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1. Introduction

NMLs, consisting of two or more dissimilar materials, are nano-
scale periodic systems that show promising physical properties
for various industrial technologies, including microelectronics,
catalysis, optics, and energy applications.[1] The profound interest
in these nanomaterials relies on the combination of different

unique physical properties, namely
mechanical,[2] optical,[3] and magnetic
properties[4] and radiation tolerance.[5]

Superposition of excellent physical proper-
ties can be achieved by smart microstruc-
tural design (e.g., selection of the bilayer
combination,[6] interfacial design[7]) cou-
pled with appropriate heat-treatment condi-
tions (temperature, duration, annealing
atmosphere[8,9]).

NMLs are created by periodically stack-
ing nanolayers of selected materials along
the substrate’s normal direction (bilayer
composition). The synthesis of an NML
yields a metastable framework owing to
the high density of internal interfaces
(interphase boundaries, grain boundaries)
with associated surface energies. The tradi-
tional mechanism for the extra surface
energy release is thermal grooving of
grain boundaries, originally reported by
W.W. Mullins.[10] In multilayers compris-
ing nanoscale-thick layers, grooving of
neighboring grain boundaries on both side

surfaces of the layer is crucial in the degradation of the nano-
structure. This process leads to the breakdown of nanolayers
and the subsequent coarsening of residual nanolayer fragments,
e.g., refs. [11–15]. In accordance with the terminology, grain
boundary grooving is a thermally activated process. Therefore,
the industrial constraints on the exploitation of NMLs are tightly
linked to the kinetics of grooving, which define the upper limits
for both the annealing temperature and duration.

However, grain boundary grooving is not the only contributor
leading to thermal degradation of NML. Residual stresses in
nanolayers typically arise during the NML growth, contributing
additional elastic energy to the final nonequilibrium state of the
system.[6,16–20] When depositing polycrystalline nanolayers
(which are typical in NMLs), there is classical model describing
the compressive–tensile–compressive residual stress transition
with an increase in film thickness. This transition is related to
the mutual interaction of growing islands and adatom incorpo-
ration into the film.[21] In this evolution, there is a significant
contribution of coherency strain and interface stress, which arise
from differences in the crystalline structure of the adjoined
phases (for more details on interface stress, the reader is referred
to ref. [22]). The NML releases the excess elastic energy through
plastic deformation, primarily activated at elevated temperatures,
known as diffusion creep. In NMLs, the predominant form of
creep is diffusion based, involving the mass transport of one
of the constituent materials to the NML surface, the so-called
surface outflow. Additionally, surface outflow can be driven by
capillary forces provided the interface boundary energy is larger
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The heat-induced microstructure evolution of nanomultilayers (NMLs) with
metallic components is widely studied due to its critical importance in ensuring
the reliable application of these nanomaterials. The thermal degradation of NMLs
is controlled by mass transport of one of the NML components from the NML
volume to its surface. The outflow occurs at temperatures well below the melting
point of metal, offering new opportunities for the engineering of innovative
NML-based brazing fillers. A combined experimental-modeling approach for the
quantitative analysis of silver (Ag) outflow kinetics in Ag/AlN NMLs is presented.
The method is based on in situ monitoring of the X-ray diffraction intensity
evolution of Ag acquired from the near-surface region of NML (grazing incidence
geometry) upon annealing in the temperature range of 230–425 °C (atmosphere
of N2). The experimental data are compared to model predictions of Ag diffusion.
It is assumed that Ag diffusion is driven by the relaxation of residual stresses in
Ag nanolayers. Due to the multilayer geometry, the surface outflow kinetics
are mainly defined by the kinetics of Ag diffusion along Ag/AlN interphase
boundaries. The parameters defining the Ag surface outflow kinetics, i.e.,
diffusion coefficients and activation energy for diffusion, are derived.
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than the mean surface energy of the particles formed on the NML
surface.[8]

The surface outflow phenomenon has been thoroughly inves-
tigated in NMLs of various material systems (immiscible or semi-
miscible), e.g., Cu/W,[9,23] Ag/AlN,[24] Ag-Cu/AlN,[25] Ag-Ge/
AlN,[16] Al-Si/AlN,[26] and Cu/AlN–Al2O3

[27] NMLs. Typically,
the outflowing material is a metal phase with a lower melting
point (compared to other constituents of an NML) and high dif-
fusion mobility. The kinetics of mass transport to the NML sur-
face are considerable; metal particles of several micrometers in
size are formed on the surface of NMLs with less than 10 nm
thick nanolayers during relatively short annealing times
(<60min) and at temperatures well below the melting point
of the outflowed material. The substantial kinetics of the
outflow render these nanomaterials promising as innovative low-
temperature brazing fillers for heat-sensitive devices.[28,29]

However, there is a lack of published works quantitatively
determining the outflow kinetics in NML, i.e., the diffusion coef-
ficient of the outflowing metal. This is an important step to prop-
erly understand the fundamentals of the thermal stability of an
NML system. The complexity of the problem owes to the design
of a suitable experimental scheme to analyze the time evolution
of the outflowing material volume and to the development of the
appropriate diffusion model. Several published works address a
similar problem: growth of whiskers on the surface of thin films.
In refs. [30,31], the authors analyzed the kinetics of Au and Fe
whisker growth by measuring the whisker length and applying
an appropriate diffusion model. In the case of Au whiskers, the
authors derived the magnitude of the diffusion coefficient. Its
activation energy coincided with the activation energy for surface
diffusion, proving the capillary driving force for whisker growth.
In the case of Fe whiskers, a diffusion approach was developed to
reproduce the experimentally observed whisker dimensions. In
ref. [32], the diffusion-based problem of stress-driven Sn whisker
growth was investigated and experimentally verified. The authors
considered the growth of whiskers as the major mechanism of
residual stress relaxation in Sn thin films; using the literature
data on creep and diffusion, the experimentally derived stress
evolution overtime was simulated. These works are the basis
for addressing the problem stated in the present work; however,
modifications to both the experimental framework and diffusion
model are necessary.

