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A model is given for the stress change in a thin film on a thick substrate during annealing. It takes
into account temperature changes, volume changes, viscous flow, and anelastic relaxation occurring in
the film. The stress change in amorphous Mo/Si multilayer films deposited on Si single-crystal sub-
strates was obtained from in situ wafer-curvature measurements during annealing at temperatures below
the glass temperature. The thickness change and the interdiffusion coefficient were obtained from the
position and the intensity of the first-order multilayer x-ray reflection. The unconstrained volume
change was derived from the measured stress and thickness changes. The free-volume model for amor-
phous solids has been used to interpret the interdiffusion in and the volume change of the amorphous
Mo/Si multilayers. The stress change as it occurred during isothermal annealing was explained by free-
volume annihilation, viscous flow, and anelastic relaxation. If anisotropy of the volume change is ac-
cepted, the stress change could also be described with free-volume annihilation and viscous flow alone.
The product of the experimentally observed viscosity and diffusion coefficient for amorphous Mo/Si
multilayers was compared to the value expected from the free-volume-model-based equivalent of the
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Stokes-Einstein relation.

I. INTRODUCTION

If a thin film is rigidly fixed on a relatively thick sub-
strate, the lateral dimensions of the film are defined by
the substrate. Then, a volume change of the film will re-
sult in a buildup of mechanical stress. Such volume
changes can be caused by a change of molar volume in
the film or a change of temperature. Viscous flow and
anelastic relaxation of the film can also change the
mechanical stress.

In this paper a model is presented for the stress
changes in a thin film on a thick substrate upon anneal-
ing. The model is tested by using stress and film thick-
ness data obtained during diffusion annealing below the
glass temperature of amorphous Mo/Si multilayers on a
Si single-crystal substrate.

Stresses in the amorphous multilayer have been deter-
mined by measuring in situ the substrate curvature. The
film thickness change has been obtained from the change
of the x-ray diffraction angle of the first-order reflection
corresponding to the composition modulation of the mul-
tilayer. The unconstrained volume change of the film has
been derived from these stress and thickness changes.
The time-dependent interdiffusion coefficient has been
determined from the integrated intensity of the first-order
multilayer reflection, measured as a function of annealing
time.

After production of an amorphous solid its so-called
free volume is usually much larger than the equilibrium
amount of free volume. During annealing the excess free
volume is annihilated as part of a process called structur-
al relaxation. The associated changes of physical proper-
ties of amorphous solids, like viscosity, density, and
diffusion coefficient, have been described previously with
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the “free-volume model.”! From that a relation between
viscosity and diffusion coefficient similar to the Stokes-
Einstein relation for liquids has been derived.!

The present experimental stress, volume, and
interdiffusion data have been explained in terms of the
free-volume model. Since both the viscosity and the
diffusion coefficient have been obtained from one speci-
men, this investigation additionally provides an oppor-
tunity to test the free-volume-model-based equivalent of
the Stokes-Einstein relation for amorphous solids.

II. STRESS AND VOLUME CHANGE

If a film is rigidly fixed on a substrate, the lateral di-
mensions of the film cannot be changed independently
from the dimensions of the substrate. Usually the thick-
ness of the substrate exceeds the thickness of the film
many times. Then, any lateral misfit between film and
substrate is accommodated fully by the film with elastic
or plastic deformation. Therefore any process that
changes the lateral dimensions of an unconstrained thin
film gives rise to a change of stress of that thin film when
fixed on a thick substrate.

Stresses in amorphous thin films on a substrate can be
changed by (i) thermal expansion/shrinkage, (ii) change
of volume of the layer, (iii) viscous flow, and (iv) anelastic
relaxation; see Fig. 1. In the following a model will be
presented that describes the temperature-time behavior of
the stress in an amorphous thin film on a thick substrate
as a result of the four processes mentioned; see Sec. ITE.

A change of stress in the thin film also leads to a
change of thickness of the film. To obtain the uncon-
strained volume change of an amorphous thin film on a
thick substrate the measured thickness change must be

13 519 ©1991 The American Physical Society



13 520

room annealing
temperature temperature time
[ ] - -
|substr.| | | | |

thermal expansion volume change stress relaxation
<—{ 1} unconstrained

—1 1
T T 1 T

U] (i)

constrained

(iii + iv)

FIG. 1. Schematic representation of stress and thickness
changes for a thin film on a thick substrate. (i) Thermal expan-
sion. (ii) Change of specific volume. (iii+iv) Stress relaxation
due to viscous flow and/or anelastic relaxation.

corrected for the change of stress in the film; see Sec. IIF
below.

The (amorphous) layer is considered to be elastically
isotropic. The state of stress in the layer is taken to be bi-
axial such that both principal stresses are equal and in
the plane of the layer. The subscript || is used to indicate
stress and strain components parallel to the surface, the
subscript 1 is used for strain components perpendicular
to the surface (the stress perpendicular to the surface is
zero). Elastic strains (deformations) will be denoted by
the symbol €, whereas plastic strains (deformations) will
be denoted by the symbol e. Stresses will be denoted by
the symbol o; see Fig. 2.

It is normally taken for granted that plastic deforma-
tions do not change the volume.? Hence

e =—2e . (1)
The relation between the (elastic) strains perpendicular
and parallel to the plane of the layer is
—2v ]

=€
— o
1 v

€ ()

where v, is the Poisson constant of the layer.

Since the layer is rigidly fixed to the substrate, the la-
teral dimensions of the layer cannot change. Hence, at
any time ¢, the sum of the lateral elastic and plastic
strains is equal to the initial elastic strain

g, te,=¢g(t=0). (3)

o, €y~ &1 o)
— thin layer? |

FIG. 2. Definitions of symbols used to describe stresses and
strains in a thin film on a thick substrate.
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In differential form
de“ _ d g @
dt dt

The relation between the stress and the (elastic) strain
parallel to the plane of the layer is

E,

o,=—
I 1_’V1

g, (5)
where E, is the modulus of elasticity of the layer.

A. Strain change by thermal misfit

If the linear thermal expansion coefficients of the sub-
strate and the thin film differ, a temperature change will
result in buildup of a “thermal” strain, which in case of
elastic accommodation satisfies

T
(e)p=—[ T12<a,—as T (©)

where (g)y, is the thermal strain in the layer, T, and T,
are the beginning and ending temperatures, respectively,
and a; and «; are the linear expansion coefficients of lay-
er and substrate, respectively. Assuming Aoy, =(a;—ay)
to be temperature independent, the thermal strain change
rate is proportional to the temperature change rate ac-
cording to

de”
dt

dT
=—Aa;,—— . (7)
" th gr

B. Strain change by volume change of the layer

During annealing the volume of an unconstrained
amorphous layer can change by several causes: (i) change
of average atomic volume due to mixing, (i) release of
gases incorporated during layer production, (iii) annihila-
tion of free volume. The change of unconstrained volume
is supposed to be isotropic and stress independent. The
relative volume change rate in directions parallel and
perpendicular to the unconstrained layer equals
(Ddv(t)/dt =(1)[1/V(t =0)]dV(¢t)/dt, where V is the
volume of the layer. Since the lateral dimensions of the
film are determined by the substrate, this causes a build-
up of lateral elastic strains. With Eq. (4) one obtains

dsn
dt

N '}
-3 8)

vol

C. Strain change by viscous flow

Relaxation of elastic stresses (strains) can be brought
about by viscous flow. For thin films in the state of plane
stress described above, the viscosity 7 is defined accord-
: 3
ing to

9

—— 9)
ie_lJ

n=

6dt
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From Egs. (4) and (9) it follows for the elastic strain
change rate

dg,
dt

-_%

= . (10)
flow 67’

D. Strain change by anelastic relaxation

It is well known that in amorphous solids anelastic re-
laxation (stress-induced ordering) can occur.*> In a thin
film on a substrate the strain change caused by anelastic
relaxation (dg|/dt),, will lead to a stress change too. At
constant applied stress or strain the kinetics of anelastic
relaxation in amorphous solids is already complicated.
For its description spectra of activation energies have
been adopted.® Furthermore, in an amorphous thin film
on a substrate neither the (applied) stress nor the strain
are constant because of the simultaneously occurring an-
nihilation of free volume, viscous flow, and anelastic re-
laxation.

