‘was observed see [Fig. “~(a)]. ,Furtherqore, the stress actually goes into net.,. ,

compression after about 200 sec. of ~nealing, as shown in detail in the inset of Fig. 8(a)..;-

The stress relaxation due to ~e pre-continuity interrupt is also clearly evident in Fig.

8(b), both as a discontinuity in $e, stress-.hic@ess, and as a subsequent change in slope
,,,,f

of the stress-thickness curve. A~diti~nal Qlrn growth to,,. .,

smaller, secondary tensile peak, presumably due to creation

full continuity resulted in a

of the final grain boundaries.

Another important observation is vat the final incremental compressive stress is about

28% larger after the pre-continuity interrppt than for unintemupted growth.., <’.

7



During growth interrupts performed after the film became continuous, a small

apparent relaxation occurred [see Fig. 8(a)]. However, this process was reversible, since

the curvature eventually returned to following the same evolution curve it had prior to the

interrupt. Reversible changes in stress during growth interrupts are often seen in

polycrystalline metal films, and have been attributed to surface structural effects [5]

rather than bulk stress relaxation. As will be shown next, we also observed large,

reversible changes in stress associated with interruption and resumption of deposition in

metal films. These reversible changes can make interpretation of the bulk, irreversible

relaxation kinetics rather difficult. In a-Ge, however, these effects are small, allowing

direct measurement of the relaxation behavior.

Fig. 9 shows the results of growth interrupts dufing room temperature deposition of

Ag. When Ag deposition was interrupted prior to film continuity, a rapid increase in

tension was observed [see inset of Fig. 9(a)]. This is the surface-related reversible

change mentioned above. A slow, rather small stress relaxation was subsequently

observed over the course of the interrupt in Fig. 9(a). When growth was resumed, a rapid

reduction in the tensile stress took place, with a magnitude that was larger than the tensile

rise at the beginning of the interrupt. Fig. 9(b) shows that the interrupt had a very large

effect on stress evolution upon the resumption of growth, reducing the incremental

stress by 60%, which directly indicates that a large degree of relaxation occurred

the interrupt. Additional growth after the interrupt resulted in a weak secondary

peak. The pre-continuity interrupt also reduced the long-term compressive

tensile

during

tensile

stress,

compared with the continuous deposition case. Note that this is different from a-Ge,

8
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where an increase in compression resulted from the pre-continuity interrupts (performed

at elevated temperature).

Growth interrupts

continuous, had little

performed after the tensile peak, i.e., when the film was

effect on the stress evolution, suggesting that no bulk stress

relaxation occurred. In fact, even for films up to 2000 ~ thick, growth interrupts

produced no observable relaxation of the compressive stress.

The results of Al growth interrupts are shown in Fig. 10. The pre-continuity interrupt

resulted in reactively slow relaxation of the tensile stress [see Fig. 10(a)]. Note that on the

time scale of the deposition process (e.g., 500 sec.), relaxation was minimal. Upon

resumption of growth, Fig. 10(b) clearly shows that relaxation occurred during the first

interrupt. Post-continuity interrupts for Al produced no significant stress relaxation.

An increase in the long-term compressive stress after the pre-continuity interrupt was

observed in Al, as it was for a-Ge. One caveat, however, is that it was more difficult to

obtain quantitatively repeatable results for Al than for Ag or Ge, presumably due to the

highly reactive nature of the metal, which increased the sensitivity to both the process

conditions and the substrate cleanliness. .

In order to evaluate whether long growth interrupts created contamination layers that,-

might promote nucleation of new islands when deposition was resumed, we grew an Al

film at RT under typical conditions, and performed two growth interrupts, each of 600

sec. duration. A TEM cross-section micrograph of this sample is shown in Fig. 11, with

the position, in depth, of the interrupts indicated on the figure. No oxide layer was

observed, and the grains are fully columnar, which provides reassurance that stress

9



evolution after growth interrupts was dominated by intrinsic microstructural evolution

rather than by contamination effects.

Table 11summarizes the results of the interrupt experiments for a-Ge, Ag, and Al.

Iv. MECHANISMS FOR STRESS GENERATION AND RELAXATION

We observed a compressive-tensile-compressive stress evolution behavior during

Volmer-Weber growth of a variety of film materials on SiOz. The generic nature of this

behavior, which has also been observed frequently by others, suggests that a few

common mechanisms are responsible for the measured stress evolution. These

mechanisms should not depend on the film being crystalline, since we observe similar

stress evolution in amorphous Ge. The data for a-Ge will be quite important in the

subsequent discussion regarding mechanisms. We note that standard V-W growth

processes such as island nucleation and growth, followed by island impingement and

coalescence to form a continuous film, appear to occur in a-Ge just as they do in

polycrystalline films. While it is difficult to speak of grain boundaries in amorphous Ge,

this network-forming material might be expected to retain regions of high: local bond

strain, and slightly differing density, where two independently nucleated islands coalesce.

