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ABSTRACT

Recent applications of solid-state dewetting for the functionalization of medical implants raise the ques-
tion of the thin film dewetting kinetics on surfaces with natural roughness. In this work, we studied the
initial stages of solid-state dewetting of thin nanocrystalline gold (Au) films deposited on an oxidized
surface of a biomedical titanium-aluminum-vanadium (Ti-6Al-4V) alloy. The interrupted annealing tech-
nique was employed to study the evolution of holes in the film and film flattening. While a high number
of dewetting holes was formed in the film at the early stages of dewetting at the temperature of 300°C,
the nanoporous but continuous film morphology remained stable even after prolonged anneals at higher
temperature of 500°C. We developed models describing Au thin film dewetting on surfaces with typical
topographical features of oxidized Ti-6Al-4V. These models considered the Au diffusion along the grain
boundaries as a controlling factor of the film flattening. The stabilization of nanoporous film structure
was attributed to the slowdown of the dewetting holes expansion at the sharp edges of the substrate.
Our work demonstrates that solid state dewetting of thin metal films deposited on the rough surface of

oxidized metal can be utilized for producing continuous nanoporous metal coatings.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Biofunctionalization of inorganic implant surfaces is one of
the main goals in design of biomaterials and development of lo-
cal therapies [1-3]. Surface biofunctionalization can be performed
by modification of topography, introduction of bioactive coatings
or fabrication of cavities/channels containing bioactive substances.
Separately or combined, they can prevent intervention-induced in-
fections, support cell adhesion and provide medical treatment. One
of approaches to activate implant surface employs surface modifi-
cation by gold (Au) or silver (Ag) nanoparticles (NPs). Surface mod-
ification by noble metal NPs leads to significant improvements in
cell adhesion [4], promotion of soft tissue growth [5] and implant
osseointegration [6].

Recently, several works reported the application of solid-state
dewetting (DW) of thin films for fabrication of Au and Ag NPs
on implant surface [7,8]. The phenomenon of thin films DW is
well-known in the field of material processing in microelectronics,
where it leads to device failure and is often undesirable. However,
the DW can be utilized in cases where arrays of NPs are needed,
such as decoration of biomedical surfaces. Indeed, DW process has
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several advantages over conventional techniques used to modify
inorganic implant surfaces by noble metal NPs [6,9], namely: (1) it
is non-destructive and provides good adhesion of NPs to substrate,
(2) it is compatible with implants of different compositions, (3)
it prevents NPs agglomeration, and (4) it enables an easy control
over the NPs size. In details, poor wettability of the substrate by
the film material is a necessary condition for DW. This condition is
usually fulfilled for the metal films deposited on metal oxide sub-
strates. In addition, in the context of implant surfaces, the surface
oxide layer can serve as diffusion barrier preventing diffusion of
the film material into the substrate during annealing/DW. Oxide
films are always present on the surface of inorganic implants, ei-
ther as a native oxide layer in metal-based implants or simply as
an inherent part of the implant in ceramic-based implants. They
can also be deliberately produced by oxidation or deposition. In
latter case, their composition may differ from that of native oxide.
Therefore, the solid-state DW for surface modification can be car-
ried out on inorganic implants of different compositions, the only
requirement being that they can withstand the heat treatment re-
quired for the DW. Size of NPs can be controlled by the thickness
of the deposited film [10]. Also, the method can deliver ordered
NPs having a very narrow controlled particle size distribution with
the aid of thin film patterning during deposition [11]. In addition,
the process is capable of providing NPs in a wide range of compo-
sitions, including two-phase NPs [12]. Finally, the process is scal-
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able to accommodate fabrication of NPs at a broad spectrum of
implant sizes thanks to advancements in thin film technology. The
reported works on DW application for implant surface modifica-
tion [7,8] confirmed the positive effects associated with the noble
metal NPs. However, none of them have dealt with DW kinetics, an
understanding of which is required for the rational design of NPs
by the DW process.

Study of DW kinetics on implant surfaces should take into con-
sideration surface morphology. Surface roughness inherent in im-
plants significantly affects cell adhesion [13] and bacteria coloniza-
tion [14]. To the best of our knowledge, only few works studied ef-
fect of surface patterning on thin film DW. Wang et al. have studies
the DW of thin Au films on silica surface with inverted pyramids
and circular holes patterns [15]. The possibility to form ordered Au
NP arrays with mono- and bimodal particle size distribution was
demonstrated, provided the thickness of the film is properly se-
lected. The DW on surfaces with artificially created saw-tooth grat-
ing structures [16] and arrays of inverted pyramids [17,18] were
investigated by Thompson and co-workers. They suggested a sim-
ple semi-quantitative model of DW on a patterned surface based
on curvature-driven surface diffusion, assuming that the surface
energy is isotropic [17]. However, the model reflected only evolu-
tion of the top surface of the film and did not accommodate in-
teractions of the film with any part of the substrate surface [17].
In terms of practical applications, the ordered arrays of ferromag-
netic cobalt (Co) NPs for possible data storage applications were
produced by DW of thin Co films on a substrate with an ordered
inverted pyramids pattern [19]. Jiang et al. have analyzed the kinet-
ics of solid-state DW on curved substrates [20]. Unlike the others,
they considered surface energy anisotropy and employed a ther-
modynamic variational approach to simulate the kinetics of the
process [20]. In all works cited above the evolution of the metal
films or particles on the surfaces with a simple periodic pattern
has been considered. Such periodic roughness is atypical for sur-
faces of real materials. Moreover, none of these works addressed
the contribution of grain boundary (GB) diffusion to DW kinetics,
whereas it is known that thin films deposited on rough surfaces
are polycrystalline or even nanocrystalline [17]. Therefore, kinetic
model of DW process on surfaces with natural roughness should
consider the GB diffusion together with the corrugated morphol-
ogy of the substrate.