Among the NMLs mentioned earlier, the Ag/AlN system is of
particular interest for its prominent mechanical and optical prop-
erties.[33] According to the previously published works, these
NMLs show a substantial outflow of silver, making them prom-
ising brazing fillers for joining technologies.[8,16,24,34,35] Chiodi
et al.[24] were the first to report a massive Ag outflow upon heat-
ing in air at a relatively low temperature (420 °C), which has been
recently confirmed by Druzhinin et al.[8] Oxidation of AlN nano-
layers and formation of Al2O3 phase result in an increased inter-
face energy. Consequently, the system eliminates Ag/Al2O3

interphase boundaries by transporting silver to the NML surface.
In an inert atmosphere (e.g., Ar flow) or vacuum, the outflow is
reduced due to the absence of the chemical driving force of oxy-
gen; the main driving force is the residual stress relaxation in
nanolayers.[8] A nonreactive atmosphere during annealing is cru-
cial for industrial applications, as it preserves the initially pro-
duced phase composition of the NML. Therefore, investigation

of the outflow kinetics upon annealing in a nonreactive atmo-
sphere is of primary importance.

In the present work, the kinetics of Ag surface outflow in
Ag/AlN NMLs are experimentally investigated by performing
in situ high-temperature grazing incidence X-ray diffraction
(GI-XRD) analysis with modeling. The analysis is conducted
in nitrogen flow to prevent the oxidation of the AlN nanolayers.
For this setup, a diffusion model is developed that considers
residual stress relaxation as the principal driving force for the
outflow. The time evolution of the outflowing Ag volume is mon-
itored by the diffraction intensity change upon isothermal
annealing. The developed diffusion model is applied to experi-
mental data to extract the diffusion coefficient of silver, primarily
found to diffuse along the Ag/AlN interphase boundaries. For
the first time, the activation energy for diffusion and the temper-
ature dependence of the diffusion coefficient of an outflowing
metal filler are experimentally determined.

2. Diffusion Model

Based on previous work,[8] upon annealing in an inert atmo-
sphere, the driving force of the Ag outflow is not of the capillary
nature, and another energy excess has to be considered; the
Ag/AlN interface energy is small enough in relation to the Ag
surface energy (of Ag crystals on the NML surface), so Ag nano-
layers should be stable in the NML volume. The NMLs grown by
physical vapor deposition typically possess a nonzero internal
stress.[36] Ag/AlN NMLs are not an exception. Based on previous
works,[16,24] silver nanolayers in Ag/AlN NMLs are specifically
under in-plane compressive stress. However, residual stresses
are generally not spatially uniform and the experimentally
derived stresses are mean values averaged over plenty of grains.
In fact, the residual stresses are commonly classified into three
types, i.e., macrostress (varying on the millimeter scale; Type I),
intergranular microstress (varying on the grain size scale; Type
II), and intragranular microstress (imposed by lattice defects;
Type III).[37] Considering the scale of the surface outflow, varia-
tion in the macrostresses is of principal importance. Upon film
deposition, it is expected that the (macro) regions of compressive
and tensile stresses will be formed, resulting in a nonuniform
spatial distribution (at a large scale) of in-plane residual stresses.
The Ag surface outflow can be considered a diffusion creep. In
the regions of compressive and tensile stress, the chemical
potential of vacancies decreases and increases, respectively.
This gradient of chemical potential causes the flux of vacancies
from tensile regions to the compressive ones.[38] The flux of
atoms is the opposite of the flux of vacancies, and diffusion
occurs by a vacancy exchange mechanism.

According to refs. [8,34], the channels are formed in the
Ag/AlN NML volume upon annealing, which act as pathways
for the outflow. In the channels, silver atoms preferentially dif-
fuse along the channel walls by means of surface diffusion. On
the NML surface, a discontinuous Ag film initially formed.
Afterward, by means of a capillary driving force, bulk-faceted
Ag crystals evolved.[8] Typically, surface diffusion is faster than
the diffusion along interface or grain boundaries as well as
the bulk diffusion (e.g., surface diffusion coefficient of Au at
400 °C, 4.05� 10�15 m2 s�1,[39] is four orders of magnitude
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larger than the bulk diffusion coefficient, 5.11� 10�19 m2 s�1;[40]

surface diffusion coefficient of Ag at 700 °C, 3.61� 10�10 m2 s,[41]

is five orders of magnitude larger than the bulk diffusion
coefficient, 7.21� 10�16 m2 s�1[42]). This assumption signifi-
cantly simplifies the diffusion problem, resulting in concise, con-
venient solutions (e.g., Hwang et al.’s solution of the grain
boundary diffusion problem for Harrison’s type C diffusion
kinetics[43,44]). In this study, it is supposed that outflow kinetics
are limited by diffusion in the Ag nanolayers and not in the
channels.

The experimental setup is based on in situ XRD (the grazing
incidence scheme; GI-XRD) analysis of the NML annealed in an
inert atmosphere (N2 flow). In this approach, the formation of
faceted bulk Ag crystals from a discontinuous silver film is
not the limiting factor of the determined outflow kinetics. It
is associated with the large area (≈1mm2) of experimental anal-
ysis by GI-XRD, i.e., the diffracted signal is summed over both
the regions containing faceted Ag crystals and the unfaceted Ag
film. The kinetics of the outflow are described solely by the dif-
fusion of atoms in the NML bulk, i.e., in the Ag nanolayers and
along the channel wall. Thus, the derived diffusion model is
based on the relaxation of residual stresses in Ag nanolayers,
i.e., it is a principal driving force of the outflow (the capillary driv-
ing force of Ag diffusion on the NML surface is neglected).
Figure 1 shows a sketch of the model with the relevant param-
eters. In the derived model, the gradient of residual stresses
along the NML depth is neglected, i.e., mean values of stress
are assumed to be the same in each Ag nanolayer.

