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The scientific interest in the growth of nanostructured surfaces and thin films by means of
physical vapor deposition (PVD) techniques has undoubtedly increased in the last decade [1]. Even
though some of them can be considered mature, as they were first implemented and analyzed a few
decades ago [2], the progressive understanding of fundamental atomistic phenomena [3,4], as well
as their popularity in the technological industry, have prompted the scientific community to propose
novel growth methodologies/geometries which, based on the classic approaches, have bestowed
an even larger versatility in terms of nanostructural possibilities. In this way, film nanostructures
that were unthinkable years ago are now possible by PVD: for instance, a classical technique such as
the magnetron sputtering (MS) deposition method, that originally aimed to produce highly compact
coatings, is currently being explored for the production of highly porous thin films thanks to the
oblique angle deposition geometry [5,6]. Moreover, an MS-based methodology named High Power
Impulse Magnetron Sputtering (HiPIMS) is employing high power pulsed electromagnetic signals to
produce highly compact films, expanding the classic methodology [7]. Hence, it can be said that the
research and application of PVD techniques are living a scientific golden age due to the large amount
of exciting new possibilities, fundamental discoveries, and the numerous potential applications based
on their wide range of morphological characteristics and properties, e.g. in photovoltaic cells [8],
tribological coatings [9,10], optofluidic sensors [11], energy storage [12], etc.

Unfortunately, the processes responsible for the formation of a certain nanostructure by PVD
are, in most of the cases, not yet known with the sufficient depth to gain enough level of control
to optimize its functionality when incorporated into devices. It is then necessary to study novel
nanostructures and their properties as well as the nanostructuration mechanisms, by addressing
fundamental issues to understand them. In this special number, ten research works analyze various
relevant aspects concerning new approaches and methodologies based on classic PVD techniques to
produce films with singular nanostructures and morphologies, representing the current state of the art
in this research field. Among them, two important review papers are included allowing any potential
reader to understand the most relevant advances in the following two different topics. In ref. [13]
the growth of metallic ultra-thin films by continuous dynamic monitoring is reviewed in depth, by
combining in situ and real-time optical and electrical probes to analyze the first stages of growth in the
MS deposition of a large number of metals with different crystalline structures. In ref. [14], a review
on the growth of nanostructured surfaces with plasmonic properties, obtained by the combination of
nanosphere lithography and PVD, is presented. There, the authors analyze the recent advances linking
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the fabrication routes, the film nanostructure and its plasmonic properties, with special emphasis
on its application for the early detection of hepatocellular carcinoma using surface-enhanced Raman
scattering and controlling the growth of Ag nanoparticles.

In addition to these relevant review manuscripts, two original research works are presented [15,16].
In ref. [15] the authors study nanostructured thin films grown by MS deposition at oblique angles,
in this case using tungsten. These films are characterized by a porous structure consisting of tilted
nanocolumns. By varying the deposition conditions, the tilt angle, thickness and separation of these
columns can be affected, which in turn affects the optical, electrical or mechanical properties of the
film. Here, the authors study the effect of both the film thickness and the gas pressure within the
deposition chamber on properties such as the electrical resistivity of the film, or the anisotropy of the
propagation of 2-dimensional elastic waves along the film. They have found that anisotropy rises at
low pressures, where the columnar structures are better defined and more tilted, and that it increases
with the thickness of the film. Electrical resistivity was found to decrease with the film thickness
and to increase with the gas pressure, due to changes in the crystallinity of the film. A thorough
characterization of AZO (Al-doped zinc oxide) thin films deposited by radio frequency (RF) MS is
covered in ref. [16]. Sheet resistance, thin film thickness, resistivity, hall mobility, carrier concentration,
optical transmittance, and band gap energy were determined for these transparent and conducting thin
films as a function of the substrate position within the substrate holder with a 3 mm spatial resolution,
for varying conditions of pressure, applied power, and substrate-target distance. The results show a
great resistivity dependence with the substrate position, varying about 2 orders of magnitude within a
distance of 10 mm. Contrarily, the spatial profile of the transmittance is quite homogenous along the
surface of the samples. A reduction of the energetic oxygen ions coming from the erosion track of the
target is proposed as a way to produce more homogenous films.

Other works included here focus on fundamental analysis, while also targeting a specific
application, such as sensors [17,18], solar cells [19], or biomedicine [20]. In ref. [17] the authors
synthesize composite TiO2-Ag2O nanorods to be used as chemoresistive sensors for the detection of
trace amounts of NO2 gas. TiO2 nanorods were first prepared by hydrothermal methods, and then
RF-MS of an Ag target in presence of oxygen was used to deposit Ag2O on the TiO2 nanorods
with different degrees of coverage. The gas-sensing performance of the composite nanorods,
when the coverage was made in the form of discrete Ag2O particles, was found to be superior
to that of pristine TiO2 nanorods and even other TiO2-Ag2O sensors previously reported in the
literature. Contribution [18] presents a novel technique that improves Ag nanorods substrates used for
surface-enhanced Raman scattering (SERS), rising their sensibility by four times and increasing their
thermal stability range by more than 100 ºC. The technique consists of the deposition of an ultrathin
capping Al2O3 layer on the top of the Ag nanorods, followed by the deposition of an additional
Ag capping layer on top of the previous one. The Al2O3 layer improves thermal stability, while
the last Ag layer boosts the SERS sensitivity. The Ag nanorods and the capping layers were grown
using the electron-beam evaporation deposition technique at oblique angles. A detailed study of the
growth of nano-sculpted thin films by the MS technique in glancing angle deposition configuration is
displayed in ref. [19]. The effects of key deposition parameters, such as the deposition angle, the gas
pressure within the reactor, the temperature of the substrate or the way the substrate is rotated during
deposition are experimentally studied, and found to be in agreement with numerical simulations of
the film growth. Film properties such as the tilt angle of the grown nanocolumns, the film porosity
and, in some cases, its composition and crystalline phase, are also characterized. Finally, the authors
propose the integration of nano-sculpted TiO2 coatings into the photo-anode of dye-sensitized solar
cells, concluding that a hybrid system incorporating both nanocolumns and nanoparticles significantly
improves their efficiency. In ref. [20] a novel experimental methodology to produce porous thin films
by MS on large surfaces is tested as an alternative to typical oblique angle deposition geometries.
For this, two-side implant plates with areas up to 15 cm2 were coated with Ti nanocolumns using
an industrial reactor. While this was already achieved on small surfaces using laboratory reactors,
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the relevance of this paper resides on the development of a new geometrical approach to achieve the
oblique incidence on industrial reactors as well as the homogeneous coating of a large area plate with
Ti nanocolumns. Moreover, the authors demonstrate that the functionality of the obtained porous Ti
coatings is maintained, exhibiting the same antibacterial properties as those produced at the laboratory.

Finally, important applications based on these films are developed for thin film transistors [21] or
photovoltaic solar cells [22]. In ref. [21] the authors describe a way to improve the performance and
stability of indium–gallium–zinc–oxide (IGZO) thin-film transistors (TFTs), which are widely used in
active-matrix displays. By pretreating the substrate (a SiO2 buffer layer) with F-plasma in a reactive
ion etching chamber before depositing a 30 nm IGZO layer by magnetron sputtering, they describe the
formation of indium fluoride nanoparticles in the interface, which increases the density of the IGZO,
thus improving mobility and bias stability of these oxide TFTs, and allowing for their fabrication at
lower temperatures. In order to improve the characteristics and efficiency of a photovoltaic solar cell, in
ref. [22] the authors introduce a Cu2ZnSnSe4 (CZTSe) nano-layer between the metallic (Mo) electrode
contact layer and the active absorbing perovskite layer (MAPbI3). This nano-layer was deposited by
RF-MS and was later subjected to an annealing process, which greatly improved its hole mobility and
its role as heterojunction layer.

As derived from the ten works presented in this special number, the PVD technology comprises a
family of several deposition techniques, each one of them embracing a number of different geometric
configurations and deposition parameters with a direct effect on the nanostructure, morphology and
properties of the produced film. It also allows deposition of most metals and many ceramic materials
on a wide variety of substrates, since the deposition temperature is low enough to avoid modifications
during the process on most substrate material candidates. Additionally, this is a technology with an
important presence in several industrial sectors, which confirms that many scalability and production
issues are already overcome. All these features provide the possibility of new developments in a
huge range of possible applications, some of them already broadening like among others solar cell
components, electronic and photonic applications, gas, liquid and pressure sensors and actuators,
biosensors, cell-surface interaction, piezoelectric nanogenerators, electrochromic applications, water
splitting fuel cells and hydrogen storage, Li-ion batteries, photovoltaic applications, surface controlled
wettability, nanocarpet effect, anisotropic wetting, etc.

However, in order to reach a given surface nanostructure and architecture, and its consequent set
of desired properties, a deep understanding at an atomistic level of the deposition processes taking
place in both the gaseous and the solid phases involved is needed. The works published in this
special number represent an excellent illustration of the recent achievements reached by means of
the combination of fundamental/applied experimental research and numerical modelling, increasing
this knowledge and enabling the progress in new tailored nanostructured surfaces and thin films.
The potential that these developments suggest for the future of surface engineering can only be
glimpsed nowadays.
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Abstract: In this paper, we overview the recent progress we made in the magnetron sputtering-based
developments of nano-sculpted thin films intended for energy-related applications such as energy
conversion. This paper summarizes our recent experimental work often supported by simulation and
theoretical results. Specifically, the development of a new generation of nano-sculpted photo-anodes
based on TiO2 for application in dye-sensitized solar cells is discussed.

Keywords: magnetron sputtering; GLAD; nano-sculpted films; growth simulations; DSSCs

1. Introduction

In addition to more conventional features such as the thickness, chemical composition, or phase
constitution, the control of the morphology at the submicrometer scale and the associated porosity
is accepted as an essential parameter, allowing the properties of thin films to be tailored. Yet,
for many years, the design and fabrication of nano-sculpted thin films have been recognized as a
new opportunity to improve the performance of the thin films in a wide variety of applications
ubiquitous in our society in the fields of microelectronics, information processing, as well as energy
generation and storage. [1] The main interest toward nano-sculpted films mainly arises from their high
surface-to-volume ratio, allowing for an important developed surface that can be used as examples to
accommodate a large quantity of molecules (i.e., in dye-sensitized solar cells) or to strongly increase
the active sites (i.e., in photocatalytic materials).

Specifically addressing the domain of solar energy harvesting, one of the most frequent
nano-sculpted film architectures is based on fritted nanoparticles thin films [2]. Such a structure,
which is the one used nowadays in dye-sensitized solar cells (DSSCs) as an example, often presents
a very high specific surface area and very good porosity, which is crucial to improving the dye
absorption in the mentioned application. Nevertheless, they also present a dramatic limit in terms
of the relatively low quality of charge carriers transport [3,4]. This problem is often associated with
the scattering of the charge carriers at the numerous grain boundaries between the fritted particles
constituting the film [5]. This has motivated the development of thin films based on one-dimensional
(1D) nanostructures, expected to present a much better facility to transport charge through the film.
In reality, such a thin film consists of a tri-dimensional (3D) arrangement constituted of nano-objects
grown with a preferential direction from the substrate. This means that two of their dimensions are less
than 100 nm while the other can reach several micrometers [6]. Individually, such a 1D object would
avoid the carriers’ transport limitations by creating direct pathways through the material without
particle interconnections, while keeping a high specific surface area. As a consequence, the transport

Nanomaterials 2020, 10, 2039; doi:10.3390/nano10102039 www.mdpi.com/journal/nanomaterials7
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path for the charge collection is efficiently shortened and, in most cases, these materials have higher
electron diffusion coefficients than nonordered nanostructures [7], allowing a large increase in the
thickness of the film. The price to pay for such an architecture is an often lower specific surface area,
as well as porosity, in comparison with the conventional nanoparticles-based thin-film architecture.
Indeed, for the latter, the conventional specific surface area and porosity are ~200 m2/g and >75%,
respectively, while the best reported values for 1D nanostructures-based films are ~140 m2/g and
70%, respectively [8,9]. This has motivated many efforts to improve such a structure in the last few
years. Basically, researchers have been focused on the improvement in the design of these hierarchical
nanostructures, aiming to reach an optimal equilibrium between the specific surface area, porosity,
and charge transport efficiency. As a noteworthy example, Kuang et al. established a systematical
strategy to grow TiO2 hierarchical nanostructures made of nanowires (NW) on which nanorods (NR)
are branched, themselves being sources of nanorods (NR), labeled as NW/NR/NR. These hierarchical
structures have been utilized in solar cell applications, allowing for a conversion efficiency of up to
9% due to a larger specific surface area, lower transport time, and longer electron lifetime than TiO2

nanoparticles [10]. From these results, they concluded that the design of 1D hierarchical nanostructure
thin films is one of the keys to find the best agreement between a high carriers’ reservoir capability and
good charge transport properties in DSSCs.

Numerous processes have been used to synthesize such nano-sculpted materials: Anodic oxidation [11],
electron beam evaporation [12], atomic layer deposition [13,14], sol–gel deposition in a template [15,16],
or hydrothermal methods, which has been intensively utilized by successive treatments to obtain
branched nanowires [17,18]. However, these methods are usually difficult to industrialize, often lead
to the synthesis of amorphous materials, and make necessary the use of solvents and toxic chemicals.
In this context, it is necessary to develop industrially viable alternative synthesis roads for such
structures that would allow a crystallized material to be synthesized with a low environmental impact.
Physical vapor deposition (PVD) techniques are well-established in various manufacturing areas
such as microelectronics, automotive, and biomedical industries [19]. In these fields, plasma-assisted
processes are generally preferred to thermal evaporation in response to requirements of materials
processing at reasonable temperatures. In PVD processes, the target material to be deposited as a thin
film is transformed into the vapor phase by different means, generally involving plasma generation
(except for thermal evaporation). The chemical composition of the deposited film can be tuned by the
addition of various reactive gases (O2, N2, etc.) in order to form oxides, nitrides, or more complex
compounds, which makes the technique versatile.

As a widespread plasma technology, magnetron sputtering, which belongs to the PVD methods
and consists of bombarding a target material with accelerated ions from the plasma, leading to the
ejection of particles (mainly atoms and clusters), has been used to build the thin film. Oxides, nitrides,
or carbides can also be grown by adding pure O2, N2, or C-based vapor sources inside the magnetron
sputtering deposition chamber, the so-called reactive magnetron sputtering (RMS) regime [20,21].
The magnetron sputtering process offers the opportunity for tuning the crystalline constitution
depending on the energy brought to the growing film by adjusting the experimental parameters such
as the applied power [22]. In most of the aforementioned applications, magnetron-deposited films are
meaningful because they are dense, homogeneous, and chemically pure [23].

In this work, in order to generate a 1D structure-based thin film, the so-called nano-sculpted
films, we have utilized magnetron sputtering in glancing angle geometry. Glancing angle deposition
(GLAD) is a particular case of oblique deposition where the substrate position is manipulated during
the film deposition [24]. The technique takes advantage of the ballistic shadowing effect, which allows
the formation of columnar microstructures as the film is growing. The basic operation principle is
presented in Figure 1 and can be summarized as follows: While the substrate is tilted with an angle α

compared to the target normal, the initial nuclei of the depositing film randomly roughen the surface.
Subsequently, the depositing particles nucleate on the substrate, while the region behind the nucleus
does not receive any vapor, because it falls in the shadow of the nucleus. Consequently, a larger number
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of particles will be deposited onto the nuclei than in the shadowed area. This inequality increases
as growth continues. As only the tops of the nuclei receive the depositing material, the nuclei will
develop into columns, tilted in the direction of the incident particles flux and forming an angle β with
the substrate normal (β < α). The β value depends on many experimental parameters as it will be
discussed in this paper.

Figure 1. Schematic description of the ballistic shadowing effect during thin-film growth in glancing
angle geometry (reproduced from [25], Hindawi, 2012).

The key principle of GLAD consists of changing the vapor flux direction to operate ballistic
shadowing and to provide control over the final thin-film morphology. Two degrees of freedom are
obtained by tilting the substrate with respect to the source of particles (α), while rotating the substrate
around its normal axis allows the substrate azimuthal angle

∮
to be controlled with a fixed substrate

rotation speed (
∮

s). Varying
∮

modifies the direction of the incident vapor flux and provides control
over the shadowed regions of the substrate.

There are mainly four archetypal columnar microstructures, which illustrate how substrate motion
affects the microstructure. Basically, inclined columns are obtained when working with a fixed tilt
angle (α) higher than 60◦; zig-zags are generated when rotating the substrate by successive rotation of
the substrate by a 180◦ angle in the latter configuration; and plots or helical structures can be grown
continuously, rotating the tilted substrate during deposition [9]. All of these structures are generated
by modifying the substrate rotation as α is unchanged for each one. The ability to sculpt the film and
access the various morphologies is provided by the trajectory of the incident vapor flux relative to
the substrate surface during deposition. Accordingly, each nanostructure is characterized by a given
porosity (inter-columnar space) that mainly depends on the columnar tilt.

It is important that the incident vapor remains highly directional to avoid merging of the shadowed
regions. Indeed, deposition with a poorly collimated incident flux allows vapor to directly access the
shadowed area. This implies that the mean free path of the particles should be greater than the distance
to the substrate. It is thus evident that PVD techniques such as thermal and electron beam evaporation
are the most prevalent in GLAD research because they allow high target-to-substrate distances and
low operating pressures with small vapor sources. Therefore, GLAD has mainly been utilized in
combination with an evaporation source to grow various nano-sculpted materials [26]. Nevertheless,
using evaporation, the energy brought to the growing film does not allow us to control the crystalline
structure of the deposited films in most of the cases. By contrast, as mentioned, magnetron sputtering
is a recognizable technique to do this even without intentional heating of the growing material. Indeed,
in this case, the crystallization is promoted by the bombardment of energetic particles, as well as
infrared radiation emitted from the target during the sputtering process [27]. Although promising,
the utilization of GLAD geometry in combination with magnetron sputtering, i.e. magnetron sputtering
in glancing angle geometry (MS-GLAD), is surprisingly quite recent [28], and has attracted considerable
interests for 10 years [29].
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In this paper, we aim to overview the work that has been developed in our group during the
past few years, utilizing this original synthesis process to design nano-sculpted thin films that are
ultimately utilized in energy-related applications. Due to the unusual character of the MS-GLAD,
we first had to answer many questions related to the growth mechanism of the nano-sculpted films
by this approach in order to be able to control the synthesized films features (morphology, chemistry,
crystalline constitution, etc.). Indeed, if magnetron-sputtered thin films can be crystallized by a higher
supply of energy, the price to pay is the generation of dense films, inhibiting the effect of the grazing
mode configuration [30]. In order to obtain a full picture of the growth mechanism, experimental as
well as simulation works have been developed. Finally, we will summarize the benefits that can be
associated with the utilization of these nano-sculpted films in energy-related applications, specifically as
the photo-anode in dye-sensitized solar cells (DSSCs), although other applications of our films have
been investigated in our group [31].

2. Materials and Methods

2.1. Experimental Setup

The nano-sculpted films were synthesized in a cylindrical stainless-steel magnetron sputtering
chamber (height: 60 cm, diameter: 42 cm), schematically presented in Figure 2. The chamber was
evacuated down to a residual pressure of 10−4 Pa by a turbo molecular pump (Edwards nEXT400D
160W, Edwards, Irvine, California, CA, USA), backed by a dry primary pump (Edwards nXDS10i,
Edwards, Irvine, California, CA, USA).

