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On the solid-state dewetting of polycrystalline thin films: capillary versus grain
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Abstract

Solid-state dewetting of polycrystalline silver thin films was investigated with in situ and real time Environmental
Scanning Electron Microscopy at High Temperature (HT-ESEM) in different annealing atmospheres: secondary vacuum
or oxygen-rich (partial pressure >100 Pa) environment. A model where oxygen plays a key role is proposed to explain
the very different observed morphologies; oxygen favours hole creation and isotropic hole propagation as well as grain
selection. But, whatever the atmosphere, dewetting does not proceed through the propagation of a rim but instead
involves the growth of specific grains and shrinkage of others. Models based on macroscopic curvature to account for
the propagation speed of the dewetting front fail to fit the present observations. This points to a paramount role of the
grain size and stability in the dewetting morphology.

Keywords: Solid-state dewetting, annealing atmosphere, surface diffusion, in situ Scanning Electron Microscopy, thin
films

1. Introduction liquid dewetting [6], which neglect the crystalline nature
) ' . of the film. The surfaces are considered as homogeneous
During the last few years, an increasing research ef- and isotropic; the local curvature and the associated gra-

fort has been dedicated to the solid-state dewetting of ., gient of chemical potential is suggested to be the driving
metallic thin films [34, 20]. It is identified as a poten- force of the material transport. The models imply the
tial way to produce at will metallic structures for numer- propagation of a rim at the dewetting front [6]. However,
ous applications among which photovoltaic systems or sen-  jiyan and Thompson [14] observed that the rim was not
sors [32] or for low-cost templated fabrication processes homogeneous, and that the dewetting rate was strongly
at the nanoscale [5]. However, for each application, the dependent on its size. The smaller the rim, the faster the
control of the morphology obtained through dewetting is  propagation. In order to address the specificity of solid sur-
crucial. In this respect, the understanding of the phys- faces (i.e. anisotropy and faceting), the concept of mean-
ical phenomena driving dewetting in polycristalline films curvature [36] was introduced in the models. Of particu-
has been greatly improved. The role of grains has been 151 relevance for single crystals [36, [3], it was also used for
underlined [I3, 2, [15], new diffusion pathways have been polycrystalline films [I5, @]. However, in the latter case,
identified [I7, [16] and the role of crystalline orientation  t}e grains are shown to play a non-negligible role [I3, 175

in anisotropic materials has been explored [36]. New ap- leading to a very different approach in which the phenom-
proaches have been employed and developed to monitor  opa involved in the dewetting are related to grain assembly
dewetting morphology in situ (Atomic Force Microscopy, evolution. For instance, the propagation of a rim becomes
AFM [16]) and in real time (Scanning Electron Microscopy, ,;  the successive growth and shrinkage of grains [4]. Instead
SEM [I3], Spectroscopic Ellipsometry, SE [12], Transmis- of a continuous surface, grains are considered as discrete
sion Electron Microscopy, TEM [26, 25]). These tech-  optities exchanging material through specific surface or in-
niques have brought valuable information about the im-  to/face mass transport [I6]. Here, the chemical potential
portance of grains in the kinetics of dewetting and the is directly linked to the size of the grain.
evolution of metallic structures and of holes. 50 Yet the diversity of studied systems is a great source
Nevertheless, a consensus in the description of solid- of complexity in this field of research [34] 20]. From crys-

state dewetting has not begn reached. Histo.rical.ly, the  ¢alline to amorphous substrates, from films in epitaxy on
first model was based on capillary approaches, inspired by gingle-crystals to polycrystalline deposit, dewetting can ex-