E. Total stress change

The infinitesimal elastic strain changes due to the pro-
cesses described in Secs. I A-II D will be considered as
additive. If E; and v, are assumed to be time and temper-
ature independent, then the differential equation describ-
ing the stress change rate in an amorphous thin film on a
thick substrate during heat treatment at temperatures
below the glass transition temperature is obtained from
Egs. (7), (8), (10), and the differential form of Eq. (5) as

do E o
g __ ar __1dv_ 9 _
dt 1=y, |2 T3 T ey

dg,
dt

anel

(11)
Note that 7 is time dependent (cf. Sec. III).

F. Volume change

The change rate of the relative layer thickness
dr (t)/dt=[1/H (t =0)]dH (t)/dt, where H is the thick-
ness of the layer, is described by

dr,
dt

dg,
dt

de,
dt

(12)

stress stress stress

By using Eqgs. (1) and (2) the perpendicular strains are
rewritten in terms of lateral strains. In a thin film on a
substrate the change of lateral plastic strain results in the
opposite change of the lateral elastic strain [Eq. (4)]. Ac-
cording to Eq. (5) a change of lateral elastic strain is pro-
portional to a change of lateral stress. Then the change
of relative thickness by a change of stress can be written
as

dr,

1—2v, do
dt B ‘

stress E 1 dt

(13)

This equation is valid irrespective of the origin of the
stress change. It follows that in a thin film on a substrate
an increase of tensile stress results in an increase of thick-
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ness. This can be understood by realizing that in a solid
with a Poisson constant smaller than  the application of
a tensile stress results in an increase of volume.

By use of Eq. (13) the change of relative layer thickness
can be corrected for the effect of change of stress in the
layer. The lateral dimensions of the layer do not change.
Therefore the change of relative layer thickness is equal
to the change of relative layer volume. The change rate
of unconstrained relative layer volume is given by

av _ T, Mo (14)

In integrated form
v(t)—v(t=0)=[r (t)—r (t=0)]
I_Z’Vl

—2
E,

III. VISCOSITY
AND DIFFUSION COEFFICIENT

In analogy with crystalline solids, transport in amor-
phous solids is considered as the outcome of the forma-
tion and movement of defects. To interpret observed
volume and stress changes and diffusion in amorphous
solids, here the free-volume model is adopted.! In the
free-volume model, viscosity and diffusion coefficients are
related by the free volume.

A. Annihilation of flow defects
The fractional concentration ¢, of flow defects, is relat-
ed to the (fractional) free volume v, according to’
—yv*
vy

cyp=exp , (16)

where ¥ is a geometrical factor of order unity, v* is the
critical free volume (per average atomic volume) needed
for a jump, and v, is the average free volume (per average
atomic volume). As-prepared amorphous solids normally
have excess free volume. During annealing at tempera-
tures below the crystallization temperature the free
volume is (partly) annihilated. Hence structural relaxa-
tion. If the equilibrium flow defect concentration can be
ignored, the annihilation of the flow defects can be de-
scribed by a bimolecular process®®

dc f

dt
where B is a constant. The jump frequency for flow de-
fects k, is given as

___-_kacfZ , (17)

Qs

RT |’ (18)

k;=ksoexp

where kj  is the attempt frequency for flow defects, Q is
the activation energy for the movement of flow defects,
and R is the gas constant. For isothermal annealing the
solution of Eq. (17) is
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1 1
_ =Bk.t . (19)
(0 =0 Pkt

Or, explicitly expressed in terms of free volume [see Eq.
(16)],

*

7/U
_yv*

vp(1)= (20)

In |exp +Bk,t

B. Viscosity

The viscosity of an amorphous solid depends on the
flow defect concentration. During annealing of amor-
phous solids the defect concentration changes (see above).
This implies a time-dependent viscosity. Assuming
Newtonian viscous flow (low shear forces) the viscosity 7
can be expressed as'’

= €x Qﬂ
1 cfkf,OQ P

RrT | (21)

where kjy is the Boltzmann constant, () is the average
atomic volume, and Q, is the activation energy for
viscous flow. For isothermal annealing, with Egs. (16),
(17), and (21), it follows that

—yv*
Vr

1ldy

 dt (22)

=Bk s exp

C. Diffusion coefficient

In analogy with the random walk theory for substitu-
tional diffusion in crystalline solids, the diffusion
coefficient of amorphous solids is given as!

D =ac kA% , (23)

where a is a geometric constant (normally taken equal to
%, Ref. 10), c, is the diffusion defect concentration, k,; is
the jump frequency for diffusion defects, and A, is the
diffusional jump distance. k, is defined by

, (24)

where k; is the attempt frequency for diffusion defects
and Q; is the activation energy for the movement of
diffusion defects.

A distinction may be made between flow defects and
diffusion defects. Usually the flow defect concentration
¢y and the diffusion defect concentration ¢, are con-
sidered to be equal. However, the relation ¢, =c;’> has
been proposed in Ref. 11 to correlate viscosity data
presented in Ref. 9 with diffusion data reported in Ref.
12. The relation c;=c}’? is incompatible with the data
of this study; see Sec. VII A. Here the flow defect con-
centration and the diffusion defect concentration are con-
sidered to be equal

cg=cy . (25)
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4“4
From Eqgs. (23)-(25) it follows that
—Qy
= 2 2
D =ac,Agkyoexp RT (26)

For isothermal annealing from Eq. (26) it can be derived
(analogous to Sec. III B)

dD™Y)

ar D =pBk;exp

—yv® ] . 27)
Vs

D. Relation between viscosity and diffusion coefficient

For liquids the relation between the diffusion
coefficient and the viscosity is described by the Stokes-
Einstein relation

1

D =
K 37L

kgT , (28)
where L is a length of the order of the atomic diameter.
With the activation energy for viscous flow Q, equal to
the activation energy for diffusion Q, (which has been ob-
served!®), from Egs. (21) and (26) a relation analogous to
Eq. (28) is obtained

nD =pkpT , (29)
where
a }\,‘21 kd,O
P="gr. . k7o (30)

With a =1, 1,=2.4X 107! m (the nearest atomic dis-
tance in hexagonal MoSi,), 0=13.4X 103" m? (the aver-
age atomic volume of hexagonal MoSiy), and k; o=k, it
is found that p=7.2X 108 m~!. This is close to the fac-
tor 1/3wL in Eq. (28) (taking L =A, it is found that
1/37L =4.4X10°m™)).