Figure 2. Sketch of the deposition chamber used in this work (reproduced from [32], MDPI, 2019).

An unbalanced magnetron cathode was installed in front of the substrate, at the top of the
chamber on which a 2 in. (5.08 cm) diameter and 0.25 in. (0.635 cm) thick target was connected.
The target/substrate distance was fixed at 7 cm. Pure Ti and Mg (both with 99.99% purity) were used as
target materials in this study. In order to modify the phase constitution of the deposited films, the target
was sputtered either in direct current (DC) mode or in the high power impulse magnetron sputtering
(HiPIMS) regime. For the DC mode, an Advanced Energy MDK 1.5 K (Advanced Energy, Denver,
Colorado, CO, USA) power supply was used. The power (P) was fixed at 150 W, corresponding to a
power density on the target surface of 7.5 W·cm−2, which was calculated by taking into account the
target surface exposed to the plasma (~20 cm2). In the HiPIMS regime, a lab-made power supply based
on a one-quadrant chopper topology was used, allowing the generation of short high-power pulses
at the cathode [33]. We have to mention that the discharge voltage is measured at the output of the
lab-made power supply, not directly at the cathode. More information can be found elsewhere [34].
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Argon, which is the sputtering gas with or without O2 as the reactive gas (both with 99.999% purity),
was introduced in the chamber using two distinct mass flow meters in order to grow oxide or metallic
compound, respectively. Note that the gases were mixed prior to being injected in the vacuum chamber.
All thin films were deposited at constant total gas flux. It was fixed at 15 sccm (standard cubic
centimeter per minute) to allow low working pressure (0.13 Pa) according to the pumping rate.

The substrate was installed on a 2-axis manipulator, allowing two rotation motions: Along the α
angle to tilt the substrate from α = 0◦ to α = 90◦ with regard to the cathode axis and/or along the

∮
angle to rotate the substrate step by step or in continuous mode with a given angular speed

∮
s. The α

and
∮

angles were varied in order to generate various morphologies: Discrete rotations (
∮
= +180◦ or

−180◦) allow zigzag structures to be grown, while continuous rotations (
∮

s = 0.1, 1.0 or 10◦/s) lead to
vertical pillars and helicoidal structures.

Silicon single crystals with an (100) orientation and whose resistivity is 5·10−3 Ω.cm,
or fluorine-doped tin oxide (FTO)-coated glasses, were utilized as substrates depending on the
subsequent type of characterization. The substrates were cleaned with detergent solution, rinsed with
ultra-pure water, and placed at the ground potential and at ambient temperature prior to deposition.

2.2. Characterization Techniques

Field emission gun scanning electron microscopy (FEG-SEM Hitachi SU8020, Hitachi, Tokyo,
Japan) was used to observe the microstructure of the nanostructured films, while the nanostructure
was investigated by transmission electron microscopy (TEM Philips CM200, Philips, Amsterdam,
Netherlands). The cross-sectional lamellae of the untreated nanostructured films were prepared by
mechanical polishing and ion milling. Individual columns of the single crystalline thin film were
scratched to observe each column separately.

Grazing incidence X-ray diffraction (GIXRD) analysis (Panalytical Empyrean, Malvern Panalytical,
Malvern, UK) was used to determine the phase constitution of the samples. The Cu Kα1 source
(1.5406 Å) was used and the X-ray source voltage was fixed at 45 kV and a current at 40 mA.

The experimental procedure used to design the DSSCs is described in depth elsewhere [35]. Briefly,
the dye grafting of TiO2-based nano-sculpted electrodes (0.25 cm2) was performed by immersion
overnight in a solution of acetonitrile and tertbutyl alcohol (volume ratio: 1/1) containing dye sensitizer
(0.3 mmol) and (3R),(7R)-dihydroxy-5-cholic acid (Sigma-Aldrich, Saint-Louis, Missouri, MO, USA)
(2 mmol) to avoid aggregation of the dye. Then, the sensitized electrode was assembled with a
platinized FTO electrode, both separated by 25 μm-thick Surlyn® (Dow Chemical, Midland, Michigan,
MI, USA) to prevent the electrolyte from leaking. The internal space was filled with a liquid electrolyte
by using a vacuum backfilling system. The photovoltaic performances of the cells were then measured
under a simulated air mass (AM 1.5) Global spectrum and 1000 W/m2 illumination.

2.3. Simulation Protocol

The simulation of nano-sculpted film growth is possible with kinetic Monte Carlo (kMC)
algorithms [36,37]. This approach is useful for the modeling of various surface processes such
as the nucleation, growth, structural modifications, or dynamic evolution of obliquely deposited
structures [38,39]. These features are implemented into the freely distributed NASCAM (nanoscale
modeling) code (version 4.6.2 rev. 6; University of Namur: Namur, 2018) [40,41], which is particularly
suitable to simulate GLAD processes as it takes into account the motion of the substrate during
deposition (translation, rotation, and oscillation).

In this code, the incoming vapor flux is represented by hard spheres and their mobility is simulated
according to the ballistic deposition approximation for minimizing the computation time. Taking into
account the energy and the angular distribution of the vapor source, those atoms travel toward the
substrate along linear trajectories. Then, the deposited particles become part of the growing film.

As input, the code uses the kinetic energy and angular distribution of the sputtered atoms
calculated by SRIM (stopping and range of ions in matter, SRIM-2013; Chester, Maryland, MD, 21619,
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USA) [42] and SIMTRA (simulation of the metal transport, version 2.2; University of Ghent: Ghent,
2018) codes, respectively. Indeed, the energy and the direction of the particles that are sputtered
from the target material are first calculated by SRIM. Then, SIMTRA simulates the transport of these
species toward the substrate, taking into account all collisions happening in the gas phase. At the end,
the PoreSTAT plugin can be used to evaluate the porosity of the simulated films from the NASCAM
output files [43]. This simulation strategy is presented in Figure 3.

Figure 3. Kinetic Monte Carlo simulation strategy.

The mobility of the atoms that reach the substrate is severely dependent on the energy of
incoming deposited atoms. However, the morphology of the films depends on the different deposition
parameters [44–47]. Consequently, to simulate the growth of thin films synthesized at high temperature
or with high-kinetic-energy incoming atoms, the approximation of ballistic deposition has to be
completed by the diffusion phenomenon [22,27]. Diffusion and evaporation events can take place
between two atom depositions at an equal time interval determined by the deposition rate. For each
step of the simulation, a list of atoms that can diffuse at the surface or evaporate is created for each
possible physical event. The evolution of the system is, thus, determined by the probabilities of the
events that may occur during the simulation. This probability can be implemented into NASCAM
code via their activation energies (Ea), which can either be found in the literature or calculated by
molecular dynamics or potential models.

For each working condition, the energy and the angular distribution of the species can be adapted
by the introduction of the experimental parameters such as the working pressure, the power applied
to the target, the racetrack size, and the target-to-substrate distance. In order to compare simulated
and experimental thin films having the same thickness, the number of deposited atoms (N) and the
substrate size (XYZ) can be tuned in the NASCAM input file. X and Y correspond to the length and
width of the substrate, respectively, while Z accounts for the height of the deposited film in atom units.

2D NASCAM simulations were performed for direct comparison with the cross-sectional film
morphology, while 3D simulations were performed for the porosity evaluation. The Ti and Mg deposition
rates were fixed at 0.5 monolayers per second (0.16 and 0.30 nm/s, respectively), which is of the same
order of magnitude in comparison with their experimental values (0.17 and 0.32 nm/s, respectively).

3. Results and Discussion

In this section, we overview part of our recent works on the synthesis of nano-sculpted thin films.
First, our understanding of the growth mechanisms of these nano-sculpted materials is presented.
Then, their utilization in DSSC applications is demonstrated and discussed.
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3.1. Growth Mechanisms of Metallic Films

In the first attempt, we establish the deposition parameters, allowing the growth of nano-sculpted
metallic thin films by MS-GLAD. Metallic materials were chosen because of their easiest implementation
in the NASCAM software. Ti and Mg were chosen as model materials because their growth mechanism
is expected to be different according to the structure zone model (SZM) of vacuum-deposited materials
published by Movchan and Demchishin [48] (see Figure 4) This model describes the morphologies
of the deposited films according to the homologous temperature Ts/Tm, where Ts is the substrate
temperature and Tm is the melting point of the deposited material. Three zones characterizing different
film morphologies, mainly depending on surface diffusion phenomena, are defined as a function of
Ts/Tm. Zone 1, corresponding to Ts/Tm < 0.3, is characterized by a low diffusion and mobility of
the adsorbed atoms, leading to a columnar structure with fibrous morphology and weakly bounded
grains. For 0.3 < Ts/Tm < 0.5, Zone 2 is reached and the surface diffusion of the adatoms has a
dominant effect on the film growth, leading to a tightly packed columnar grain structure. Finally,
Zone 3, obtained for Ts/Tm > 0.5, corresponds to the condition for which bulk diffusion processes are
activated, enabling the diffusion of the grain boundary, as well as the recrystallization during the film
growth. For room-temperature growth conditions, Ts/Tm is 0.15 and 0.32 for Ti and Mg, respectively,
which clearly highlights different surface diffusion behaviors during the growth of these materials.

Figure 4. Structure zone diagram of Movchan and Demchishin applicable to the film growth by
physical vapor deposition (PVD) (reproduced from [48] with permission from Springer, 2014).

Furthermore, from an application point of view, TiO2 is of great interest as the charge transport
layer in DSSCs [2], while Mg and its hydride are promising candidates for hydrogen storage [49].

3.1.1. Effect of the Angle of Deposition

The effect of the angle of deposition, α, on the morphological properties of Ti and Mg thin films
was first investigated. For this set of experiments, the Ti and Mg films were deposited using high power
(150 and 50 W, respectively) and low pressure (0.13 and 0.23 Pa, respectively) in order to generate a
ballistic flux by maximizing the deposition rate (~10 and ~19 nm/min, respectively). The thickness of
the deposited films was about (500 ± 50) and (620 ± 20) nm for Ti and Mg films, respectively. Ti and Mg
thin films synthesized for various α angles from normal incidence (α = 0◦) to grazing angle (α = 89◦)
with the corresponding kMC simulations are shown in Supplementary Materials, Figures S1 and S2.
A number of 1.2 × 105 and 5 × 105 atoms was chosen for similar experimental and simulated film
thicknesses according to the size of the Ti (X = 250 and Y = 2 Ti atom units) and Mg (X = 1000 and
Y = 2 Mg atom units) simulation boxes, respectively. The evolution of the morphological properties
assessed by the analysis of the cross-sectional SEM (scanning electron microscopy) images, as well
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as by the NASCAM simulation tool for both Ti and Mg nano-sculpted materials as a function of α,
is presented in Figure 5.

Figure 5. SEM (scanning electron microscopy) cross-sectional view with the corresponding simulation
of: (a) Ti and (b) Mg columnar films deposited with α = 85◦. Evolution of the columnar tilt angle (β) as
a function of the angle of deposition (α) for (c) Ti and (d) Mg nano-sculpted thin films. The error bars
were estimated by taking the tilt average over 20 columns (adapted from [50] with permission from
Elsevier, 2017, and from [32], MDPI, 2019).

As expected, the increase in α leads to generation of a nano-sculpted thin film composed by
well-separated tilted columns in both cases (Ti and Mg materials). As explained in the introduction part,
the columnar structure is strongly influenced by shadowing effects, particularly at extreme oblique
incidence angles (>60◦). If many features are common between both systems, we can notice that the
width of the columns is higher for Mg than for Ti (see Figure 5a,b). This is explained by the higher
homologous temperature for the Mg deposition; ~0.35 vs. ~0.19 for Ti, which means that the growth of
Ti thin films belongs to the Zone 1 regime, while the growth of Mg thin films belongs to the Zone 2
regime of the SZM, allowing surface diffusion of the Mg adatoms, which ultimately leads to less dense
and thicker columns compared to the Ti case.

Figure 5c,d shows that, for both metals, the columnar tilt angle (β) and the inter-columnar space
drastically increase in these conditions. However, the β value stabilizes for α ≥ 85◦, whatever the
considered metal. This observation can be explained by the specific geometry of our experimental
setup. Indeed, the diameter of the target (5 cm) has to be taken into account to distinguish α from the
incident angle of the particles as the substrate-to-target distance (8 cm) is not very high in our geometry.
Hence, the majority of the deposited particles comes from the racetrack region of the target. The size
of the particles source thus induces a deviation in the α or

∮
directions corresponding to the angular

distribution of the particles reaching the substrate, and increases with the target diameter. The width
of the sputter flux distribution at 0.13 Pa, considering the geometry we used, was determined by using
SIMTRA, and the angle of deviation was simulated to be around 10◦ (see Supplementary Materials,
Figure S3). A stabilization of the β value for α ≥ 85◦ was observed because the geometrical inclination
of the substrate leads to an asymmetric deposition, and the particles sputtered at the left side of the
target have a higher probability to reach the left side of the substrate compared to those sputtered on
the right side.

All these behaviors are in almost perfect agreement with the simulated data, as shown in
Figure 5c,d, which demonstrate the relevance of the modeling approach that is utilized. From these
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data, it is finally possible to highlight the importance of surface diffusion in the generation of such
nano-sculpted metallic films.

On the other hand, a systematic lower β value in comparison with α is observed in all situations
for both metals. This might be understood by the parallel momentum (kinetic energy) conservation
principle [51]: under oblique incidence, the amount of kinetic energy conserved in the direction parallel
to the film surface is determined by the angle of incidence. Thus, β varies with α and the kinetic energy
of the impinging vapor atoms.

Based on these initial works, α = 85◦ was chosen for all subsequent thin-film syntheses as it allows
well-defined columnar structures to be produced at reasonable deposition rates.

3.1.2. Effect of the Deposition Pressure

The deposition pressure (Pdep) is another important parameter in GLAD experiments. In this part,
Pdep was varied from 0.13 to 1.3 Pa, while the sputtering power was fixed at 50 W for Mg and 150 W for
Ti, and α was fixed at 85◦ in both cases. As this parameter does not influence the surface diffusion of
the adatom, a similar dependence is observed for Ti and Mg. Therefore, we will only discuss the results
obtained for the Ti films. A detailed description of the Mg case can be found elsewhere [32], and the
cross-sectional SEM images associated with the simulated data are presented in the Supplementary
Materials, Figure S4.

From the data shown in Figure 6, we learn that β rapidly decreases as Pdep increases, from (52.7 ± 2.0)◦
for 0.13 Pa to (13.8 ± 1.9)◦ for 1.3 Pa. As the collision probability increases with Pdep, this is attributed to
a decrease in the collimation of the incident particle flux. Indeed, this probability is expressed by the
mean free path of the sputtered atoms (λ) and is inversely proportional to Pdep as follows:

λ =
kBT√

2πd2Pdep
(1)

where kB is the Boltzmann constant, T is the temperature in K, Pdep is the pressure in Pa, and d is the
diameter of the gas particles in m [52]. Considering the atomic diameter of Ti particles (1.4 Å), λ ranges
from 45 to 4.5 cm between 0.13 and 1.3 Pa, respectively. Owing to the target-to-substrate distance used
in this work (8 cm), an increase in Pdep to 1.3 Pa induces a large amount of collisions between particles,
resulting in a divergent particle flux reaching the substrate, and the film becomes denser.

Figure 6. Ti thin films synthesized at 150 W and 85◦ for various deposition pressures: (a) 0.13; (b) 0.26;
(c) 0.65; (d) 1.3 Pa with the corresponding simulations. The red angle accounts for the average columnar
tilt angle (β) estimated by over 20 columns (adapted from [50] with permission from Elsevier, 2017).

The comparison between experimental and calculated values of β as a function of Pdep, as well as
the calculated λ value for Ti atoms, is shown in Figure 7. The critical Pdep value from which λ becomes
smaller than the target-to-substrate distance is estimated as ~0.7. Very few collisions occur through the
vapor phase below this value, while numerous collisions between particles occur at higher pressure.
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Figure 7. Columnar tilt angle as a function of the deposition pressure for experimental and simulated
thin films. The blue line corresponds to the evolution of the mean free path of the sputtered Ti atoms
calculated from Equation (1) (reproduced from [50] with permission from Elsevier, 2017).

SIMTRA calculations support this hypothesis as the simulated number of collisions between
particles increases from 0.7 to 25 when increasing Pdep from 0.13 to 1.3 Pa. Furthermore, the angular
distribution of the incoming Ti atoms has a low standard deviation (<30◦) at 0.13 Pa, while it presents
a large deviation (>100◦) at 1.3 Pa [50].

Based on these analyses, the range of pressures where a ballistic deposition process occurs is,
in our situations, from ~0.13 and ~0.26 Pa.

3.1.3. Effect of the Substrate Temperature

The substrate temperature (Ts) is one of the most important parameters influencing the growth
mechanism of MS-GLAD thin films as the mobility of the adatoms, which is demonstrated to be a key
element, can be activated through many diffusion phenomena by increasing Ts.

Tilted columnar Ti thin films were synthesized for 373 K < Ts < 873 K, where 373 K corresponds
to the substrate surface temperature without intentional heating. This value is higher than the ambient
temperature because of energy transfer phenomena occurring at the plasma-growing film interface
associated with the IR radiation emanating from the Ti target [27]. The sputtering power was fixed
at 150 W while Pdep = 0.13 Pa and α = 85◦. Figure 8 shows that by increasing Ts, β decreases from
(52.7 ± 1.8)◦ to (41.2 ± 1.5)◦. This can be understood according to the SZM diagram discussed in
Section 3.1 (see Figure 4). Indeed, based on this diagram, we learn that the films synthesized for Ts up
to 523 K belongs to Zone 1 (Ts/Tm ≤ 0.27), meaning that the surface diffusion is limited, allowing for the
formation of porous and well-defined columnar morphologies. The geometric configuration governs
the formation of microstructures in these conditions, leading to a strongly anisotropic deposition with
a low influence of Ts on β. However, for 723 K < Ts < 873 K (i.e., 0.37 < Ts/Tm < 0.45), the films belong
to Zone 2 of the SZM diagram. In that case, the anisotropic character of the deposited films is induced
by the activation of surface diffusion, leading to a decrease in β.

In order to simulate the growth of nano-sculpted films at high temperature, the approximation of
ballistic deposition, therefore, has to be completed by diffusion phenomena. The physical mechanisms
that can be thermally activated, such as diffusion on a substrate and hopping from a substrate on an
island, behave according to the following exponential law:

wi = w0 exp
(−ΔEa

kBT

)
(2)

where w0 is the attempt rate that can be estimated as w0 = 2kBT, and ΔEa is the activation energy for
the physical mechanism.
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Figure 8. Ti thin films synthesized at 150 W, 0.13 Pa, and 85◦ for various substrate temperatures: (a) 373; (b)
523; (c) 723; (d) 873 K with the corresponding simulations. The red angle accounts for the average columnar
tilt angle (β) estimated by over 20 columns (adapted from [50] with permission from Elsevier, 2017).