It is also notable that we observed the compressive~tensile-compressive behavior over

a wide range homologous temperatures, from 0.15-0.66. In the work by Abermann et

al., deposition of so-called “low-mobility” films (e.g., Ti) resulted only in tensile stress

both before and after film continuity. However, for Ti we observe compressive. stress

after film continuity. Since the nominal growth conditions, including background

10
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pressures, are similar in Abermann’s experiments and ours, the reasons for this difference

are unclear.

Prior to discussing the implications of our results, it is useful to briefly review some of

the mechanisms suggested in the literature for stress generation and relaxation, with an

emphasis on processes occurring during island growth and coalescence. Then, in the

following discussion, we examine to what extent our data are consistent with these

mechanisms.

For a comprehensive discussion of intrinsic stress evolution in thin films, the reader is

referred to reviews by Doerner and Nix [15], Koch [4], and Thouless [16].

A. Stress Generation

1. Island Coalescence

There is widespread agreement that the tensile stresses observed during the island

coalescence stage of V-W film growth are associated with the formation of grain

boundaries [17, 1, 5, 18]. This is certainly consistent with our real-time curvature and

microscopy results for Ag and Al, as welI as for a-Ge. One critical issue is whether the.-

measured tensile stresses can be predicted quantitatively.

As shown schematically in Fig. 12, when ,two growing islands first touch, some

portion of the adjacent surfaces of the islands rapidly “zip” together to form a grain

boundary. Zipping, which is driven by the reduction in the overall surface energy, is

accomplished through elastic deformation of the islands, thereby imposing a cost of

increased strain energy. Nix and Clemens have modeled this process using a

11
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conceptually simple and appealing view of island zipping as a-crack closure process [18].

They arrived at an expression for the mean stress due to zipping as:

cf. – 4 I+v) Ay
np— E~—

(1-w) rI
3 (1)

where Ay = 2y-y~~is the energy recovered by converting two free surfaces of energy per

area y into a grain boundary with energy per area y~~, rl is the island radius at

impingement, E is Young’s modulus, and v is Poisson’s ratio. Using E =100 GPa, v =

1/3, Ay = 2 J/m2, and rI = 500& equation (1) predicts a mean

much larger than is typically observed in metals such as Ag or

While relaxation effects can mitigate the observed stress

stress of 2.8 GPa, which is

Al (see Table I and [1,5]).

levels, Seel et al. have re-

examined the energetic of island coalescence using finite element calculations to find the

minimum in the total energy (elastic + surface) as a function of the grain boundary

zipping height [19]. The Seel et al. results can be reasonably fit to a form

qAy
G=-Zlp rl

9

.

,- (2)

where Ay and rl are the same as in Eq. (1) and q is a unitless constant of order 1-10. For q

= 2.5, Ay = 2 J/mz and r = 500 & otiP= 100 MPa, which is much smaller than predicted

by Nix and Clemens, and is of the same order as observed in our Ag and Al experiments.

Freund has also modeled island zipping, using an analytical force-balance approach to

calculate the stresses generated when a coplanar array of hemispheres impinges with

12
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cohesive forces [20]. His analysis, which borrows from Hertzian contact theory, also

yields Eq. (2), with q = 2.

In bofi the Seel and Freund models, grain boundary formation effectively creates an

outward pressure on the island that generates the in-plane tensile stress [21]. The

fundamental reasons for the large quantitative discrepancies between the Nix and

Clemens crack closure approach, and the Seel et al. and Freund models, are not

understood.

Seel et aL also examined the kinetics of tensile stress generation using a simple

simulation of island nucleation, growth, coalescence, and relaxation, that incorporates

their finite element results for stresses created when islands impinge [19]. The

simulations reasonably reproduce the basic aspects of the tensile rise observed in Ag

films.

2. Capillary-induced Growth Stresses

Another generic mechanism for stress generation in Volmer-Weber films is

associated with the island growth process itself. In particular, island growth can lead to

bulk stress generation due to the effects of surface stress on islands that are well adhered

to the substrate [22,23]. These stresses can be evolving both before and during island

coalescence, and will be compressive when the surface stress is tensile. Briefly, surface

stress imposes a size-dependent lattice parameter on finite particles such as islands.