The change of the Ag volume on the NML surface is

dV
dt

¼ Js H, tð ÞdsΩ (1)

where Js H, tð Þ is the diffusion flux at the NML surface (H is the
NML thickness of ≈200 nm);

ds is the thickness of the diffusing material slab on the side
wall of the channel at the NML surface and Ω is the atomic
volume of a diffusing substance.

The flux in the channel is assumed to be constant along the
channel length, i.e., there is no accumulation of material in the
channel (the flux divergence is zero; the chemical potential is a
linear function of the NML height). If this assumption is not
fulfilled, the in-plane stress in the NML would build up, increas-
ing the chemical potential of Ag atoms in the channel, and the
driving force for the outflow would disappear.

The Js Hð Þds term is the atomic flux (number of atoms per unit
of time) reaching the NML surface. This amount is the sum of
the fluxes supplied by each silver nanolayer:

Js H, tð Þds ¼
XN
i¼1

Jsi dsi (2)

where N is the amount of Ag nanolayers;
Jsi is the flux supplied by each nanolayer; and
dsi is the thickness of the diffusing material slab per each Ag

nanolayer.
At the junction of each nanolayer with the channel, there is a

continuous atomic flux, i.e., the number of incoming atoms is
equal to the number of emergent ones. In the 1D problem con-
sidered, the atomic flux out of the nanolayer could be expressed
as the sum of the bulk (it includes diffusion in the bulk of Ag
grains and in Ag/Ag grain boundaries) and interfacial fluxes:

Js i ds i ¼ � Jbulk i
0, tð Þhbulk i

þ 2Jint i 0, tð Þhint i
� �

(3)

where Jbulki 0, tð Þ and Jinti 0, tð Þ are the bulk and interface atomic
fluxes at x= 0 in the silver nanolayer, respectively (see Figure 1);

hbulki is the “bulk” thickness of the nanolayer; and
hinti is the model thickness of the interface.
It is assumed that within each nanolayer, the bulk and inter-

facial fluxes are uniform along the nanolayer thickness, i.e., they
do not vary with the y coordinate. The minus sign in Equation (3)
is due to the fact that in the Ag nanolayers, atoms diffuse from
the region of high compressive stress to the region of low
compressive (or zero) stress at the channel–nanolayer border
(vacancies diffuse in the opposite direction; see Figure 1). For
the chosen direction of the x axis, this flux is negative.

Grain boundaries supply atoms to the channels through a net-
work of interconnected grain boundaries (e.g., “zig-zag” geome-
try), with the last grain boundary crossing the channel wall.
However, in this case, the path is considerably longer than
the short-circuit atom supply through the interface and the bulk
of the nanolayer. Additionally, only a few grain boundaries cross
the wall of the narrow channel (the diameter of a channel is
≈20 nm;[8] assuming that the mean linear size of a grain is simi-
lar to the Ag nanolayer thickness, e.g., see refs. [17,45]), so the
total area of grain boundary cross sections is expected to be small
as well. Additionally, in a real system, compressive stresses could
be larger near the grain boundary due to the incorporation of
atoms into the grain boundary during deposition.[21] Large
stresses would increase the activation energy of the diffusion
of atoms in the grain boundary, substantially lowering the kinet-
ics. Thus, it is expected that even the larger magnitude of the
grain boundary diffusion coefficient (compare to the bulk and
interface diffusion coefficients; the difference with the interface
diffusion coefficient should be considerably smaller) cannot

Figure 1. Schematics of diffusion model. Jint and Jbulk are the diffusion
flues along interface and in the bulk, respectively. σ is the internal (normal
to the channel wall) stress.
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compensate for the increased diffusion length and the smaller
cross-section area, so that the total supply of atoms through
the grain boundary network per unit of time is proposed to be
negligibly small. In the present work, it is assumed that the dif-
fusing silver atoms are predominantly supplied by bulk diffusion
and diffusion through Ag/AlN interfaces (Jbulki 0, tð Þ in
Equation (3) defines only bulk diffusion in Ag grains).

Thus, the change of the Ag volume on the NML surface is

dV
dt

¼ �ΩAg

XN
i¼1

Jbulki 0, tð Þhbulki þ 2Jinti 0, tð Þhinti
h i

(4)

where N is the amount of Ag nanolayers,
h is thickness of Ag nanolayer (10 nm), and
ΩAg is atomic volume of silver.
Since the gradient of residual stresses along the NML depth is

neglected, fluxes in each Ag nanolayer are similar.
Diffusion creep is induced by the gradient of the residual

stresses between the bulk of the Ag nanolayer and the channel
wall. In the present model, the stress normal to the channel wall
is assumed to be equal to the critical stress, σ0 (see Figure 1 and
the boundary condition, Equation (16)), while in the bulk of the
nanolayer it is compressive (at x0). The maximum value of stress
at x0 is in the as-deposited state, and this value decreases during
the outflow (see Figure 1). In this framework, vacancies diffuse
from the channel wall into the bulk of the nanolayer, resulting in
an opposite flux of atoms, diffusing by the vacancy exchange
mechanism.

The flux of silver atoms in the considered 1D case is

JAg ¼ �Jv (5)

Jv ¼ � cvD
kT

∂μv
∂x

(6)

where μv is the chemical potential of Ag vacancies;
cv is the concentration of vacancies; and
D is the vacancy diffusion coefficient.
The chemical potential of vacancies is derived as an additional

work to add a vacancy to the region under normal stress (the
equation is similar to the chemical potential of an atom, but with
an opposite sign[46]):

μv ¼ μ0 þ Ωvσ (7)

where Ωv is molar volume of the vacancy, which is similar to the
molar volume of the diffusing specie, i.e., Ωv≈ΩAg;

σ is the normal stress of the relevant sign (tensile or compres-
sive stress).