hibit numerous morphologies that strongly depend on the

~Corresponding autho ss  system. In the case of films grown on single crystals, holes
rresponaln, u T
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can show geometrical and fractal features constrained by
surface energy anisotropy. However, shapes are far less
regular upon dewetting of polycrystalline films, in partic-
ular on amorphous substrates. In this regard, it is difficult
to set up a unique model that applies to any system. For
instance, by comparing the dewetting of two different poly-us
crystalline metallic layers, copper and gold [19], Kvon et
al. have suggested that two very different mechanisms are
responsible for the hole creation within the films. They
assign this to relative difference between the metal surface
energy and the grain boundary (GB) energy. In the caseio
of gold, a morphology of type ”"nucleation and growth” is
observed and was explained with a Diffusion Limited Ag-
gregation model (DLA) while the concomitant appearance
of many holes in the Cu film is attributed to the grooving
of grain boundaries. 125
In the present work, the question of variability of the
dewetting morphology is tackled by considering the same
system in different annealing atmospheres. The case of
polycrystalline silver layers deposited on amorphous silica
is examined. This substrate has been chosen to preventis
the behaviour of the film from being dictated by prefer-
ential crystalline orientation on the substrate. Dewetting
was studied thanks to in situ and real time SEM [13],
in different annealing atmospheres, i.e., in the secondary
vacuum of the SEM chamber or under near ambient pres-iss
sure of oxygen (typically 100-400 Pa). The very different
observed morphologies are tentatively explained by a sim-
ple model and the role of local curvature in the speed of
the propagation front is examined through accurate image
analysis. 140

2. Experimental and image analysis

Silver films were deposited by magnetron sputtering

(Ar pressure: 8.1073 mbar, power: 0.35 W /cm, rate: 1.3 niiYs,

target/sample distance: 8 cm) onto polished (100) silicon
wafers covered by their native oxides. Wafers were used as
received without specific treatment. The thickness of the
film (from 15 to 80 nm) was controlled by AFM on a step
created on purpose in the layer. Post mortemm AFM pic-1%°
tures were acquired on a AFM Dimension Icon microscope
(Bruker). All data were recorded at room temperature af-
ter the sample had cooled down. SEM experiments were
performed with a FEI Quanta 200 Environmental SEM
FEG (Field Effect Gun) apparatus in a controlled atmo-*
sphere. A dedicated in situ heating stage allowed con-
trolling very accurately the sample temperature (between
25-600°C) through a thermocouple placed in direct con-
tact with to the sample [28]. The residual pressure in the
chamber was about 1073 Pa and it will be referred to as'®
?vacuum” condition hereafter. High purity oxygen could
also be introduced in the chamber up to a partial pressure
of 400 Pa. This environment will be referred to as ”oxy-
gen”. Images were recorded either at high magnification
(typically x10000) to study local details of the dewetting

165

2

layer and to determine the local curvature, or at low mag-
nification (x3000) to analyse statistical evolution. When
compared, image sequences were recorded from parts of
the same initial silicon wafer, ensuring the layer was rigor-
ously the same. Dewetting in vacuum was also studied by
TEM on films deposited onto electron transparent amor-
phous silicon nitride grids. A Tecnai F20 apparatus was
run in imaging mode at 200 keV, coupled with Automatic
Crystal Orientation Mapping (ACOM). ACOM consists in
an analysis, pixel by pixel, of the electron diffraction pat-
tern. The local crystalline orientation is reconstructed by
fitting the obtained patterned with that calculated from a
tilted model crystal. The pixel size (=5 nm) is larger than
that of the probe footprint, which is identical to the TEM
in imaging mode, < 1 nm. Data analysis was performed
with the Astar-package [30]. Due to acquisition time and
stability constraints of mapping, experiments were per-
formed at room temperature, after annealing, also pre-
venting further dewetting and change during acquisition.
Moreover, the electron beam was directed off the analysed
zone during annealing to prevent it from perturbing the
dewetting process. Despite the use of different amorphous
substrates and imaging techniques, very similar morpholo-
gies were found between SEM and TEM runs, further con-
firming the robustness of the findings.

Specific image processing strategies were developed by
using Scikit-Image and Numpy libraries in Python. The
local curvature of the dewetting front and its speed of prop-
agation were extracted from the SEM image sequences as
follows. First, a segmentation as described in a previous
paper [13] is applied to two consecutive images n and n+1.
The contours of the segregated regions are then extracted
with the built-in function skimage.measure.find_contours
and fitted with a Spline method (function scipy.interpolate),
allowing to calculate easily the local in-plane curvature &
at each interpolated point. The resulting normal vector at
each position of the front in image n is then propagated
until it reaches the contour of the image n + 1. The ob-
tained distance divided by the delay of acquisition gives
the local speed s of the front at a given point of curvature
#)- This gives rise to a histogram of occurrence n(s,s).
However, some curvatures are far more frequently observed
than others, and the results should be normalized for the
sake of consistency. To understand this, let’s consider a
circle growing at a constant rate. Obviously, the num-
ber of points necessary to describe it grows linearly with
its radius. In the corresponding raw n(x,s) histogram,
the points at higher curvature (smaller radius) appear less
dense than the others. But the physical observation is that
the speed of growth is independent from the curvature. To
account for that, it is necessary to normalize by the prob-
ability of occurrence of a given curvature n(x) and to
consider the conditional probability P(s|r|) to observe a

given speed knowing the curvature:
P(s|r)) = n(ry, s)/n(k)). (1)