Therefore, during island growth the lattice parameter will constantly attempt to adjust,

which is only possible if the islands are laterally unconstrained by the substrate, i.e., if the

shear rate at the island/substrate interface is comparable to the island growth rate. This

13



may occur for very small islands in weakly interacting systems, but at large island sizes,

the shear rate must eventually lag the growth rate, and the island becomes strained as a

result. Defining a critical radius r~~ as the size above with shear is suppressed and the

island becomes “locked-down” to the substrate [24], the subsequent stress generated in a

cylindrical island as a function of its radius r and surface (interface) stress f (g) is given

approximately by [22]

(f+g) 1 1

()
0. =——w A r rLD

9 (3)

where A is the aspect ratio (height-to-radius ratio). We are capturing here only the

simplest aspects of this mechanism (which we will refer to as the “capillary-induced

growth stress”) in order to bring out the relevant physics. A much more detailed analysis

has been given by Cammarata et al. [23]. From Eq. (3), the asymptotic stress will be of

order –(f+g)/r~~. For A= 1, f+g= 2 J/m2 and r~~= 10-100 & compressive stresses of order

100-1000 MPa are predicted, which are comparable to experimental values (see Table I).
.

Note that whereas zipping stresses become constant after the film is continuous,
:-

capillary-induced growth stresses will continue to evolve as the film thickens due to the

effects of the free surface and fihrdsubstrate interface on the in-plane lattice parameter of

the continuous film [23].

3. Superposition

Fig. 13 schematically illustrates how the mean zipping stress and capillary-induced

growth stress might evolve during deposition. The combined effects on curvature

14
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evolution are also shown. In the drawing, we have assumed that the asymptotic value of

the capilkwy-induced growth stress has opposite sign and larger magnitude than that due

to island zipping. From Eqs. (2) and (3), taking (f+g)/(AAy) =1 and q=2, capillary-

induced growth stress will exceed the zipping stress when rLD< ().5 rI (i.e., on average

islands must lock down well before impingement), which should be satisfied under many

conditions of nucleation and growth [25]. Clearly, the detailed behavior will depend both

on the absolute values of the surface stresses and energies, and on the kinetics of

nucleation and growth, but the important point is that the compressive-tensile-

compressive behavior can result naturally from the mechanisms discussed above, even

without relaxation effects included. Additionally, in this view, the early- and late-stage

compressive behavior results from the same mechanism, and the prominent tensile peak

often observed is primarily a consequence of the rapid increase in grain boundary area

associated with the percolation stage of growth, and need not imply that zipping stresses

are much larger in magnitude than capillary-induced growth stresses.

4. Other Mechanisms .

There are a variety of other possible mechanisms for generating stress.. Notable

amongst these are direct action of surface stress, interstitial incorporation, grain growth,

and film-substrate reactions.

Spaepen has analyzed the direct action of surface stresses of liquid drops [26] and

solid islands [27] on substrates. In this case, a true bulk stress is not generated within the

film, but a substrate curvature does result from the balance of forces at the surface.

However, in this case the curvature varies as f/h~, whereas curvature due to the capillary-

15
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induced growth stress model above varies as f/(rh~) [28], where h, is the substrate

thickness. The latter is expected to be much larger than the former. .

It has also been suggested that extra atoms may be incorporated into the film as

interstitial during growth, thereby explaining the long-term compressive stress observed

after the film becomes continuous [28]. The propensity towards interstitial incorporation

results from the tendency of tensile surface stresses to splay step edges. This kinetic

trapping process should rapidly become more important as homologous deposition

temperature is reduced, both due to the exponentially increasing trapping probability, and

due to decreasing relaxation rates. However, it is not clear that this is borne out in

experiments [29,30].

Grain growth may also affect

in Fig. 5 clearly shows that grain

stress evolution. Careful examination of our TEM data

growth is occurring even during the island coalescence

process, and probably within our continuous films as well (although this has not been

directly verified yet). Unfortunately, the overall effects of grain growth on stress are

difficult to specify. Grain growth may generate stresses if grain boundaries have

densities that differ from the bulk [31]. However, grain growth can also relax stresses,

either due to the removal of boundary segments formed by zipping, or due to preferential.-

growth of elastically soft or plastically soft grains [32-35]. While some evidence for e

grain growth effects on stress have been inferred horn thermal cycling experiments (e.g.,

see [6]), we note that growth interrupts of continuous Ag films, both in this work and in

the work of others [1, 5], produce no changes in the bulk film stress, even though grain

growth is likely to be occurring [1].