The aim of the present work is to understand the modalities
of thin film DW on rough surfaces with natural topography. To
reach this goal we performed combined experimental and mod-
eling study of the solid-state DW of thin Au films deposited on
the oxidized surface of medical Ti-6Al-4V alloy processed by me-
chanical grinding. The rest of the paper is organized as follows. In
Section 2 we describe the experimental conditions of deposition
and DW of Au thin film on the alloy surface and employed charac-
terization methods. Section 3 is dedicated to the characterization
of Ti-6Al-4V surface structure (Section 3.1), and the structure of
as-deposited (Section 3.2) and dewetted Au films (Section 3.3). In
Section 4, we discuss the obtained results and develop a kinetic
model simulating solid-state dewetting of thin films on topograph-
ical features typical for the studied Ti-6AI-4V alloy. The results of
this work are summarized in Section 5.

2. Materials and methods
2.1. Ti-6Al-4V sample preparation

For the investigations, the Ti - 6 wt.%Al - 4 wt.% V alloy (Ti-6Al-
4V) of commercial purity has been used (VSMPO-AVISMA, Verkhn-
jaya Salda, Russia). The alloy is also known as VT6 according to
Russian standard GOST 19807-91 [21]. The alloy was supplied as
cold-wrought rod of 10 mm in diameter. The chemical composi-
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Table 1

Chemical composition (wt.%) of the Ti-6Al-4V alloy studied in the present work.
Element Al \Y Zr Ti
GOST 19807-91 5.3-6.8 3.5-5.3 <03 Balance
Actual VT6 samples 5.97+0.37 3.87+0.37 Not detected Balance

tion of the samples verified with the aid of X-ray microanalysis in
scanning electron microscope is presented in Table 1. The 1 mm
thick discs have been mechanically cut from the rod. The obtained
discs were sequentially ground with silicon carbide (SiC) abrasive
grinding papers with grit sizes of 220, 400, 600, 600, 1000, 1200,
and 2000.

Samples were oxidized at 740 °C for 30 min in the ambient air
to increase the thickness of the surface oxide film and to mod-
ify surface roughness. Oxidation conditions were chosen based on
reported data on Ti oxidation [22]. We aimed to obtain a single-
phase titanium oxide (TiO,, rutile) to minimize possible influence
of substrate composition on subsequent Au deposition and dewet-
ting.

2.2. Au film preparation and dewetting

Electron beam deposition (Airco Temescal BJD 1800) was em-
ployed to deposit a 50 nm thick Au film on the oxidized Ti-6Al-
4V samples. Prior the deposition, Ti-6Al-4V samples were cleaned
in ultrasound baths of acetone, methanol and isopropanol, in the
given sequence. Deposition of the film was performed in a vacuum
chamber with a base pressure of 4.7 x 10~7 Torr at room temper-
ature at a rate of about 1 AJs.

The as-deposited Au films were annealed in a rapid thermal
annealing furnace (RTA: ULVAC-RIKO MILA-5000-P-N) in the flow
of forming gas (Ar + 10% H,, 99.999% purity) to avoid Ti-6Al-4V
samples oxidation simultaneously with solid-state DW. The heat-
ing rate was 40°C/s, which was followed by an isothermal anneal-
ing for the required time. Thermal treatments were performed at
300 °C for interrupted time intervals 5, 5, 15 and 30 min, corre-
sponding to cumulative annealing times of 5, 10, 25 and 55 min.
Additional long-time annealing was performed at 300 °C for 2 h
and then at 500 °C for 2 h.

2.3. Characterization methods

The average chemical composition of the alloy samples was ver-
ified using scanning electron microscopy (SEM) and X-ray micro-
analysis with a Tescan Vega TS5130 MM instrument (Tescan Orsay
Holding a.s., Brno, Czech Republic) equipped with an energy dis-
persive spectrometer INCA Energy 450 (Oxford Instruments Indus-
trial Ltd., Abingdon, Oxon, UK). Phase composition of the oxidized
Ti-6Al-4V samples was characterized by X-ray diffraction using
CuK, radiation with parallel beam optics (XRD; Rigaku SmartLab
9kW). A filter was employed to eliminate the contribution from
Kg components from source during measurements. X-ray diffrac-
tion measurements were performed in 6-26 mode with 20 deg
< 26 < 80 deg with a scan step of 0.1 deg and scan rate of 1
deg/min. Diffraction patterns were compared with the references
in the ICDD database for phase identification. The morphology and
microstructure of Au films were characterized by high-resolution
field emission scanning electron microscopy (HR SEM; Carl Zeiss
AG - Ultra Plus) equipped with backscattered electron (ESB), sec-
ondary electron in-lens (InLens), and secondary electron type II
(SE2) detectors. The surface topography of samples was studied
by atomic force microscopy (AFM; Park Systems XE-70) in a tap-
ping mode. The topography images were corrected using Flattening
tool (Entire region option) in XEI software. The same software was
employed to determine the roughness of surface regions of 10x10
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Fig. 1. Ti-6Al-4V oxidized in air at 740 °C for 30 min: (a) HR SEM (SE2) micrograph, (b,d) AFM image of the surface and typical line topography profile, and (c) STEM DF2