To better interpret the following experimental histograms
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of P(s|r)), let’s consider pedagogical examples as illus-
trated in Fig. [I] A linear front has a curvature constant
and equal to zero. If it propagates at a speed s = Vj,
then P(s|x)) consists in an unique point at coordinates
(k) = 0,5 = Vp). A circular hole of radius r expanding
at constant speed s = Vj has a curvature x| = —1/r (this
curvature sign convention will be kept hereafter : a circular
hole has a negative in-plane curvature). At a given time,
the histogram P(s|r) will be represented by a single point
of coordinate (k) = —1/r,s = Vp). This point will shift
towards | = 0 as the radius will increase and the front
will look like a linear front. At last, a propagating finger,
represented by a shifting half-disk, has a curvature equal
either to x| = 0 on its side or k| = —1/r at the tip of the
finger. For the sake of clarity, the points whose propaga-
tion speed is zero will deliberately be excluded hereafter.
Consequently, P(s|x)) is represented by a segment with
constant curvature (k| = —1/r) but with different speeds
from s =V} at the dip to s = 0 at the base.

With the performed image analysis procedure, continuous
contours can be determined below pixel size. The max-
imum curvature (k) ~ 20pm™') that can be extracted
corresponds to a radius value of ~ 50 nm, close to the
resolution of the SEM imaging.

3. Results

3.1. Low magnification images: statistical description

Let’s first focus on images recorded at low magnifica-
tions (x3000) for which quantities such as the ratio of
covered surface or the hole density were constant with re-
spect to magnification. Movies of the dewetting process
(see supplementary material, videos 1 and 2 for annealing
in vacuum and oxygen, respectively) show that it strongly
depends on the atmosphere. Snapshots of the morpholo-
gies after dewetting at 350°C either in vacuum or in oxygen
are shown in Figs. respectively. In vacuum (Fig. ,
holes tend to grow with an apparent fractal shape, but
no such shape is visible in oxygen (Fig. . While dewet-
ting in vacuum seems to follow a "nucleation and growth”
behaviour with a few propagating holes, the oxygen atmo-
sphere favours the prompt formation of many holes that
coalesce very quickly.

To substantiate these qualitative observations, images were
processed to extract the evolution of the substrate cov-
erage and the hole density (Fig. . As reported in our
previous work [I3], it is possible to identify three different
steps in the evolutions: (i) induction, (ii) hole propaga-
tion and (iii) sintering of disconnected objects. During
induction, the surface exhibits no holes but its roughness
evolves. In Fig. [4 the onset of hole propagation which is
set at the time axis origin corresponds to the beginning
of the decrease of the substrate coverage; induction does
not appear on the graph. During propagation, the hole
density first increases (holes appear), and then decreases
(holes coalesce). The end of the process associated with

Linear front propagating at speed V,

high

Front speed
Augeqoid

0
Curvature

Circular front propagating at speed V,

Front speed
Aungeqoid

-1l 0
Curvature

Digit propagating at speed V,

Front speed
Ayngeqoid

Ur 0
Curvature

Figure 1: Projected 3D histograms expected of P(s|s)) for three
different simple configurations: propagation of a linear front, of a
circular hole, or of a finger with circular tip.



Figure 2: Snapshots of a 40 nm silver layer dewetting in vacuum at Figure 3: Snapshots of a 40 nm silver layer dewetting in a 400 Pa
350°C. The delay of acquisition after picture A is respectively 39, oxygen atmosphere at 350°C. The delay of acquisition after picture
89, 142 and 440 s. A is respectively 14, 28, 47 and 1307 s.
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Figure 4: Evolution of substrate coverage by silver (top) and of the
hole density (bottom) during the dewetting of a 40 nm silver layer,
in vacuum and in oxygen at 350°C.

the coalescence of all holes is shown by vertical dashed
lines in Fig. [4] for the two environments. In vacuum, this
coalescence is much slower; the transition between propa-
gation and sintering lasts longer. Obviously, the kinetics
observed in vacuum dramatically differs from that seen
in oxygen. The propagation is delayed in vacuum com-
pared to oxygen atmosphere, with a total duration of 200
to 230 s which is three to four times longer than in oxygen
(60 s). Moreover, the final value of the substrate coverage
is higher in vacuum (37 %) than in oxygen (30 %) while
the measured maximum hole density is five times lower. In
oxygen, many holes are created and quickly coalesce. In
vacuum, less holes appear and they impinge much later.
Yet in both cases, holes may nucleate until the end of the
propagation step; they do not appear all at once.