Based on many sets of simulations, it appears that the critical events of diffusion that affect
the morphology of the films synthesized by GLAD are the hop up and hop down from one atomic
layer to another (Ea,up and Ea,down, respectively). The values leading to a better agreement with the
experimental data are 2.0 and 2.5 eV for Ea,up and Ea,down, respectively, while Ea,diffusion is fixed at
1.35 eV. Finally, the low Ti vapor pressure (10−4 Pa at 1783 K [53]) strongly limits the probability that an
evaporation event occurs in the temperature and pressure conditions used in this work, and is lower
than a diffusion event. Consequently, Ea,evap was fixed at 5.0 eV.

Simulations were, thus, performed for the same conditions than for the experiments to evaluate
the impact of the diffusion phenomena on the film morphology (see Figure 8). The agreement between
the experimental and simulated data validate that the diffusion is the reason for the evolution of βwith
Ts. Based on that, it is possible to adapt the empirical model proposed by Movchan and Demchishin
for thin films deposited at oblique angles with different Ts [50].

Similar experiments were performed for the Mg case by varying Ts between 313 and 573 K with
the other experimental conditions as follows: P = 50 W, Pdep = 0.26 Pa, and α = 85◦. As previously
discussed, Mg is a high-mobility material as its melting point is low enough to allow a Zone 2 growth
mechanism at room temperature. The cross-sectional SEM images are presented in Figure 9.

Figure 9. Mg thin films synthesized at 50 W, 0.26 Pa, and 85◦ for various substrate temperatures: (a) 313;
(b) 353; (c) 433; (d) 473; (e) 573 K.

The films grown for Ts = 313 and 353 K, corresponding to a homologous temperature of ~0.34 and
~0.38, respectively, reveal a columnar structure with a decrease in β and a larger columnar width when
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increasing Ts, which is a similar behavior to Ti. For higher temperature, the columnar structure is lost
and faceted grains appear. This is due to the activation of the bulk diffusion processes leading to bigger
and recrystallized grains, as predicted by the SZM diagram in the Zone 3 regime that is reached in
these conditions (Ts/Tm ~ 0.51 and 0.62, respectively). Figure 9c represents the intermediate situation
(Ts/Tm ~ 0.47) where a weak columnar structure with large grains and reduced inter-columnar spaces
can still be observed.

3.1.4. Effect of the Substrate Rotation

Using the optimal conditions established above (low Ts and Pdep, namely 373 K and 0.13 Pa,
respectively), the effect of the rotation angle (

∮
) on the microstructure of the Ti film was evaluated.

As a reminder, a variation in
∮

(+180◦ or −180◦) leads to zigzag structures with various numbers of
branches depending of the number of cycles, while vertical or helicoidal structures are generated for a
continuous rotation of the substrate (0.1, 1.0, or 10.0◦/s), as shown in Figure 10.

At the bottom of the images, we can observe the initial stages of the growth including a large
number of small objects. Then, the number of nano-objects rapidly decreases due to the competitive
growth occurring, while the film becomes thicker. This effect is more pronounced by the modification
of substrate orientation during the generation of zigzag structures, which also induces a variation in β
(see Figure 10a). The rotation of the substrate with

∮
modifies the local deposition geometry. The first

nuclei are deposited with a uniform α onto a flat substrate, allowing a corresponding β. After that,
the substrate is rotated at 180◦ and the incident vapor thus meets a surface with a different orientation
because deposition then takes place on top of the first object. The effective local deposition angle α’
that occurs during the deposition with α onto a tilted column with β is then α’ = α + β − 90◦ [54].

The corresponding simulated data are obtained without taking into account diffusion phenomena.
The evolution of the growth, as well as the final microstructure (β variation between two zigzags),
are reproduced well. The inter-column competition, explaining the decrease in the number of
nano-objects during the film growth, starts during the nucleation stage. Hence, the evolution of
the columnar growth is driven by this competition mechanism and generates a film morphology
scale-invariant, in view of the different stages of the growth [55].

Figure 10. Ti thin films (150 W, 0.13 Pa, 85◦) deposited at various rotations of the substrate to generate:
(a–c) Zigzag structures; (d) helicoidal structures at 0.1◦/s; vertical pillars at (e) 1.0◦/s and (f) 10.0◦/s with
the corresponding simulations. The red angle accounts for the average columnar tilt angle (β) (adapted
from [50] with permission from Elsevier, 2017).
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3.1.5. Evolution of the Porosity

In order to obtain an evaluation of the porosity of our films, a NASCAM simulation has been used.
This is one of the most important outputs of these simulations as it is very difficult to experimentally
measure such a kind of porosity in thin-film materials. To do this, the output data of the NASCAM
simulations were treated using the PoreSTAT plugin, which basically defines the size of the pores in
order to evaluate the porosity (Φ) of the generated structures. In the case of Mg thin films, we observed
a linear evolution of Φ with the so-defined aspect ratio (Г), which corresponds to the ratio of the
inter-columnar spaces on the width of the columns (see Figure 11), assessed from electron microscopy
images. This parameter gives an indication of the specific surface area of the material. For example,
more space between the columns or a reduction in the column width will lead to an increase in the
material porosity, and thus, of Г. Therefore, the tuning of the key parameters during the growth such
as Pdep and α allows the film porosity to be finely monitored, which is very interesting in view of the
applications that are foreseen.

For Ti thin films, similar simulations have been performed with even more details. Indeed, in this
case, the porosity has been computed as an “effective porosity,”Φe, because the porosity value depends
on the size of the object that could penetrate the system. To do this, two molecules (M1 and M2)
having different diameters (0.64 and 3.20 nm, respectively) have been considered to penetrate the
Ti nano-sculpted films. The calculated ratio between the total porosity volume and the accessible
porosity for M1 and M2 molecules penetration gives the Φe for each molecule. This gives a flavor of
the organization of the porosity at the nanoscale. Many models have been performed for different
types of Ti nano-sculpted films. Figure 12 summarizes the evolution of Φe with various experimental
parameters for M1 and M2 molecules.

Figure 11. Evolution of the porosity as a function of the aspect ratio for Mg nano-sculpted films
deposited at various deposition pressures and α. The inset illustrates the definition of the aspect ratio,
Г (adapted from [32], MDPI, 2019).

A significantly higher Φe value is obtained for the smallest molecule in all studied conditions:
Around 60% for M1 vs. less over 5% for M2. This can only be explicated by the nanoscale structure
of the film, suggesting a hierarchical growth, as observed in both TEM image and 2D simulation
(see Figure 13): large micro-columns are formed by the agglomeration of the nano-columns upon
increase in the film thickness. This is especially the case in low-mobility deposition conditions.
Since then, the open-porosity from the nano-columns has not been available for the grafting of large
molecules such as M2.
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Figure 12. Kinetic Monte Carlo (kMC) tri-dimensional (3D) analyses of the effective porosity for different
conditions with pore sizes above 0.64 nm (M1) and above 3.2 nm (M2) (reproduced from [50] with
permission from Elsevier, 2017).

Figure 13. (a) Transmission electron microscopy (TEM) image of a Ti micro-column constituted by
nano-columns from a Ti thin film synthesized at 0.13 Pa, 150 W, and 85◦; (b) the corresponding kMC
simulation where each atom is represented by its covalent radius (reproduced from [50] with permission
from Elsevier, 2017).

The results presented in Figure 12 also revealed that: (i) high Pdep induces lowΦe values, which is
associated with the already discussed densification of the film, while (ii) the largest Φe values are
obtained with a high substrate rotation speed or high number of zigzags. The latter behavior can
be understood by the fact that the inter-columnar spaces become larger when a reduced number
of growing columns are promoted because of the modification of the substrate orientation during
deposition. Furthermore, the Φe associated with the M1 molecule is quite constant because of its small
size. Indeed, M1 might impregnate the film even without variation in

∮
. Consequently, increasing the

inter-columnar space by modifying
∮

does not influence the Φe value of sufficiently small molecules.

3.2. Nano-Sculpted Oxide Films

From our work on metallic films, we learn that the melting temperature and the associated reduced
temperature is a key element, allowing the structure of nano-sculpted films synthesized by MS-GLAD
to be understood. Therefore, we expected a different impact for TiO2 and MgO thin films compared to
their respective metallic form as the melting point of TiO2 is close to that of Ti (~2116 vs. ~1941 K,
respectively), while for MgO, the difference is important (~3125 vs. ~923 K for Mg). For both Ti and
Mg cases, therefore, we synthesized the corresponding oxides by adding O2 to the RMS-GLAD process.
Detailed descriptions of these studies can be found in [9] and [31], respectively.
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As expected from the difference in melting points between Ti and TiO2, we do not observe significant
differences from cross-sectional SEM images between the morphologies of both nano-sculpted films
prepared for similar conditions (Figure 14a,b). Indeed, in both cases, Ts/Tm belongs to the Zone
1 regime (~0.19 vs. ~0.18, respectively). This suggests that our understanding of the growth of
nano-sculpted thin films by RMS-GLAD based on the value of Ts/Tm is adapted independently of
the chemistry of the studied compound. This observation is further supported by experimental data,
revealing that self-diffusion from the bulk to the surface is initiated for temperatures higher than 400 K
in TiO2 [56]. This temperature is higher than the Ts value reached without intentional heating in our
work (~373 K). We can, therefore, conclude that the growth mechanisms for Ti and TiO2 are very close
and that, as a consequence, the generated nano-sculpted films are similar. This is important as the
simulation approach employed in our work is not yet adapted to the growth of oxide materials and,
therefore, cannot be used to predict the morphology of such materials.

Nevertheless, this conclusion has to be moderated in certain situations such as that of pillar
films shown in Figure 14c,d. In this case, because of the significantly lower deposition rate of the
materials (2 vs. 10 nm/min for TiO2 and Ti, respectively), the number of turns of the helical column
increases consistently with the rotation speed, resulting in an elongated morphology [57]. Consequently,
TiO2 films have an elongated morphology by reducing the helical pitch (i.e., the height of one turn
of a helix) due to the lower deposition rate, for similar rotation speed. However, the rotation speed
limitation of the substrate holder (0.1◦/s) does not allow the synthesis of films, presenting a morphology
with large helicoidal pitches as that observed for Ti.

Figure 14. Cross-sectional SEM images of nano-columnar (a) TiO2 and (b) Ti thin film deposited at
150 W, 0.13 Pa, and α = 85◦. Cross-sectional SEM images of helicoidal (c) TiO2 and (d) Ti thin film
deposited at 150 W, 0.13 Pa, α = 85◦, and

∮
s = 0.1◦/s (adapted from [50] and [9] with permission from

Elsevier, 2017 and 2015, respectively).

As expected from the melting temperature difference between Mg and its corresponding oxide
MgO, the story is different in this case. It indeed appears that the morphology of the sample is
strongly affected by the addition of O2 in the gas mixture (see Figure 15). The features of the columnar
structures, i.e., the column width and the inter-columnar space, are reduced from (171 ± 18) to (56 ± 11)
nm and from (120 ± 25) to (37 ± 16) nm, respectively, when increasing the flux of O2 added to the
discharge. Furthermore, the shape of the single columns is affected as well because pure Mg columns
are strongly faceted, while they are no longer faceted when a small amount of O2 is added to the
discharge. However, β remains stable beyond the transition.
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Figure 15. Cross-sectional SEM images of nano-columnar (a) Mg and (b) MgO thin film deposited at
50 W, 0.26 Pa, and α = 85◦. The white angle accounts for the average columnar tilt angle (β) estimated
by over 20 columns.

The modification of the chemistry of the deposited material actually impacts the diffusion kinetic
of the growing material on its substrate. Indeed, in this case, Tm/Ts is significantly reduced for the
MgO situation when compared to the Mg case (~0.10 vs. ~0.35, respectively). The deposition of MgO
nano-sculpted films, thus, belongs to the Zone 1 regime of the SZM while the deposition of Mg belongs
to the Zone 2 regime, as described above. This leads, for MgO, to a denser population of thinner grains
acting as starting sites for the columns growth, thus explaining the evolution of the film microstructure
in reactive conditions.

3.3. Growth Model for GLAD Deposited Thin Films

Based on the aforementioned studies, it is possible to adapt the empirical model for thin films
deposited at normal incidence (α = 0◦), proposed by Movchan and Demchishin, to deposition in an
oblique angle configuration with different Ts (see Figure 16).

Figure 16. Growth models expected for oblique angle deposition at different substrate temperatures
(reproduced from [50] with permission from Elsevier, 2017).

As already mentioned, the parallel momentum affects β, especially when the diffusion process is
favored as it is the case under oblique incidence. In addition to that, the diffusion is also enhanced
during deposition at high temperature. Thus, the homologous temperature limits of the adapted
growth model for thin films under oblique incidence are the same as the normal incidence case.
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In Zone 1 (Ts/Tm < 0.3), the diffusion process hardly takes place and the incident particles generally
stay in the original deposition site, leading to a high number a thin columns producing small and
numerous inter-columnar spaces.

For 0.3 < Ts/Tm < 0.5, Zone 2 is reached, allowing hops up and hops down events after
accommodation, until adatoms reach an “energetically favorable” site. The number of columns
will, thus, decrease but become thicker because of the agglomeration process.

A further increase in Ts finally allows Zone 3 (Ts/Tm > 0.5) to be reached. The diffusion processes
are increasingly enhanced and are now almost perpendicular to the substrate surface. Thus, the adatoms
are able to reach the shadowed area, leading to the coalescence of the columns. The films porosity is thus
highly reduced. More information about the time before accommodation can be found elsewhere [50].

3.4. Nano-Sculpted TiO2 Films for Dye-Sensitized Solar Cell Applications

If the fundamental understanding of the observed phenomenon is the key element motivating our
efforts, the applications of the developed materials in a meaningful field such as that of energy-related
technologies are equally important. Therefore, the developed nano-sculpted thin films have been
employed for energy-related applications such as for the design of novel hydrogen storage materials [32]
or of novel photoanodes in DSSCs. The most important results obtained for the latter case will be
summarized in the following pages.

3.4.1. Context

Considering current global concerns about the increase in energy consumption, the depletion
of deeply used fossil fuels associated with the consequences of global warming makes the efficient
use of renewable energies a major economic and environmental interest. Among all the studied
renewable energy-based technologies, solar energy is definitely the most promising of them because
of its abundance. In this context, dye-sensitized solar cells (DSSCs) are recognized as a potential
low-cost photovoltaic solution owing to its many attractive advantages: Cheap production cost,
tunable transparency, aesthetic capability, lightweight devices, but most importantly, good performances
under low-illumination and high-temperature conditions [2,58,59].

The conventional architecture of a DSSC involves three key components: A porous array of n-type
semiconductors (classically sintered TiO2 nanoparticles), on which an electron-donor dye is adsorbed,
both forming the photo-anode. The role of the dye is to absorb solar photons that causes its excitation,
followed by electron injection into the conduction band of the semiconductor. Finally, the oxidized
dye is regenerated by a redox liquid electrolyte, and the semiconductor transports the electron from
the interface with the dye to the electrode [2,58,60]. The liquid electrolyte solution is then reduced at
the counter electrode by electrons coming from the photo-anode via the external circuit. A scheme
representing the different layers of DSSCs is shown in Figure 17.

In the first development of this technology in 1991, the efficiency was about 7–8% [2]. Most of the
shortfall was due to the weak absorption of low-energy photons by common dyes and to the high rate
of electron–hole recombination at the semiconductor/dye and/or semiconductor/electrolyte interfaces.
Hence, molecular engineering of the dyes and the development of new electrolyte mediators associated
with the optimization of the device fabrication have enabled us to reach solar-to-electricity conversion
efficiencies of 14% at the highest [61–64]. In addition, it is also accepted that the semiconductor
composition and morphology strongly impact the performances of DSSCs, as recently reviewed
by Maçaira et al. [65]. TiO2 is considered nowadays as the best material because it is abundant,
cheap, nontoxic, very stable under visible-light irradiation, and characterized by a wide bandgap,
providing a high transmittance in the near UV-visible light region [66,67]. However, the conventionally
used TiO2-sintered nanoparticles electrodes are known to limit the charge transport by the structural
disorder at the nanoparticles boundaries, enhancing electron scattering. This highly reduces the charge
collection at the photo-anode, therefore limiting the current provided by the solar cell [9].
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Figure 17. Schematic electron transport pathway in dye-sensitized solar cells (DSSCs).

Regarding the morphology, as well as the composition of the semi-conductor, being of major
interest to allow a high dye uptake, as well as optimized charge transport efficiency, the recent advances
performed by the use of nano-sculpted TiO2-based photo-anodes is discussed in the following sections.

3.4.2. Nano-Sculpted TiO2 Thin Films as Photoanode Material

In order to assess the potential of all morphologies that can be generated by RMS-GLAD,
their respective aspect ratio, Г (see Figure 11 for the definition), was evaluated from the analysis of
SEM pictures. As expected, Г depends on the film morphology: A dense film presents a 0 value
while the largest value (0.3) is calculated for the slanted columnar morphology (SCM). According to
the Г parameter, the SCM morphology appears, therefore, to be the best candidate for optimizing
the dye uptake capability [68]. This has been verified by assessing the desorption of dye to evaluate
the effective specific surface area of the different films. Ru complex dye N719 was used as it allows
a reversible grafting on the films. After dye absorption by dip coating of the thin films with fixed
surface and thickness, the films were rinsed and immersed in a KOH solution in order to desorb the
dye. The absorbance of the resulting solution was thus measured by UV-vis spectrophotometry to
ultimately calculate the dye concentration using a calibration procedure. The SCM films allow the
highest absorption in agreement with the expectations from the Г values. The highest specific surface
area of 86 m2/g was obtained for films deposited with α = 85◦, while the optimized film thickness was
evaluated at 3.5 μm with a surface area enhancement around 200 m2

N719/m2
substrate [68].

The crystalline structure of the deposited films was investigated by X-ray diffraction, which reveals an
anatase phase for all generated morphologies. To obtain space-resolved information, electron diffraction
during TEM experiments was performed, showing that the films are not homogeneously crystallized:
An amorphous phase is deduced at the substrate interface while the anatase phase was detected near
the surface region. This late crystallization at the end of the film growth can be explained by a gradual
heating of the substrate by ions bombardment, surface reactions, and intense IR radiation emanating
from the target [27].

In view of the utilization of these films in DSSCs, a homogeneous crystallization of the material
is necessary. The usual strategies allowing us to improve the crystalline quality of RMS-deposited
films have, therefore, been evaluated, namely biasing the substrate, the substrate heating during
the deposition, and the post-annealing of the synthesized films. The data, fully described in [9],
revealed that a substrate polarization allows the control of the crystalline phase from pure anatase
to pure rutile, but leads to the densification of the thin films while both heating procedures allow
a better crystallization into the anatase phase without significantly affecting the film morphology
(see Figure 18).
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Figure 18. High-resolution TEM picture of an isolated column from a slanted columnar TiO2 thin
film annealed 2 h at 773 K; (a) the corresponding electron diffraction patterns; (b) high-magnification
pictures at various locations.

These films have then been utilized as the photo-anode in DSSCs. SCMs synthesized for different α
and thicknesses were investigated. A reference photo-anode based on conventional TiO2 nanoparticles
powder was systematically built to validate the utilization of our thin films. The photovoltaic
parameters, i.e., the fill factor (FF), open-circuit voltage (Voc), short-circuit current (Jsc), and efficiency
(η), are presented in Figure 19.