micrograph of the cross-section

pm? in size. Further, in-depth microstructural characterization of
the interface between the Au film and oxide was carried out on the
cross-sectioned transmission electron microscopy lamellae of se-
lected samples prepared by the lift-off method in dual focused ion
beam system (FIB; FEI Helios NanoLab). FEI Helios NanoLab sys-
tem equipped with through the lens detector (TLD) was also uti-
lized for HR SEM imaging of selected samples cross-sections. The
local microstructural and chemical characterization were carried
out using aberration-corrected transmission electron microscope
(TEM; FEI Themis G2) operating at 300 keV. TEM micrographs and
energy dispersive spectroscopy (EDS) maps were recorded in the
scanning transmission electron microscopy (STEM) dark field (DF2
and DF4), high-angular annular dark field (HAADF) and bright field
(BF) modes. A 94 mm working camera length was chosen during
the STEM imaging. Corresponding collection angles for various de-
tectors were 91-200 mrad for HAADF, 22-85 mrad for DF4, 12-19
mrad for DF2 and 9 mrad for BF.

3. Results
3.1. Morphology and structure of the oxidized Ti-6Al-4V surface

Surface of the oxidized Ti-6Al-4V sample was characterized em-
ploying HR SEM and AFM. HR SEM image showing surface of the
medical alloy after oxidation is given in Fig. 1a. The as-formed
oxide layer was composed of nanoscale crystals forming naturally
corrugated surface. In the following, the terms “natural roughness”
or “natural topography” are used to describe the naturally occur-
ring roughness of the oxidized alloy surface, as opposed to the arti-
ficially designed (patterned) roughness investigated in the works of
Giermann and Thompson [16,17]. AFM image of the 10 x 10 pm?
region presented in Fig. 1b unveils that the formed oxide crys-

tals are typical for the entire surface of the sample. They grow on
nanoscale scratches, as well as on inclined surfaces of microscale
hills and pits of the as-prepared Ti-6AI-4V. Shallow structure of
hills and pits shows no effect on the direction or structure of the
grown crystals (Fig. 1b, Fig. S1 in Supplementary Material). HAADF
STEM micrograph shows that they are oriented in different direc-
tions, form nanoscale buttes and various types of pits in between
(Fig. 1c). We should note that corrugated oxide films are typical for
oxidized Ti and Ti alloys and were described in details previously
[23,24].

To determine typical topographical features of the oxidized sur-
face, we examined the cross-sectional STEM images (Fig. 1c) and
surface line topography profiles obtained from the AFM micro-
graphs (Fig. 1d). Here we have described a typical single line to-
pography profile due to the random orientations of the grown crys-
tals resulting in large variety of buttes and pits. Averaging ap-
proach for surface analysis in this case would diminish typical
shape of pits and hills. Dimensions of the crystals are in a range
of 50-200 nm (Fig. 1). Pits between them are of the same size
range, however, random orientations of grown crystals results in a
large variety of pit shapes. Majority of pits have a shape of inverted
pyramids tapered to an acute angle at the bottom. The longitudi-
nal cross-section of those pyramids is an inverted triangle with an
acute apex (Fig. 1c,d). Therefore, at the later stage we will employ
a shape of inverted triangular prism to describe these features in
the kinetic modeling (Section 4.2).

The presence of two distinct phases in the bulk of metallic al-
loy is evident in the STEM DF2 micrograph (Fig. 1c). Moreover, the
oxide layer is composed of multiple oxide phases. The XRD spec-
trum and cross-sectional STEM images of the oxide layer shedding
light on its composition and structure are presented in Fig. 2. XRD
spectrum of the as-prepared Ti-6Al-4V (Fig. 2a) shows a presence
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Fig. 2. Ti-6Al-4V oxidized in air at the temperature of 740 °C for 30 min: (a) XRD spectrum, (b) STEM DF2 micrograph of the cross-section with elemental maps of (c) O

(d) V, (e) Ti, (f) Al, and (g) Al and V.

of two phases in the bulk of the titanium medical alloy: Tigg4-
V0.0] —AI0.0S (ICDD 04-020-7055) and Ti0.5—V0.167—A10.333 ([CDD 04-
015-2203), along with TiO,, rutile (ICDD 00-002-0494). Chemi-
cal compositions of the identified phases are in good agreement
with the chemical composition of Ti-6Al-4V samples determined
by X-ray microanalysis in SEM (Table 1). While rutile is a primary
oxide in the native and grown oxide layers, another TiO, phase,
anatase (ICDD 00-021-1272), formed during the oxidation. To un-
derstand whether the different oxide phases also differ in compo-
sition, we performed EDS STEM analysis of the oxide layer cross-
section (Fig. 2b). STEM DF2 micrograph of the investigated region
is shown in Fig. 2b along with O, V, Ti and Al EDS elemental maps
(Fig. 2c-f). The thickness of oxide layer is about ~900 nm (Fig. 2c).
Unlike the uniform native oxide layer, the oxide layer in oxidized
sample consists of multiple oxides roughly distributed in three lay-
ers (Fig. 2). The oxide layer has small pores. The outer most surface
oxide layer consists of two phases: Ti oxide (Fig. 2e) and Al oxide
(Fig. 2f). The middle oxide layer has a relatively uniform composi-
tion, nonetheless it is deficient in Al. The bottom oxide layer ad-