Using Equation (5)–(7)

JAg ¼
cDΩAg

kT
∂σ
∂x

(8)

where c≈ cv is denoted as the concentration of mobile atoms,
which is equal to the concentration of diffusing vacancies.
The diffusion coefficient of atoms is determined by the diffusion
coefficient of vacancies.

The stress gradient within each individual nanolayer (i.e.,
along the y axis within the nanolayer thickness) is neglected.

Thus, the chemical potential of atoms diffusing in the (denoted)
bulk and interface regions are expressed similarly.

Thus, separating the atomic (vacancy) fluxes, Equation (4) is
expressed as

dV
dt

¼ �ΩAg

XN
i¼1

Jbulk i
0, tð Þhbulk i

þ 2Jint i 0, tð Þhint i
� � !

¼ �ΩAg

kT
cNhbulkDbulkΩAg þ 2cNhintDintΩAg
� � ∂σ x,tð Þ

∂x

����
x¼0

¼ �ΩAgNh
kT

chbulkDbulkΩAg

h
þ 2

chintDintΩAg

h

� �
∂σ x,tð Þ
∂x

����
x¼0

≡�ΩAgNhJ 0, tð Þ
(9)

where h is the nanolayer thickness.
The atomic flux at the edge of the channel (at x= 0) is

J 0, tð Þ ¼ c
hbulkDbulk

h
þ 2

hintDint

h

� �ΩAg

kT
∂σ x,tð Þ
∂x

����
x¼0

≡ cDeff
ΩAg

kT
∂σ x,tð Þ
∂x

����
x¼0

(10)

where Deff is an effective diffusion coefficient, which takes into
account bulk diffusion and diffusion along interfaces.

Essentially, c equals bulk concentration cbulk of the solid
(c= cbulk), which is considered as an inverse atomic volume,
Ω�1. Interface concentration, cint, can be defined:

cint ¼ cbulkhint (11)

Generally, the diffusion coefficient depends on the stress mag-

nitude by adding the term jσiijΩat
3NA

(energy units) to the activation
energy, where NA is the Avogadro constant and Ωat is the molar
volume.[47] According to the literature data refs. [16,24], the aver-
age compressive stress magnitude in Ag nanolayers in Ag/AlN
NMLs is <400MPa (absolute value). Indeed, by means of XRD,
the derived magnitude of the average in-plane residual stress in
the as-deposited Ag nanolayers is �340� 50MPa (compressive;
for details of the calculation, see Supporting Information, Part I),
in agreement with previously reported values. Thus, the maxi-
mum value of the correction to the average activation energy
is less than 0.03 eV (based on the identity shown earlier).
Typically, tensile stress decreases the activation energy, whereas
compressive stress increases it. Definitely, due to the spatial dis-
tribution of the stresses, the activation energy undergoes larger
changes due to the correction term, fluctuating around the mean
value. However, it is assumed that these changes are short-range
and, for the present problem, do not substantially alter the
atomic flux.

Plasticity releases the elastic part of the strain. For the film
(NML) constrained by the substrate, the total strain is fixed.
Thus, the total strain rate in each Ag nanolayer is

ε̇ ¼ ˙εel þ ˙εpl ¼ 0 (12)

ε̇ is the total strain rate;
˙εel is the elastic strain rate; and
˙εpl is the plastic strain rate.
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The plastic strain rate is determined by the divergence of the
atomic flux:

˙εpl ¼ �ΩAg ⋅ ∇J (13)

In the studied 1D problem, taking into account Equation (13), the
final equation for the stress evolution is obtained:

∂σ
∂t

¼ R
∂2σ
∂t2

(14)

R ¼ EcbulkDeffΩ2
Ag

1� υð ÞkT (15)

where E and ν are the Youngmodulus (85 GPa) and Poisson ratio
(0.37) of silver, respectively.

In the derived equation, the term R is artificially introduced to
facilitate further notations, when solving the differential equa-
tion. However, it can formally be considered as a kinetics coeffi-
cient, indicating the kinetics of the internal stress change.

The boundary conditions are similar to those proposed by Pei
et al. in ref. [32] for modeling the growth of Sn whiskers. At the
channel boundary, i.e., at x= 0, the stress is equal to a critical
value. This critical stress is lower than the magnitude of the aver-
age stress in the nanolayer and induces the gradient of stress,
which initiates the flow of Ag atoms (vacancies). On the contrary,
the zero flux condition is imposed away from the channel. This is
based on the spatial variation of macrostress, which can undergo
a change from compressive to tensile. Thus, the volume region
responsible for the supply of a silver particle driven by the com-
pressive stress relaxation is bound. Additionally, this condition
reflects that the fluxes of neighboring groups of channels do
not overlap with each other. Precisely, each group of channels
is supplied by a specific volume of NML, with a specific in-plane
area. These volumes are assumed not to overlap, i.e., neighbor-
ing channels do not influence each other. Thus, there is a flux of
Ag atoms toward the channel until the homogeneous distribu-
tion of the stress (it equals the critical value) is achieved.

Boundary conditions are defined as

σ 0, tð Þ ¼ σ0 critical stressð Þ (16)

∂σ x,tð Þ
∂x

����
x¼x0

¼ 0 zero flux conditionð Þ (17)

where x0 is the distance away from the channel (see Figure 1).
Initial conditions include the uniformity of stress throughout

the nanolayer volume (spatial distribution):

σ x, 0ð Þ ¼ σmax (18)

The solution for the derived nonlinear partial differential equa-
tion is similar to the solution of the diffusion equation for the
plane sheet problem.[48] The solution obtained by the method
of the Laplace transformation is

σ x, tð Þ ¼ σ0 � σmaxð Þ
2
4X∞

n¼0

�1ð Þ nerfc 2x0 nþ 1ð Þ � x

2
ffiffiffiffiffi
Rt

p
� �

þ
X∞
n¼0

�1ð Þ nerfc 2x0nþ x

2
ffiffiffiffiffi
Rt

p
� �35þ σmax

(19)

The series converges quite rapidly, and the 10�6 difference in
stress values is already achieved at n= 35.