In correspondence with Eq. (29), for isothermal anneal-
ing it follows from Egs. (22) and (27)

ldy_,dD7"

n dr dt GD

IV. ISOTHERMAL ANNEALING

Taking the derivative of 1 [Eq. (21)] with respect to
time and substituting Egs. (17) and (18) one obtains

2,

dn _ BkgT | <5
RT

dt Q

exp (32)

where Qi]=Qn——Qf. The dependence of Q) on the an-
nihilation of free volume is negligible. Hence during iso-
thermal annealing dn /dt is time independent and thus

n(r)=n(t=0)+iz%t , (33)

which has been confirmed experimentally.” 4

Similarly, it follows from Egs. (17), (18), and (26) that
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Q-1
RT

d(D~ Yy _ Bkso
== €X
dt akzkap

) (34)

where Q@ 1=0,; — Q. The dependence of A, on the an-

nihilation of free volume is negligible. Hence during iso-

thermal annealing d(D ~')/dt is time independent and

thus

d[D ()]
dt

which has been confirmed experimentally.

D Y)=D Y +=0)+ ¢, (35)
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V. EXPERIMENT

The interdiffusion in and the stress and thickness
changes of amorphous Mo/Si multilayers were measured
as a function of annealing time. For the determination by
x-ray diffraction of the interdiffusion coefficient and the
decrease of thickness of the amorphous Mo/Si multilayer
the heat treatment was interrupted at fixed times. In
separate experiments, the stress changes during heat
treatment in the Mo/Si multilayer were monitored by
measuring in situ the wafer curvature.

A. Specimen preparation

(100)-oriented Si single-crystal wafers [0.285+0.005
mm thick, 50.8 mm diameter, p-type (B) doped with a
resistivity of 20-30 Q cm] covered with a 50-nm SiO, lay-
er were used as substrates for the amorphous Mo/Si mul-
tilayers. In addition a substrate with only a 200-nm SiO,
layer was produced. Using a Leybold Z550 dual target
sputtering apparatus in which argon was used as the
sputtering gas, the SiO, layers were rf sputtered from a
SiO, target (99.995 wt. %). The amorphous Mo/Si multi-
layers (352+6 nm thick) with a composition modulation
period of about 1.2 nm were prepared by alternately dc
sputtering from a Mo target (99.9 wt. %) and rf sputter-
ing from a Si target (99.999 wt. %). Before sputtering the
base pressure was less than 107> Pa. The targets were
cleaned by sputtering against a shutter for 30 min. The
Mo/Si ratio of the multilayers was controlled by tuning
the deposition rates of Mo and Si. After deposition the
composition of the specimens was determined by apply-
ing electron-probe microanalysis as 33.20+0.11 at. %
Mo, 65.661+0.36 at. % Si, and 1.13+0.05 at. % Ar, which
is equivalent to a [Mo]/[Si] ratio of 0.5.

Specimen A, used for the interdiffusion measurements,
was cut from the middle of the substrate wafer along the
[110] direction of the substrate to a width of 26 mm. The
wafers of specimen B (with Mo/Si multilayer) and speci-
men C (200-nm SiO, layer only), both used for the in situ
stress measurements, were not reduced in size.

B. Heat treatment

The heat treatment of specimen 4 was performed in an
Ar atmosphere in a horizontal furnace equipped with a
30-mm-diam fused silica tube. Before entrance in the fur-
nace the Ar (purity 99.998%) was led through a moisture
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filter, a charcoal filter, and an oxygen filter (final concen-
tration [O,] < 1 ppm).

Before moving the specimen into the hot zone, the tube
was evacuated three times with a rotary pump and
backfilled with Ar. During the heat treatment the Ar
flow was kept at 50 mlmin~! (linear velocity 1.2
mms~ ). The temperature, measured with a thermocou-
ple inside the fused silica tube just below the specimen,
was controlled within 1 K.

The as-deposited specimen A was heated, with an aver-
age heating rate of 1.9 K min~!, up to the isothermal an-
nealing temperature (about 523 K; see Fig. 3). During
the isothermal annealing, at certain times the heat treat-
ment was interrupted for x-ray diffraction analysis. The
duration of the first isothermal anneal was 0.25 h. The
next steps were chosen such that the cumulative anneal-
ing times were doubled each step up to 256 h. Thereafter
two time steps of 64 h were applied.

The heat treatments for the in situ stress measurement
(specimens B and C) were carried out in another horizon-
tal furnace equipped with a 100-mm-diam fused silica
tube. The Ar flow during these experiments was 610
mlmin~! (linear velocity 1.3 mms™!). Apart from an in-
itial overshoot the temperature, measured with a thermo-
couple inside the fused silica tube just below the speci-
men, was controlled within 1 K. The heat treatments of
specimen B and C were similar to the heat treatment of
specimen A (see Fig. 3). However, these heat treatments
were not interrupted for x-ray diffraction experiments.
After the stress relaxation experiment of specimen B the
specimen was additionally heated to about 750 K and iso-
thermally annealed for 1 h. During this heat treatment
the amorphous multilayer crystallized to hexagonal
MoSi,. The multilayer periodicity was still recognizable,
therefore the volume reduction by crystallization could
be obtained. In order to determine the stress-free curva-
ture of the wafers and the elastic constants of the layer,
an additional heat treatment of 1 h at 1273 K was applied
to specimens B and C.

temperature (K)

time (h)

FIG. 3. Thermal histories of specimens A and B. The start
of the isothermal annealing is indicated by ¢t =0. (a) Tempera-
ture of specimen used for interdiffusion and thickness change
measurement (the interruptions of the heat treatment for the x-
ray diffusion measurements are not shown). (b) Temperature of
specimen used for in situ stress change measurement.
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C. In situ wafer curvature measurement:
determination of film stress

An optical technique analogous to that described in
Ref. 16 was used to measure in situ the wafer curvature
of specimens B and C. The experimental setup employed
has been described in Ref. 17; it has a sensitivity of about
10 MPa.

The stress in the Mo/Si multilayer on the Si substrate
was calculated from the corrected radius (see below) of
curvlz;ture by application of the modified Stoney equa-
tion

__E d?
6(1_VS) dIRMO/Si ’

o, (36)

where d; is the layer thickness, d; is the substrate thick-
ness, Ry, s; is the curvature of the wafer caused by the
Mo/Si multilayer, E; is the Young’s modulus of the sub-
strate, v, is the Poisson constant of the substrate, and
E,/(1—v,)=182 GPa.'?® For a stack of thin films on a
thick substrate, the reciprocal radius of wafer curvature
is the sum of the reciprocal radii of wafer curvature
caused by each film.?! Specimen B has a 50-nm-thick in-
termediate SiO, layer between the Mo/Si multilayer and
the substrate. Specimen C only has a 200-nm-thick SiO,
layer. To correct for the contribution of the intermediate
SiO, layer to the reciprocal radius of curvature of speci-
men B, the measured reciprocal radius of curvature of
specimen C was divided by 4 and subsequently subtracted
from the measured reciprocal radius of curvature of
specimen B [cf. Eq. (36)]. The resulting reciprocal radius
of curvature is the contribution of the Mo/Si multilayer
to the bending of specimen B.

All reciprocal radii of curvature mentioned were
corrected for the stress-free curvature, which has been
taken equal to the curvature of the wafer with a stress-
free film as observed at 1273 K after 1 h of annealing (cf.
Sec. VB). No corrections were necessary for the change
of the layer thickness during the experiments.