jacent to the alloy bulk consists of large and small grains rich in
Al and V (Fig. 2g), with smaller grains adjacent to bulk. This is the
oxide layer without atomic segregation. Overall, the oxidation pro-
cess resulted in segregation of Al atoms in the topmost layer. Such
layered structure of Ti-6Al-4V oxide film is typical for selected ox-
idation conditions and was previously described by Du et al. [24].
At the same time, Al oxide (Al,03) on the top of the oxide layer
is not detected in the XRD spectrum (Fig. 2a). This is probably be-
cause a low volume fraction of nanoscale Al,03 (Fig. 2f) results in
small and broad diffraction peaks that could not be distinguished
from the background. Alternatively, the amorphous structure of the
formed Al,0; and misalignment with the incidence angle could
make detection of the Al,03 phase difficult. Moreover, the peaks of
the two metallic Ti-6Al-4V phases and rutile partially overlap with
the peaks of various Al,03 phases. It should be noted that signifi-
cant enrichment by Al near the oxide/gas interface of the Ti-6Al-4V
alloy (similarly oxidized at 600-700 °C) was detected by Frangini
et al. [25] employing EDX microanalysis, whereas no or weak XRD
signals of Al,05 were reported. It should be noted that for DW it
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is of minor importance whether the primary phase of the oxide
layer in contact with Au is rutile (TiO;) or alumina (Al;03). This
is because of close values of Au-substrate adhesion energies and
resulting similarity in the contact geometries at the Au-substrate-
ambient contact line [26,27]. Therefore, in what follows, we will
consider rutile (TiO,) as a substrate material in the modeling of
DW kinetics on a corrugated substrate.

3.2. Morphology and structure of the Au film deposited on the
oxidized Ti-6Al-4V

The HR SEM micrographs of oxidized Ti-6Al-4V with deposited
thin Au films are presented in Fig. 3. HR SEM image of the Au
thin film on the oxidized Ti-6Al-4V sample (Fig. 3a) shows an ap-
parent homogeneously covered surface of the sample. However,
the top-view micrograph does not provide the full picture of the
film morphology and microstructure. The cross-sectional HR SEM
micrographs demonstrate that Au film deposited on the oxidized
Ti-6Al-4V sample exhibits inhomogeneous coverage. This inhomo-
geneity results from the shadowing effect from the “inclined” oxide
grains during the Au deposition (Fig. 3b). In many cases, disconti-
nuities/holes in the as-deposited film contain ultrafine Au nanopar-
ticles (Fig. 3b, arrow). Shadowing effect also leads to the varia-
tions of film thickness in the adjacent areas. At the same time, ho-
mogeneously deposited film is presented in the regions with low
roughness or on the oxide grains grown “normally” to the surface
(Fig. 3b,c). In those areas, the film is homogeneous in thickness,
and it well replicates the roughness of the underlying oxide layer.
It is worth noting that cone-shaped pits of the oxidized surface
with obtuse cone angles are well covered with Au (Fig. 3¢, arrows).

3.3. Characterization of the Au film dewetting on oxidized Ti-6Al-4V

HR SEM images of Au film deposited on oxidized Ti-6Al-4V al-
loy after 5-min annealing at 300°C are presented in Fig. 4. Sig-
nificant grain growth occurred in the film after 5-min annealing
(Fig. 4a). Numerous big and irregularly shaped holes are formed
in the film at substrate pits between large oxide grains. However,
hole’s rims have rounded, symmetrical shape with no elevation or
tortuosity. At some areas, the film does not fully break down leav-
ing irregularly shaped islands (Fig. 4a). These contiguous islands
contain small holes similar to those observed during initial dewet-
ting stages of the thin film deposited on a flat substrate. Cross-
section images of these islands confirm that the film remains con-
tinuous in substrate regions with low roughness (Fig. 4c). Nonethe-
less, additional thinning of thin connecting film region is observed
(Fig. 4c). Big holes in the film form at substrate pits between pro-
truding crystals (Fig. 4b, arrows; Fig. 4d). Steeply inclined walls of
such crystals have Au nanoparticles attached to them (Fig. 4d, ar-
rowheads); these nanoparticles result either from the discontinuity
of the initially deposited film (Fig. 3b), or from the film retraction
during the annealing.

Film on oxidized Ti-6AI-4V starts to flatten after 5 min anneal-
ing (Fig. 4a). This transformation is more visible at contiguous is-
land of the film (Fig. 4c), though similar film behavior is observed
on relatively flat top regions of the oxide film encompassing large
oxide grains of comparable heights (Fig. 4d). First, the exterior sur-
face of the Au film does not well replicate the surface roughness of
the oxidized alloy. Consequently, dewetted film is uneven in thick-
ness with thicker film at substrate pits and thinner film at pro-
truded parts of the substrate (Fig. 4c, line segments). Lastly, we
observed pores and convex interior surface of the Au film in sharp
pits (Fig. 4c, arrow). Since similarly-shaped pits are fully filled with
Au in the as-deposited film (Fig. 3c, arrows), the phenomena of the
film retraction from the small narrow pits is referred to as film
flattening. Retracted film also leaves nanoparticles on the bottom
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of the pit (Fig. 4c, arrowheads). Nonetheless, film flattening after
5 min annealing is insignificant and cuboidal grain morphology of
the underlying oxide substrate is clearly distinguishable (Fig. 4a).
Following annealings for 10 min and 25 min (cumulative times)
result in a similar structure of the film, which exhibits regions re-
tracted from the sharp pits with Au nanoparticles left in the bot-
tom (Fig. S2 in Supplementary Material).