According to Equation (10), the atomic flux is

J 0, tð Þ ¼ σ0 � σmaxð Þ ffiffiffiffi
R

p
1� νð Þffiffiffiffi

πt
p

EΩAg

2
4X∞

n¼0

�1ð Þ n

exp � x02 nþ 1ð Þ 2
Rt

� �
�
X∞
n¼0

�1ð Þ nexp � x02n2

Rt

� �35
(20)

Integrating Equation (9) with the initial condition V(0) = 0 and
the selected amount of terms,N, the time evolution of Ag volume
is determined:

V tð Þ¼�Nh
σ0�σmaxð Þ ffiffiffiffi

R
p

1�νð Þ
E

0
@XN

n¼0

�1ð Þn
2
4 2ffiffiffi

π
p ffiffi

t
p

exp �x02 nþ1ð Þ2
Rt

� �
þ2x0 nþ1ð Þffiffiffiffi

R
p erf

x0 nþ1ð Þffiffiffiffiffi
Rt

p
� �35

�
XN
n¼0

�1ð Þn
2
4 2ffiffiffi

π
p ffiffi

t
p

exp �x02n2

Rt

� �
þ2x0nffiffiffiffi

R
p erf

x0nffiffiffiffiffi
Rt

p
� �35

�
XN
n¼0

�1ð Þn2x0ffiffiffiffi
R

p
1
A

(21)

The principal assumptions made are summarized as follows:
1) the kinetics of the surface outflow are defined by diffusion
creep in Ag nanolayers, and atoms diffuse by the vacancy
exchange mechanism; 2) the residual stress relaxation in Ag
nanolayers is the principal driving force of the outflow, and
the outflow kinetics are limited by diffusion in the nanolayers;
3) the gradient of residual stresses along the NML depth is
neglected, as well as the gradient within each individual nano-
layer; 4) bulk and interfacial fluxes are uniform along the nano-
layer thickness, i.e., they do not change with the y coordinate;
5) the diffusing silver atoms are dominantly supplied by bulk
self-diffusion and diffusion along Ag/AlN interfaces. 6) The spa-
tial changes in activation energy due to the distribution of mac-
rostresses are short range and do not change the atomic flux.

Figure 2 shows the model V(t) as a function of σmax and R
parameters (x0= 1 μm, σ0 = 0, n= 30, N= 20, h= 10 nm). It fol-
lows that the increase of the compressive stresses in nanolayers
σmax results in a larger outflow, i.e., a larger saturation value,
which is in agreement with the nature of the diffusion creep
(Figure 2a). Apparently, the outflow kinetics are sensitive to
the change of R, since the diffusion coefficient Deff is the basis
of this parameter (Figure 2b).
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3. Results and Discussion

The cross section and top surface microstructure of as-deposited
Ag/AlN NMLs were previously shown in Figure 1 in ref. [8]. The
as-deposited NMLs exhibit in-plane and out-of-plane textures
with the crystallographic orientation relationship Ag{111}
<10-1>||AlN{0001}<2-1-10>, similar to previous works.[8,24]

In Figure 3a, θ–2θ XRD scans of the as-deposited state and dur-
ing in situ heating till 750 °C are shown (Bragg–Brentano geom-
etry). The scan of the as-deposited NML expectedly shows only
reflections belonging to the Ag {111} and AlN {0001} families of
planes, according to the crystallographic texture. At 750 °C, the
intensities of the Ag(111) and Ag(222) peaks decrease. At the
same time, the sharp Ag(200) peak arises from the Ag phase,
which is not consistent with the as-deposited crystallographic tex-
ture. The observed evolution of the peaks indicates the outflow of
silver to the NML surface upon annealing, when the polycrystal-
line Ag particles are formed on the NML surface. In Figure 3b,
the evolution of d(111), the interplanar Ag(111) spacing change

upon heating and cooling of the sample is shown. The d(111)
evolution of the NML upon cooling down (black points) follows
the linear thermal expansion law with a coefficient of thermal
expansion (2.53� 10�5 °C�1) similar to the one of bulk silver
(2.06� 10�5 °C�1, ref. [49]). The anomalous increase in the inter-
planar distance change is observed at a temperature of ≈380 °C
(highlighted by an ellipse), indicating the onset of the Ag surface
outflow. This discrepancy with the linear thermal expansion
could arise due to the formation of small islands of the outflow-
ing material on the NML surface, which are strained by the AlN
top nanolayer due to the lattice parameter mismatch and the sur-
face and interface stresses.[22] At a temperature of ≈700 °C inter-
planar spacing follows again the linear trend, indicating that the
outflow process is completed. These observations confirm that
the outflow process is energy activated, and it has to be described
by diffusion laws. Additionally, the ongoing outflow is observed
by monitoring the shape of the diffraction peaks, which become
narrower with the annealing duration. The time evolution of the
full width at half maximum of the Ag(111) peak is shown in

Figure 2. Model time dependence of the outflowing material volume for different values of σmax and R. The surface outflow kinetics is calculated for
a) three magnitudes of σmax with R= 8.34� 10�15 m2 s�1 held constant and b) for three magnitudes of R with σmax =�2 GPa held constant.

Figure 3. a) XRD spectrum in the Bragg–Brentano geometry of the as-deposited NML and b) the evolution of interplanar Ag(111) spacing change (in
relation to the bulk dAg(111)= 2.359 Å) upon heating from room temperature to 900 °C as determined in situ by XRD analysis. The gray linear function is a
fit of data points derived upon cooling of the sample (black points). The estimated coefficient of thermal expansion is 2.53� 10�5 °C�1 is similar to the
one for bulk silver, 2.06� 10�5 °C�1.[49]
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Figure S2, Supporting Information, Part II. This fact highlights
the grain coarsening of the analyzed silver phase, which is related
to the gradual growth of silver particles on the NML surface.