16
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Finally, if a film reacts with the substrate during deposition, with an accompanying

change of density in the new phase, stress will result. This may be an important

contribution to the stress evolution of Ti and Al, as will be dkcussed later.

B. Stress Relaxation

Stress relaxation processes can occur during V-W film growth in response to stress

generation. Relaxation will affect both the shape of the stress evolution curve, as well as

the magnitude of the observed stresses. To complicate matters, relaxation kinetics are

strongly dependent on deposition temperature and on microstructural length scales.

Several mechanisms for stress relaxation are of interest here.

1. Interracial shear

The ability of a thin film to support stress must depend sensitively on the strength of

the film/substrate interface. ‘Interracial shear will be significant wh~n films are

discontinuous (so that resolved shear stresses are present at the island perimeters) and

weakly bound to their substrates. When the island array percolates to form a continuous

network, interfacial shear will typically become suppressed, since it must now occur over

lateral dimensions of order the wafer size. Also, in fully continuous films the stress state

will be largely biaxial, with no resolved shear stresses at the film/substrate interface to

drive the shear process. To our knowledge, the atomistic nature of shear occurring at a

crystal/amorphous interface (e.g., metal films on SiOz) has not been elucidated. We use

17
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the term “interracial shear” instead of “interracial sliding” that has been previously used

in order to suggest the passage of dislocation-like entities at the filrnhubstrate interface.

Interracial shear tend to relax all stresses, both the compressive capillary-induced

growth stress, and the tensile stress due to grain boundary zipping [19].

2. Inclined shear

Passage of dislocations on glide planes inclined relative to the fihnlsubstrate interface

can also occur, in analogy with the propagation of 60° misfit dislocations in cubic

heteroepitaxial systems [6,16]. The energetic and kinetics of inclined shear in typical

polycrystalline thin films will be determined by grain size, film thickness, grain

crystallographic orientation, the density and strength of dislocation pinning sites, the

presence/nature of a passivating surface layer, and temperature. Inclined shear will tend

to relax all stresses present in the film, both tensile and compressive, and can operate in

both discontinuous and continuous films.

3. Viscous flow

In amorphous films, viscous flow can relieve both tensile and compressive stresses

within islands or continuous films.

4. Surface diffusion

In the early stages of island growth, significant morphological rearrangement can take

place via surface diffusion. This can occur via classical Ostwald ripening of discrete

islands, or it can occur in coalesced islands [36]. In the latter case, when two different

size islands impinge to form a grain boundary, the smaller island can “dissolve” onto the

18
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surface of the larger island [37]. Morphological rearrangement of this sort will relax the

tensile stress that was created upon grain boundary formation. However, morphological

rearrangement cannot, by itselj relax the compressive stresses associated with su~ace

stress effects during island growth.

Alternatively, the tensile stresses generated by grain boundary formation can be

relieved by diffusion of adatoms on the free surface of a film, followed by diffusion down

into the grain boundary [9, 10], as illustrated in Fig. 12(c). This serial process bears

analogy with Coble creep in bulk polycrystals. “Surface-Coble” creep can relieve all the

tensile stress created by. grain boundary zipping. For grain aspect ratios greater than

about 3:1, creep will not relieve other stresses (such as capillary-induced growth stress)

within the central region of the grain, unless some interracial shear also takes place [38].

V. DISCUSSION

. In this section we

competition between

will examine our stress evolution data within the context of the

stress generation due to island growth and coalescence, with

particular emphasis on the amorphous and polycrystalline Ge data. Then we will

comment on the role of film/substrate reactions in stress generation. Finally, implications

of the data regarding specific mechanisms for relaxation are discussed.

Our stress evolution results for a-Ge provides compelling support for the picture of

two simultaneous and competing mechanisms for stress generation leading to the generic

compressive-tensile-compressive

show that no relaxation occurred

behavior. For a-Ge at

at any stage of growth

RT, growth interrupts directly

(see Fig. 7). Despite this, the
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turnover from tensile stress to compressive stress was still dearly observed. This implies

that the long-term compressive stress, which we attibute to surface stress effects

occurring during island growth, has a larger magnitude than the final tensile stress due to

island coalescence, as discussed earlier. Similar reasoning applies to the case of Al

deposited at room temperature, where negligible stress relaxation occurred on the time

scale of the uninterrupted growth experiments.