Longer annealing (cumulative time of 55 min) leads to pro-
nounced film flattening and increased frequency of smaller holes
(Fig. S3 in Supplementary Material). To validate film flattening, we
performed STEM investigation of a representative cross-section re-
gion (Fig. 5). These micrographs and their scheme (Fig. 5b) clearly
validate film retraction from the sharp pits and its relation to the
flattening phenomenon. We also performed EDS analysis of the pit
region with nanoparticles from which the deposited Au film has
retracted to determine the nanoparticles composition. STEM DF4
micrograph is shown in Fig. 5a along with Au, O, Ti, Al elemen-
tal EDS maps (Fig. 5b-f). The DF4 micrograph (Fig. 5a) confirms
polycrystalline nature of the Au film on the polycrystalline Ti ox-
ide (Fig. 5b), with evidence for the presence of twins (Fig. 5c-f).
The presence of distinct Ti (Fig. 5d) and Al (Fig. 5e) oxide grains
on the outer surface of the oxide layer in contact with Au film
is evident. The nanoparticles present at the bottom and on the
walls of the pit are identified to be Au nanoparticles (Fig. 5c).
STEM EDS analysis (Fig. 5c-e) further unveils that the retraction
of Au film is independent on composition of substrate oxide. In
this image, the wall of one of the pits (left, small) consists of Ti
and V oxides, while another pit (central, big) has Ti, V oxides on
the left side and Al oxide on the right side (Fig. 5d,e). Regard-
less of the composition, Au film retracts from both pits leaving
Au nanoparticles at the bottom (Fig. 5¢). Therefore, we conclude
that film retraction is driven by topographical features of the sub-
strate rather than differences in its composition. Based on that
and aforementioned XRD analysis (Section 3.1, Fig. 2a, oxidized Ti-
6Al-4V), we consider TiO, (rutile) as a substrate material in our
model.

In order to examine advanced stages of the process, we per-
formed additional heat treatments for 2 h each at 300 °C and then
at 500 °C. SEM micrographs acquired after consecutive annealings
are summarized into morphology map highlighting the initial and
advanced stages of the process (Fig. 6). It is clear that as-deposited
film follows the complex cuboidal topography of the oxidized Ti-
6Al-4V. The film after long-time annealing is flattened, making im-
possible to track the shape of the corrugated surface underneath.
Grains in the film after long-time annealing are coarser than in the
as-deposited state, which was confirmed by the narrowing of Au
peaks in the XRD spectra (Fig. S4 in Supplementary Material). The
film after long-time annealing exhibits a porous structure with no
signs of typical DW, i.e., formation of separated film islands and
nanoparticles.

In addition, we investigated a region with a film thickness gra-
dient caused by the shadowing effect from the holding pin during
the Au deposition. Fig. 7 presents SEM micrographs of the region
with the Au film thickness gradient after long-time annealing. The
bright contrast of the Au film/NPs in the images acquired by the
ESB detector (Fig. 7, low-resolution micrograph) enabled us to es-
timate the initial thickness of the film in different regions, assum-
ing a linear thickness gradient from 50 nm to O nm (Fig. 7, trian-
gle scheme). Obtained HR SEM micrographs (SE detector) clearly
show that the DW on naturally corrugated surfaces depends on
film thickness and most probably on the size of the rough sur-
face features. The acquired SEM micrograph of the surface without
deposited film (Fig. 7, no Au film) shows no change in the struc-
ture of the oxidized Ti-6Al-4V after performed long-time anneal-
ing, which confirms film flattening on the cuboidal topography of
the substrate (Fig. 6).
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Ti-6Al-4V oxide
layer

Fig. 3. HR SEM (TLD) micrograph of Au film deposited on oxidized Ti-6AI-4V: (a) surface (top view), and (b,c) cross-section. Pt and C are the platinum and carbon protective

FIB coatings, respectively.

Nonetheless, regions with estimated thickness of less than
10 nm show typical thin film DW with formation of separated is-
lands and nanoparticles (Fig. 7). In these cases, most likely, the as-
deposited film does not reach percolation threshold for the present
substrate roughness. Therefore, each facet of the oxide cuboids acts
as a separate flat substrate where typical thin film DW is observed.

Similar results on the effect of TiO, surface roughness on the DW
kinetics of Au thin films were recently reported by Striubas et al.
[28]. They observed that surface roughness starts playing a pre-
dominant role in NPs formation in Au films of initial thicknesses
of 10 and 15 nm.
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Fig. 4. HR SEM (TLD) micrograph of Au film deposited on oxidized Ti-6Al-4V after annealing at 300°C for 5 min in forming gas: (a,b) surface (top view), and (c,d) cross-

section. Pt and C are protective FIB coatings.

Ti-6Al-4V
oxide layer

Pt coating

C coating

Au film

Fig. 5. STEM EDS micrograph of Au thin film on oxidized Ti-6Al-4V after annealing at 300 °C for 55 min in forming gas: (a) STEM DF4 micrograph with (b) its scheme and

elemental maps of (c) Au, (d) Ti, (e) Al, and (f) O.