255

265
3.2. High magnification images: morphology of the dewet-
ting front

The local morphology of the dewetting front was then
scrutinized at higher magnification (Videos 3 and 4 of sup-
plementary materials, and the associated Figs. . Ourzn
previous analysis of dewetting in oxygen atmosphere [13]
evidenced that the three steps of induction, hole prop-
agation and sintering are driven by extraordinary grain
growth. During induction, some selected grains grow more
than their neighbours and become the particles that arexs
observed at the end of dewetting. Some grains were ob-
served to grow up to 1 pm away from the dewetting front.
In contrast to capillary models, no rim was observed during
the propagation, because the material was agglomerated
into the growing grains, not around the expanding hole
(see Fig. [5)).

Observations are quite different concerning the dewetting
in vacuum. Instead of a sharp selectivity of grains, several

280

Figure 5: Evolution (left column) of a growing hole in oxygen atmo-
sphere (400 Pa). Images are recorded during dewetting of a 80 nm
thick silver layer at 480°C. In the right column of images, the grain
contours are highlighted in blue for clarity and the red arrows point
to the direction of hole propagation. The delay between picture 1
and 2 is 40 s, the delay between picture 2 and 3 is 1 min and 40 s.

grains can grow near the expanding holes. The dewet-
ting front propagates in the directions where no material
has agglomerated, i.e. where the layer is the thinnest and
where no grains have already grown (see Fig. |§[) The front
takes then a finger shape and bypasses the grains where ag-
glomeration already took place. During propagation, two
kinds of zone are typically observed within the silver layer
surrounding a hole: (i) zones where the layer remained
unchanged since the beginning of the dewetting allowing
the dewetting front to progress, and (ii) zones where the
silver layer is thicker, because of the agglomeration that
took place, preventing the dewetting front from progress-
ing farther. These latter can be assigned to a rim, but this
rim is not moving. Consequently and in accordance with
the work published by Jiran and Thompson [14], dewet-
ting cannot be described by a propagating rim.

To further assess these observations on the role of oxygen
and to rule out beam effects, additional experiments were
conducted in a reducing gas mixture of Ar/Hy (4%H>)
at identical pressure. The observed morphology was very
similar to the one seen in vacuum, which means that the
presence of oxygen in the annealing atmosphere is indeed
the cause of the observed differences.

3.8. Study of induction

Our previous AFM study of induction step [I3] was
performed in air on a 40 nm thick silver film annealed at
temperatures in the range of 100 — 150°C. It evidenced a
sizeable reorganization of the grains. The film roughening
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Figure 6: Same as Fig. [5| but in vacuum, annealed at 570°C. The
delay between picture 1 and 2 is 20 s, the delay between picture 2
and 3 is 52 s.

from 3.9 to 4.2 nm is due to an increase of the out-of-plane
grain size, as well as that of the peak to valley amplitude
(i.e. top of grains to grain boundaries). At some point, the
depth of the valleys equals the thickness of the film, leading
to the creation of holes. Since AFM hardly probes facets
directions, the possible role of crystalline orientations in
the selectivity of grains was approached with TEM. Au-
tomated Crystal Orientation Mapping (ACOM) was per-
formed in the vacuum of a TEM column on thinner films
(15 nm) because of the electron transmission requirement.
The obtained images (Fig. @ consists in a color map of the
crystallographic axes normal to the surface. Due to obvi-
ous crystalline symmetry, the color palette is divided into
(100), (110}, (111) orientations. On the as-deposited film
(Fig. [fh), the contribution from (111) (green) and (100)
(dark blue) orientations dominate while (110) one (red) are
scarce. Beyond the question of interface and grain bound-
ary energies, this findings is qualitatively in line which the;,
hierarchy of the surface energies v of silver which increase
in the order v(111) < v(100) < ~(110) [211, B3], with, nev-
ertheless, a low anisotropy. After a moderate annealing at
75°C in vacuum (Fig. El-b), sizeable changes are observed
but yet the main features are easily recognizable. For in-,
stance, some grains grew (as indicated by the red arrow
in Fig. Ea,b), whereas some others split (as shown by the
light blue arrow). After annealing at 100°C (Fig. El-c), the
changes are so dramatic that it is not possible any more to
identify the outcome of each grain despite an accurate re-s,
location on the same area after thermal drift of the sample.
Even the biggest grains exhibit different out-of-plane ori-
entation. Regarding relative contributions of orientations,
the (111) one increased. The initial in-plane mean grain
size estimated from ACOM maps evolved from 12 nm up