The behavior of a-Ge deposited at elevated temperature provides additional evidence

that the long-term compressive stress actually arose in the early stages of growth. In

particular, growth interrupts prior to film continuity show that the film can relax from

tension into net compression, presumably as local stresses near coalescence boundaries

were preferentially relieved, thereby “unmasking” the co-existing compressive stress in

the island interiors (see Fig. 8). The observation that resumption of growth after the pre-

continuity interrupt leads to a significantly higher apparent compressive stress in the

continuous films also supports this hypothesis. More will be said about the relaxation

mechanisms momentarily; however, we note now that the small aspect ratio of the islands

is consistent with being able to retain some stress within the interior. of a coalesced island

while relaxing localized stresses at the coalescence boundaries themselves. .-

For a-Ge deposited at elevated temperature, we also observed that the tensile peak

occurred later, and the magnitudes of the tensile and compressive stresses were lower,

than for room temperature deposition (see Fig. 6). Although the retarded stress evolution

must in part be due to increasing rates for thermally activated relaxation processes, the

dominant effect more likely arises from the coarser length scales for island nucleation,

which tends to increase the thickness required for film continuity, and suppresses the
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absolute stress magnitudes even in the absence of relaxation.

dependent behavior has been observed in Ag films and simulated

Similar temperature-

in detail by Seel et al

[19]. The observation that the tensile peak occurs at larger thickness in the interrupted

films also suggests that some coarsening occurred during the interrupt. This is true in Ag

and Al films as well.

Additional support for the view that the compressive-tensile-compressive behavior

results primarily from a competition between zipping vs capillary-induced growth

stresses is provided by the experimental results for polycrystalline Ge, which exhibits a

weak tensile peak superimposed on a continuously evolving compressive stress (Fig. 3).

In this case the early and late-stage compression clearly seem to arise from the same

mechanism. The limited tensile rise in this case ii presumably due to efficient relaxation

of the tensile component via surface-diffusion-based mechanisms, which will be

discussed in more detail below.

The magnitudes of the tensile stresses that we observed are generally an order of

magnitude smaller than those predicted by the Nix-Clemeni crack closure model of grain

boundary zipping [18], with the possible exception of Ti (see Table I). This is true even

in the case of a-Ge at room temperature, where relaxation was fully suppressed.

Although this might cast some doubt on the validity of the crack closure approach, to be

fair it must be emphasized that, if the observed stresses arise as a result of a superposition

of simultaneously acting mechanisms for tensile and compressive stress generation, then

we are only observing the stress difference between the two mechanisms at any given

time. The actual magnitudes of the individual stress components might be much larger,
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but unfortunately this cannot be extracted from the experimental curvature data without

additional information.

Ti films exhibit an unusual double-peak structure in the stress evolution (see Fig. 3).

We believe that this results from partial reduction of the native silicon oxide to form

TiOX. Recently, Dunn et al. performed Ti deposition on Si02 in situ in a UHV-TEM [39].

They observe an initial nucleation and growth stage characterized by a specific texture,

followed by a secondary island nucleation stage corresponding to a change in the

preferred texture. Dunn et al. proposed that Ti partially decomposes the SiOz to form

TiOXin the first 10-20 ~ of Ti deposition. Subsequently, additional Ti deposition leads to

nucleation of pure Ti islands on the TiOXlayer. This could explain our stress evolution

data, with the first tensile peak corresponding to the growth of the TiOXreaction layer,

and the second peak corresponding to the V-W growth of pure Ti on TiOX. It is unknown

to what extent the large tensile stress (1.8 GPa, see Table I) was determined by the

oxidation-reduction process vs island zipping process associated with V-W TiOXgrowth.

Poppeller and Abermann have reported results consistent with this picture [40]. They

showed directly that deposition of clean Ti on pre-deposited TiOX layers. leads to the

typical compressive-tensile-compressive curve that they attribute to V-W growth of Ti

islands on the TiOX. However, it must be noted that these growths took place at slightly

elevated temperatures (105- 130”C). At room temperature, Schneewei~ and Abermann

find tensile stress [41] during deposition of Ti on MgF2 coated substrates, with no post-

continuity compression, which is different from what we see. Unfortunately, Schneewei~

and Abermann did not report on stress evolution for Ti on TiOXat room temperature.
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Interaction with the substrate may also play a role, in the very early stages of Al

deposition. It is observed in Fig. 4 that tensile stress generation in Al “occurred

immediately upon deposition, and that the rate of tensile stress generation did not peak

during percolation, where the rate of grain boundary formation was the highest (as is the

case for Ag), but instead continuously decreased during coalescence. Similar to the Ti

case, the Al islands may partially react with the Si02 substrate to form AIOx, thereby

generating additional tensile stress in the earliest stages of growth.