D. X-ray diffraction analysis: determination
of interdiffusion coefficient and thickness change

The interdiffusion in the amorphous Mo/Si multilayer
of specimen A was studied by tracing the decay of the x-
ray diffraction integrated intensity I of the first-order
multilayer reflection, corresponding to the composition
modulation, as a function of the annealing time ¢. For

interdiffusion in crystalline multilayers it has been
verified experimentally that??
d I — 8’
— = D 37
dt | 1(t=0) A2 37

where A denotes the composition modulation period as
obtained from the x-ray diffraction angle of the peak
maximum of the first-order multilayer reflection. During
isothermal interdiffusion, with a time-dependent diffusion
coefficient according to Eq. (35) and taking A as a con-
stant, the decay of the x-ray intensity is obtained by in-
tegration of Eq. (37) as
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In = —
I(t=0) ,d[D Y1)]
A__.—
dt
—1
XIn l+wD(t=0)t . (38)

To determine d[D ~'(t)]/dt and D(t=0) Eq. (38) is
fitted to the experimental data.

The x-ray diffraction measurements were performed
applying a Siemens F-w diffractometer, equipped with a
diffracted beam graphite monochromator set to Cr Ka
radiation.

Starting with specimen A in the as-deposited condition
and then after each interruption of the heat treatment, as
described in Sec. V B, three diffraction experiments were
performed each time.

(i) The first-order multilayer reflection was measured in
the range 20=9.3°-13.3° with steps of A26=0.005°. To
reduce errors in the measured intensity arising from the
nonideality of the monochromator and to average over
the surface of the specimen, oscillation of the specimen
around the diffractometer axis with an amplitude of 0.5°
was applied. Special care was taken to position the speci-
men in the diffractometer always in the same way.

(i) A scan in the range 26=30°-104° was measured to
verify that the Mo/Si multilayer was still amorphous.
An offset of 1.5° from the symmetric Bragg-Brentano
specimen orientation around the diffractometer axis was
applied to prevent occurrence of the “forbidden” Si(200)
reflection from the monocrystalline substrate.

(iii) The intensity of the (111) reflection of a polycrys-
talline Si standard specimen was measured to monitor the
intensity of the incident beam. In this way the measured
intensity of the first-order multilayer reflection could be
corrected for atmospheric pressure changes and aging of
the x-ray tube.

The change of the relative multilayer thickness r, was
determined from the relative change of A.

VI. RESULTS

A. Elastic constants

The application of Egs. (11) and (15) involves the mag-
nitudes of E; and v, must be known. During isothermal
annealing E; and v, will be taken as constants.

The magnitude of E;/(1—wv;) is assessed from the
stress change that occurred, after the isothermal anneal-
ing treatment, during cooling to room temperature by
employing Eqgs. (5) and (7). The value of E;/(1—v;) at
the annealing temperature can be somewhat different
from the value at room temperature, but this effect is
considered to be negligible as compared to the experi-
mental inaccuracy.

By plotting the stress versus the temperature (Fig. 4) a
straight line was obtained; from its slope it was obtained
that Aay,E,/(1—v;)=1.1 MPaK~!. The difference in
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FIG. 4. Stress o} in the amorphous Mo/Si multilayer of
specimen B vs temperature, measured during cooling after iso-
thermal annealing.

linear thermal expansion coefficient between the amor-
phous multilayer and the Si substrate Aa,, is unknown.
As a first estimate the expansion coefficient of the amor-
phous multilayer is taken equal to that of tetragonal®
MoSi, (z-MoSi,) and ag has been taken from Ref. 24.
Averaging over the temperature range between the an-
nealing temperature and room temperature, this leads to
Aa,;=4.2X107%K ! and thus

E
L —262 GPa. (39)
1 _'VI

During the heat treatment at 1273 K, described in Sec.
VB, the film transformed into stress-free tetragonal
MoSi,, as observed by x-ray diffraction. After cooling to
room temperature the difference in thermal expansion be-
tween t-MoSi, and Si caused a high thermal stress in the
crystalline film. With the wafer curvature measurement
technique described in Sec. VC, a"=952 MPa was ob-
tained. No correction was made for the change of
volume of the layer during crystallization (see Sec. VII B).
Using the x-ray diffraction sin’y method?> and assuming
elastic isotropy (see Sec. II) it was obtained that

E,

|
=260 GPa . 40
1+v, 2 (40)

8“_81

t-MoSi,

Compared to elastic constants of crystalline solids,
elastic constants of amorphous solids of corresponding
composition are usually smaller: the bulk modulus K
about 4% and the shear modulus G about 30%.2° For
elastic isotropy the relation between shear modulus,
modulus of elasticity, and the Poisson constant reads

E
1+v °

Then, E;/(1+v;) for the amorphous film can be estimat-
ed from E,;/(1+v,;) found for -MoSi, by reducing this
value [see Eq. (40)] with 30%

2G= (41)

El
1+Vl

=182 GPa . (42)

From Egs. (39) and (42) E; and v, of the amorphous
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Mo/Si multilayer can be calculated
E;=215 GPa, v;,=0.18.

These values for E; and v, have been used in the analysis
of the experimental stress and thickness changes.

B. Stress behavior

A schematic presentation of the stress change in a thin
amorphous Mo/Si multilayer on a thick substrate during
heating up to the annealing temperature and during sub-
sequent isothermal annealing is shown in Fig. 5. During
heating up to the isothermal annealing temperature, the
difference in thermal expansion between layer and sub-
strate causes a compressive stress in the layer. Volume
reduction of the layer, for example, by free-volume an-
nihilation, leads to tensile stress buildup in the layer. Ap-
parently, during heating up, initially the buildup of
compressive thermal stress is dominant, whereas later, at
higher temperatures, the buildup of tensile stress as a re-
sult of volume reduction dominates. The start of the iso-
thermal annealing, ¢t =0, is marked by an abrupt change
of the slope of the stress curve (see inset of Fig. 5); from
this point onward no further buildup of thermal stress
occurs.

On isothermal annealing beyond ¢ =0 the stress is still
increasing. Hence, for the time range studied the tensile
stress buildup by volume reduction prevails over the
stress relaxation by viscous flow and/or anelastic relaxa-
tion [cf. Eq. (11) with dT /dt =0].

The experimentally observed stress change of specimen
B during isothermal annealing at 528 K is shown in Fig.
6. The drawn curve represents a fit to the stress data as
described in Sec. VII F.

C. Volume behavior

The thickness changes observed during isothermal an-
nealing at 523 K of the amorphous Mo/Si multilayer of
specimen A, as derived from AA/A (cf. Sec. VD), are

RV

heating | isothermal annealing

time

FIG. 5. Schematic representation of stress change during
heating to the annealing temperature and subsequent isothermal
annealing. ¢ =0 indicates the start of isothermal annealing. In-
set: at z =0 the slope of the stress curve changes discontinuous-
ly due to finished buildup of thermal compressive stress.
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FIG. 6. Measured stress o of specimen B vs annealing time
at 528 K. The drawn curve represents the fit described in Sec.
VIIF. The marker (X) indicates the extrapolated data point
used in Sec. VIC.

shown in Fig. 7 (triangular data points). At the time of
the last data point (384 h) crystallization was clearly ob-
served (see Fig. 8), but up to 128-h annealing time cry-
stallization was not detected. The stress measurement
(specimen B) was conducted for only about 64 h and is
therefore not disturbed by crystallization.