Figure 7: ACOM maps of the out-of-plane orientation (hkl) of grains
in a 15 nm silver layer: a) as deposited, b) after annealing at 75°C,
c¢) at 125°C in the TEM chamber and d) after annealing at 400°C
in air. Once reached, the temperature of annealing was kept during
5 min before cooling down. The corners of the color code are asso-
ciated to the three main orientations (111), (110), (100) while black
zones corresponds to amorphous parts or areas where the orientation
identification is ambiguous.

to 23 nm after the second annealing. To sum up, a signif-
icant crystallographic reorganisation and growth of grains
is observed during induction.

Due to technical limitations, such ACOM mapping can
not be conducted under oxygen atmosphere. Therefore,
the orientation of one sample after annealing in air was
analysed post mortem. As shown in Fig. [7}d, there is no
clear favoured orientation although the {100} surface en-
ergy is known to dramatically decrease upon oxygen ex-
posure with respect to {111} and {110} faces [2I]. But
ACOM, in a similar way to Bragg-Brentano X-ray diffrac-
tion, determines only orientations normal to the surface,
it may not be sensitive to a favoured growth along a tilted
orientation.

4. Discussion

Dramatically different morphologies are observed dur-
ing the annealing of a silver film just by changing the atmo-
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sphere. A parallel can be drawn between our observations
and those made by Kwon et al. [19] studying copper and
gold in reductive atmosphere. Dewetting patterns of gold
at 700°C are very similar to that of silver in vacuum while
dewetting morphology of copper at 300°C closely resem-
ble that of silver in oxygen atmosphere. However, advanta-
geously, many physical parameters, such as the initial state
of the layer, remain strictly identical in our study; only
oxygen is the cause of the observed differences. Oxygen is
known to interact with silver in various ways [31] [7, 24].
At high temperatures (700-900°C), oxygen increases the
self-diffusion coefficient of silver on silver [31], probably
due to its adsorption on it [35]. Oxygen is also known to
reduce silver surface energy, in a similar way in liquid [§]
or solid state [7, 2I]. Diffusion enhancement and surface
energy decrease are the two main possible explanations of,
the influence of oxygen on dewetting morphology.

By extrapolating to our temperature range (300-570°C)
the studies demonstrating the increase of silver self dif-
fusion under oxygen, an enhancement of the diffusion co-
efficient by two orders of magnitude [31], if not more, is,
to be expected between our vacuum and oxygen atmo-
spheres. But a close comparison to the work of Kwon et
al. [T9], rules out diffusion enhancement as the key param-
eter inducing the difference in dewetting morphology. In-
deed, diffusion is faster in the case of gold (D ,(700°C) =,
4.6107% cm?.s71) than in the case of copper (D¢, (300°C) =
7.810"7cm?.s71) [1]. However, in our case, the ”copper-
like” morphology is observed in presence of oxygen for
which the diffusion is assumed to be faster whereas the
opposite would be expected. Independently of diffusion,
Kwon et al. [19) have suggested that the ratio between
the surface and GB interface energy strongly impacts the
resulting morphology, via the grooving of grain bound-
aries [22]. This possible explanation is now explored on
both induction and propagation steps.