Our data for a-Ge, Ag, and Al also provides insight into the nature of stress relaxation.

processes occurring in both continuous and discontinuous films. In all tlze.films studied

here, no relaxation was observed during interrupts a$?erthe jilms became continuous.

This immediately implies that viscous flow (in the case of a-Ge) and inclined shear (in

the case of Ag, Al, Ti, p-Si, and p-Ge) did not occur under the time-temperature

conditions used in our experiments. It is important to reemphasize that the rapid tensile

rise observed in the metal films when deposition was interrupted arises from surface

phenomena, and this process was fully reversed upon resumption of growth [5]. In all

cases, we find that the stress evolution when growth was resumed after a post-continuity

interrupt proceeds with identical behavior to the evolution just prior to the interrupt.

Therefore, no relaxation of bulk stress could have occurred, as this would lead to a

discontinuity in the curvature (when plotted vs thickness scale), as well as a change in

slope. For our purposes, the primary consequence of the surface-related reversible tensile

rise will be to complicate the analysis of stress relaxation in discontinuous films of Ag.

Fortunately, in a-Ge, this surface effect is quite small, and we can examine the pre-

continuity relaxation in detail. While at room temperature all relaxation processes were
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quenched out, at elevated temperature we found that tensile-stressed films relaxed during

pre-continuity interrupts into a state of net compression. That is, there appears to be

preferential relaxation of the localized tensile stresses generated due to island

coalescence, while preserving at least some of the compressive stress due to island

growth. Of the relaxation mechanisms described earlier, this behavior is consistent only

with surjiace-dij%sion-based relaxation, since all the other mechanisms will tend

both the tensile and compressive components. It is not possible for us to

to relax

specify

definitively whether morphological rearrangements such as coarsening, or surface-Coble

creep, dominate the relaxation behavior, although some coarsening is clearly occurring.

The lack of relaxation in continuous films points towards the coarsening mechanism,

since creep would be expected to continue after continuity.

Surface diffusion is likely to be responsible for the very weak tensile peak observed

during island coalescence in p-Ge. Non-contact atomic force microscopy of p-Ge shows

that, even at 1200 ~ total thickness, the film is not fully continuous, consistent with rapid

coalescence coarsening at the growth temperature of 530”C.

While surface-diffusion-based mechanisms dominate in stress relaxation of

discontinuous Ge films (both amorphous and crystalline), another mechanism must have

contributed to the relaxation of discontinuous Ag films on SiOz. During the early stages

of growth for Ag and Al, there was a striking difference in the stress evolution, as shown

in Figs. 4 and 5. Ag films only began supporting stress at island percolation, even though

copious grain boundary formation clearly had occurred prior to this. By comparison, Al

films supported tensile stress from the earliest stages of island growth. Abermann

observed similar behavior for Ag and Al on MgF2 substrates [2]. The apparent inability
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of Ag islands to support stress immediately

Ag/Si02 interface., Interracial shear will be

suggests that shear is occurring at the

much more efficient in weakly bound

film/substrate systems and we expect that the Ag/Si02 bonding is much weaker than

A1/Si02, given the much stronger oxidation potential of Al. We confirmed this through a

series of simple stud-pull adhesion tests on identical Ag and Al films on oxidized Si

substrates. The Ag films delaminated from the substrates at an average force of 3.3 Ibs.

By contrast, the Al films failed to delaminate from the SiOz until the Si wafer shattered

[42]. Abermann and Koch have also suggested that Ag “sliding” may occur on MgF, [1].

The growth interrupt experiments provide further information on the nature of

relaxation. Analysis of the time~dependence of stress relaxation during the pre-continuity

growth interrupt in Ag is complicated by the significant tensile rise associated with

surface effects [see Fig. 9(a)]. In particular, the apparent relaxation (as defined in Fig.