Figure 19. (a) Photovoltaic performances of liquid DSSCs integrating a slanted columns-based TiO2

film as the photo-anode and according to the thickness of the latter; (b) plot of the cell efficiency
according to the corresponding Jsc.
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First, FF and Voc parameters are constant around 72% and ~800 mV, respectively. These observations
are not surprising, as the combination of MS and GLAD allows well-adherent and -ordered sculpted
TiO2 thin films to be generated onto the FTO layer, ensuring a good contact. All photo-anodes were
post-annealed under an identical procedure, leading to the same crystalline structure.

Furthermore, Figure 19b reveals that the cell efficiency linearly evolves with the current density
produced by the cell whatever the angle of deposition. This means that the quantity of adsorbed dye
through the corresponding Jsc is mainly responsible for the overall efficiency of our DSSCs. However,
the reference cell based on TiO2 nanoparticles is characterized by the relatively same FF and Voc

(69% and 752 mV, respectively), while the Jsc and η are around 20 mA·cm−2 and 10.7%, respectively,
meaning that Jsc is the parameter responsible for the four-times-higher efficiency. Consequently,
the slanted columnar morphology allows good charge transport while the density of adsorbed dye
remains the critical parameter [35].

3.4.3. A Nano-Sculpted TiO2/TiO2 Nanoparticles Hybrid Approach

The easiest way to increase the dye absorption density would be to use thicker photo-anodes.
Nevertheless, this option is limited by the RMS process, which allows for the synthesis of less
than ~1 μm films typically. On the other hand, the low deposition rate of the nano-sculpted films
(~2 nm/min typically) would also be a limiting factor. Therefore, as an alternative, it has been decided
to impregnate the nano-sculpted TiO2 films with a solution of anatase TiO2 nanoparticles (Solaronix®,
Aubonne, Switzerland) ~20 nm by spin coating. In this way, a hierarchical structure is formed and the
voids between the columns are exploited to ultimately increase the dye molecule absorption by the
nanoparticles, allowing for a better dye uptake. A cross-sectional SEM image of this hybrid system is
shown in Figure 20.

Figure 20. Cross-sectional SEM picture of a slanted columnar thin film (4.3 μm) after spin coating by a
TiO2 nanoparticles solution.

The photovoltaic performances of the DSSCs based on this hybrid photo-anode have been
evaluated, and the results are presented in Figure 21a. First, it appears that the incorporation of NPs
significantly increases the absorbance of the film to a value of 0.0518 in comparison with the value of
0.0243 for the SCM thin films (4.3 μm) alone. The incorporation of NPs significantly improves the Jsc

value from 4.6 mA/cm2 for a “simple” columnar thin film (4.3 μm) to 10.6 mA/cm2 when adding the
NPs (4.3 μm). The differences in terms of light absorption appear to be the main explanation for the
different Jsc values that are measured, whereas for the screen-printed NPs film (9.6 μm), which absorbs
the light one order of magnitude better than the SCM photo-anode, the Jsc value and η are only
improved by a factor of 4. These results suggest that for the screen-printed NPs, in spite of the amount
of dye adsorbed, which is much larger, many of the generated charge carriers are not collected, which is
in line with the structural disorder of NPs that contributes to the loss of charges.
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Figure 21. (a) Photovoltaic performances of DSSCs based on various photo-anode architectures.
Schematic representation of the electron transfer occurring in photo-anode based on: (b) Slanted
columnar thin film; (c) the combination of slanted columns and nanoparticles; (d) nanoparticulate
thin films.

These results can be explained by the synergistic effect between the monocrystalline column,
which act as extremely good conductive media for the electron, while the additional nanoparticles in
the inter-columnar voids help to graft more dye and, therefore, to increase the amount of generated
photoelectrons. On the contrary, for a conventional nanoparticle anode, the adsorption of the dye
is of very good quality, but the generated electrons are lost due to the already mentioned defective
structure of the anode. These mechanisms are depicted in Figure 21b–d. It is worth stressing that
the comparison between the different photoanode architectures was not made with films of the same
thickness, owing to the following assumption: It is accepted that Jsc linearly increases as a function of
the thickness of the nanoparticle-based thin film, before reaching a plateau and finally decreasing [69].
As the thicknesses considered in our work (<10 μm) still belong to the linear region, the recombination
rate is not yet a limiting parameter, allowing our discussions and conclusions to be meaningful.

We can, therefore, conclude that, in this case of study, the integration of NPs allows an increase in
the light absorption by improving the dye impregnation, while the nano-sculpted thin film allows
an efficient collection and transfer of charges, avoiding the recombination reactions. Generating this
synergistic effect between the nanoparticles and the single crystalline columns seems to be a good
strategy to ultimately increase the overall efficiency of DSSCs.

4. Conclusions

This work summarizes our recent research related to the development of nano-sculpted thin films
by magnetron-sputtering-related technologies and to their use in energy-related applications. We first
describe our understanding of the growth mechanism associated with the novel utilization of the
glancing-angle geometry in magnetron sputtering processes, the MS-GLAD process. The synthesis
of model nano-sculpted Ti and Mg films was investigated by using a joint experimental–modeling
approach based on kMC simulations implemented in the NASCAM code.

Based on the different morphological properties of Ti and Mg coatings grown for similar
experimental conditions, it appears that the homologous temperature as defined in structural zone
models, Ts/Tm, is one of the key parameters to finely control the growth of nano-sculpted coatings by
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MS-GLAD. When comparing the two considered metals, this parameter is different enough to allow
for different growth regimes, from Zone 1 for Ti to Zone 2 for Mg. Basically, this parameter mainly
defines the importance of the adatom diffusion processes that is, at room temperature, negligible in the
Ti case (the ballistic deposition approximation is sufficient), while events such as hops up and hops
down from one atomic layer to another should be taken into account to accurately describe the growth
of Mg nano-sculpted thin films. This rationalization based on the homologous temperature of the
deposited material can even been extended when considering a different chemistry of the system, i.e.,
an oxidation of the deposited material. Indeed, in such a situation, it is shown that, as expected by the
values of the homologous temperature, Ti and TiO2 behave almost similarly while a strong impact is
observed for Mg.

The other key parameters are related to the collimated nature of the depositing flux and on
its impact on the shadowing effect, which is the basic effect when GLAD geometry is considered.
Therefore, it has been demonstrated that the deposition pressure, which strongly affects the collimated
character of the depositing flux through the mean free path of the particles, has to be low enough
(<0.26 Pa) to trigger the formation of the different nano-sculpted structures.

In comparison with the conventional combination of GLAD with evaporation, it is shown that
the utilization of magnetron sputtering in given conditions allows for a good crystallization of the
deposition material, which is important in many applications. In particular, for TiO2 thin films,
we demonstrate that anatase monocrystalline-like nanocolumns-based thin films can be synthesized.

From an application point of view, nano-sculpted TiO2 coatings were integrated into the
photo-anode of dye-sensitized solar cells (DSSCs). First, it appears that the devices based on
nano-sculpted thin films outperform nanoparticles-based DSSCs both in terms of charge harvesting and
charge recombination. However, the photo-anode thickness drastically affects the cell performances,
indicating that the critical parameter is the adsorbed dye density. This problem has been addressed by
combing the nano-sculpted TiO2 films with a spin-coated TiO2 nanoparticles solution. This hybrid
system demonstrates a synergetic effect between the columnar thin film and the absorbed nanoparticles,
which significantly improved the efficiency of the DSSCs by simultaneously enhancing the charge
transport and the quantity of adsorbed dye molecules.

We believe that the development of novel magnetron sputtering approaches to design materials
presenting a well-defined morphology at the nanoscale consists of an important opportunity for this
well-established technology.
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thin films synthesized at various deposition pressures.
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Abstract: We report the performance improvement of low-temperature coplanar
indium–gallium–zinc–oxide (IGZO) thin-film transistors (TFTs) with a maximum process temperature
of 230 ◦C. We treated F plasma on the surface of an SiO2 buffer layer before depositing the IGZO
semiconductor by reactive sputtering. The field-effect mobility increases from 3.8 to 9.0 cm2 V−1·s−1,
and the threshold voltage shift (ΔVth) under positive-bias temperature stress decreases from 3.2 to
0.2 V by F-plasma exposure. High-resolution transmission electron microscopy and atom probe
tomography analysis reveal that indium fluoride (In-F) nanoparticles are formed at the IGZO/buffer
layer interface. This increases the density of the IGZO and improves the TFT performance as well as
its bias stability. The results can be applied to the manufacturing of low-temperature coplanar oxide
TFTs for oxide electronics, including information displays.

Keywords: low-temperature coplanar IGZO TFT; bias stability; In-F nanoparticles

1. Introduction

Indium–gallium–zinc–oxide (IGZO) thin-film transistors (TFTs) are widely used as a TFT
backplane for active-matrix liquid-crystal displays (AMLCDs) and active-matrix organic light-emitting
diode (AMOLED) displays due to their higher mobility and smaller subthreshold swing compared
to amorphous silicon (a-Si) TFTs [1–4]. To realize the future of displays with flexible and
transparent functions, transparent polyimide (PI) and poly(ethersulfone) (PES) could be used, and
a low-temperature process (~230 ◦C) is required. The advantage of oxide TFTs is that they require
a low-temperature process, but a relatively high-temperature process at about 350 ◦C is being used
for the mass production of displays. This is mainly due to the improvement of the mobility and
bias stability of oxide TFTs [5,6]. It is noted that the quality of SiO2 depends on its substrate process
temperature; the density and leakage through SiO2 and electrical breakdown voltage could be
improved by increasing the deposition temperature of SiO2. The buffer SiO2 of coplanar structures and
the gate dielectric SiO2 of back-channel-etch (BCE) structures are usually deposited at 300 to 400 ◦C by
plasma-enhanced chemical vapor deposition (PECVD) for display applications [7,8]. The coplanar
structure of IGZO TFTs has the advantage of negligible overlap capacitance between the gate and
source/drain electrodes, and thus, the RC (resistance–capacitance product) delay can be remarkably
reduced for display applications [5–7] [9–11]. In addition, the coplanar oxide TFT is a strong candidate
for low-temperature devices because it could not use high-temperature SiO2 as a gate insulator (GI)
because of the damage this would cause to IGZO during GI deposition [12]. In order words, coplanar
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oxide TFTs with only a high-temperature buffer layer have good performance to be used in AMOLED
televisions [13,14], and the coplanar oxide TFTs with a low-temperature buffer layer could be widely
used as low-temperature TFTs, if the TFTs improve their performance. Note that low-temperature
coplanar IGZO TFTs suffer from lower mobility and higher threshold voltage shift (ΔVth) under
positive-bias temperature stress (PBTS), and improving PBTS stability is important for the development
of stable IGZO TFTs for AMOLED displays, given that driving TFTs in the OLED pixel are positively
biased, and even a small change in the Vth can deteriorate image quality [15,16].

In this work, we studied the effect of F-plasma treatment on low-temperature SiO2 to improve
the performance and bias stability, PBTS, of the low-temperature coplanar IGZO TFT. The physical
damage by ion bombardment on the SiO2 buffer layer during the sputter deposition of IGZO might
be one of the main reasons for the generation of trap sites in low-temperature SiO2 [17]. To reduce
the trap sites generated during the sputtering process, we performed F-plasma treatment on the SiO2

buffer because F is known to passivate traps in SiO2 as well as in IGZO [18–22]. Methods such as
dynamic secondary-ion mass spectroscopy (D-SIMS), high-resolution transmission electron microscopy
(HR-TEM) and APT (atom probe tomography) were used to investigate the relationships between
the process temperature of the buffer layer, the performance of the TFTs and the effect of plasma
treatment on the buffer layer.

2. Materials and Methods

The cross-sectional view of the coplanar IGZO TFT studied in this work is shown in Figure 1.
First, a 200-nm-thick SiO2 was deposited as buffer layer at 230 or 350 ◦C by PECVD (Applied
Materials, Santa Clara, CA, USA). The F-plasma treatment (500 W, 100 mTorr, 60 s) was carried out
in a reactive ion etching (RIE) chamber before depositing the IGZO. Device I is the control sample
with a high-temperature buffer layer processed at 350 ◦C. Device II is another control sample with
a low-temperature SiO2 buffer layer processed at 230 ◦C. Device III is for checking the effect of F-plasma
treatment on the buffer layer processed at 230 ◦C. A 30-nm IGZO (In: Ga: Zn = 1: 1: 1 at%) active
layer (JX NIPPON MINING & METALS KOREA Co., Ltd, Pyeongtaek, Korea) was deposited by direct
current sputtering at room temperature. Then, a 200-nm-thick SiO2 layer was deposited by PECVD at
230 ◦C as the gate insulator (GI). The subsequent thermal annealing was performed at 230 ◦C for 1 h in
air and followed by the sequential deposition of a 300-nm-thick Mo layer as the gate metal. The Mo
and GI layers were patterned continuously by photolithography. He-plasma treatment was applied to
make n+ ohmic contacts with source/drain electrodes as previously reported [21,23]. A 400-nm-thick
SiO2 was deposited by PECVD at 230 ◦C to form the interlayer dielectric (ILD). Contact holes were
formed by dry etching, after which a 300-nm-thick Mo layer was sputtered and then patterned by
wet etching to form the source/drain electrode. A 200-nm-thick SiO2 layer was deposited at 230 ◦C as
a passivation layer by PECVD and then patterned. Finally, an indium tin oxide (ITO) was deposited
and wet etched to form the pixel electrodes.

Figure 1. Cross-sectional view of the coplanar indium–gallium–zinc–oxide (IGZO) thin-film transistor
(TFT) studied in this work.
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3. Results and Discussions

Figure 2a shows the transfer characteristics of the devices before stress. Figure 2b–d shows
the transfer characteristics of devices I, II and III before and after 1 h of PBTS, applying a constant gate
voltage (VGS) of +30 V at 60 ◦C for 1 h in a dark box. The channel width and length of the devices are 100
and 10 μm, respectively. Table 1 lists the device parameters, such as threshold voltage (Vth), field-effect
mobility (μFE), subthreshold swing (SS) and Vth shift (ΔVth) under PBTS for the three devices. Vth is
the VGS giving the drain current (ID) =W/L × 10 nA at the drain voltage (VDS) = 10 V. μFE is obtained
at VGS–Vth = 10 V and VDS = 10 V. The SS is taken from the minimum value of ΔVGS/Δlog(IDS) with
VDS = 10 V. Devices I and II are fabricated with the same process conditions, except for the process
temperature of the buffer layer. However, the mobility increases by 2.4 times and the Vth shift decreases
from 3 to 0.2 V by using a high-temperature buffer layer. For device III, the initial Vth, SS, μFE and
ΔVth are found to be −0.2 V, 139 mV/dec, 9 cm2 V−1·s−1 and 0.2 V, respectively. The results show that
the performance of device III is similar to that of device I, and that plasma treatment plays a critical
role to improve performance.

Figure 2. (a) Transfer curves of the TFTs I, II and III (W/L = 100/10 μm) before bias stress. The transfer
curves were measured before and after 1 h of PBTS (dash line) at VDS = 0.1 and 10 V for (b) device I, (c)
device II and (d) device III, respectively.

Table 1. Summary of the device parameters and bias stability for the three TFTs. The threshold voltage
shift (ΔVth) was measured after 1 h PBTS.

Vth (V) μFE (cm2/V·s) SS (mV/dec) ΔVth (V)

Device I 0.0 9.2 181 0.2
Device II 1.1 3.8 109 3.2
Device III −0.2 9.0 139 0.2
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Figure 3a–c shows the D-SIMS profiles of H, O, F, Si and In for devices I, II and III, respectively.
The significant increase of F intensity was found for device III. This result shows that F is incorporated
into the IGZO/SiO2 interlayer. The presence of F in the top region of the active layer of the TFT appears
to be due to the contamination from the chamber wall because NF3 plasma is used to etch the deposited
layers to clean the PECVD chambers.

Figure 3. The dynamic secondary-ion mass spectroscopy (D-SIMS) profiles of H, O, F, Si and In for
devices (a) I, (b) II and (c) III, respectively.

Figure 4 shows the cross-sectional HR-TEM images and annular dark-field (ADF) images in
a scanning TEM (STEM) of the GI (SiO2)/IGZO/buffer (SiO2) interfaces. Figure 4a shows that device I
has smooth surface roughness at the top and bottom regions of the active layer. This relates to a buffer
layer fabricated through a high-temperature process. On the other hand, device II has poor roughness
(~8 nm RMS roughness) at the bottom of the active layer, caused by the low-temperature buffer
layer. Therefore, the top IGZO surface has poor surface morphology (Figure 4c). The results show
the roughness of the GI/IGZO is affected by the deposition temperature of the buffer layer. Device III
also has poor roughness (Figure 4f), but nanoparticles are found at the IGZO/Buffer (SiO2) interface. To
identify nanoparticles, the annular dark-field (ADF) images in a scanning TEM (STEM) of the devices
were analyzed and the interface of device III was enlarged. Figure 4b,d,e shows ADF images for
each device. ADF imaging is a method of mapping samples in a STEM. These images are formed by
collecting scattered electrons with an annular dark-field detector [24]. Note that the sizes of scale bar
in Figure 4d,e are larger than in Figure 4b for the identification of the nanoparticles. The nanoparticles,
of around 1 nm in diameter, are identified by Figure 4e and the enlarged view of Figure 4g. The SiO2

roughness affects the performance of the devices. In addition, the nanoparticles produced by plasma
treatment seem to improve the mobility and Vth shift by PBTS.

We measured the mass spectra and atomic map by atom probe tomography, APT (CAMECA,
LEAP5000). APT supports the material analysis, offering extensive capabilities for both 3D imaging
and chemical composition measurements at the atomic scale (around 0.1–0.3 nm resolution in depth
and 0.3–0.5 nm laterally) [25]. The IGZO (100 nm)/SiO2 (200 nm) layers, deposited with the same
process conditions used for fabricating devices II and III, were used for APT measurement. Note that
the 100-nm IGZO layer was used to prevent contamination during APT measurement. Figure 5a,b
shows the mass spectra for the IGZO/buffer (SiO2) interfaces of devices II and III. A 132 Da (Dalton)
peak is found for the samples, which may be related with Si3O3 because of the atomic mass (Si: 28 Da,
O: 16 Da). The peak of 134 Da is observed, which is estimated to be InF (In: 115 Da, F: 19 Da). As
shown in the atomic map (Figure 5c), the InF nanoparticles of about 1 nm in diameter are formed
on the top of Si3O3. Figure 5d shows the generation model of InF nanoparticles with the F atoms
introduced by plasma treatment on the buffer layer. The InF nanoparticles could be generated during
the IGZO sputtering process because In has the highest electron affinity and the largest reactivity with
F. For example, the electron affinity of In is 37.043 kJ/mol, Ga is 29.061 kJ/mol and Zn is −58 kJ/mol. It is
reported that F-plasma treatment on IGZO improves the TFT performance by passivating electron traps
in IGZO. We found in this work that F-plasma treatment on the buffer layer formed InF nanoparticles
at the IGZO/SiO2 interfaces. The nanoparticles increase the density of the active layer in spite of
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having poor roughness. The increased density of the IGZO can improve the mobility and Vth shift by
PBTS (Figure 2). As a result, device III has excellent TFT performance even at the low-temperature
buffer-layer deposition.

Figure 4. High-resolution TEM (HR-TEM) images of the gate insulator (GI) (SiO2)/active (IGZO)/buffer
(SiO2) interfaces for devices (a) I, (c) II and (f) III, respectively. Annular dark-field (ADF) images in
a scanning TEM (STEM) for devices (b) I, (d) II and (e) III, respectively. (g) Enlarged interface of
device III.