The unconstrained volume change can be obtained
from the thickness change (specimen A) and the stress
change (specimen B) by use of Eq. (15). During heating
up to the annealing temperature free-volume annihilation
already occurs. Therefore, if measurements of specimen
A and B are to be used together, the thermal histories of
both specimens ideally should be the same. The speci-
mens have been prepared simultaneously. Hence the as-
deposited states of both specimens are considered to be
equal, but as can be seen from Fig. 3 the thermal histories
of specimens A4 and B differ and, strictly speaking, the re-
quirement for the application of Eq. (15) is not fulfilled.
However, with the Poisson constant and modulus of elas-
ticity of the amorphous multilayer as obtained in Sec.

L A
r
1k : ° : : . / L -
L]
— A
3 2r Av/ * 2
i
5 9 >
(3]
SIS -
5 .
A
_6 L 1 1 1
0.1 1 10 100
time (h)

FIG. 7. Relative thickness change Ar,=r (t)—r,(t =0) of
specimen A vs the logarithm of annealing time (solid triangles).
After 256 h the onset of crystallization causes additional volume
decrease (open triangles). The dots represent the unconstrained
relative volume change Av=v(¢)—v (¢t =0) as calculated from
the relative thickness change and the stress change by use of Eq.
(15).
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FIG. 8. Diffractogram of specimen A after isothermal an-
nealing for 384 h at 523 K (Cr Ka, A=0.2291 nm). The (101)
and (111) reflections of hexagonal MoSi, (Ref. 27) are indicated.

VI A, the relative thickness change due to the stress
change [see Eq. (15)] only amounts to 6 X107 per MPa
stress change. Therefore the difference in thermal history
between specimens A4 and B does not significantly affect
the results obtained by use of Eq. (15). Further, during
annihilation of free volume the modulus of elasticity of
amorphous solids can change as much as 10%.?® Again,
as above, the correction to the thickness change is small
[see Eq. (15)] and thus a changing modulus of elasticity
will not affect significantly the calculated volume change.
Stress data are available up to 64-h annealing time (Fig.
6), whereas reliable thickness data are available up to
128-h annealing time (Fig. 7). In order to make full use
of the thickness data a stress data point at 128 h has been
obtained by extrapolating the fit to the stress change (see
Fig. 6 and Sec. VII F). The unconstrained volume change
as obtained by use of Eq. (15) is shown in Fig. 7 (bold
data points).

D. Interdiffusion behavior

From specimen A the first-order multilayer reflection
was measured as a function of the annealing time at 523
K. The logarithm of the relative integrated intensity is
plotted versus the logarithm of the annealing time in Fig.
9. To prevent any effect of crystallization of the multilay-
er on the determination of fit parameters, the open data
points were excluded from the subsequent analysis (cf.
Sec. VIQ).

The drawn curve in Fig. 9 represents the least-squares
fit of Eq. (38) to the bold data points. Clearly Eq. (38)
provides a good description of the experimental data.
Hence, in these Mo/Si multilayers the time dependence
of the interdiffusion coefficient in the amorphous multi-
layer is well described by Eq. (35). From the fit it is ob-
tained

D(t=0)=2.3X10"2% m2?s™!

—1
ﬂD—)ngx 1020 1'1’1‘2 .
dt
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FIG. 9. Logarithm of the relative integrated intensity of the
first-order multilayer reflection vs the logarithm of the iso-
thermal annealing time (solid squares). After 256 h the onset of
crystallization causes an additional decrease of intensity (open
squares). Drawn curve, fit of Eq. (38) to the solid data points
with the parameters from Eq. (43).

VII. DISCUSSION

The description of the interdiffusion coefficient in
terms of the free-volume model plays an important role in
the forthcoming analysis of the unconstrained volume
change and the stress change. Therefore, at first the ob-
served interdiffusion behavior will be analyzed in more
detail.

In principle the volume of an unconstrained amor-
phous Mo/Si multilayer can change by several causes: (i)
change of average atomic volume due to mixing of Mo
and Si, (ii) release of argon initially incorporated during
sputter deposition of the film, and (iii) annihilation of free
volume. It will be shown that the volume change ob-
served can be interpreted as a change of free volume only.
From the fit parameters found, the kinetics of the flow
defect annihilation can be deduced. The effect of ig-
norance of the equilibrium defect concentration [see Eq.
(17)] on the results will be discussed.

By use of Eq. (11) and knowledge about the depen-
dences on time of the viscosity and the anelastic relaxa-
tion in amorphous solids, the observed stress change will
be interpreted. The consequences of a possible oc-
currence of anisotropy in the volume change of the multi-
layer will be discussed. The relation between the ob-
tained viscosity and diffusion coefficient will be compared
to the Stokes-Einstein relation. Finally a comparison
with results obtained in other investigations will be made.

A. Details of interdiffusion behavior;
relation between c; and ¢

From previous interdiffusion measurements at 524 K
in as-deposited amorphous Mo/Si multilayers with
A=0.77 nm and a [Mo]/[Si] ratio of about 0.6,!> which is
very much alike the multilayers of the present investiga-
tion (see Sec. VA), it was obtained that
D(:=0)=40X10"%* m’s™! and d(D~!)/dt =8X10%
m~ 2. As compared to the present data [Eq. (43)] the
difference in the initial interdiffusion coefficients must be

ascribed to the difference in thermal history of the speci-
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mens. In the present investigation the specimen was
slowly heated (see Fig. 3) to the isothermal annealing
temperature. No such “pre-anneal” occurred in the ex-
periment reported in Ref. 15. During the pre-anneal
treatment the interdiffusion coefficient already decreases
as a consequence of the annihilation of free volume.
Hence, as obscrved, D (¢ =0) is smaller for the present
study. As expected, d (D ~!)/dt is not much affected by
the pre-anneal treatment. The small difference observed
may be related to the difference in overall composition
between the multilayers concerned.

Interdiffusion in Mo/Si multilayers with crystalline Mo
sublayers and amorphous Si sublayers ([Mo]/[Si] ratio
about 1.3, periodicity distance A ranging from 3.8 to 7.5
nm) annealed at temperatures between 674 and 874 K
was investigated.”’ Although these Mo/Si multilayers
were not completely amorphous and of different composi-
tion, it will be assumed that the interdiffusion is compara-
ble with the interdiffusion in completely amorphous mul-
tilayers as used in the present study. It was found?® that

—105+

D=2.0X10"%exp [ 1B 1y mo1=! [m2s™! . (44)
RT

At 523 K, the present annealing temperature,

D =6.5X10"% m?s~!. The data were obtained from
that part of the interdiffusion measurements where the
interdiffusion coefficient has become time independent.
This is interpreted as that the equilibrium defect concen-
tration has been attained. Compared to the value of
D(t =0) of the present investigation [see Eq. (43)] this
diffusion coefficient is much smaller. Obviously the equi-
librium defect concentration in the multilayers of Ref. 29
is much smaller than the defect concentration at ¢t =0 in
the multilayers of this study. An estimation of the equi-
librium interdiffusion coefficient in this study is obtained
from the data at the end of the isothermal annealing. Ac-
cording to Eq. (37), for any time, the slope of
In[Z(¢)/I(¢t =0)] versus annealing time is proportional to
the diffusion coefficient. With the intensity data of Fig. 9
and Eq. (37) the experimental interdiffusion coefficient at
128 h has been calculated: D(r=128 h)=5.3X10"%
m?s”!. Indeed, this value of the diffusion coefficient is
close to the equilibrium diffusion coefficient obtained
from Ref. 29 [see Eq. (44)].