In Figure 4a, GI-XRD spectra (the incidence angle is 5°) of the
as-deposited sample and the sample annealed at 425 °C are
shown. The use of more surface sensitive GI diffraction instead
of the standard Bragg–Brentano geometry helps to capture the
onset of Ag outflow. Moreover, in this configuration, there are
no peaks coming from the substrate, which may complicate
the data interpretation. The as-deposited GI scan shows several
silver reflections, i.e., the minority of grains that are misoriented
with respect to the dominant crystallographic relationship (tex-
ture) contribute to the diffracted intensity. Heat treatment acti-
vates the Ag surface outflow. The silver particles formed on the
NML surface are essentially polycrystalline, as confirmed by the
emergence of additional peaks, e.g., Ag(200) (it was also dis-
closed by XRD in the previous work, ref. [24]). The increase
in the intensity of Ag reflections is proportional to the amount
of silver transported to the NML surface upon outflow. The inten-
sity evolution of (200), (111), and (220) silver reflections was
monitored (peak intensity in the as-deposited state is subtracted).
According to the peak normalized intensity evolution in
Figure 4b, the trend of the intensity rise does not appreciably
depend on the chosen Ag reflection, confirming the polycrystal-
linity of the outflowed silver. Due to the smaller contribution of
the background signals and the higher intensity of the peak, the
Ag(111) reflection evolution was chosen to derive the kinetics of
the Ag volume evolution induced by the outflow.

The survey scanning electron microscopy (SEM) images of
NMLs after annealing in the GI XRD machine are shown on
Figure 5a–c. The surface outflow results in the formation of nar-
row stripes covered by Ag atoms (highlighted in the inset of
Figure 5a). Initially, silver atoms diffuse to the top surface in
the region of the stripes. Afterward, driven by the minimization
of surface energy (capillary driving force), silver atoms aggregate
into bulk particles (insets in Figure 5a–c). The stripes are more
pronounced in the sample after annealing at 230 °C. On the
contrary, in the sample annealed at 425 °C, the bulk Ag particles
are mainly formed. This is not surprising since the outflow

kinetics are determined by the silver diffusion, and saturation
is reached at lower annealing duration. As it was mentioned
in the model description (Section 2), diffusion of Ag atoms takes
place through the channels formed in the NML volume.
The cross-section study also revealed the formation of channels
in the investigated Ag/AlN NMLs (highlighted by arrows in
Figure 5d). These channels are the pathways for diffusing silver
atoms.

The derived diffusion model includes the characteristic length
x0, which bounds the outflow area of a single channel. This
length is related to the as-deposited distribution of residual mac-
rostresses and is assumed to be independent of the annealing
temperature and duration. The Ag mass conservation upon out-
flow is used to assess the magnitude of x0. The size of Ag par-
ticles on the NML surface is defined by the volume of the
underlying nanolayers. It is assumed that, on average, each par-
ticle is formed out of the Ag atoms contained in a stripe of thick-
ness d (schematically highlighted in the inset of Figure 3c), which
is determined by the sum of the mean diameter of a particle and
the mean distance between the neighboring particles (the dou-
bled half-distance between the particles). For the calculation,
images of the 425 °C annealed sample were used, since at this
temperature the most of the outflowing silver is aggregated into
Ag crystals (and the XRD intensity is saturated). Inside the NML
volume, silver atoms are assumed to diffuse into the channel
from opposite sides of the stripe, i.e., the rectangular region with
the doubled x0 range is considered. Comparing the mean volume
of the outflowing silver particles (mean radius is ≈0.5 μm) with
the rectangular region of the 2x0 � dð Þ area and the (20� 10) nm
height (20 is the number of nanolayers in the NML stack), the x0
estimate is 1.10 μm (d is ≈1.19 μm).

The GI XRD intensity is proportional to 2V(t), since the factor
of 2 arises from the assumption that diffusion takes place from
both sides of the stripe (within the derived 1D model). The stress
difference multiplied by the proportionality coefficient A,
2A σ0 � σmaxð Þ. The term A takes into account the proportionality
of the X-ray intensity to the total outflowing volume in the ana-
lyzed region. A and R are the fitting parameters. The number of
terms in a series (Equation (21)) is 35. In Figure 6a–c, fits to the

Figure 4. a) GI XRD spectra of the as-deposited sample and the sample upon annealing at 425 °C. b) Normalized intensity evolution of (111), (200), and
(220) Ag peaks.
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experimental data related to three annealing temperatures
(230, 330, 425 °C) are presented.

The values of the diffusion coefficient (and the activation
energy) can be calculated from the magnitudes of R derived
by fitting the data. Themelting point of bulk Ag is ≈961 °C (based
on the high temperature-XRD results, silver in nanolayers does
not melt up to 900 °C), i.e., the largest homologous annealing
temperature is 0.44 (≈425 °C/961 °C). Under these conditions,
bulk diffusion is essentially frozen. Considering the small
thickness of the nanolayers, i.e., the magnitude of 2 hint

h in
Equation (10) is relatively large, the contribution of the interface
diffusion to the amount of atoms transported to the channel per
unit of time is expected to be dominant. Thus, the first term in
Deff is neglected. It is assumed that the magnitudes of cbulk
(c equals cbulk; see Section 2) and 2 hint

h are essentially independent
of the annealing temperature and are inherent to the initial state
of Ag nanolayers. The activation energy can be derived from the

Arrhenius plot in coordinates of ln cbulk
2hintDint

h


 �
¼ f 1=T
� �

(Figure 6d).
The derived value of activation energy is 0.57� 0.01 eV. Based

on the published data, the bulk Ag self-diffusion activation
energy is 2.14 eV in ref. [42] and 1.91 eV in ref. [50]. The derived
magnitude of activation energy Eint

A is considerably smaller than
that of bulk diffusion, confirming the prevalence of interface dif-
fusion over bulk diffusion (according to the discussion of the
model in Section 2, grain boundary diffusion is not considered).
Generally, the first and second terms in Deff are expected to be of

similar magnitude only for thin nanolayers in the narrow range
of high temperatures close to the melting point of the diffusing
substance. The magnitude of Eint