4. Discussion

4.1. General features of dewetted films on surfaces with natural
roughness

Our goal was to determine modalities of solid-state DW of thin
films on surfaces with natural roughness. Our findings suggest that
initial stage of thin film DW on surfaces with natural roughness is

similar to the one on flat surfaces, especially with regard to holes
formation (Fig. 4). Moreover, the stage of holes/pores formation is
accelerated by films thickness inhomogeneity resulting from the
shadowing effect during the deposition (Fig. 3b). However, the fol-
lowing stages of the process on the surfaces with natural rough-
ness deviate from those of thin films DW on flat surfaces. Our
findings show that long-time annealing of thin film on naturally
corrugated surfaces does not lead to formation of isolated islands
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additional 2 h

Fig. 6. Morphology maps of Au thin film on oxidized Ti-6Al-4V in the as-deposited state and after several consecutive annealings. Denoted time corresponds to cumulative

annealing time. Unannotated scale bars correspond to 1 pm.

and nanoparticles, but to a flattened nanoporous film (Figs. 5, 6).
At the same time, formation of nanoparticles on highly corrugated
surfaces, i.e., typical result of thin film DW, is possible for ultra-
thin films (Fig. 7).

Initial stage of Au thin film DW on Ti-6Al-4V with natural to-
pography is very similar to that for Au thin film DW on flat TiO,
reported in work of Schaaf and co-workers [29], as well as other
works on Au thin films DW on flat surfaces [30-32]. There, the ini-
tial stage of DW (continuous films of 25 nm to 50 nm thickness)
is characterized by holes formation. As expected, in this work the
presence of rough features on substrate surface facilitates forma-
tion of holes. Rough features imply thickness inhomogeneity and
holes in the as-deposited films, which increase film instability. We
can qualitatively assess the influence of surface roughness by com-
paring results obtained in this work with results of Au thin film
DW on flat TiO, reported in work of Schaaf et al. [29]. Although,
there Au film was thinner (20 nm), noticeable number of holes
formed only after heat treatment for 30 min at the same tem-
perature of 300°C. In our work, a thicker film (50 nm) on a very
rough surface of oxidized Ti-6AI-4V becomes holey after annealing
for 5 min at 300 °C (Fig. 4). Moreover, density of holes observed in
the present work after 5 min annealing is significantly higher than
that in the 20 nm-thick Au film on flat TiO, after longer anneal-
ing for 30 min at higher temperature (400°C) [29]. Primarily, the
holes can be found between the rough features and protruded ox-
ide crystals; they grow from the preexisting holes or thinner areas
in the as-deposited film (Fig. 3b). Symmetrical and rounded shape
of the holes is similar to the one reported at initial DW stage of Au
film deposited on flat TiO,, when holes just nucleate [29]. These
results show that higher surfaces roughness leads to lower stabil-
ity of the as-deposited thin film.

Surprisingly, subsequent annealing of the Au film deposited on
oxidized Ti-6Al-4V does not follow the path of Au DW on flat TiO,
[29]. Next stage of the Au thin films DW on flat substrates is char-
acterized by the holes growth and development of porous film un-
til holes impingement and formation of separate islands [30-32].
Instead, during the DW of Au thin film on the corrugated sur-
face we detect holes shrinking, increasing of holes area density,
and film flattening. The porosity of partially dewetted Au films
on flat surfaces is dendritic and tortuous, with columnar struc-
ture of holes [30-32]. On the contrary, partially dewetted Au film
obtained in the present work is characterized by densely spaced
round symmetrical holes (Fig. 6). The overall film morphology is
essentially three-dimensional, containing flattened sections bridg-
ing the pores (Fig. 5) and suspended necks (Fig. 6, arrows), which
have not been reported for Au thin films DW on flat surfaces. This

behavior resembles the superhydrophobicity of rough hydrophobic
surfaces wetted by water (Lotus effect) well-known in the classical
theories of liquid-phase wetting [33]. The phenomenon of thin film
flattening on surfaces with designed roughness was previously re-
ported by Giermann and Thompson [17]. They demonstrated that
60 nm-thick Au film deposited on an array of inverted pyramids
of 140 nm in depth patterned on oxidized Si wafer flattens and
withdraws from the pits after annealing at 600 °C for 15 min.
Longer annealing resulted in full DW, with all Au cleared of the
pits. The authors developed a model of film flattening controlled
by curvature-driven surface diffusion. Such model was useful in
prediction of morphologies of fully dewetted films, yet it did not
capture the kinetics of film flattening, because the surface diffusion
alone cannot ensure the film withdrawal from the pits. Though the
results of the present study for short annealing times are consis-
tent with the findings of Giermann and Thompson (film flatten-
ing and nucleation of pores), the long-time annealing does not re-
sult in full film DW. Instead, the film continues to flatten, and the
porous structure is stabilized (Fig. 6). Thus, we conclude that the
model suggested in Ref. [17], which considers surface self-diffusion
driven by the gradient of local surface curvature as a sole mecha-
nism of the film DW, is not sufficient to explain experimental re-
sults of the present work.

In what follows we will formulate a model of the DW of thin
film deposited on substrates with topographical features typical for
the surfaces with natural roughness. Like in the study of Giermann
and Thompson, we will consider curvature-driven surface diffusion
as a main mechanism of the mass transfer, yet we will explicitly
take into account the effect of GBs on the film topography and ki-
netics of mass transfer.