The interdiffusion coefficient in Eq. (43) was obtained
by use of Eq. (38), on the basis of ¢, =c,. If the relation
c;=cf’* is applied to describe the interdiffusion
coefficient (cf. Sec. III C), again taking A as a constant,
the decay of the x-ray intensity is obtained by integration
of Eq. (37) as

L@ | 16
I(t=0) A%CD'(t =0)
X{1—=V1+C[D(t=0)]t} , (45)

where C=ka/a2k,§7kfi and D’'(t =0) is the diffusion
coefficient at t =0. According to Eq. (37) the slope of
In[Z(2)/I(¢t =0)] versus annealing time is proportional to
the diffusion coefficient, irrespective of the relation be-
tween ¢, and c,. Therefore proper fits to the intensity
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FIG. 10. Same as Fig. 9. Drawn curves, simulations of the
logarithm of the relative integrated intensity of the first-order
multilayer reflection vs the logarithm of the isothermal anneal-
ing time on the basis of Eq. (45) with (a) C=1X10* sm™*, (b)
C=5%X10"sm™* and (c) C =2X10**sm™*.

data of Fig. 9 [with either Eq. (38) or (45)] should give
diffusion coefficients of comparable magnitude. Since
with Eq. (38) a good description of the change of integrat-
ed intensity with annealing time was obtained (see Fig. 9),
D’(t =0) to be used with Eq. (45) must be about equal to
D (t =0), i.e., the one to be used with Eq. (38). In Fig. 10
the calculated logarithm of the relative integrated intensi-
ty is plotted for three different values of C, while the
value of the initial diffusion coefficient D'(# =0) was kept
equal to D (r =0) as given in Eq. (43). Clearly, Eq. (45)
does not at all satisfy the experimental data.

Apart from the present investigation, in three other in-
vestigations the reciprocal diffusion coefficient was found
to increase linearly with time.!»'>3® This is in accor-
dance with the free-volume model if ¢, is proportional to
cs. The results mentioned have been obtained from
amorphous multilayers prepared by sputter deposition on
a substrate. Thus far, the observations leading to the
proposal that ¢; would be equal to c}’? have been ob-
tained from melt quenched amorphous solids.!*3:32 This
suggests that the validity of a relation between ¢; and ¢,
may depend on the preparation method and/or the na-
ture of the specimen.

B. Change of molar volume

The molar volume of an amorphous phase differs only
slightly from the molar volume of the corresponding
crystalline phase. In this section the change of molar
volume (here defined as the volume of 1 mol Mo, Si;_,)
with composition will be considered. For this purpose
the molar volume of the amorphous phase can be taken
equal to the molar volume of a crystalline phase of corre-
sponding composition. In Fig. 11 the molar volumes®*® of
the known crystalline phases in the Mo-Si system are
presented. Up to the MoSi, composition the molar
volume of crystalline Mo-Si phases is almost linear with
the Si concentration. For Si concentrations between
MoSi, and Si the change of the molar volume with the Si
concentration is unknown. The slope of the straight line
through the molar volumina of Mo-Si compounds up to
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FIG. 11. Molar volume (defined as the volume of 1 mol

Mo, Si; _, ) of known crystalline phases in the Mo-Si system.

the MoSi, composition differs very much from that fixed
by the molar volumes of pure Mo and pure Si; hence al-
loying of pure Mo and pure Si leads to a considerable de-
crease of volume. In the following, a number of con-
siderations (a)—(c) make likely that the change of volume
observed cannot be ascribed to such a change of molar
volume.

(a) If the as-deposited multilayer, with an average com-
position MoSi,, is conceived as a stack of alternating lay-
ers of pure Mo and pure Si, then, during homogenization
by interdiffusion a pronounced volume decrease of 28%
must be expected. However, with an actual composition
modulation period of about 1.2 nm, the assumption of in-
itially pure sublayers is very unrealistic. The following
observations indicate a small composition modulation
amplitude for the as-deposited multilayer: (i) The
second-order multilayer reflection was very weak and no
multilayer reflection of higher order could be detected.
(ii) For a perfect Mo/Si multilayer with composition and
periodicity as used in the present investigation the x-ray
first-order multilayer reflection was simulated.>* It was
found that the experimentally observed intensity of this
multilayer reflection, relative to the intensity in the 26 re-
gion of total reflection, corresponds to a sinusoidal com-
position modulation amplitude of only about 2 at. %. (iii)
From thickness and stress measurements of as-deposited
and crystallized (to Ah-MoSi,) specimens the volume
reduction of the layer upon crystallization is estimated to
be only about 4% (see Sec. V B). These results (i)—(iii) in-
dicate that the as-deposited multilayer is better conceived
as an almost homogeneous layer with composition modu-
lation of small amplitude rather than as an alternating
stack of pure Mo and pure Si sublayers. o

(b) Defining the average diffusion distance as V' Dt,
with D the time-averaged diffusion coefficient, the aver-
age diffusion distance after 128 h (last data point used for
fitting, Fig. 9) is only 0.1 nm. On top of the above evi-
dence for an already small initial amplitude of the com-
position modulation this emphasizes that alloying, and
thus a molar volume change, on annealing is limited.

(c) If the change of molar volume with Si content is
linear for Si concentrations near the concentration corre-
sponding with MoSi, [cf. (a) and see Fig. 11], no change
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of volume on mixing will occur.

From points (a)—(c) discussed above it is concluded that
a change of molar volume did not contribute significantly
to the observed volume change.

C. Loss of argon

During sputter deposition 1.1 at.% argon is incor-
porated in the amorphous multilayer (cf. Sec. V A). If
during annealing some of this argon could escape from
the multilayer this would affect the multilayer volume.

If the diffusion coefficient of argon in the multilayer is
of comparable magnitude as the Mo/Si interdiffusion
coefficient, then the averaged diffusion distance is so
small that loss of argon by diffusion can be ruled out; see
point (b) Sec. VIIB. Moreover, it was verified that the
concentrations of argon as measured by electron probe
microanalysis before and after the heat treatment are the
same within the experimental error (0.05 at. %).

D. Annihilation of free volume

In the preceding sections it has been shown that a
volume change due to release of argon from the multilay-
er or to a change of average atomic volume by alloying of
Mo and Si can be neglected. Therefore, in the following
the observed unconstrained volume change (see Fig. 7) is
interpreted as a free-volume change.

Equation (20) describes the free volume as a function of
time. Three parameters must be known for its calcula-
tion: v(¢=0), yv*, and Bk,. The accuracy and number
of the volume change data (see Fig. 7) is insufficient to
determine these three parameters simultaneously by
fitting. By use of Eq. (27) and the diffusion coefficient
data for ¢ =0 [see Eq. (43)] one can eliminate Bk, from
Eq. (20) and v, (¢ =0) and yv* remain as parameters to
be fitted.

An iterative procedure according to the Simplex algo-
rithm®> was applied to obtain the best set of fit parame-
ters. The solution obtained corresponds with a (local)
minimum found for the (weighted) x? sum as a function
of the fit parameters. The resulting parameters v (¢ =0)
and yv* have been given in Table I and the fitted curve
has been plotted in Fig. 12 [curve (a)].