A is also smaller than the mag-
nitude of the grain boundary diffusion activation energy (the val-
ues reported in the literature are 0.87 eV in ref. [42]; 0.704, 0.772,
and 0.837 eV in ref. [51]). It presumes that the role (weight in the
total flux) of the grain boundary diffusion is not dominant and
the diffusion through the interfaces prevails, supporting the
assumptions in Section 2. In ref. [52], Gumbsch et al. investi-
gated the properties of the Ag/Ni interface and found out that
the activation energy for the Ag vacancy formation is consider-
ably smaller (by up to 1 eV) than in the Ag bulk. The vacancy
formation energy in the Ag bulk is 1.06,[53] 1.16,[54] and
0.93 eV,[52] i.e., at the Ag/Ni interface, this energy could be as
low as ≈0.20 eV at the structurally relaxed interface regions.
The activation energy for diffusion by the vacancy mechanism
is the sum of the formation energy and the migration energy.
The vacancy migration energy on the Ag (111) atomic plane
is, e.g., 0.404 eV.[55] Applying a similar discussion to the case
of the Ag(111)/AlN(0001) interface, the estimated value of acti-
vation energy can be around 0.60 eV, which is close to the experi-
mentally derived magnitude of 0.57� 0.01 eV. In the literature,
there is a lack of data on the interstitial formation energy of silver.
Referring to the similar face-centered cubic cell of Cu, the inter-
stitial formation energy is up to 1.5 times larger than the energy
to form a vacancy.[56–58] According to Bian et al.[59] migration
energy of interstitials along Ag/AlN interfaces is expected to
be large as well due to the considerable magnitude of the work

Figure 5. Surface images of NMLs annealed at a) 230 °C (for 1392min), b) 330 °C (for 1392min), and c) 425 °C (for 696min) in the N2 flow, and d) the
cross-section image of the NML annealed at 330 °C with highlighted channels.
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of adhesion (≈3.00–3.50 J m�2). Thus, the vacancy mechanism of
diffusion in the near-interface region is proposed.

Proceeding further with the experimental diffusion data anal-
ysis, the determination of the temperature dependence of the dif-
fusion coefficient could be obtained. However, in the present
case, a proper determination of the Dint

0 term is complicated.
The complexity arises from the lack of knowledge of the interfa-
cial concentration of mobile silver atoms, cint. In Equation (10)
and (11), atomic concentration at the interface is expressed by c
(¼ cbulk) and hint. However, it could be smaller than the planar
atomic density of the ideal (111) Ag atomic plane
(≈1.44� 1019 m�2). In ref. [60], Amram et al. investigated the
kinetics of the Ni grain boundary groove evolution and deter-
mined the csDs term, which was 104–106 times smaller than
the published surface diffusivity of Ni. Similarly, discrepancies
of several orders of magnitude were found in ref. [30] in the
pre-exponential factors D0 of the Au diffusion coefficient (the
experimentally derived one and the one published in the litera-
ture for the Au surface diffusion). Thus, in the present model,
the coefficient k (<1) should be introduced in the right-hand side

of Equation (8) and (11), i.e., Jint ¼ kcDΩAg

kT
∂σ
∂x and cint ¼ kcbulkhint,

respectively. In Figure 6d, the values at the vertical axis have to be
modified as cbulkk

2hintDint
h . The magnitude of hint is fixed and

equaled to the width of the Ag(111)/AlN(0001) interface of

≈2 Å with the maximum work of adhesion derived by Bian
et al. in ref. [59]. Concentration cbulk is of 1028 m�3 order
(≈5.73� 1028 m�3 for Ag; cbulk ¼ Ω�1

Ag , where ΩAg = 1.71� 10
�29 m3). Taking coefficient k≈ 10�4 (h= 10 nm), diffusion coef-
ficients of Ag diffusion along Ag(111)/AlN(0001) interfaces are
estimated as: 1.98� 10�15 m2 s�1 at 230 °C, 3.04� 10�14 m2 s�1

at 330 °C, 1.28� 10�13 m2 s�1 at 425 °C. By an Arrhenius plot
analysis, the pre-exponential factor is D0

int = (2.01� 0.36)�
10�9 m2 s�1 is determined. For comparison, Ag grain boundary
self-diffusion at 425 °C is 1.55� 10�12 m2 s�1, i.e., around one
order of magnitude larger.[42]

The choice of the k magnitude can be physically rationalized
in the following way. Considering the vacancy diffusion
mechanism, the concentration of mobile atoms at the interface
equals the concentration of interfacial vacancies, i.e.,
cint ≈ cVint, cbulk ≈ cVbulk. Assuming the residual stresses at the
Ag/AlN interface to be relatively small, the vacancy formation
energy changes slightly. Equation (11) can be expressed in the
following way:

cVint ¼ kcVbulkhint (22)

catint
exp � Eint

V
kT


 � ¼ k
catbulk

exp � Ebulk
V
kT


 � hint (23)

Figure 6. a–c) Evolution of the Ag (111) peak intensity with the annealing duration and d) the Arrhenius plot used to derive the activation energy.
The symbol sizes at 330 and 425 °C are larger than the error bars.
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k�1 ¼ catbulkhint
catint

exp � Eint
V
kT


 �
exp � Ebulk

V
kT


 � (24)

k ≈ exp �Ebulk
V � Eint

V

kT

� �
(25)

where Eint
V and Eint

bulk are the Ag vacancy formation energy at the
Ag/AlN interface and in the Ag bulk, respectively;

catint and catbulk are atomic concentrations at the interface and in
the bulk, respectively, derived through the molar volume of
material. The following equality catint ¼ catbulkhint is used.