4.2. A model of the thin film dewetting on surfaces with natural
roughness

We model evolution of the external surface of the film af-
fected by the presence of GBs supposing that that main mecha-
nism of the mass transfer is surface diffusion. The GB diffusion
will be taken into account while considering the film flattening. All
configurations are two-dimensional. The surface diffusion equation
is solved numerically employing the method proposed by Dornel
et al. [34]. The details of the model are presented in Supplementary
Material. The following values of relevant parameters were em-
ployed in calculations: Ds = 1.5x1071> m2/[s [35], vsQ = 5x10710
m, Q = 1.685x1072° m3/at, y = 1.4 J/m? [36], T = 573 K, where
Ds, vs, 2 and y are the surface self-diffusion coefficient of Au,
the number of mobile surface atoms per unit area of the surface,
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Fig. 7. Morphology maps of Au thin film with thickness gradient on oxidized Ti-6Al-4V after long-time annealing. Left low-resolution micrograph acquired by ESB detector
represents thickness gradient due to shadowed Au deposition. Triangle scheme reflects thickness gradient of Au thin film. HR SEM micrographs show structure of the
dewetted Au film with different initial thicknesses. Estimation of initial film thickness is based on assumption of linear thickness gradient from 50 nm to 0 nm. The scale

bar is 500 nm.

atomic volume of Au, surface energy of solid Au, and the tempera-
ture of the experiment, respectively.

Concerning the surface self-diffusion coefficient in Au, there is
a wide scatter of available literature data on the corresponding Ar-
rhenius parameters, leading to high uncertainty in the value of dif-
fusion coefficient extrapolated to the temperature of 300°C. For ex-

ample, the data of Goebel and von Blanckenhagen yield the surface
self-diffusion coefficient of 1.5x10~1> m2/s [35], whereas the corre-
lation of Gjostein for a number of metals with face-centered cubic
(FCC) lattice yields a value of 1.1x107'2 m?2/s [37]. We found that
the former value obtained from the kinetics of flattening of the
AFM-modified surface of Au results in a better agreement between
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Fig. 8. A cross-section showing evolution of the film in the pit over time (¢, s); dimensions are in units of nm. Positions of GB (dashed lines) are representative.

the experiment and simulations, and adopted it in all further cal-
culations.

4.2.1. Au film flattening on the surface of oxidized Ti-6Al-4V samples

Let us consider a surface unit with a prismatic groove mimick-
ing the natural roughness of the oxidized Ti-6Al-4V sample (see
Fig. 8). We will assume that a small initial “seed” pore of width
w is present at the bottom of the groove, but otherwise the Au
film conformally fills the rest of the groove, repeating its morphol-
ogy. We will describe the evolution of both external surface of the
film and surface of the pore using the method of Dornel et al. [34],
adding to this description an additional mass transfer from the sur-
face of the pore to external surface of the film by the GB diffusion.
The GB diffusion flux, J,,, is given by

DgyVgy fLp — fis
]gb =& 8 Py (1)
kT hys
where fip, fts and i_lps are the average chemical potentials on the
surface of the pore, on the external surface, and an average dis-
tance between these surfaces, respectively, the latter two parame-
ters are calculated for the section of external surface of the width

10

w located above the pore; m is number of the GBs connecting the
surfaces (this model enables an arbitrary number of GBs in one
cell, dashed lines in Fig. 8). Since the GBs can move during anneal-
ing, the parameter m is considered as an average number of GBs
above the pore during the whole duration of annealing. Due to the
same reason (GB migration) we do not consider the GB grooving
here, formally assuming zero GB energy. The positive grain bound-
ary flux leads to the pore expansion. During the time dt the up-
ward pore surface displacement is

(2)

The central section of the external surface (of the width w) is
then shifted on the same distance Y. We have employed the fol-
lowing value of the GB diffusion coefficient: Dy, = 1.6x10713 m?/s
[38], and assumed m = 4 for illustrative purposes. We also assume
the zero-flux condition at the termini of simulation cell, which
means that the initial configuration in Fig. 8 represents one unit
in a periodic arrangement of grooves. The chemical potential of Au
atoms at the contact point between the film and the substrate is
calculated by infinitesimal displacement of the contact point along
substrate and determining the concomitant change of energy of all

dY = Qkibdt
w
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Fig. 9. A cross-section showing evolution of the film deposited on a substrate with a sharp step over time (¢, s); dimensions are in units of nm.

surfaces and interfaces. To this end, the equilibrium value of the
contact angle, 6., of solid Au on the TiO, surfaces is needed. We
adopted the value of the contact angle 8. ~ 122° based on data
reported in Ref. [39].

The results of simulations are shown in Fig. 8. For short an-
nealing times the film swiftly withdraws from the pit and its outer
surface is flattened. Later on the film surface at the outer edges
of the simulation cell touches the substrate, which in terms of pe-
riodic arrangement of simulation cells means that the film breaks
down into isolated particles. With increasing annealing time, the
pore begins to shrink, and the particle sinks to the bottom of the
pit. We have clearly observed the film flattening and its withdrawal
from the sharp pits in our experiments (see Fig. 4c, 5). Whether or
not the film will break down into individual particles depends on a
combination of several parameters, such as film thickness, geome-
try of the pits and their mutual arrangement, diffusion coefficients,
and the contact angle. It is well possible that the breakdown of the
film is prevented for large film patches under present experimental
conditions, resulting in film flattening and its withdrawal from the
pits, and some stabilization of the flattened film. Another reason
for the stabilization of the flattened film may be the grain growth

1

in the film: when no GBs connected the pore with the outer sur-
face are left, the flattened film morphology becomes “frozen”.