90

405

4.1. Induction, oxygen and grain boundary grooving 410
Induction was already pointed out by Presland et al. [29]
in his pioneering work on dewetting of silver on silica. Dur-
ing induction, there is no variation in substrate coverage,
yet many transformations occur. Presland et al. observed
the formation of hillocks with SEM and suggested that™
they resulted from the relaxation of stress arising at the in-
terface due to the difference of thermal expansion between
film and substrate. As thin polycrystalline films consist
of many grains in contact, our previous results clearly evi-
dence that hillocks are grains that grew selectively. Similar®
changes are indeed observed within a polycrystalline layer
in vacuum (see Sect. [3.3).
The dramatic reorganization that occurs during induction,
both in vacuum or in oxygen atmospheres leads however
to different outcomes (see Fig. [§). After annealing in oxy-***
gen, many holes form promptly from an initially increased
roughness (density = 1.2 um~2 for a 40 nm thick film an-
nealed at 150°C). However, after annealing in vacuum, de-
spite the strong reorganization, the layer remains mostly

-50.0 nm

1.0 pm

Figure 8: AFM pictures taken on partially dewetted 40 nm thick
silver layers. Left: after annealing at 150°C for 5 min in air. Right:
after annealing in vacuum at 300°C for 30 min.

continuous with only a few holes appearance (density =
5.1073 ym~2 for a 40 nm thick film annealed at an higher
temperature of 300°C). Moreover, the grains remaining in
the parts of the undewetted layer have a greater in-plane
size in the range of a few hundreds nanometers. This AFM
observation is in accord with the TEM ACOM findings
showing a strong crystallographic reorganization. This
latter is still ongoing, but it is not causing the creation
of holes as it does in oxygen atmosphere (see Fig. right).

By lowering the silver surface energy [7, [21], oxygen will
change the equilibrium state at the triple line between two
grain boundaries in contact with the atmosphere. Indeed,
the equilibrium at this junction reads:

(2)

where vop and v, are the energies of the grain boundary
and of the free surface, respectively and 6 p the dihedral
angle formed by the surfaces of the two touching grains.
An estimate of the ratio ygp/vam as the function of oxy-
gen activity can be obtained from energetics data of the
literature. We considered the data from Ref. [7] for the
silver surface energy versus oxygen activity (although be-
ing obtained at higher temperature of 930°C) and we used
different estimates of grain boundary energies that we as-
sumed to be insensitive to oxygen [111 [I8], 10] to calculate
the theoretical angle. The values are plotted in Fig.[9] For
each value of yg g, a sizeable drop of 8¢ is expected when
the oxygen activity increases.

YaB/Ym = 2cos (0cr/2),

Mullins modelled grooving [23] as a steady profile evo-
lution of the grain boundary down to the interface with the
substrate, which apparently does not correspond to our ob-
servations. In our case, independently on the pathway of
diffusion of silver (at surface or interface), the successive
reorganization of grains is the main source for grooving: it
happens through the appearance of new contact angles, in-
stead of a continuous transformation. Let us consider the
schemes of the Fig. that represent a crystalline struc-
ture that is about to evolve (top), either in vacuum or
in an oxygen-rich atmosphere. Since the reduction of the
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Figure 9: Calculated equilibrium dihedral angle at grain boundaries
as function of oxygen partial pressure. Numerical values are taken
from Refs. [7, 11l O8] I0]. The dashed vertical lines indicate the
conditions used herein.

total energy of the system is the main driving force for
grain reorganization, it is logical to assume that it leads to
configurations closer to the equilibrium state at the triple
line. As explained above, since this equilibrium drasti-
cally depends on atmosphere, different morphologies are
expected between vacuum and oxygen. This explains the
appearance of many holes in oxygen atmosphere : induc-
tion favours deep grooves in this atmosphere.

4.2. Role of local curvature in the propagation

As mentioned above, the shape of the holes during
dewetting is environment-dependent. In absence of oxy-
gen, holes tend to form dendrites and the propagation ex-
hibits a very characteristic fractal morphology, comparable
to the gold dewetting in Kwon’s work [19]. To quantita-
tively compare data, the dependence of the local propaga-
tion speed of the front on the local curvature was extracted
as explained in Sect. The results presented below are
obtained from videos 5 and 6 (from Supplementary Mate-
rial), obtained on a 60 nm thick silver layer, dewetting at
270°C in oxygen or at 430°C in vacuum, respectively.

As shown in Fig. [IT}op, in oxygen atmosphere, the
speed of the propagation of the dewetting front does not
depend on the local in-plane curvature. In contrast, in
vacuum (Fig. [I1}bottom), the more negative the in-plane
curvature k|, the higher the probability to observe high
speeds. This demonstrates that if a dendrite appears, the
propagation speed will be faster at its tip than on its side.
Surprisingly, the maximum of speed is reached for fingers
with a in-plane curvature of around 16 ym~' correspond-
ing to a radius of the order of the film thickness (62.5 nm).