Figure 5. Mass spectra at the IGZO/buffer (SiO2) interface for (a) device II and (b) device III. (c) Atomic
map for device III (132 Da: red, 134 Da: yellow) analyzed with APT (atom probe tomography). (d) InF
nanoparticle generation model. The InF formation can be seen in (d); step (i) is F bonding on SiO2 and
step (ii) is the formation of InF nanoparticles during the IGZO sputtering process.
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4. Conclusions

We report the significant improvement of a low-temperature coplanar IGZO device by plasma
exposure on an SiO2 buffer layer. The low-temperature IGZO TFT (device III) has similar performance
and Vth shift for PBTS to those of IGZO TFT with the buffer layer fabricated at 350 ◦C, by introducing F
plasma on the buffer layer (230 ◦C). By TEM and APT analyses, it is found that In-F nanoparticles of
about 1 nm in diameter are formed at the IGZO/buffer interface. Therefore, F-plasma treatment on an
SiO2 buffer layer can be a suitable method to make low-temperature coplanar IGZO TFTs.
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Abstract: This paper presents new photovoltaic solar cells with Cu2ZnSnSe4/CH3NH3PbI3(MAPbI3)/
ZnS/IZO/Ag nanostructures on bi-layer Mo/FTO (fluorine-doped tin oxide) glasssubstrates.
The hole-transporting layer, active absorber layer, electron-transporting layer, transparent-conductive
oxide layer, and top electrode-metal contact layer, were made of Cu2ZnSnSe4, MAPbI3 perovskite,
zincsulfide, indium-doped zinc oxide, and silver, respectively. The active absorber MAPbI3 perovskite
film was deposited on Cu2ZnSnSe4 hole-transporting layer that has been annealed at different
temperatures. TheseCu2ZnSnSe4 filmsexhibitedthe morphology with increased crystal grain sizesand
reduced pinholes, following the increased annealing temperature. When the perovskitefilm thickness
was designed at 700 nm, the Cu2ZnSnSe4 hole-transporting layer was 160 nm, and the IZO (indium-zinc
oxide) at 100 nm, and annealed at 650 ◦C, the experimental results showed significant improvements
in the solar cell characteristics. The open-circuit voltage was increased to 1.1 V, the short-circuit
current was improved to 20.8 mA/cm2, and the device fill factor was elevated to 76.3%. In addition,
the device power-conversion efficiency has been improved to 17.4%. The output power Pmax was as
good as 1.74 mW and the device series-resistance was 17.1 Ω.

Keywords: CZTSe; hole-transporting material; perovskite; IZO; magnetron sputtering

1. Introduction

Photovoltaic (PV) devices provide electrical energy directly from sunlight, and have been one
of the promising technologies in the renewable energy industry. The further improvement in the
efficiency and reliability and also reduction in cost are in great demand, for the healthy development
of global economy. The organic metal halide materials introduced a new generation ofthin-filmPVs,
due to the excellent characteristics for light harvesting in solar cells. The optical-to-electrical
power-conversion efficiency (PCE) of the lead halide perovskite- (CH3NH3PbI3, or MAPbI3) based PV
device has been increased substantially in recent years [1–5]. The MAPbI3 substance favors efficient
carrier generation and transport to electrodes. It can absorb sunlight radiation from ultra-violet
to infrared region. The electron-hole diffusion length could exceed 1 μm in a tri-halide perovskite
absorber [6]. Kim et al. developed the first solid-state lead halide perovskite PV with fluorinated
tin oxide (FTO)/TiO2/MAPbI3/2,2′,7,7′–tetrakis(N,N-di-p-methoxyphenylamino)-,9,9′ spiro-bifluorene
(SpiroOMeTAD)/Au nanostructures [7]. Later, Jeng et al. reported the first inverted planar structure
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of a lead halide perovskite solar cell [8]. Choi et al. studied conjugated polyelectrolytes as the
hole-transporting materials (HTM) for inverted-type perovskite solar cells [9]. However, the organic
HTM could corrode the electrode materials, which would, in turn, reduce the cell stability. Thus,
inorganic type materials, such as CdTe, CuZnSnS, CuZnSnSe, CuZnSnSSe, CuInGaS, CuInGaSe,
and CuInGaSSe have become interesting topics for the perovskite solar cells [10–13]. In addition, FTO
should be used in favor overindium-tin-oxide (ITO) as the transparent conducting oxide(TCO), when
high-temperature annealing in air is in need for PV device fabrication. This is because the ITO electrical
properties can be degraded in the presence of oxygen at relatively high temperature. FTO is more
stable after such a high-temperature annealing process. This good transparent conductive layer could
significantly decrease photon absorption at the back electrode.

Li et al. reviewed the architectures and deposition methods in standard formation of perovskite
and charge-transport layers, and provided an overview on PV device stability [14]. Christians et al.
developed tailored interfaces to increase the operational stability of un-encapsulated perovskite solar
cells [15]. The long-term stability performance has to be improved for different ingredients to warrant
inter-carrier scalability, capability, and system durability. The actual PV devices involved frames,
glasses, and other compound materials, which could further challenge the recycling scheme [16].
In addition, metal-selenide had been studied as a carrier-transporting material in perovskite by various
sputtering techniques [17–19]. This paper has focused on applyingCu2ZnSnSe4as HTM nano-film,
and fabricated by innovative concept to improve Cu-based PV performance. The HTM film should help
to maintain perovskite’s open-circuit voltage (Voc), short-circuit current density (JSC), fill factor (FF),
and stability. An ultra-thin CuZnSnSe HTM (<200 nm) between Mo metal-electrode layer and MAPbI3

active absorber layer, would promote carrier transporting, and provide favorable ohmic-contact.
The deposition of a good ohmic-contact can reduce interface carrier recombination.

Thin CuInGeSe or CuZnSnS layer could fail to maintain the high efficiency performance. The main
reason behind the poor performance was the substantial drop in short-circuit current density [20–22].
The Kesterite photovoltaics that applied for Cu2ZnSnS4, Cu2ZnSnSe4, and Cu2ZnSn(S1−xSex)4 emerged
as one of the most assured replacements for the chalcopyrite solar cells. The constituent elements are
relatively abundant on the earth. They have also demonstrated high absorption coefficients, and direct
tunable energy band gaps that would allow effective absorption of photons [23]. The Cu2ZnSnSe4

HTM film can be deposited in 40~160 nm thickness by magnetron sputtering to achieve well carrier
transport. The inorganic CuZnSnSe HTM provides low-cost procedure and material for the applications
of perovskite solar cells.

Chalapathy et al. revealed high-quality CZTS films by high-temperature sulfurization of sputtered
Cu/ZnSn/Cu precursor layers [24]. A highly imperfect Cu2ZnSnSe4 HTM/TCO material interface
could be an exhaustion region, leading to high back-electrode contact layer of surface recombination.
The selenium diffuses into Mo film’s interface, resulting in possible selenization. The MoSe2 film at
the interface indicated structural quality for adherence and good electrical contact [25]. The outward
diffusion of selenium into Mo strongly depends on the annealing temperature [26]. The reconstructed
interfacial layer significantly diminishes series-resistance and enlarges shunt-resistance of the solar cell.

Aqil et al. studied the electrical and morphological appearance of the functional portion of Mo film
deposition [27]. A single layer of Mo film with low resistivity and good adhesion has been deposited
successfully by the radio-frequency (RF) magnetron sputtering system using appropriate parameters.
The nanocrystals could be tuned by the nucleation and growth conditions [28]. The bi-layer Mo films
were thus proposed to consist of a porous bottom layer and a dense top layer [29]. It has been possible
to control the interfacial MoSe2 film thickness during annealing procedure to achieve high solar cell
power conversion efficiency [30,31]. The interface of CIGSe/Mo or CZTSe/Mo could improve the
structural quality of planar solar cells, and affects the adherence to metal-contacts, providing excellent
ohmic-contact at CIGSe/Mo or CZTSe/Mo inter-films. The development of MoSe2 could not be formed
below 500 ◦C. The selenization increased strongly on higher annealing temperature, also leading
to nano-crystallization orientation. Nevertheless, theCIGSe/Mo or CZTSe/Mo heterojunction could
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be associated with MoSe2 film. It was not an interrelated Schottky-type but was an interconnected
ohmic-contact [32,33].

Furthermore, ZnS is an ideal inorganic compound to be used as an electron-transporting layer
(ETL)for the perovskite PVs [34]. When ZnS dense film is synthesized, it can be transparent, and can
be used as a window for visible optics and infrared optics. The film’s nanostructure relies on
the deposition procedure or doping element at the growth sequence. In comparison with other
complex techniques, this study employed RF (radio frequency) magnetron sputtering process for
stable depositing results [35]. The MAPbI3/ZnS interface property has been demonstrated by using
ultra-violet photoelectron spectra [36]. The ZnS interfacial nano-film could promote the Voc and
perovskite PCE performance on PVs. The cascade conduction band architecture effectively decreased
the interfacial charge recombination and improved the electron transfer. In addition, Yuan et al.
illustrated the reduction in surface defects, which improved charge extraction, extended light response,
and expanded ZnS/MAPbI3 spectral absorption [37].

Indium-doped zinc oxide (IZO) film only needs a low annealing temperature and can promote
the optoelectronic characteristics. It is an amorphous transparent conducting oxide material, and has a
downgraded absorption near IR (infra red) region photons, yielding to an enhanced transmission at
the bottom layer on solar cells. The IZO material is a potential replacement of traditional TCO that
was used as an n-type buffer layer or window transparent conductive oxide layer for photovoltaics.
Nevertheless, the fabrication using all sputtering-process methodology, along with the ultra-thin
Cu2ZnSnSe4 HTM, may develop a novel copper-based inorganic HTM for perovskite nanostructured
PVs. The results should help to pave the way for the next generation thin-film solar cells and to better
protect the global environment.

2. Materials and Methods

In this study, bi-layer Mo film was sputtered on FTO glass substrate as a back metal electrode
contact layer. The Mo film was prepared by RF magnetron sputtering system using commercial Mo
target (Ultimate Materials Technology Co., Miaoli, Taiwan). In this fabrication process, the bottom
layer was deposited at a higher Ar flow working pressure, using high-power parameters, and the
Ar flow rate and RF power were maintained at 70 sccm and 110 W. On the other hand, the top
layer was deposited at a lower Ar flow working pressure, using lower-power parameters, and the
Ar flow rate and RF power were maintained at 35 sccm and 55 W for preserving better adhesion.
The bi-layer Mo films exhibited both low resistivity and good adhesion. It has been measured that the
Mo bi-layer had a film resistivity of 4.37 × 10−4 Ω-cm, which was much lower than that of single-layer
at 2.2 × 10−2 Ω-cm. Each layer had a thickness of ~100 nm. The Mo film also acted as a reflective
layer on these multi-layered solar cells. This Mo film that was deposited under high argon pressure
would be under tensile stress and adhere successfully with the substrate, but with low conductivity.
The deposition by low argon pressure would render compressive stress that had low resistivity but
adhered poorly to interface on the substrate.

Moreover, Cu2ZnSnSe4film was deposited by RF magnetron sputtering using a Cu2ZnSnSe4

target (Ultimate Materials Technology Co., Miaoli, Taiwan) on bi-layer Mo. The argon flow rate and
RF power were maintained at 40 sccm and 70 W, respectively. It was adopted as the HTM layer.
It should promote the carrier transporting and result in a beneficial device by providing a conductive
ohmic-contact. The ultra-thin Cu2ZnSnSe4 HTM (<200 nm) surface roughness corresponded to
the optical absorber thickness transition, and could affect interface recombination of electrons and
electron-holes. The root-mean-square surface roughness was low at ~20 nm, measured by atomic force
microscopy. The Cu2ZnSnSe4 film thickness has been prepared at 40–160 nm approximately. It was
then further thermally treated by the annealing temperature at 350, 450, 550, or 650 ◦C in a tube furnace
for about 60 min in order to get magnificent crystallization.

The MAPbI3 film was deposited on grown Cu2ZnSnSe4 HTM layer and by one-step spin-coating
process for the inverted structures of perovskite solar cells. The photovoltaic characteristics would
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be investigated to reveal the relationships between the properties and structures. The single-step
deposition involved the dissolution of PbI2 and MAI (CH3NH3I) in a co-solvent, consisted of equal
volumes of dimethyl sulfoxide and gamma-butyrolactone. This perovskite precursor solution was
spin-coated using parameters of 1000 and 5000 rpm for 10 and 18 s, respectively, in a nitrogen-filled
glove box. The wet film was then quenched by dropping 50μL of anhydrous toluene at 15 s. Afterwards,
the perovskite film was further annealed at 100 ◦C for 10 min. The MAPbI3 thin-film had a thickness of
700 nm approximately.

Zinc sulfide film is an n-type semiconductor material and was adopted as an ETL in this
multi-layered nanostructure PVs. It was prepared using a commercial target (Ultimate Materials
Technology Co., Miaoli, Taiwan) by RF sputtering system. The Ar flow rate and RF power were
controlled at 30 sccm and 50 W, respectively. The ZnS film was about 50 nm in thickness. The film
was attributed to not only thinner ETL layer deposition, but also to extract electrons from the MAPbI3

active absorber layer. It also required quenching at 100 ◦C in a tube furnace for about 10 min to
achieve the ideal p-n junction, crystallization, and better ohmic-contact. The ZnS film could improve
the multi-layer structures by alloying, plastic distortion and thermal annealing. It would bond with
upper IZO transparent conductive oxide film, while conducting the necessary optical-current passing
through, thus enhancing optical-to-electrical conversion performance.

Indium-doped zinc oxide is an n-type semiconductor material and was adopted as a transparent
conductive oxide film, deposited by RF magnetron sputtering using a commercially available IZO
target (Ultimate Materials Technology Co., Miaoli, Taiwan). The deposition parameters were argon
flow rate at 30 sccm and RF power at 50 W. The IZO film had a thickness of 100 nm approximately.
The low-temperature and high-mobility amorphous nature rendered excellent characteristics for the
ZnS (ETL)/MAPbI3/CZTSe (HTM) heterojunction solar cells.

At last, the top Ag metal electrode film was deposited over the IZO n-type semiconductor
TCO. The Ag metal ingot was prepared on a tungsten metal-boat in the vacuum chamber of an
evaporation system. The tungsten boat was connected to an external power supply and provided with
a maximum current of 90 A. The Ag metal film had a thickness of ~100 nm. A shadow mask has been
adopted to define an active area of 0.5 × 0.2 cm2 during the Ag deposition. The nanostructured PV
was investigated by X-ray diffraction (XRD) using PANalytical X’Pert Pro DY2840 system (Malvern
Panalytical, Almelo, Netherlands) with Cu Kα (λ= 0.1541 nm) radiation. The crystalline surface
morphology was studied by scanning electron microscopy (Zeiss Gemini SEM, Jena, Germany).
A micro-Raman spectroscopy analysis was employed using Jon-YvonLabRAM system (Horiba-HR800,
Kyoto, Japan). The photoluminescence (PL) results were scanned by a fluorescence spectrophotometer
(Hitachi, F-7000, Tokyo, Japan). The electron spectroscopy chemical analysis (ESCA) spectra were
examined using PHI-5000 system (ULVAC, Versaprobe-II, Kanagawa, Japan). The solar cell PV
characteristics were studied by a Keithley 2420 programmable source instrument under 1000 W xenon
illumination with a forward scan rate of 0.1 V/s.

3. Results and Discussion

Figure 1 shows the complete scheme of the nanostructured MAPbI3 perovskite solar cell device
with the Cu2ZnSnSe4 HTM layer. The corresponding energy levels of the planar architecture device
of Ag/IZO/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO are illustrated in Figure 2. The ultra-thin Cu2ZnSnSe4

HTM has been deposited between the bi-layer Mo metal-electrode and the MAPbI3 active absorber
layer to improve carrier transporting. The energy level diagram indicated that it is a heterojunction
planar photovoltaic solar cell.
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Figure 1. The complete scheme of nanostructured MAPbI3 perovskite solar cell with Cu2ZnSnSe4

HTM layer.

 

Figure 2. The corresponding energy levels of the planar architecture device of Ag/IZO/ZnS/MAPbI3/

Cu2ZnSnSe4/Mo/FTO.

Figure 3 shows the XRD diffraction pattern results of the MAPbI3/Cu2ZnSnSe4/Mo/FTO
nanostructures on glass substrate after the various annealing temperatures [3,21,31]. The MAPbI3

film’s nano-crystal was illustrated by one main crystal plane (110) corresponding to the 2θ diffraction
peak at ~14.3◦. The 2θ full-width at half-maximum (FWHM) was reduced from 0.39◦ to 0.28◦ when the
annealing temperature was increased from 350 ◦C to 650 ◦C. Other MAPbI3 crystal planes involved
(220) at ~29.2◦ and (310) at ~32.4◦. When the annealing temperature of the Cu2ZnSnSe4 HTM film
under the MAPbI3 film was increased, the FWHM of the Cu2ZnSnSe4 HTM film’s nano-crystal was
also improved. Its nano-crystal was illustrated by the main crystal plane (112) corresponding to the 2θ
diffraction peak at ~27.1◦. Its FWHM was reduced from 0.64◦ to 0.51◦ when the annealing temperature
was increased from 350 to 650 ◦C. Other Cu2ZnSnSe4 crystal planes could be illustrated by (204)
at 2θ diffraction peak of ~45.1◦, (312) at ~53.8◦, and (008) at 65.8◦. The Mo film’s nano-crystal was
illustrated by the main crystal plane (110) at the 2θ diffraction peak at ~40.5◦. Its FWHM was reduced
from 0.98◦ to 0.83◦ when the annealing temperature was increased from 350 to 650 ◦C. Other Mo
film’s crystal planes included (200) at ~58.6◦, and (211) at ~73.5◦. The smaller FWHM demonstrated
MoSe2 nano-crystal and it could be illustrated by the main crystal plane (002) at the 2θ diffraction
peak at ~13.5◦. The FWHM was reduced from 0.13◦ to 0.10◦ when the annealing temperature was
increased from 350 to 650 ◦C. Other MoSe2 crystal planes included (004) at ~28.2◦, (006) at ~42.7◦,
and (008) at ~57.5◦. The Cu2ZnSnSe4 HTM film has been annealed at 350, 450, 550, and 650 ◦C,
respectively. As a result, the film’s crystal quality was improved following the increased annealing

45



Nanomaterials 2020, 10, 521

temperature. Interestingly, the crystallization of MAPbI3 active absorber layer was also preceded by
the same annealing temperature. It has been noted that when one side of a heterojunction is much
more heavily doped than the other side, the junction is nearly a one-sided heterojunction. To form a
good quality heterojunction, the difference between the neighboring semiconductors’ lattice constants
should be small in order to minimize the density of interface states. The difference in electron hole
affinity between two different materials should be small to minimize band discontinuity, and thermal
expansion coefficients should be close as well. MAPbI3 film and Cu2ZnSnSe4 HTM film were likely
annealed and sintered altogether.

 
Figure 3. XRD diffraction pattern results of the MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructures on glass
substrate after the various annealing temperatures.