In comparing the fit results for v (¢ =0) and yv* with
estimations for v,(z =0) and yv* reported in the litera-
ture, the present data are of proper magnitude. yv™* is re-
ported to be about 0.1,'%36 and for v ¢ in the as-prepared
state values of about 0.01 are expected.36

In Eq. (17) the term Bk, serves as the rate constant for
flow defect annihilation. In Table II values for Bk £ cal-
culated by use of Eq. (22) or (27) from literature data,
have been listed together with the value of Bk, found
here. Clearly the rate constant values for different amor-
phous solids differ enormously.

Thus far it was assumed that the flow defect concentra-
tion in the amorphous layer was far from equilibrium; cf.
Eq. (17). If this is not the case the annihilation of flow
defects may be described by>’

de, )
7—_ka(Cf'—Cf’eq) N (46)
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TABLE I. Free-volume model parameters as obtained by
fitting Eq. (20) to the unconstrained volume change data of
specimen B (see Fig. 7), with d (D ~')/dt D(t =0)=1.36X 1073
s™! (see text). c;(z=0) and Bk, are derived using the equations
indicated.

Fitted vt =0) 7.2X107?
yo* 0.124

Eq. (16) ¢ (t=0) 3.1x10°8

Eq. 27) Bk, 4.4X10%s7!

where ¢, is the equilibrium flow defect concentration.
By integration it follows that

1 1
Cf(t)—Cf,eq Cf(tzo)_(.‘f,eq

=Bkt . (47)

Now, the effect of the occurrence of an equilibrium de-
fect concentration on the free-volume change will be in-
vestigated. The change of the free volume with annealing
time follows from Egs. (47) and (16). To calculate the
flow defect concentration ¢, as a function of annealing
time according to Eq. (47) the values of c,(z =0), Cfeqr
and ka are needed. It will be assumed that, for ¢t =0,
Cfeq in Egs. (46) and (47) can be ignored with respect to
c;(t=0). Then cy(t =0) and Bk, from Table I can be
applied.

The effect of an equilibrium flow defect concentration
on the volume change is assessed as follows: For an
adopted ¢ ., which is equivalent to an adopted vy, , ¢ is
calculated from Eq. (47) and from this, by use Eq. (16),
the volume change v (¢)—v,(z =0) is calculated. Equi-
librium flow defect concentrations up to 1.7X 10~ !! cor-
responding to equilibrium free volumes up to 5X 1073 do
not give rise to appreciable changes [see Fig. 12, curve
(b)]. For higher equilibrium flow defect concentrations
the calculated free-volume change deviates increasingly
from the observed volume change at the end of the an-
nealing treatment [see Fig. 12, curve (c)]. The maximum

10% Av

.25 1 1 1 1
0.1 1 10 100

time (h)

FIG. 12. The relative volume change Av=v(t)—v (¢t =0) as
a function of annealing time according to the free-volume mod-
el. (a) Fit of Eq. (20) (see Table I); equilibrium defect concentra-
tion ignored, see Eq. (19). (b) Simulation on the basis of Eq. (47)
with equilibrium defect concentration corresponding to
Vf,eq=5.0X 1073, (c) Same as (b) with v, =5.4X 107>
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TABLE II. Values of Bk, at 523 K.

Specimen Measured Bk
System type phenomenon s™h Reference
FeyoNigoByg ribbon viscous flow 1.7 9
Pdg,Sig ribbon viscous flow 2X10° 14
Fes,Tis multilayer diffusion 6.5X10°2 30
Pd,oNis Py ribbon viscous flow 2.4X10° 32
Mo;;Sig multilayer diffusion 4.4%10* This work

#Extrapolated from measurements at 433473 K.

amount of equilibrium free volume which is compatible
with the measurements is therefore considered to be
equal to 5X 1073, For this maximal v f.eq the ratio of cf .4
and c,(1 =0) equals 5X107% This demonstrates that
indeed at t =0, cjq in Eqgs. (46) and (47) can be ignored
with respect to cf(t =0), as was assumed above. It is con-
cluded that for the present investigation the effect of
equilibrium defect concentrations up to 1.7X107!! can
be ignored.

E. Stress change

Equation (11) provides a general description of the
stress change in a thin film on a substrate. In Sec. VIA
the elastic constants of the layer have been determined al-
ready. Since the measurements were performed iso-
thermally, the term accounting for thermal misfit strains
can be discarded. If the strain by anelastic relaxation is
left out of Eq. (11), the viscosity as a function of time can
be calculated, since o (see Fig. 6) and the unconstrained
volume change (see Fig. 7) are known as a function of
time. It is noted that this viscosity is a phenomenological
viscosity: in addition to actual viscous flow it may ac-
count for anelastic relaxation. In order to obtain relevant
derivatives with respect to time, for the volume change
use has been made of Eq. (20) and the data of Table I, and
for the stress change the smooth curve of Fig. 6 was used.

The phenomenological viscosity thus obtained has been
drawn as a function of time in Fig. 13. As can be seen,
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FIG. 13. Phenomenological viscosity as a function of anneal-
ing time as obtained with Eq. (11) from the stress change (Fig. 6)
and the volume change [Fig. 12, curve (a)].

the phenomenological viscosity does not depend linearly
on time. This indicates that either the actual viscous flow
does not behave as described by the free-volume model
[see Eq. (33)] and/or that anelastic relaxation does occur.
To investigate this, the behavior of the viscosity will now
be described in agreement with the free-volume model
and it will be verified if the stress changes according to
Eq. (11) are compatible with anelastic relaxation. The
stress change to be accommodated by anelastic relaxation
should at least increase continuously with time. (Under a
constant stress this requirement is obvious. Note that in
the present investigation during annealing the stress even
increases.)

In the free-volume model [Eq. (33)] the viscosity is de-
scribed with (¢ =0) and d7/dt. In Sec. III D, for iso-
thermal annealing, Eq. (31) was derived. Then, since the
time-dependent diffusion coefficient has been determined
already (see Sec. VID), only one viscosity parameter
needs to be determined. The stress change to be accom-
modated by anelastic relaxation follows from the
difference between the measured stress change and the
calculated stress change from viscous flow and volume
change [cf. Eq. (11)]. For very high (¢ =0) hardly any
viscous flow will occur. This implies that the stress
change to be accommodated by anelastic relaxation then
practically equals the difference between the measured
stress change and the stress change calculated from the
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FIG. 14. (a) Measured stress change with respect to stress at
¢t =0 (Fig. 6). (b) Stress change calculated from the (isotropic)
volume change [Fig. 12, curve (a)]. (c) Stress change by viscous
flow [n(z=0)=2.2X10" Pas, dn/dt=3.0X10"" Pa; Sec.
VILE]. (d) Stress change to be accounted for by anelastic relax-
ation as obtained from (see Sec. II E) (d)=(a)— (b)—(c).
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volume change. If the value for n(¢z =0) is lower, then,
according to Eq. (31), the value for d7/dt is lower too.
This results in more (actual) viscous flow and less anelas-
tic relaxation. The stress change to be accommodated by
anelastic relaxation should increase with time; see above.
In this way, a minimal value can be found for n(¢t =0)
(and for dn/dt) that results in the smallest amount of
stress change attributable to anelastic relaxation [see Fig.
14, curve (d)]. The minimal value obtained is
7n(t =0)=2.2X10" Pas, and using the values of
D(t=0) and d (D ~!)/dt as given in Eq. (43), the corre-
sponding minimal value of d7n/dt =3.0X10'! Pa; cf. Eq.
(31).