4.2.2. Slow-down of dewetting holes expansion by surface steps

A remarkable feature of observed DW behavior of Au film
on the surface of oxidized Ti-6Al-4V alloy is a stabilization of
nanoporous, partially dewetted film for long annealing times and
high temperatures (see Fig. 6). This is highly surprising, taking into
account that the natural surface roughness actually promotes the
nucleation of dewetting holes at the early stages of DW. At the
advanced stages of DW, however, the nanoporous film preserves
its continuity even after annealing at 500 °C for 2 h. We propose
that this stabilization of partially dewetted film is related to the
pinning of the film-substrate triple lines by sharp asperities and
steps on the rough surface. Such pinning is well-known in wetting
of rough surfaces by liquids, and it causes significant hysteresis of
the wetting angle [40]. To the best of our knowledge, this triple
line pinning has not been considered in the case of solid-state DW.
For illustration, we will consider the edge of the dewetting hole in
the vicinity of a surface step in a geometry in which the direction
of the film edge retraction points towards the lower terrace. In or-
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Fig. 10. A cross-section showing evolution of the film deposited on a flat substrate over time (t, s); dimensions are in units of nm.

der to avoid the singularities in simulations, we will approximate
a sharp step by a continuous function:

5 X
y:—; arctan (ﬁ) 3)

where x and y are given in nm. The Eq. (3) describes a step of 5
nm in height centered around x = 0. The calculated morphologies
of receding film edge after different annealing times are given in
Fig. 9. Again, the zero-flux boundary conditions were employed in
simulations. It can be clearly seen that the receding edge is pinned
by a surface step, followed by a decrease of apparent contact angle.
In comparison, annealing of the thin film of the same thickness de-
posited on the flat surface results in the film retraction typical for
the DW process (Fig. 10). During the maximum simulated time of
7960 s, the edge of the film on a flat substrate retracts by more
than 50 nm. This distance is insignificantly affected by the em-
ployed zero-flux boundary condition, which was verified by per-
forming simulation in a wider cell (320 nm). During the same time,
the edge of the film above the substrate step barely changes its po-
sition. These illustrative simulations demonstrate that the sharp to-
pography features on a surface with random natural roughness can
stop the expansion of DW holes and stabilize the porous continu-
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ous film. It should be emphasized that the main factor responsible
for the film edge pinning is the step sharpness as given by the
Eq. (3), and not the overall step amplitude. Thus, similar pinning
should be caused by a sharp asperity or by the edge of cuboidal Ti
oxide grain.

A final comment is due here. We claim that stabilization of the
porous film structure is most efficient when the average distance
between the sharp edges of oxide cuboids is of the same order of
magnitude as the initial film thickness. Fig. 7 demonstrates that for
much thinner films the DW on oxide grain facets will proceed sim-
ilarly to the DW on flat substrates, resulting in small isolated metal
particles dotting the oxide crystals. For the much thicker film, the
rough substrate can be treated as a heterogeneous surface charac-
terized by a contact angle given by Cassie-Baxter law, which is dif-
ferent from the contact angle of Au on a flat Ti oxide substrate [41].
In this case the DW will result in large isolated Au particles cov-
ering many rutile grains. The distribution of the distances between
neighboring edges of Ti oxide grains of the as-oxidized Ti-6Al-4V
alloy is shown in Fig. S6 of Supplementary Material. The average
distance is 67 nm, comparable to the thickness of the as-deposited
Au film of 50 nm. This is why in the present work the oxidized
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alloy was so efficient in stabilizing complex porous morphology of
partially dewetted Au film.

5. Conclusions

We have studied the solid-state dewetting of 50 nm-thick Au
film deposited on oxidized surfaces of biomedical Ti-6AI-4V alloy
initially processed by mechanical grinding. The following conclu-
sions can be drawn from this study:

1. The thickness of the crystalline TiO, layer for the oxidized al-
loy is about 900 nm. The oxide is mainly composed of rutile
phase, with some enrichment in alumina in the topmost layer
of the grown oxide. The surface of the oxidized alloy consists
of cuboidal oxide grains that form a very rough surface with
characteristic random prismatic pits.

2. The 50 nm-thick Au film deposited on the oxidized alloy was
polycrystalline and exhibited thickness inhomogeneities. Never-
theless, most sharp pits on the surface of oxidized alloy were
conformally filled with Au.

3. Short annealings (5-25 min) at the temperature of 300 °C re-
sulted in formation of holes in the Au film. Holes formed in the
vicinity of surface topography features such as hills or steps.
Surprisingly, the area density of holes was higher than in the
case of thinner Au film (20 nm) deposited on flat crystalline
TiO, substrate and annealed at higher temperature (400 °C).

4. The early dewetting stages of the Au film on oxidized alloy
were accompanied by Au film flattening and its withdrawal
from the sharp surface pits.

5. At the late dewetting stages highly porous, but continuous Au
film on the oxidized sample was stabilized, and isolated islands
and particles did not form.

6. We performed a series of numerical simulations of the Au film
topography evolution based on curvature-driven surface diffu-
sion. We demonstrated that taking into account the GB dif-
fusion is essential for describing the kinetics of film flatten-
ing and its withdrawal from prismatic pits. Stabilization of the
porous film at the late stages of dewetting was attributed to the
pinning of the triple lines by the surface steps and other sharp
surface features, thus slowing down the expansion of dewetting
holes.

Finally, the nanoporous continuous Au coating obtained at the
late stages of dewetting may be interesting from the biomedical
point of view since it enables combining Au functionalization with
the drug storage in the film pores, followed by controlled drug re-
lease. Moreover, one should not be constrained by Ag and Au coat-
ings for surface biofunctionalization. We believe that other met-
als widely employed in biomedicine, such as magnesium, iron, and
zinc, could also be employed for implant surface modification by
solid-state dewetting of respective coatings.
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