Furthermore, their energy band gaps were similar for trapping light simultaneously. It would be
beneficial to constitute pairs of excited electrons and associated electron holes. Eventually, the carriers
could increase the optical-electronic power-conversion efficiency and optical-current associated in the
photovoltaic cell’s multi-layer nanostructures.

Figure 4 shows the top-view SEM micrographs of the surface morphology of Cu2ZnSnSe4 HTM
layers after the various annealing temperatures. The magnetron sputtered film provided full surface
coverage and was composed of small crystal grains ranging from tens of nm to one μm in size. After its
deposition, the bi-layer Mo film became indiscernible. However, the Cu2ZnSnSe4 nano-crystal grainsize
was significantly enlarged with the increased annealing temperature. For the 350 ◦C-annealed sample,
it exhibited relatively small crystal grains from tens to two hundred nm. It contained some pinhole-type
of defects. Figure 4b showed Cu2ZnSnSe4 film surface appearance with tens to four hundred nm in
grain sizefor 450 ◦C. Figure 4c showed film surface with tens to six hundred nm in the grain sizefor
550 ◦C. It also contained less pinholes at the same magnification. Figure 4d showed the Cu2ZnSnSe4

film surface morphology for 650 ◦C. It demonstrated better crystallization, with crystal grains as
large as one μm in size. Much less pinholes could be found. Thus, the higher annealing temperature
achieved high-quality surface HTM films. Additionally, the Cu2ZnSnSe4 HTM film’s hole mobility was
increased from 15.1 cm2/(V s) to 29 cm2/(V s), while the annealing temperature was increased from 350
to 650 ◦C. The higher carrier mobility would help to reduce the device series-resistance, and improve
performance for the nanostructured photovoltaic cells.
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Figure 4. Top-view SEM micrographs of theCu2ZnSnSe4 HTM layers after the various annealing
temperatures of: (a) 350 ◦C; (b) 450 ◦C; (c) 550 ◦C; (d) 650 ◦C.

Figure 5 shows the compositional dependence of Raman spectra of the Cu2ZnSnSe4 HTM
nano-films after the various annealing temperature treatments. In this fabrication, Cu2ZnSnSe4 HTM
film exhibited dominant spectra with intense Raman scattering main peak at 194 cm−1 correlating
with the optical phonon mode. Its intensity increased slightly with the increased thermal annealing
temperature. Other Raman scattering peak intensities were found at 233 and 253 cm−1. The Cu2ZnSnSe4

HTM crystal orientation could be found from polarization of Raman-scattered light with respect to the
laser light, if the crystal structure’s point group could be known.

Figure 5. The compositional dependence of Raman spectra of the Cu2ZnSnSe4 HTM nano-films.
The arrows point towards the corresponding wave numbers.

Figure 6 shows the measurement results of the absorbance spectra of Cu2ZnSnSe4 HTM nano-films
after the various annealing temperatures. The optical absorption properties of Cu2ZnSnSe4 in the
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visible region and near-infrared region are associated with electronic transitions and are also useful
in comprehending electronic band conformations of semiconducting films. The optical spectra
were recorded using a UV (ultraviolet) spectrophotometer at the wavelength range from 300 to
1200 nm. It was observed that the absorbance intensity increased with the increased annealing
temperature. This was presumably caused by free-carrier absorption corresponding to conductivity.
These absorption spectra illustrated that all Cu2ZnSnSe4 nano-films absorb over the entire visible
region of electromagnetic waves. The absorption spectra data were analyzed following a classical
equation for near edge optical absorption of semiconductors: αhν = A(hν − Eg)n, where α is absorption
coefficient, hν is photon energy, Eg is energy band gap, A is constant, n can have values of 1/2, 2, 3/2 and
3 for allowed direct, allowed indirect, forbidden direct and forbidden indirect transitions, separately.
The Cu2ZnSnSe4 energy band gap was determined by plotting a graph of hv versus (αhv)2, for the direct
band gap. The energy band gap was designated by extrapolating the straight line portion to the energy
axis, whose intercept to the x-axis should give the optical energy band gap [38]. An example graph for
Cu2ZnSnSe4annealed at 650 ◦C is provided in Figure 7, and the calculation result of energy band gap
has been 1.07–1.1 eV for the ultra-thin Cu2ZnSnSe4 HTM which was deposited on bi-layer Mo/FTO
glass substrate. It should promote a valence electron bound to an atom to a conduction electron.
Such electrons then move freely within the HTM and become carriers that can conduct current.

Figure 6. The absorbance spectra of Cu2ZnSnSe4 HTM nano-films after the various
annealing temperatures.

Figure 7. Graph of hν versus (αhν)2 for measuring the optical energy bandgap of Cu2ZnSnSe4. It was
determined by extrapolating the straight line portion to the photon energy axis.
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Figure 8 displays the graphic current-density voltage (J–V) curves of Ag/IZO/ZnS/Cu2ZnSnSe4/

Mo/FTO nanostructured solar cells. The Cu2ZnSnSe4 HTM layer thickness has been varied at
40~160 nm, and the thermal annealing temperature was all at 650 ◦C. Additionally, Table 1 summarizes
the PV characteristic parameters of these nanostructured solar cells, without MAPbI3 perovskite,
under 100 mW/cm2 illumination (air mass, AM1.5G). It has been evidenced that the open-circuit
voltage increased from 0.36 to 0.39 V, following the increased HTM layer thickness from 40 to 160 nm.
The device short-circuit current was also enlarged from 6.47 to 9.46 mA/cm2. The device fill factor
value would be amplified from 39.5% to 46.3%. The PV device power-conversion efficiency value was
slightly increased from 0.92% to 1.71%, and the output power Pmax value was enhanced from 0.09 to
0.17 mW. Additionally, the Cu2ZnSnSe4 film alone could not absorb enough photons, so that the PV
cells exhibited poor PCE performance in the illustration.

Figure 8. The J–V curves of Ag/IZO/ZnS/Cu2ZnSnSe4/Mo/FTO nanostructured solar cells, under
100 mW/cm2 illumination. The Cu2ZnSnSe4 HTM layer thickness has been varied at 40–160 nm.

Table 1. The PV characteristic parameters of the Ag/IZO/ZnS/Cu2ZnSnSe4/Mo/FTO nanostructured
solar cells.

Cu2ZnSnSe4 HTM Thickness (nm) VOC (V) JSC (mA/cm2) FF (%) Eff (%) Pmax (mW)

40 0.36 6.47 39.5 0.92 0.09
80 0.37 7.47 40.9 1.13 0.11

120 0.38 8.52 45.1 1.46 0.15
160 0.39 9.46 46.3 1.71 0.17

Figure 9 displays the graphic J–V curves of Ag/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructured
solar cells, with the MAPbI3 perovskite nanostructures on bi-layer Mo. The Cu2ZnSnSe4 HTM layer
thickness has been fixed at 160 nm, but was thermally treated at the various annealing temperature
350–650 ◦C. The measurements were, again, under 100 mW/cm2 illumination. Table 2 lists the derived
PV characteristic parameters of the Ag/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructured solar cells.
It has been clearly evidenced with significant improvements in all the parameters. The open-circuit
voltage was increased from 0.89 to 0.98 V following the increased annealing temperature from 350 to
650 ◦C. The short-circuit current was also expanded from 19.9 to 20.4 mA/cm2. The device fill factor
value could be increased from 68.6% to 71.3%. The PV device power-conversion efficiency value
was strengthened from 12.2% to 14.3%, and the output power Pmax value was enhanced from 1.22 to
1.43 mW.
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Figure 9. The J–V curves of Ag/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructured solar cells, under
100 mW/cm2 illumination. The Cu2ZnSnSe4HTM has been thermally treated at the various annealing
temperature 350–650 ◦C.

Table 2. The PV characteristic parameters of the Ag/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructured
solar cells.

Cu2ZnSnSe4 HTM Annealing
Temperature (◦C)

VOC (V) JSC (mA/cm2) FF (%) Eff (%) Pmax (mW)

350 0.89 19.9 68.6 12.2 1.22
450 0.92 20.1 70.9 13.1 1.31
550 0.95 20.2 71.2 13.8 1.38
650 0.98 20.4 71.3 14.3 1.43

In addition, Figure 10 displays the J–V curves of the Ag/IZO/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO
nanostructured solar cells at the various HTM thermal annealing temperatures under 100 mW/cm2

illumination. The TCO layer in thickness of 100 nm IZO film has been inserted between the
ZnS ETL and top Ag electrode. Table 3 presents the derived PV characteristic parameters of the
Ag/IZO/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructured solar cells. Furthermore, it has been clearly
evidenced with enhancements in all the parameters. The open-circuit voltage was amplified from 0.97
to 1.10 V, following the annealing temperature that was increased from 350 to 650 ◦C. The short-circuit
current was slightly increased from 20.5 to 20.8 mA/cm2. The device fill factor value was slightly
diminished to 76.3%. The PV device power-conversion efficiency value was further increased from
15.5% to 17.4%. Additionally, the device series-resistance was decreased from 20.2 to 17.1 Ω., and the
device output power Pmax value could be enhanced from 1.55 to 1.74 mW.

Figure 11 shows the PL spectral measurement results of MAPbI3 perovskite nano-films
onCu2ZnSnSe4/Mo/FTO following the various thermal annealing temperatures. The spectra were
examined by fluorescence spectrophotometer. It has been clearly evidenced with one main peak at the
wavelength of ~768 nm. The intensity was also enhanced by the increased annealing temperature.
The intensity of PL spectrum is relative to lifetime of the injected electrons and electron-holes combined
to form excitons. An exciton indicates a mobile energy constitution by an excited electron and
a relative electron-hole. Anincrease in the number of excitons could simultaneously increase the
electron/electron-hole recombination, thus the PL intensity.
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Figure 10. The J–V curves of Ag/IZO/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructured solar cells,
under 100 mW/cm2 illumination. The IZO layer thickness has been 100 nm.

Table 3. The PV characteristic parameters of the Ag/IZO/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO
nanostructured solar cells.

Cu2ZnSnSe4 HTM Annealing
Temperature (◦C)

VOC (V) JSC (mA/cm2) FF (%) Eff (%) Rs (Ω) Pmax (mW)

350 0.97 20.5 77.6 15.5 20.2 1.55
450 1.02 20.6 76.4 16.1 19.7 1.61
550 1.06 20.7 76.3 16.8 18.2 1.68
650 1.10 20.8 76.3 17.4 17.1 1.74

Figure 11. PL spectra of MAPbI3 perovskite nano-films on Cu2ZnSnSe4/Mo/FTO following the various
thermal annealing temperatures.

Figure 12 displays the external quantum efficiency (EQE) spectrum measurement results based
on Ag/IZO/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructured solar cells after the various annealing
temperatures. The EQE curves for the planar solar cells have been well increased in the wavelength
range of 300~800 nm from the 350 ◦C to 650 ◦C samples. Among the results of these measurements,
the maximum EQE value reached nearly 85% at 550 nm for the 650 ◦C sample, as compared to 63%
for the 350 ◦C sample. The higher EQE value could suggest a reduction of recombination centers.
Planar solar cells involved translational electrical field distribution. It was determined entirely by
1-dimensional resonance.
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Figure 12. The EQE spectra based on Ag/IZO/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructured
solar cells.

Figure 13 shows the cross-sectional SEM micrograph of the Ag/IZO/ZnS/MAPbI3/Cu2ZnSnSe4/

Mo/FTO nanostructures on glass substrate. This sample has been annealed at 650 ◦C. The MAPbI3

perovskite solar cell was evidenced with a glossy cross-section, contained few pinholes and micro-crack
type of defects. The planar solar cell had uniform layer distribution through the magnetron sputtering
technique and the spin-coating process. The thickness of each constituent layer could be clearly
identified. Consequently, the nano-crystals were of high quality from this fabrication process, and the
PV cell characteristics should be warranted in this study. In addition, Figure 14 shows the SEM
micrographs of MAPbI3 perovskite films on Cu2ZnSnSe4/Mo/FTO following the various thermal
annealing temperatures. The crystal grains exhibited good surface coverage and were significantly
increased in size with the increased annealing temperature.

 

Figure 13. SEM cross-sectional micrograph of the Ag/IZO/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO
nanostructures on glass substrate.

Figure 15 demonstrates the secondary ion mass spectrometry (SIMS) depth profile of the
Cu2ZnSnSe4 HTM nano-film grown on bi-layer Mo/FTO glass substrate, using ESCA PHI-5000
system (Ulvac-PHI, Kanagawa, Japan). This sample has been annealed at 650 ◦C. The addition of
Cu-based Cu2ZnSnSe4 material, including selenide and MoSe2 inter-film, had beneficial effect on the
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power conversion efficiency. The SIMS analysis provided quantitative depth profiling with good depth
resolution. These features became essential to characterize the ultra-thin Cu2ZnSnSe4 HTM solar cells,
where possible variations on structure or composition could lead to significant changes. In this study,
Cu2ZnSnSe4 HTM film was prepared by magnetron sputtering with 160 nm in thickness, and bi-layer
Mo back contact layer at about 200 nm on FTO glass substrate, all well evidenced in the depth profile.
It has been noted that the use of a large collection area would provide a more representative sampling
of the results. Nevertheless, the SIMS depth profile can be reconstructed after the deposition analysis
to provide compositional changes at different locations.

 

Figure 14. SEM micrographs of MAPbI3 perovskite films on Cu2ZnSnSe4/Mo/FTO following the
various thermal annealing temperatures: (a) 350 ◦C; (b) 450 ◦C; (c) 550 ◦C; (d) 650 ◦C.

Figure 15. SIMS depth profile of the Cu2ZnSnSe4 HTM nano-film grown on bi-layer Mo/FTO glass.
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4. Conclusions

In summary, one-step magnetron sputtered Cu2ZnSnSe4 nano-films have been successfully
applied as novel Cu-based inorganic HTM for MAPbI3 perovskite nanostructured photovoltaics.
The adequate control in nano-film quality significantly improved the PV characteristic parameters
of Ag/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructured solar cells. When the Cu2ZnSnSe4 HTM
thickness was designed at 160 nm, and the thermal annealing temperature wasat 650 ◦C, its open-circuit
voltage was increased to 0.98 V, and short-circuit current was increased to 20.4 mA/cm2. The device
fill factor value was increased to 71.3%, the power-conversion efficiency value was elevated to
14.3%, and the output power Pmax value was enhanced to 1.43 mW. Furthermore, the additional
inclusion of transparent conductive IZO could further enhance the PV characteristic parameters of
the Ag/IZO/ZnS/MAPbI3/Cu2ZnSnSe4/Mo/FTO nanostructured solar cells. The open-circuit voltage
was enhanced to 1.10 V, and the short-circuit current was increased to 20.8 mA/cm2. The device fill
factor value was improved to 76.3%, the power-conversion efficiency value was increased to 17.4%,
the device series-resistance was decreased to 17.1 Ω., and the device output power Pmax value could be
enhanced to 1.74 mW. Therefore, the Cu2ZnSnSe4 HTM used in this study would help the development
of perovskite PV technology.
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Abstract: Tungsten films were prepared by DC magnetron sputtering using glancing angle deposition
with a constant deposition angle α = 80◦. A first series of films was obtained at a constant pressure
of 4.0 × 10−3 mbar with the films’ thickness increasing from 50 to 1000 nm. A second series was
produced with a constant thickness of 400 nm, whereas the pressure was gradually changed from
2.5 × 10−3 to 15 × 10−3 mbar. The A15 β phase exhibiting a poor crystallinity was favored at high
pressure and for the thinner films, whereas the bcc α phase prevailed at low pressure and for the
thicker ones. The tilt angle of the columnar microstructure and fanning of their cross-section were
tuned as a function of the pressure and film thickness. Electrical resistivity and surface elastic wave
velocity exhibited the highest anisotropic behaviors for the thickest films and the lowest pressure.
These asymmetric electrical and elastic properties were directly connected to the anisotropic structural
characteristics of tungsten films. They became particularly significant for thicknesses higher than
450 nm and when sputtered particles were mainly ballistic (low pressures). Electronic transport
properties, as well as elastic wave propagation, are discussed considering the porous architecture
changes vs. film thickness and pressure.

Keywords: sputtering; GLAD; tilted columns; anisotropy; electrical resistivity; elastic
wave propagation

1. Introduction

Among the solid-state physical properties, understanding the propagation of electrons and elastic
waves in materials remains a challenging task. It was commonly pointed out that the control of
transport mechanisms in solids greatly influences resulting applications in devices used as bulk and
surface acoustic wave systems (BAW and SAW), semiconductors, gas sensors, and so on [1–3]. It is
also admitted that the crystal symmetries mainly affect the direction-dependent properties of materials
due to an intrinsic anisotropy at the atomic scale coming from spatial differences between bonds
in the crystal structure. Such anisotropy becomes negligible or even vanishes when the material
becomes polycrystalline, which is particularly true when the material dimension changes from 3D
to 2D. As a result of the loss of this intrinsic anisotropy, structuring at the micro- and nanoscale
appears as an attractive strategy to produce directional behaviors in surfaces and thin solid films [4–7].
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These spatially organized surfaces and films may exhibit asymmetric characteristics in electronic and
ionic transports, electromagnetic wave propagations, magnetic properties, or even mechanical and
tribological performances [8–10].

For the last decades, tuning the physical properties of thin films and surfaces and producing
anisotropic behaviors have attracted many researchers since it allows producing multifunctionality
within the same material [11,12]. Then, the structuring of thin solid films at the micro and nanoscale
using top-down or bottom-up strategies has become a pertinent tool to get original patterns and
designs favoring anisotropic behaviors. Among these strategies, growth of thin films by vacuum
processes, such as magnetron sputtering by the GLAD technique (GLancing Angle Deposition),
recently became a very motivating way to create original architectures (tilted columns, zigzags,
spirals, etc. [13–16]) and thus, to develop anisotropic properties [17–19]. However, some scientific and
technological challenges are still to be addressed, such as the tunability of anisotropic characteristics
and understanding the correlations between created structures and propagation of waves, electrons,
ions, or temperature through these structured thin films. In addition, growth conditions by sputtering
(pressure, temperature, gases, etc.) may strongly influence some characteristics and the final structure
of as-deposited thin films. These experimental parameters restrain some achievable properties of
thin films, and they still need to be explored, particularly in the GLAD technique where the growth
mechanisms may largely differ compared to conventional sputtering [20,21].

In this article, we report on tilted columnar tungsten thin films sputter-deposited by magnetron
sputtering using the GLAD technique with a constant deposition angle of α = 80◦. Two deposition
parameters have been studied: the film’s thickness and the argon sputtering pressure giving rise
to two series of films, i.e., a first series with constant pressure and a growing film thickness, and a
second series with a constant thickness and different pressures. Electrical resistivity and surface elastic
wave propagation have been systematically investigated for both series. This study is motivated by
the understanding of anisotropic behaviors in terms of electronic transport properties and elastic
wave propagation in nanostructured thin films exhibiting a tilted columnar architecture. The choice
of tungsten films is due to its ability to produce a columnar structure with tunable cross-section
morphologies depending on deposition time and sputtering conditions. By increasing the film’s
thickness, it has been shown that the electrical resistivity and elastic wave velocities were both reduced,
whereas anisotropy was favored. A higher pressure produced more resistive films with an increase in
the elastic wave velocity, where anisotropic behaviors were reduced. The evolution of these physical
properties as a function of the film’s thickness and argon sputtering pressure is discussed, taking
into account the evolution of the crystallographic structure and the films’ morphology at the micro
and nanoscale.