A comparison of results derived from measurements on
different amorphous solids is always hampered by
differences occurring in thermal history. The viscosity
change rate, however, is annealing time independent and
it can therefore be compared more easily. Since no other
results of viscosity measurements on amorphous Mo/Si
multilayers are available, only a comparison can be made
with data obtained from different amorphous solids. At
523 K, for Pdy,Si;; we have d7/dt =2X10'° Pa (Ref. 14)
and for Fey,NiyB,, we have dn/dt=9X10!° Pa.’ In
this investigation it was assessed for Mo;;Sigg:
dn/dt >3.0X10'! Pa.

F. (An)isotropy of volume change

The discrepancy between measured stress change and
calculated stress change as a result of annihilation of free
volume and viscous flow was interpreted in the preceding
section as caused by anelastic relaxation. An alternative
explanation for this discrepancy can be the anisotropy de-
scribed here. Thus far in this work the dimensional
change of an unconstrained amorphous layer due to a
volume change was supposed to be isotropic. However,
in melt quenched Fe,,Ni B,y anisotropic length changes
on annealing have been reported.?® Also in view of the
multilayer structure, isotropy is not obvious. If a volume
change would not be realized in an isotropic way, the cor-
responding change of strain in the layer will be different
from that given by Eq. (8).

By replacing the factor § in Egs. (8) and (11) by a fac-
tor «, this anisotropy can be accounted for. With this
modification the volume change is still rotational sym-
metric with respect to the surface normal and the stress
change due to volume change is still proportional with
dv/dt. The factor @ can vary between O and §: 2=0
means that no change of unconstrained lateral dimen-
sions occurs at all and that the volume change is realized
fully by a thickness change; « =4 implies that a change of
the unconstrained lateral dimensions entirely accommo-
dates the volume change.

A fit of Eq. (11), without thermal and anelastic strain
terms, in principle allows the (additional) determination
of the anisotropy parameter «. To this end, the volume
change has been described in terms of the free-volume
model (see Sec. VIID) and the viscosity has been de-
scribed according to Eq. (33), using Eq. (31), with the
diffusion data from Eq. (43). A good fit to the measured
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stress data was obtained with 2=0.23, n5(¢=0)
=2.9X 10" Pas and d7n/dt=4.0X10!! Pa (see drawn
curve in Fig. 6). The value of « found implies that, as
compared to isotropic behavior, the decrease of volume
of the multilayer is preferentially realized as a thickness
change. If such anisotropy occurs, this is expected since
thickness changes are not constrained by the substrate
and lateral tensile stresses will not favor shrinkage in la-
teral directions. Comparing the viscosity data derived
above with the minimal values found in Sec. VIIE, it fol-
lows that the two sets of viscosity data differ only by a
factor of 1.2.

The present investigation does not allow preference in
the interpretation of the observed stress and thickness
changes for either the occurrence of anelastic relaxation
or the occurrence of anisotropy of volume change.

G. Relation between viscosity and diffusion coefficient

In the preceding sections proportionality of viscosity
and reciprocal diffusion coefficient has been implied ac-
cording to Eq. (31). The magnitude of the corresponding
proportionality factor has not yet been determined. With
the time-dependent diffusion coefficient according to Eq.
(43) and the time-dependent viscosity from Sec. VIIE,
from Eq. (29) it is obtained that p >7.1X 10 m™!. The
minimal value of p is found to be about 100 times larger
than the estimate given in Sec. III D, assuming kK, o=k .
If anisotropy of the volume change, instead of anelastic
relaxation, would occur (see Sec. VII F), p is found to be
about 130 times the value given in Sec. III D. Also, from
viscosity measurements on Pdg,Si;, glass'* and from
interdiffusion measurement on PdgsSi;s/FegsB 5 multilay-
ers’® analogous results were obtained: the product of
viscosity and diffusion coefficient was found to be much
larger (160 to 590 times) than kp T /37L; cf. Eq. (28).%

These results suggest, as already proposed in Ref. 40, a
transport mechanism in which many diffusional jumps
may occur for each flow jump. In terms of Eq. (29) and
(30), k, o is much larger than k.

H. Comparison with other work

In Ref. 41 measurements of the annealing-induced
stress change in amorphous Pd,4Si,; films on fused silica
substrates were reported. The stress change was inter-
preted as a result of viscous flow only [cf. Eq. (10)]. That
interpretation seemed plausible since the measured stress
was compressive and continuously decreasing in magni-
tude. However, viscous flow only is incapable to explain
a buildup of tensile stress as observed in this investigation
(see Fig. 6). Therefore the model presented in Ref. 41 is
too simple; it may only be applicable if it has been ascer-
tained that no volume changes and/or anelastic relaxa-
tion occurs. The reported deviation of the activation en-
ergy for d7/dt as compared to other experimental data
(on PdggSi,,) is an indication that processes other than
viscous flow also affect the stress change reported in Ref.
41.
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I. Effect of short-range ordering

Frequently in the structural relaxation of amorphous
solids two relaxation processes are distinguished:*? (i) to-
pological short-range ordering (TSRO), which concerns
the packing efficiency of the atoms regardless their chem-
ical nature, as described by the free-volume model, and
(ii) chemical short-range ordering (CSRO), which con-
cerns the local arrangement of the different species of
atoms regardless of their packing. The kinetics of the
CSRO process is relatively fast as compared to that of the
TSRO process.*

In principle, during annealing of amorphous solids
both TSRO and CSRO can influence measured proper-
ties. In the as-deposited Mo/Si multilayers, although the
amplitude of the initial composition modulation is al-
ready very small (about 2 at. %; see Sec. VII B), equilibri-
um with respect to CSRO is probably not fully realized.

In the present investigation no indication for the oc-
currence of CSRO was found. The interdiffusion behav-
ior could be well described using only the concept of
TSRO. This can be understood if CSRO has reached
equilibrium during the (slow) heating to the isothermal
annealing temperature (523 K). An example of such fast
CSRO has been observed with PdNiyP,: at tempera-
tures above 525 K, CSRO was completed within 10 s.32
Furthermore, the volume change is insensitive to CSRO.

VIII. CONCLUSIONS

The following conclusions are drawn from this work.

(i) The coupled time behaviors of stress and volume of
a thin film on a thick substrate are described by Eq. (11).
The unconstrained volume change is obtained by applica-
tion of Eq. (14) from measured stress and layer thickness
data.

(ii) The interdiffusion coefficient is obtained by tracing
the x-ray diffraction intensity of the first-order multilayer
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reflection. The time behavior is compatible with the
free-volume model for amorphous solids taking diffusion
and flow defect concentrations equal.

(iii) The unconstrained volume change is described sat-
isfactorily with the free-volume model, using the model
description of the observed interdiffusion behavior [see
(i].

(iv) The viscosity as a function of time is obtained from
stress and volume data. If only volume change and
viscous flow are considered as stress change mechanisms,
a viscosity is found that does not correspond to the free-
volume model. If also anelastic relaxation or anisotropy
of volume change are considered, and using the
interdiffusion behavior, a viscosity is obtained which is
compatible with the free-volume model.

(v) The product of viscosity and diffusion coefficient is
found to be at least 100 times the value expected from
[Eq. (29)], the free-volume-model-based equivalent of the
Stokes-Einstein relation. Many diffusional jumps may
occur for each flow jump.

(vi) Young’s modulus and Poisson’s constant of the
amorphous Mo/Si multilayer have been determined as
E;=215 GPa and v;=0.18.
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