14) is small, which is inconsistent with the large degree of relaxation implied in Fig. 9(b)

when growth is resumed after the interrupt. Since the mpid tensile rise during interrupts

has been demonstrated to be reversible [5], we can account for it in a simple maimer as

shown in Fig. 14. The stress-thickness at the instant growth was interrupted is indicated

by the dot. Any reversible process must return the curvature to this value. Therefore, the

true, irreversible bulk stress relaxation that we are interested in will be given by the

distance between the dot and the curvature value upon resumption of growth, which we

estimate by extrapolating back the subsequent tensile rise, as shown in the figure. The

degree of relaxation determined in this fashion is 62%, which is in good agreement with

the 60% degree of relaxation obtained by comparing the slopes before and after interrupt

in Fig. 9(b),
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Fig. 9(b) demonstrates that the pre-continuity growth interrupt in Ag reduced both the

tensile and long-term compressive stresses. This is certainly consistent with the

interracial shear mechanism and cannot be explained by solely by coalescence coarsening

or surface-Coble creep (although there may be some contribution to the overall relaxation

from these mechanisms, since coalescence is believed to be occurring and since stiace-

Coble creep has been observed in Ag films at room temperature [9]).

For Al, the relaxation kinetics during growth interrupts are clearly much slower than

for Ag [see Fig. 10(a)]. Over 2300 sec., a 33% relaxation was observed, compared to a

60% relaxation over 700 sec. for Ag. Again, this is consistent with a strong dependence

of interracial shear rates on film/substrate bond strength. Surface-diffusion might also

play a role in the slow relaxation of Al. Mechanisms such as surface-Coble creep should

relax only the stresses near the grain boundaries. TEM and AFM measurements indicate

that Al grains have at least a 1:5 aspect ratio. Thus, as with a-Ge, surface-diffusion-based

relaxation should result in greater residual long-term compression after a pre-continuity

interrupt, which we do seem to observe in Fig. 10(b).

VI. CONCLUSIONS

We have explored the detailed evolution of stress using real-time wafer curvature

measurements during UHV deposition and growth interrupts of Volmer-Weber films on

SiOz. Generically similar compressive-tensile-compressive behavior was observed over a

range of materials, lattice structures, and homologous temperatures that is consistent with
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a competition between stress generation mechanisms due to island zipping and island

growth, mediated by simultaneous relaxation mechanisms whose nature depends on the

material. In a-Ge that was highly quenched, no relaxation occurred during growth

interrupts at different stages of the V-W process. Nonetheless, a-Ge still exhibits the

classic compressive-tensile-compressive behavior, which supports the notion of

simultaneously competing stress generation mechanisms, and which further implies that

the compressive stress component has a larger steady-state magnitude than the tensile

component. At higher temperatures, relaxation of discontinuous a-Ge films was observed

that both indicates the co-existence of compressive and tensile stress components, and is

consistent with surface-diffusion-based relaxation mechanisms. At even higher

temperatures, p-Ge forms, with only a small tensile peak superimposed on a clear

compressive trend, which lends further credence to the view that early and late stage

compression arises from the same mechanism.

Comparison of the stress evolution for Ag and Al growth on SiOz indicates that pre-

percolated Ag films do not support stress while Al films clearly do, even though the

microstructure are similar. We attribute this primarily to shear occurring a! the Ag/Si02

interface, which is suppressed in the much stronger A1/SiOzinterface. There are also:-

indications that surface-Coble creep may play a role in Ag and Al relaxation, but our data

are far from definitive in this case.

In all the films studied here, growth interrupts after the films became continuous

exhibit no measurable relaxation, indicating that processes such as inclined shear and

viscous flow are not occurring at these temperatures and stress levels.
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Finally, we reiterate that in V-W film growth, the observed stress evolution results

from a superposition of effects arising from multiple stress generation mechanisms,

combined with a competition between multiple relaxation pathways. Further quantitative

progress in this area will require that we isolate just one mechanism, which will likely

require either lithographic approaches, or detailed microscopic observation in situ.
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that the conclusion that A1/SiOzhas a much higher interracial strength than Ag/SiOz is

still strongly supported by the pull test results.
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Table I. Observed Incremental Stresses During V-W Growth

Material Maximum Maximum Homologous Deposition
Tensile Stress Compressive Deposition Rate

(GPa) Stress (GPa) Temperature (A./s)
Ag 0.19 -0.06 0.24 2

Al 0.12 -0.13 0.32 2

Ti 1.8 -0.20 0.15 2

p-Si 0.38 -0.25 0.46 1

p-Ge 0.02 -o.13/-o.o5* 0.66 1

a-Ge 0.32 -0.50 0.25 1

a-Ge 0.06 -0.20 0.35 1

*early/late stage compressive stress

Table II. Effect of Growth Interrupts on Stress Relaxation

..
Material PRE-continuity POST-continuity Final compressive

(deposition temp.) interrupt* interrupt* stress
a-Ge No relaxation No relaxation No effect due to
(RTj interrupts
a-Ge Relaxed into net No relaxation Increased after PRE-

(185 “C) compression continuity interrupt
Ag Rapid relaxation No relaxation Decreased after PRE-

1 (RT) I towards zero stress I continuity interrupt
Sluggish relaxation No relaxation Increased after PRE-

0$;) towards zero stress continuity interrupt?
* Relaxation of “bulkstresses, after accounting for any reversible surface-related changes
in curvature.
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Figure 1. Microstructural evolution of thin films growing in the Volmer-Weber mode.