2. Materials and Methods

Tungsten films were sputter-deposited on glass and (100) Si substrate by DC magnetron sputtering
from a pure metallic target (51 mm diameter and 99.9 at.% purity) in a home-made vacuum chamber.
The experimental deposition system was a 40 L sputtering chamber pumped down via a turbo-molecular
pump backed by a primary pump leading to a residual vacuum of 10−8 mbar. The target current was
fixed at 100 mA, and the target-to-substrate distance was 65 mm. No external heating was applied
during the growth stage, and depositions were carried out at room temperature. The GLAD (GLancing
Angle Deposition) technique [22] was implemented to produce tilted columnar architectures. It consists
of depositing thin films under conditions of obliquely incident flux of the sputtered particles and on a
fixed or mobile (rotating) substrate. In this study, the substrate is tilted at an angle α = 80◦ without
rotating (fixed substrate). Two series of samples were produced. For the first series, an argon flow
rate of 5.6 sccm and a constant pumping speed of 24 L s−1 were used. These conditions produced an
argon sputtering pressure of 4.0 × 10−3 mbar, and the deposition time was systematically changed to
get a film thickness variation from 50 to 1000 nm. For the second series, the deposition time was set
to deposit around 400 nm thick films changing the argon sputtering pressure from 2.5 × 10−3 up to
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15 × 10−3 mbar (pumping speed and argon flow rate were both adjusted to get the required range of
pressures).

The crystallographic structure of W films was characterized by X-ray diffraction (XRD).
Measurements were carried out using a Bruker D8 focus diffractometer with a Cobalt X-ray tube (Co
λKα1 = 0.178897 nm) in a θ/2θ configuration. Patterns were recorded with a step of 0.02◦ per 0.2 s
and a 2θ angle ranging from 20◦ to 80◦. Scanning electron microscopy (SEM) was used to view the
surface and the fractured cross-section of the films with a JEOL JSM 7800 field emission SEM. DC
electrical resistivity of the films was measured at room temperature in air by the four-probe van der
Pauw method. The measurements were carried out on glass substrates, and the surface anisotropic
electrical resistivity was determined using the method previously developed by Bierwagen et al. [23].

A femtosecond pump-probe setup was used for the measurement of the elastic wave propagation.
This technique is based on an ultrashort laser pump pulse that interacts with the surface of the
sample. This leads to a sudden temperature rise that will excite the surface into vibration through
the thermoelastic effect. The subsequent reflectivity modifications are measured by a low-power
second laser probe pulse, with an energy around a tenth of the pump pulse energy. Two femtosecond
Ytterbium lasers (T-Pulse Duo from Amplitude System were used in our setup with a heterodyne
configuration also called asynchronous optical sampling technique (ASOPS), where an increasing
delay between the pump and probe pulses was induced by a small frequency shift of their repetition
rates [24]. This frequency shift was 700 Hz with a repetition rate of 48 MHz. This gave rise to an
additional time difference between the pump and the probe beam of around 300 ps every pulse. The
whole time spanning 21 ns was thus obtained with a resolution of about 1 ps. The average pump and
probe beam powers were 5 and 0.5 mW, respectively. Both beams were focused on the sample with
a 1 μm spot radius. Thanks to a lens mounted on a 2D translation stage in the pump optical path,
the pump-probe distance could be scanned to image the reflectivity. From this imaging, we deduced
the dispersion curves obtained by computing the 2D-FFT (2 Dimensions Fast Fourier Transform) of
the relative reflectivity vs. pump-probe distance and time. The elastic wave group velocities were
obtained from the local slope of the dispersion curves (frequency vs. wave number/2π). They were
calculated at the most intense normalized reflectivity of the pseudo-Rayleigh mode, which was at the
wave number k = 2π × 3 × 105 m−1 [24].

We used a 3D finite element (FE) model to correlate the porosity with the measured dispersion
curves; finite element analyses were performed using COMSOL Multiphysics. The simulation model
was based on a silicon block on which lay a nanoporous tungsten film with periodic parallelepipedic
holes to model the macroporosity (visible holes in the SEM pictures). The structure was simulated to
be infinitely periodic with Bloch–Floquet conditions, both in x and y-directions. This model is very
simplistic but gives the overall tendencies and is a computer-based tool, which does not involve a
strong memory requirement.

Figure 1 shows the unit cell assumed in this paper.
It consisted of a square cuboid silicon block (parallelepiped with two opposite square faces) with

a side a = 500 nm and height hSi = 25 μm (not on scale in Figure 1), on which lay a porous tungsten film.
A hole with a rectangular base (length c and width d) was dug in the tungsten film. The side a (period)
was chosen from the SEM pictures. A previous study [24] showed that the anisotropy is connected
to the geometry of the holes, especially their form factor and the choice of the period, the column
tilt angle having only a limited influence. The material constants used in the simulations were from
literature data [25] for the silicon and modified for the tungsten to take into account the nanoporosity.
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Figure 1. Scheme of the square cuboid unit cell (lattice constant a) composed of Si substrate (grey;
thickness hSi) and tungsten film (green; thickness hW). Position and dimensions (length c and width d)
of the parallepipedic hole dug in the tungsten film are indicated.

Since Biot’s theory [26] for porous solids, several groups have studied the porosity as a key
parameter to establish a theory about elastic wave propagation in a system composed of a porous
elastic solid. Investigations focused on doped porous Si wafers [27,28] propose an empirical relation
between the longitudinal and shear waves (bulk waves) and the porosity following:

v = v0(1− p)k, (1)

where v is the velocity of the wave in the porous material (m s−1), v0 the velocity of the bulk wave in
the bulk material (m s−1), p the porosity of the material and k a parameter, close to one, depending on
the nature of the wave, the porosity, and the material. This form of velocity dependence on porosity
was used to fit our experimental results with k = 1. Neglecting the density of air compared to the
density of as-deposited film, the density ρ (kg m−3) of the nanoporous film is given by:

ρ = (1− p) × ρ0, (2)

where ρ0 (kg m−3) is the density of bulk material. Thus, the elastic constants vary with nearly the 3rd
power of (1 − p) [29].

The lattice constant a of the unit cell was chosen from the SEM observations, the size of the hole
(b and c parameters), and the nanoporosity p were adjusted to fit the experimental data. The global
porosity π (including the nanoporosity p and the macroporosity) is given by:

π = p + (1− p)bc/a2 (3)

3. Results and Discussion

3.1. First Series: Thickness from 50 to 1000 nm

3.1.1. Morphology and Structure

SEM observations of as-deposited W films exhibited a gradual change in surface and cross-section
morphologies as a function of the film’s thickness (Figure 2). For the thinnest film (50 nm), no clear
shapes could be distinguished from the top view, whereas very small columns (about a few tens nm
width) could be seen from the cross-section view (Figure 2a). Despite the very low film thickness,
they were oriented in the direction of the incoming particle flux. For this first series, the sputtering
pressure was 4.0 × 10−3 mbar, which mostly produced ballistic sputtered particles. The incident vapor
was thus highly directional, and the shadowing effect became effective from the early growing stage,
i.e., after a thickness of a few nanometers. Randomly distributed islands were observed when the
thickness was over 100 nm, and tilted columns (β close to 39◦ ± 2◦) were even more distinct (Figure 2b).
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A further increase in thickness from 200 to 1000 nm led to a better-defined microstructure (Figure 2c–f).
Top views showed a more and more corrugated surface as the thickness increases. Asymmetric and
elongated voids alternated with columns exhibiting an elliptical cross-section following the direction
perpendicular to the particle flux, i.e., y-direction. This anisotropic microstructure has ever been
reported for tungsten and other metallic thin films prepared by GLAD [30]. This column fanning was
closely connected to the film growth. During the first growing stages, nuclei were randomly distributed
on the substrate surface with no clear structure. As the deposition progresses, the column features
gradually fanned out along the y-axis (normal to the particle flux) and the shadowing phenomenon
started acting. As a result, a transverse growth was favored leading to a well-defined elliptical shape
of the columns section and a rising column interspacing with a more voided structure.

Figure 2. Top and cross-section views performed by SEM of W films sputter-deposited with a substrate
angle α = 80◦ and an argon sputtering pressure PAr = 4.0 × 10−3 mbar. White arrows indicate the
direction of incoming particle flux. Column angle β was nearly constant (39◦ ± 2◦) whatever the film’s
thickness, which was systematically increased from: (a) 50; (b) 100; (c) 200; (d) 450; (e) 600, and (f)
1000 nm.

Cross-section observations of slanted columnar W structures also showed a continuous evolution
as a function of the film’s thickness. Some columns fell under the shadow of bigger ones and
become extinct (especially noticeable from the cross-section views of the thickest films in Figure 2e,f).
This shadowing-induced competition between columns continuously occurred during the film growth.
It was previously shown that the GLAD films morphology is scale-invariant with a power-law scaling
connecting thickness and columns’ width in x- and y-directions [31]. Surface self-diffusion, atomic
mobility, ballistic character of incoming particles, or dragging phenomenon are quite a few mechanisms
which significantly influence the column broadening and tilting vs. film thickness, and thus, the
final structural morphology and anisotropy [32]. Despite several growth simulations in agreement
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with experimental data and predicting column angle and broadening, the structural anisotropy of
GLAD films still remains strongly dependent on operating conditions and experimental methods (cf.
Section 3.2 on the role of the argon sputtering pressure).

XRD measurements also showed that the crystalline structure of W GLAD films was meaningfully
affected by the film’s thickness, as reported in Figure 3.

Figure 3. XRD patterns of W thin films sputter-deposited on (100) Si substrate with an angle α = 80◦,
an argon sputtering pressure of 4.0 × 10−3 mbar and for a thickness changing from 50 to 1000 nm. Only
the 41◦–52◦ range is presented since no significant peaks were measured elsewhere. Diffracted signals
showed the occurrence of α and β phases (π and λ, respectively).

For the smallest thickness (50 nm), no significant diffracted signals were recorded but only a
broad and poorly intense band located at 2θ angle close to 47◦, which is related to the (210) planes
of the metastable A15 β phase. As the film’s thickness reached 200 nm, more intense peaks were
clearly measured and are once again assigned to the β phase. Peaks became even more intense and
narrow for thicknesses higher than 450 nm. The bcc α phase appeared with an important diffracted
signal corresponding to (110) planes recorded at 2θ = 47.12◦. Thus, increasing the film’s thickness
favors the crystallinity of α and β phases in the columnar structure. From α (110) and β (200) peaks,
the crystal size determined using the Scherrer formula reached 31 and 57 nm for α and β phases,
respectively, as the thickness reached 1000 nm. In addition to the α phase occurrence, the β phase
grew with a preferential orientation along (200) direction. As a result, a growth competition occurred
between these two W phases as a function of the film’s thickness. These results can be connected to
former investigations focused on the crystallographic structure of W films prepared by conventional
sputtering (i.e., deposition angle α = 0◦) [33]. During the early film deposition stage, β phase nuclei
are initially formed up to a so-called critical thickness, and a phase mixture is produced (appearance of
the α phase). Such a critical thickness is in the order of a few to several tens nanometers and largely
depends on the experimental growth parameters, especially pressure, deposition rate, and power [34].
Depositing above this thickness by a conventional sputtering process commonly leads to a β to α

phase transformation due to a diffusion-controlled process of W atoms [35]. In the GLAD sputtering
technique, growth mechanisms may differ since the direction of the W particle flux can yield dense
or fibrous morphologies, as the column apexes are in front of the flux or in the shadowing zone [36].
This inhomogeneous growing evolution in the columnar growth significantly produces a completely
different microstructural morphology and, thus, different crystallographic structure and properties
through the cross-section of a given column. Taking into account that the β phase is favored when
the energy of deposited species is reduced [37], one can expect the β phase occurrence on the column
sides located in the shadowing zone, whereas the α phase prevails in front of the incoming particle
flux. As a result, for thicknesses higher than 200 nm, α and β phases coexisted in W GLAD thin films
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sputter-deposited with our operating conditions. In addition to the β (200) peak located at 2θ = 41.58◦,
this phase mixture is well illustrated by the shouldered peak close to 47◦ indicating the presence of
both phases. The latter asymmetric signal can be deconvoluted to the β (210) and α (110) Bragg peaks
(2θ = 46.76◦ and 47.12◦, respectively) to get approximately α and β phase content in the film from the
selected phase peak area to the total peak area ratio [37]. For the lowest thicknesses (< 200 nm), films
were mainly composed of the β phase, and the α phase started growing at 200 nm (α content was a
few percentages by volume). When the film’s thickness reached 1000 nm, the α phase significantly
rose with a proportion by volume higher than 40%.

3.1.2. Electrical Resistivity

DC electrical resistivity of GLAD W thin films deposited on glass substrate also varied as a
function of the film’s thickness from 1.1 × 10−5 to 5.5 × 10−6 Ω m, as shown in Figure 4.

Figure 4. DC electrical resistivity and anisotropic resistivity measured at room temperature (300 K) as
a function of the film’s thickness.

It was higher than the bulk value (ρ300K = 5.4 × 10−8 Ω m for bulk W [38]), which is classically
reported in GLAD films [39]. This higher resistivity is assigned to the enhancement of the electron
scattering by surfaces and grain boundaries induced by a much more porous structure promoted
as the incident angle α tends to 90◦. However, the resistivity evolution of W GLAD films did not
exhibit the classical saturation effect as typically observed in conventional sputtered films when the
thickness exceeds a few tens nanometers [40]. This continuous reduction of resistivity vs. thickness
has to be connected to XRD results, which simultaneously showed an increase in the crystal size and
favoring of the α phase as a function of the film’s thickness. Since the electrical conductivity of metallic
thin films is limited by the scattering of electrons at grain boundaries, an increase in the crystal size
induces a longer electron mean free path and thus, improves the electrical conductivity of the films. In
addition, Petroff and Reed [41] previously showed that the amounts of α and β phases present in W
thin films strongly affect the resistivity because bulk α and β phases exhibit a significant difference of
resistivity with ρα = 5.4 × 10−8 Ω m lower than ρβ = 1.5–3.5 × 10−6 Ω m at 300 K [42]). As a result, an
increase in the crystal size associated with a larger proportion of the α phase as thickness increased,
both contributed to the drop in the films’ resistivity.

Figure 4 also illustrates the influence of the films’ thickness on anisotropic resistivity Aρ defined
as the resistivity ratio following x and y-directions (i.e., parallel and perpendicular to the direction of
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the particle flux). For the lowest thickness of 50 nm, Aρ = 1.8, which was surprisingly high since no
clear anisotropic morphology was viewed from SEM observations in Figure 2a. On the other hand,
some studies have deservedly reported that the shadowing effect may become effective from the first
growing stage of oblique angle deposition [43], especially at low pressure for the sputtering process
and for deposition angles α higher than 80◦, which were our operating conditions. It is also worth
noting that the first nuclei created nanoscale topographies, thus inducing an initial surface roughness,
which is a principal requirement for the shadowing effect to begin. The latter is a key parameter,
particularly when the surface diffusion of incoming particles is limited. Such is the case of W atoms
where the surface self-diffusion energy Ed = 3.10 eV, which is high compared to other metals where Ed
is lower than 1 eV [44]. Thus, atoms such as W are unable to fill-in the shadowed regions (shadowing
prevents structural broadening of the columns in the direction of the particle flux). As a result, despite
no clear surface structural asymmetry being clearly distinguished from SEM images of 50 nm thick
films, a structural anisotropy certainly occurred shortly after the first growing stage.

Anisotropic resistivity became more and more relevant as the film’s thickness increased and
reached 2.3 at 600 nm. Although the film’s thickness increased up to 1000 nm, Aρ remained higher than
2.2. This anisotropic behavior, which was more obvious for thicknesses higher than a few hundred nm,
agrees with other studies focused on the electronic transport properties of GLAD thin films [45]. Such
behavior is mainly assigned to the elliptical shape of the columnar cross-section (fanning mechanism
during the growth, as shown in Figure 2), being especially prominent in W GLAD thin films [46].
An alternation of dense and voided architecture is rather produced in the direction of the particle flux,
whereas dense and chained columns were obtained following the normal direction. A further increase
in the film’s thickness did not enhance anisotropic resistivity. This saturation can be associated with a
nearly stable crystallographic structure (α and β phase mixture) and nearly unchanged morphology
(top and cross-section views by SEM rather show a scaled architecture) from 450 to 1000 nm.

3.1.3. Elastic Wave Propagation

The group velocities of the Rayleigh waves following the x- (parallel to the incoming flux) and
y-direction (perpendicular to the incoming particle flux) were obtained from the local slope of the
dispersion curves for a wave vector k/2π = 1/λ = 3 × 105 m−1 in our case (where λ is the wavelength).
The calculated group velocities of the Rayleigh waves of W thin films change as a function of the film’s
thickness, as shown in Figure 5.

Figure 5. Group velocities of pseudo-Rayleigh waves along x and y-axes, and related anisotropic
coefficient as a function of the W film’s thickness.
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As the film’s thickness increased, velocities decreased, and the anisotropy coefficient Av, defined
as the velocity ratio following x and y-directions, increased. Since the films were smaller than the
wavelength, the Rayleigh waves also propagated into the substrate. Therefore, one can expect an
increase in Av with the thickness. Moreover, as the Rayleigh velocity in silicon (4917 m s−1 along the
<100> direction [47]) is higher than in tungsten (2646 m s−1 [47]), the decrease in velocities is also
expected. However, analytical calculation with a homogeneous film and simulations showed that the
effect of the substrate is not enough to explain these behaviors (cf. the computing of porosity at the
end of this section).

For the smallest thickness (50 nm), velocities were similar along x and y-axes (3450 ± 50 m s−1 and
3630 ± 50 m s−1, respectively). As a result, the anisotropic coefficient Av equaled to 1.05, contrary to the
resistivity anisotropy (Aρ = 1.8). This result could be expected since a good proportion of the waves
propagated into the substrate. It is worth noting that these velocities were higher than the surface
wave velocities of tungsten bulk metals, a consequence of the higher velocity in Si.

Increasing the thickness up to 450 nm led to an important drop for the pseudo-Rayleigh wave
velocity with vx = 1100 m s−1 and vy = 1848 m s−1 along x- and y-directions, respectively. This sudden
decrease in velocities is mainly attributed to the formation of voided microstructure and large spaces
between the inclined columns, which became more and more important as the thickness increased.
Moreover, the column features gradually fanned out along the y-direction while shadowing prevented
significant structural broadening along the x-direction. The cross-section thus became increasingly
elliptical as deposition continued, and the basic columnar microstructure exhibited structural anisotropy
because of the development of an elongated column cross-section. Therefore, the significant difference
between velocities vx and vy is linked to the structural anisotropy, which developed in the film plane.
Increasing the thickness to and above 800 nm led to a saturation of the anisotropic coefficient Av tending
to 2.0. This stabilization, as with the resistivity, comes from the stable crystallographic structure (α and
β phase mixture) and the nearly unchanged and scalable morphology.

To separate the effect of the substrate from that of the film’s morphology, FE simulations, including
macro and nanoporosities, were performed with a simplistic model, as described in Section 2. Table 1
illustrates the evolution of the global porosity as a function of the film’s thickness (fitted to the
experimental data adjusting the hole sizes and porosity).

Table 1. Calculated global porosity as a function of the W film’s thickness.