When Ebulk
V ≈ Eint

V , k is approximately equal to the unit, k≈ 1.
Thus, the introduction of this coefficient can be rationalized on
the basis of the change of the vacancy formation energy at the
interface in relation to the bulk of the Ag nanolayer. Citing again
the work of Gumbsch et al.[52] the vacancy formation energy at
the interface (Ag/Ni in the case of authors) can vary substantially
due to the distortions and relaxations of the interface atomic
structure; there are regions at the interface with vacancy forma-
tion energies <0.5 eV. The value of 0.5 eV is used to estimate
Eint
V ; the bulk value of the formation energy Ebulk

V is ≈1 eV.
For the temperature range of 230–425 °C, the range of the k value
is 10�4–10�5, which agrees well with the discrepancies among
the values of cD term and the diffusion coefficients D found
in the literature (e.g., mentioned earlier in refs. [30,60]).

Certainly, in this approach, the k magnitude depends on the
temperature, which has to be considered in the derivation of the
activation energy for diffusion. However, in the present study,
the temperature dependence of k in the determination of activa-
tion energy of diffusion was not considered since the correct
magnitude of Eint

V for the investigated Ag(111)/AlN(0001) inter-
face is essentially unknown (even for the case of Ag/Ni in
ref. [52], this value is smeared). Thus, it may introduce an addi-
tional error, which, together with other unavoidable assumptions
made in the model, would not gain any significant accuracy in
the present determination of the diffusion coefficient.
Nevertheless, the proper postulation of the interface parameters
such as concentration or thickness is important as they are
related to the diffusion models used in the interface diffusion
experiments (e.g., ref. [61]).

4. Conclusion

In this study, the kinetics of Ag outflow in Ag/AlN NMLs
upon annealing were investigated. In situ analysis by high
temperature-XRD showed that the Ag surface outflow is an
energy-activated process, and its kinetics can be described by dif-
fusion laws. To experimentally determine the outflow kinetics,
in situ GI-XRD analysis of the NML was conducted upon anneal-
ing up to 425 °C in an inert atmosphere (nitrogen flow). Based on
the experimental setup, a relevant diffusion model was developed
that considers residual stress relaxation as the main driving force
for the outflow (applicable for annealing in a nonreactive atmo-
sphere). This model is based on the lateral distribution of resid-
ual stresses in Ag nanolayers near the hollow channels, which are
formed in Ag/AlN NMLs at the onset of annealing. It assumes
that the gradient of residual compressive stresses drives the flow

of atoms toward these channels. Afterward, the atoms diffuse to
the NML surface through surface diffusion along the channel
walls, preventing the accumulation of silver in the channels
and building up in-plane stresses. Due to the higher kinetics
of surface diffusion, the outflow kinetics are limited by the dif-
fusion of silver atoms in the Ag nanolayer. For the range of
annealing temperatures used (230–425 °C), the bulk Ag diffusion
is essentially frozen. The supply of atoms diffusing through the
Ag grain boundaries is assumed to be negligible, owing to the
large diffusion path through a network of connected grain
boundaries in nanograined Ag layers. Thus, the derived diffusion
coefficient is mainly defined by the diffusion along the short-
circuit Ag(111)/AlN(0001) interfaces (based on the strong crystal-
lographic texture in the as-deposited NMLs). The thus-derived
interface diffusion coefficient isDint

Ag 111ð Þ=AlN 0001ð Þ ¼ 2.01� 0.36ð Þ�
10�9exp � 0.57�0.01ð ÞeV

kT


 �
m2

s .

5. Experimental Section
Ag/AlN NMLs were deposited at room temperature on single-

crystalline α-Al2O3 (1-102) substrates (R-cut) by magnetron sputtering
in a high vacuum chamber (base pressure< 10�6 Pa) from two confocally
arranged, unbalanced magnetrons equipped with targets of pure Ag
(99.99%) and Al (99.99%). Before insertion into the sputter chamber,
the sapphire substrates were ultrasonically cleaned using acetone and iso-
propanol. Prior to the deposition, possible surface contamination on the
substrate surface was removed by Arþ sputtering for 5 min by applying
radio-frequency bias of �100 V. The Ar pressure was 0.5 Pa (the flow rate
of Ar was 15 cm3min�1) during Ag and AlN deposition. During AlN depo-
sition, a flux of nitrogen was introduced (the flow rate of N2 was 7 cm3

min�1). First, a 10 nm thick AlN layer was deposited on the sputter-
cleaned substrate surface. Next, NML consisting of twenty 10 nm Ag/
10 nm AlN bilayers was deposited on top.

In situ XRD analyses of the samples upon annealing were conducted on
the PANalytical X’Pert-Pro diffractometer system equipped with the Cu
Kα1,2 radiation at 40 kV/40mA and Anton Paar XRK 900 sample holder.
In the present work, two types of diffraction methods were used. The first
type was based on the traditional recording of θ–2θ scans in the Bragg–
Brentano geometry (high temperature-XRD) with the sample continuously
heated up from room temperature to 900 °C and afterward cooled down
back to room temperature. The second type was the GI-XRD with the
incidence angle of 5°. In this method, three samples were isothermally
annealed at different temperatures of 230 °C (for 1392min), 330 °C (for
1392min), and 425 °C (for 696min). The smaller annealing duration of
696min was selected due to the early saturation of the Ag volume at
the NML surface. In both methods, each θ–2θ scan was acquired for
30min in the 2θ range from 10° to 90°. The time interval between neigh-
boring scans in the high temperature-XRD analysis was 12min. In the
GI-XRD analysis, each new spectrum was recorded right after the previous
one was finished. Upon analysis in each diffraction geometry, samples
were annealed in the N2 flow (100 cm3min�1) in the specimen holder,
initially evacuated by a membrane pump. Nitrogen was used to minimize
the background scattering effect due to the smaller X-ray scattering in
comparison with Ar. Surface and cross-section imaging was done by
SEM. For cross-section analysis, the samples were prepared by a
Hitachi IM4000Ar ion-milling system (acceleration voltage of 6 kV,
discharge voltage of 1.5 kV, swing angle of �30°).
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the author.
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