Figure 2. The MOSS setup for measuring wafer curvature in real-time.

Figure 3. Stress-thickness vs thickness during deposition of Ag, Al, Ti, polycrystalline

Si, polycrystalline Ge, and amorphous Ge.

Figure 4. Direct comparison of curvature evolution for Al (dash line) and Ag (solid line)

on SiOz (RT, 2 Ms). (a) Stress-thickness vs thickness. (b) Scales have been normalized

by the values at the tensile peak of each curve in (a), The circles in (a) correspond to

where TEM micrographs are displayed in Fig. 5.

Figure 5. Plan-view TEM micrographs of Ag films (upper panels) amdAl films (lower

panels) on SiOz.

Figure 6. Stress-thickness vs thickness for a-Ge films gro~- at RT (solid line) and 185°C

(dots). An AFM image from a 70 ~ film grown at 185°C is shown inset. The sides of the

image are 2120 A across.

Figure 7. Growth interrupt behavior for a-Ge grown at RT. (a) Stress-thickness vs time,

and (b) stress-thickness vs thickness. The solid line is for growth with interrupts, while

the dots are uninterrupted growth data. The pre-continuity interrupt behavior is

magnified in the inset shown in (a). The arrows in (b) indicate the thickness at which the

interrupts occurred. The “shoulder” on the solid-line data at 70 ~ in (b) is due to a data

acquisition glitch.

Figure 8. Growth interrupt behavior for a-Ge grown at 185”C. (a) . Stress-thickness vs

time, and (b) stress-thickness vs thickness. The solid line is ‘forgrowth witi”interrupts,

while the dots are uninterruptedgrowth data. The relaxation during the pie-continuity
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interrupt is magniiled in the inset shown in (a), where the arrow indicates when the

interrupt started. The arrows in (b) indicate the thickness at which the interrupts occurred.

Figure 9. Growth interrupt behavior for Ag films. (a) Stress-thickness vs time, and (b)

stress-thickness vs thickness. The solid line is for growth with interrupts, while the dots

are uninterrupted growth data. The pre-continuity interrupt behavior is magnified in the

inset shown in (a). The tensile rise above the dashed line in the inset occurs due to

reversible surface effects. The triangles in (b) show where the incremental tensile and

compressive stresses were determined.

Figure 10. Growth interrupt behavior for Al films (a). Stress-thickness vs time, and (b)

stress-thickness vs thickness. The solid line is for growth with a pre-continuity interrupt,

while the dots are data for growth with a post-continuity interrupt. The behavior

immediately after the interrupts begin is magnified in the inset shown in (a), where the

arrows indicate the start of the interrupts.

Figure 11. Cross-section TEM micrograph of an Al film growth with two 600 sec.
.:

interrupts during deposition. (a) Bright field image, and (b) oxygen map. The positions

of the interrupts are indicated, but no oxide layer or lattice disruption is observed at these

locations. ‘

Figure 12. Tensile stress generation by island impingement. (a) Islands are just

touching. (b) Islands rapidly deform towards one another, “zipping” together to forma

grain boundary and creating tensile stress. The shaded region is formed entirely via

elastic deformation, not mass transport. (c) Surface-Coble creep: surface diffusion of

adatoms followed by diffusion down into the grain boundary to “fill in” the shaded region

relaxes all the tensile stress. Relaxation due to inclined shear and interracial shear are

also schematically indicated.

Figure 13. (a) Schematic evolution of the effective stress due to grain boun~ zipping

and island growth. The solid cume is the sum of the previous two, representing the
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overall effective stress. (b) The overall stress-thickness

multiplying the solid curve in (a) by the film thickness.

‘,,

evolution, obtained by

Figure 14. Stress-thickness evolution during the pre-continuity interrupt of Ag, which is

a superposition of reversible surface effects and bulk stress relaxation. The true degree of

bulk relaxation is defined as the difference between the stress-thickness at the point

where growth was interrupted, and the stress-thickness when growth is resumed. The

latter is estimated by extrapolating back from the second tensile peak. The apparent

relaxation is also shown.
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