We also notice an increase of this speed at high positive
curvatures (around 18 pum~1!). This indicates that finger
retractation is also observed during the sequence. It is not,
however, very representative of the hole propagation.

Initial

Annealed in oxygen atmosphere

Figure 10: Schematic representation of grain reorganization in dif-
ferent atmospheres.
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Figure 11: Probability P(s|x|) given the curvature of observing a
local speed versus s (see text for explanations). Top: in oxygen
atmosphere. Bottom: in vacuum. Data are extracted the image
sequences of videos 5 and 6 (see Supplementary Material)
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The different capillary models that were put forward to
describe the propagation of holes are based on the curva-
ture dependence of the chemical potential ;1 = vk, where
2 is an atomic volume and k = ) + k1 the sum of the
curvature components parallel and perpendicular to the
surface [22]. It is important to notice that k is negative
when the concavity of the surface is oriented outside of the
metal. The gradient of chemical potential Ay between a
point along the front and a point far away on the pristine
film is often used to estimate the flux of diffusing mate-
rial from or to the dewetting front. Initially, Brandon and
Bradshaw [6] modelled the propagation of a rim of height
r higher than the pristine film thickness h by considering
k| < k1 and K = k1 = 1/r (see Fig. , side view A),
so that Ay = Q~/r. However, later on, Jiran and Thomp-
son [14] observed that the propagation occurred where the
rim was the thinnest (see Fig. [[2h, side view B). They
suggested that the dewetting material was accumulated
on the sides of a propagating finger with no rim in the di-
rection of propagation. Within their model, k; = 1/h and
K| = —1/r" where ' is the radius of the tip; the negative
sign results from the concavity is outside of the material.
Therefore, they wrote the chemical potential gradient as:

1 1
AM:Q’Y <_T'+h>

and within the restrictive assumption r’ > h, they ob-
tained a constant Ay = 4 /h in agreement with their
kinetics observations.

Yet our findings are in contradiction with this model.
To illustrate this discrepancy, two points A and B are high-
lighted in Fig. [[2h. Accordingly to our image analysis of
in-plane curvature, the highest propagation speed in vac-
uum is observed for r’ ~ h (see Fig. [L1}bottom) in other
terms at the saddle point B of Fig. [12h. Here the effects
of both in-plane and out-of-plane curvatures will compen-
sate each other (kp =~ 0). Yet, according to Eq. [3] a™
much faster propagation should be expected at point A
where both curvatures add leading to k4 > 0. In sum-
mary, while our experimental findings about the shape of
the front match the observations of Ref. [14], the capillary
model based on the assumption 7/ > h is inadequate to
explain a faster propagation at point B.

Recently, Zucker et al. [37] developed a new approach
to describe corner instabilities observed during the dewet-
ting of a single crystal film. It consists in a prompt re-
traction of the film where a substantial in-plane negative
curvature is observed. However, in the corner instability
model, the derivative of the retraction speed at the cor-
ner with respect to the in-plane radius of curvature by,
is always positive. This is the case independently on the
out-of-plane curvature. If we extended this model to a™
polycrystalline film, it would fail describing the increase
of propagation rate with the increasing in-plane negative
curvature (decrease of by,). Therefore, corner instability
cannot explain our observations.

(3)
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Figure 12: Different suggested dewetting mechanisms of polycrys-
talline films. a) Ref. [14], b) Refs. [16, 4] with surface or interface
transport, our model ¢) in vacuum d) and in oxygen-rich atmosphere.

At this point we conclude that ”macroscopic” surface
curvature (i.e. at the scale of the layer thickness) is not
the driving force of dewetting in our system. We are now
discussing other possibilities.

In parallel works [17, [T6] 4] based on post mortem ob-
servations, the arguments of chemical potential and cur-
vature of the front were also challenged. Instead of using
capillary concepts, the explanations were based on grain
growth and shrinkage (see Fig. ) The study of Ko-
valenko et al. [I7] and silver dewetting in oxygen atmo-
sphere as compared in Ref. [I3] concluded to the lack of
propagating rim. In contrast, silver dewetting in vacuum
appears to be more similar to the dewetting observed in
the other two studies [I6] 4]. There, the retracting rim
was described as the successive growth and shrinkage of
grains surrounding the holes. This mechanism is supposed
to ensure hole propagation. Atiya et al. [4] describe sur-
face diffusion to be the main pathway, whereas Kosinova et
al. [16] hold interface diffusion and grain boundary sliding
as main transport mechanism.

Our SEM experiments confirm that grain shrinkage is
ensuring hole propagation, in agreement with these mod-
els. However, it does not consist in the propagation of a
rim. Once grains have grown, they will not shrink during
the propagation. The grains that shrink are the smallest
ones and are present where the front height is comparable
with the initial thickness of the layer. This is particularly
visible on the sequence of images in Fig.[6] These findings
are in line with Jiran’s observations [I4] but with different
morphologies in vacuum or in oxygen.

It is possible to explain the differences of dewetting
morphologies obtained in both annealing atmospheres based
on grain selection only. In vacuum, many grains grow,
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leaving less free space for hole propagation. The regions
were the grains are the smallest are situated where thesos
in plane curvature of the holes is the most negative (see
Fig. and Fig. @, leading to fingering and propagation
at the tips. In oxygen, only a few grains are selected to
grow (see [I3]) leaving far more possibilities for the ex-
panding holes. Moreover, the selected grains can grow assuo
far as 1 pm away from the dewetting front (see Fig.
and Fig. . The shape of the holes is far less constrained
than in vacuum.

However, why grain growth is so dependent on the an-
nealing atmosphere remains unanswered and will be in-es
vestigated in future studies. Following factors can be put
forward to explain grain selection:

e the change of the diffusion coefficient [31] itself should
not be the limiting factor. Yet in line with diffusion
enhancement in oxygen, Yoshihara et al. [35] claims_
that oxygen adsorption prevent silver adatoms from
refilling vacancies or nucleating new facets. If oxy-
gen coverage is less pronounced on some facets, this
could imply a higher growth rate at specific places. o

e the modification of the hierarchy of facet surface en-
ergies leading to different facet selection depending

on the atmosphere.
630

e the local configuration of the grains is also expected
to play its role in the grain selection, as it was sug-
gested in previous works [27]. Yet this local configu-
ration is also influenced by the atmosphere in termssss
of surface energy.

5. Conclusion
640

The dynamics of silver solid-state dewetting has been
monitored thanks to in situ HT-ESEM and complemen-
tary TEM and AFM experiments. To study the evolution
of the holes based on their in-plane curvature, a new pro-6
cedure of image processing was implemented to determine
the local speed of the whole dewetting front given its local
curvature.

Hole propagation does not involve any rim movement.sso
Instead, propagation occurs only on the parts of the layer
that still have the same thickness as the pristine film.
While this observation is in agreement with the work of
Jiran and Thompson [I4] on polycrystalline films, the cap-s=
illary models based on curvature fail to explain our re-
sults, even on amorphous substrate. Instead, grains by
themselves seem to play a major role: surface coverage de-
creases only due to the disappearance of the smaller grainsss
located on the dewetting front that shrink in favour of se-
lected ones.

It was found that the oxygen in the annealing atmo-
sphere has a dramatic effect on the dewetting morphology?®
of silver. During induction, grains drastically reorganizes
but oxygen impacts this evolution by facilitating the cre-
ation of holes, probably by lowering the surface energy

10

of silver and favouring grain boundary grooving. Then,
during hole propagation, oxygen increases the kinetics of
the process. By narrowing the selection of growing grain,
oxygen leaves more possibilities for the holes to expand.
While the origin of the selection of grains remains to be
understood, the nature of the dewetting atmosphere is a
key parameter to consider to achieve a good control of
designed silver structures through templated dewetting.
The size and the shape of the silver structures obtained
are clearly dependent on the oxygen content in the atmo-
sphere, an experimental parameter that can be tuned to
reach a desired morphology.
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Supplementary Materials. SEM movies of the dewetting
under vacuum and oxygen at different magnifications.
video 1: low magnification, 40 nm in vacuum, 350°C
video 2: low magnification, 40 nm in oxygen (400 Pa),
350°C

video 3: high magnification, 80 nm in oxygen (400 Pa),
480°C

video 4: high magnification, 80 nm in vacuum, 570°C
video 5: medium magnification, 60 nm in oxygen (400 Pa),
270°C

video 6: medium magnification, 60 nm in vacuum, 430°C
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