Thickness
(± 50 nm)

100 200 450 600 800 1000

Global porosity π

(± 10% of the bulk) 20 33 62 65 66 69

These results confirm that the microstructure and porosity of the film changed with the thickness.
The fitted porosity steadily increased up to a thickness of 450 nm, from π = 20% for 100 nm to 62% of
the bulk for 450 nm. Such high values of porosity were also obtained for thinner Si films prepared by
GLAD [43]. This porous architecture produced in GLAD films is linked to the increase in the average
distance between columns and the vanishing of other columns due to the shadowing effect (typical
phenomenon driven by the growth competition, which is inherent to the GLAD process). For thicker
films, the porosity still increased, but to a lesser extent, from π = 65% at for 600 nm to 69% of the bulk
for 1000 nm. This evolution can be compared with densities measured for thick TiO2 films (>1 μm),
which became uniform with the thickness [48], presumably related to the reduction of the column
growth competition and their extinction.
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3.2. Second Series: Sputtering Pressure from 2.5 × 10−3 to 15 × 10−3 mbar

3.2.1. Morphology and Structure

The columnar microstructure and surface morphology of 400 nm thick W thin films were also
influenced by the argon sputtering pressure, as shown in Figure 6.

Figure 6. Top and cross-section observations by SEM of W films sputter-deposited with a substrate
angle α = 80◦. The deposition time was set to get a constant film thickness of 400 nm. White arrows
indicate the direction of incoming particle flux. Column angle β changed from 39◦ ± 2◦ to 18◦ ± 2◦ as
the argon sputtering pressure increased from 2.5 × 10−3 to 15 × 10−3 mbar: (a) 2.5; (b) 3.5; (c) 4.0; (d)
6.0; I 10, and (f) 15 × 10−3 mbar.

For the lowest pressures (2.5 × 10−3 to 4.0 × 10−3 mbar in Figure 6a–6c, respectively), films
exhibited a similar surface morphology, i.e., an elongated-shape of the columnar cross-section in the
direction perpendicular to the particle flux (y-axis). Such anisotropic microstructure became even
more marked as the argon sputtering pressure reduced with column widths reaching more than 500
nm for the largest spaces between columns of a few hundred nanometers in the x-direction. It is also
interesting to note that this range of pressures gave rise to the highest column angle with β around 39◦
± 2◦, which was lower than the substrate angle α = 80◦, as expected in GLAD deposition. From the
top-view images, the column apex in front of the particle flux exhibited a smoother and more abrupt
edge than the opposite side (in the shadowing region), which showed a serrated edge and a fibrous
feature. This difference of morphological microstructure between the opposite sides of the columns
is related to the ballistic character of W sputtered atoms. For the lowest argon sputtering pressures,
W atoms have a ballistic behavior. The compact part on the column side facing the flux is due to the
energy transfer of W atoms. They impinged on the column apex and were abruptly stopped leading to
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a dense material. On the opposite side, located in the shadowing zone, a few parts of W atoms arrived
with a grazing incidence. They hit the column apex close to the shadowing zone and induced atomic
mobility processes in the direction of the particle flux [36]. Columns were then formed by a dense zone
on one side, whereas a fibrous and porous one was produced on the opposite side.

Increasing the argon sputtering pressure up to 15 × 10−3 mbar (Figure 6f) led to a less anisotropic
microstructure. Columns showed a more isotropic cross-section, and voids between columns reduced
but were still relevant. In addition, the column angle decreased and reached 18◦ ± 2◦ for this highest
argon sputtering pressure. This change in microstructure has to be related to the thermalization of
sputtered W atoms. Their energy decreased and the flux became scattered as the pressure rose. Taking
into account our target-to-substrate distance (65 mm) and assuming that the calculated W atoms
mean free path decreased from 7.2 cm down to 1.2 cm as the argon sputtering pressure changed from
2.5 × 10−3 to 15 × 10−3 mbar, respectively [49], direction and energy of W atoms impinging on the
growing film were both modified. As determined by Westwood [50], the number of collisions required
to thermalize a sputtered particle in an argon plasma is about 10. One can claim that for our range of
pressures, W sputtered atoms changed from a ballistic to a thermalized characteristic mainly. From
Barranco et al. [51], the thermalization degree Ξ and deposition angle α allow defining a microstructure
phase map illustrating different kinds of microstructures in sputter-deposited thin films. A γ- to δ-type
microstructural evolution is suggested for our W thin films as the argon sputtering pressure rose, i.e.,
some well-defined and isolated tilted columns at low thermalization degree (directional particle flux
and low pressure), whereas a vertical and coalescent column-like structure with a high density of micro
and mesopores occluded in the material for the highest one.

From XRD analyses (Figure 7), W films prepared at the lowest argon sputtering pressure (2.5 × 10−3

mbar) displayed better crystallinity.

Figure 7. XRD patterns of 400 nm thick W thin films sputter-deposited on (100) Si substrate with
an angle α = 80◦, and for an argon sputtering pressure changing from 2.5 × 10−3 to 15 × 10−3 mbar.
Diffracted signals show the occurrence of α and β phases (π and λ, respectively).

An α and β phase mixture were clearly recorded with strong diffracted signals corresponding to α

(110) and β (200) planes at 2θ = 47.12◦ and 41.76◦, respectively. As previously reported in Section 3.1.1,
it is interesting to note that the peak at 2θ = 47.12◦ related to the α phase was not symmetric with a
shoulder on the low-angle side, which is assigned to the diffraction by the β (210) planes. Increasing
the argon sputtering pressure gave rise to lower diffracted signals for both phases. The shoulder-peak
previously noticed became even more substantial, and for pressures higher than 6.0 × 10−3 mbar, only
signals connected to the β phase were clearly recorded. Peaks became broad and weak for the highest
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argon sputtering pressure of 15× 10−3 mbar. As the pressure increased from 2.5× 10−3 to 15 × 10−3 mbar,
the α phase vanished and crystal size of the β phase reduced (from Scherrer formula and assuming β

(200) peak) from 28 to 10 nm, respectively. This decrease in crystallinity with the vanishing of the α

phase vs. pressure well agrees with previous studies reporting W thin film growth by conventional
sputtering [49,52]. A high argon sputtering pressure increases the probability of collision between
sputtered atoms traveling toward the substrate and argon atoms and ions (thermalization prevails).
The mean free path of W sputtered atoms (well below the target-to-substrate distance of 65 mm),
as well as their energy, is then reduced. As a result, the W particle flux tends to be less directional
and less energetic. As suggested by Vüllers and Spolenak [49], the reduced energy of incoming W
atoms favors low mobility adsorption. Other phenomena, such as implantation and adsorption of
high mobility atoms which prevail at low working pressure, become negligible. In addition, migration
of W atoms to the α phase growth sites is hindered, and the reduction of W mobility by adsorbed
argon atoms is favored [53,54]. Since the formation of the β phase is often accompanied by a porous
architecture, some growing defects, and a secondary growth phenomenon [42,49,55], the occurrence of
such crystallographic structure is more sensitive to environmental interactions such as residual oxygen,
which prevents the long-range order and development of α phase.

3.2.2. Electrical Resistivity

Argon sputtering pressure did not only impact on the morphology and crystal structure of W
GLAD thin films but it also influenced their electrical and anisotropic resistivity, as shown in Figure 8.
A continuous and gradual increase in resistivity from ρ300K = 5.7× 10−6 to 5.6× 10−5 Ω m was measured
when the pressure changed from 2.5 × 10−3 to 15 × 10−3 mbar, respectively.

Figure 8. DC electrical resistivity and anisotropic resistivity measured at room temperature (300 K) vs.
argon sputtering pressure of 400 nm thick W GLAD thin films prepared on a glass substrate with a
deposition angle α = 80◦.

Whatever the argon sputtering pressure, the films’ resistivity was again two to three orders of
magnitude higher than the W bulk value (ρ300K = 5.4 × 10−8 Ω m [38]). This difference is commonly
attributed to the grain boundary scattering of free electrons. XRD analyses showed a polycrystalline
structure and the best crystallinity for films prepared with the lowest argon sputtering pressure of
2.5 × 10−3 mbar (Figure 7). For such a pressure, the coexistence of α and β phases was recorded with a
crystal size of 22 and 23 nm, respectively (calculated from Scherrer formula and after deconvolution of
diffracted signal related to β (210) and α (110) peaks). These values were higher than the electron mean
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free path in W, which is about 16 nm [56]. It means that the resistivity of GLAD W films produced at
low argon sputtering pressure cannot be completely assigned to the electron scattering at the grain
boundaries. The high voided microstructure (usually obtained in GLAD films) and large spaces
between the tilted columns clearly observed from SEM images (Figure 6a) rather contributed to the
high resistivity.

A substantial increase in resistivity was measured for an argon sputtering pressure higher than
6.0 × 10−3 mbar. This pressure range has to be correlated with the gradual evolution of the films’
microstructure (Figure 6), vanishing of the α phase and smooth decrease in the crystal size of the β

phase down to a few nanometers for the highest pressure (Figure 7). Despite the shorter spaces between
tilted columns as the pressure rose, voids still remained and contributed to the electron scattering.
In addition, XRD patterns showed a broadening of diffracted signals related to the β phase, which
means a crystal size lower than the electron mean free path. As a result, the film’s resistivity was
dominated by characteristics of the remaining β phase, the latter being more resistive than the α phase.

A significant difference in electrical resistivity was measured following x- and y-directions
(determined from the Bierwagen method [23]). This difference between ρx and ρy is once again related
to the microstructure of W thin films. It was clearly demonstrated that GLAD deposition of columnar
films with incident angles higher than 60◦ (critical-like angle) produced significant structural and
uniaxial anisotropy in the substrate plane induced by the shadowing effect [57]. Thus, an anisotropic
distribution of the grain boundary potential barrier heights was formed in the direction of the incoming
atoms (x-axis), especially at low argon sputtering pressure due to the high directional behavior of the
particle flux. W nuclei grew with a connection to each other by chains perpendicular to the direction
of the shadowing effect (y-axis). The columnar growth exhibited an elliptical-shape cross-section,
which became less marked as the pressure rises. Therefore, this difference of electrical resistivity in
the orthogonal axes was less and less noticeable from 6.0 × 10−3 mbar, which is the pressure range
corresponding to the formation of more isotropic cross-section and narrow columns. This change in
microstructure is also related to the thermalization of sputtered W atoms (their energy decreases and
the flux becomes less directional). Anisotropy was above 2.1 for the lowest argon sputtering pressures
and progressively reduced to about 1.8 at 15 × 10−3 mbar. This Aρ value was still high despite the
isotropic columnar microstructure viewed from SEM pictures (Figure 6f). This means that electron
scattering remained preferential in the direction to the particle flux (x-axis) and, thus a structural
anisotropy remained as we can see in Figure 6e,f, where the density of columns was high, and they
tended to keep bundled following the x-direction.

3.2.3. Elastic Wave Propagation

The elastic properties of W films also depend on the argon sputtering pressure. Figure 9 illustrates
the evolution of the group velocities and anisotropy of the pseudo-Rayleigh wave as the pressure
changed from 2.5 × 10−3 to 15 × 10−3 mbar.

For the lowest pressures (2.5 × 10−3 to 4.0 × 10−3 mbar), the sputtered vapor was strongly
directional, which favors shadowing conditions. The lateral growth allowed neighboring columns to
touch and chain together, whereas shadowing prevented columns merging along the x-direction. This
produced a preferential bundling of the columnar microstructure in the y-direction [13]. Hence, the
velocity was significantly lower following the x-direction, which led to an important elastic anisotropic
coefficient (Av = 1.8 to 2). Both velocities in the x- and y-directions increased with argon sputtering
pressure. This evolution was correlated with the microstructural changes in the films and the reduction
of porosity (Table 2).
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Figure 9. Group velocities of pseudo-Rayleigh waves along x and y-axes and related anisotropic
coefficient as a function of the argon sputtering pressure.

Table 2. Calculated porosity as a function of the argon sputtering pressure.

Pressure PAr

(× 10−3 mbar)
2.5 3.5 4.0 6.0 8.0 10.0 15.0

Global porosity π

(± 10% of the bulk) 68 65 62 59 55 53 46

Increasing the argon sputtering pressure up to 15 × 10−3 mbar (Figure 6f) gave rise to a less
anisotropic microstructure. Columns showed a more isotropic cross-section and voids between
them became smaller. As previously mentioned, this change in microstructure is related to the
thermalization of sputtered W atoms. A further increase in pressure induced less inclined columns as
the lack of vapor directionality effectively reproduced an isotropic deposition geometry. Nonetheless,
a previous study [24] showed that the column tilt angle β has hardly any influence on velocities, and
anisotropic velocity is mainly connected to the holes/columns geometry, especially their form factor.
Due to the rather circular shape of the column cross-sections, x and y-velocities were similar with
vx = 1800 m s−1 and vy = 2000 m s−1, which means an anisotropy Av around 1.2. These results are
consistent with an earlier publication where no anisotropy on the pseudo-Rayleigh waves propagating
in gold films deposited by GLAD are reported (SEM observations similarly showed nearly circular
column cross-sections) [46].

As reported in Table 2, the global porosity rapidly decreased as the argon sputtering pressure
increased from π = 68 ± 10% for 2.5 × 10−3 mbar to 46 ± 10% of the bulk for 15 × 10−3 mbar. This result
comes from the decrease in the inter-columnar space, leading to the densification of the film. Indeed,
the high voided microstructure and large spaces between the tilted columns (obtained for the lowest
pressures) clearly viewed by SEM analyses (Figure 6a–c) contributed to the global porosity. Although
an increase in argon sputtering pressure usually leads to much more porous thin films prepared by
conventional sputtering, this reverse trend has previously been reported in Liang et al. investigations
for Mg films deposited by the GLAD method [58]. The authors also reached the same conclusion, i.e.,
a decrease in the film porosity due to shorter intercolumnar spaces obtained at high pressure.

4. Conclusions

Tungsten thin films were prepared by DC magnetron sputtering by the GLAD technique. A constant
deposition angle α = 80◦ was used for all depositions. For a first series of films, a constant argon
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sputtering pressure of 4.0 × 10−3 mbar was used, whereas the film’s thickness was progressively
changed from 50 to 1000 nm. An anisotropic microstructure was developed as the film’s thickness
increased. The column angle was kept constant around 39◦ whatever the film’s thickness and columns
became more and more asymmetric with elongated columnar cross-sections perpendicular to the
incoming particle flux. This anisotropic microstructure was correlated with the ballistic character
of sputtered particles (high directional flux), and the shadowing effect was effective from the early
growing stage. DC electrical resistivity was progressively reduced as a function of the film’s thickness
due to an increase in the grain size and the occurrence of the α-W phase. Resistivity, as well as surface
elastic wave velocity, were reduced as the film’s thickness increases due to a more voided architecture
(an increase in the micro- and nanoporosity). They also both exhibited an enhanced anisotropy up
to 450 nm thick, which was correlated with a thickness range corresponding to a better-defined
anisotropic microstructure.

For the second series, deposition time was adjusted to get a constant film thickness of 400 nm,
and the argon sputtering pressure was systematically varied from 2.5 × 10−3 to 15 × 10−3 mbar. The
elongated shape of the columnar cross-section produced with the lowest pressures in the direction
perpendicular to the particle flux progressively transformed to less tilted and narrow columns with a
more isotropic cross-section for the highest pressures. This morphological evolution was assigned to
the predominance of thermalized tungsten atoms, more dispersive and less energetic tungsten atoms
impinging on the growing films. Increasing the argon sputtering pressure, the α phase completely
vanished, and films became poorly crystallized with the growth of a nano-crystallized β phase. This
decrease in crystallinity was associated with an enhancement of the electrical resistivity, whereas
surface elastic wave velocity was gradually increased due to the development of less spaced columns
(decrease in porosity). The columnar microstructure became more homogeneous at high pressure and
induced a more isotropic behavior of electronic conduction and elastic wave propagation in columnar
tungsten thin films.
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Abstract: Transparent and conducting thin films were deposited on soda lime glass by RF magnetron
sputtering without intentional substrate heating using an aluminum doped zinc oxide target of 2 inch
in diameter. The sheet resistance, film thickness, resistivity, averaged transmittance and energy band
gaps were measured with 2 mm spatial resolution for different target-to-substrate distances, discharge
pressures and powers. Hall mobility, carrier concentration, SEM and XRD were performed with
a 3 mm spatial resolution. The results reveal a very narrow range of parameters that can lead to
reasonable resistivity values while the transmittance is much less sensitive and less correlated with
the already well-documented negative effects caused by a higher concentration of oxygen negative
ions and atomic oxygen at the erosion tracks. A possible route to improve the thin film properties
requires the need to reduce the oxygen negative ion energy and investigate the growth mechanism in
correlation with spatial distribution of thin film properties and plasma parameters.

Keywords: transparent conducting oxides; aluminum doped zinc oxide; magnetron plasma sputtering

1. Introduction

Transparent and conductive thin films are important for a large number of applications, including
but not limited to: touch screens, solar cells, smart windows (low-e, chromogenic devices) and light
emitting diodes [1–5]. Oxides doped with metals, generically known as transparent conductive oxides
(TCO) are successfully used nowadays, with indium tin oxide (ITO) being the best material, with
a resistivity of around 10−4 Ωcm and transmittance above 88% [1]. However, the high demand for
large area applications, coupled with the reduced abundance of indium, limits market penetration
for very large area applications, such as low-e windows and solar cells [3,4]. This motivation
sustains intensive research on alternative materials, with aluminum-doped zinc oxide (AZO) being
one of the most promising choice due to the high abundance of Zn and Al [2]. For example, cost
effective solar cells based on Cu (In,Ga)Se2 (CIGS) and Cu2ZnSnS4 (CZTS) absorbers have been
fabricated with a TCO based on AZO [6,7]. There are several methods used to deposit AZO, including
physical vapor deposition (under various operation conditions for magnetron sputtering, such as
radio-frequency [8–20], medium-frequency [8,21–26], DC [8,16,22,26–37], pulsed DC [38], high power
impulse [39,40], ion beam assisted [41], chemical vapor deposition [1,5] and other chemical methods
such as spin coating and sol gel [2,4]. Among them, magnetron plasma sputtering has been successfully
used to deposit ITO on large area substrates (up to 15 m2) and is also regarded as a viable and cost
effective solution for AZO [1–5]. However, the resistivity of AZO thin films is about 5 to 10 times higher
than that of ITO, with better values only for limited locations on the substrate [2,5]. The main reason for
this is the electronegativity of oxygen that easily forms negative ions by attaching low-energy electrons

Nanomaterials 2020, 10, 14; doi:10.3390/nano10010014 www.mdpi.com/journal/nanomaterials75



Nanomaterials 2020, 10, 14

emitted from the target by secondary emission or generated by plasma [2,5]. Since the sputtering target
builds up a negative bias (positive ions produce the sputtering after being accelerated in a thin space
charge layer named the plasma sheath), the negative ions [42] are accelerated over the sheath towards
the substrate, and assist the film growth with energies distributed from 0 to 500 eV for operation
in DC and 0–300 eV for operation in radio-frequency discharge, as recently reported by Ellmer et
al. [43,44]. The presence of permanent magnets behind the target, so as to produce a high-density
plasma close to the surface, results in a non-uniform erosion. This non-uniformity is correlated with
the radial distribution of the negative ions that is eventually mirrored on the substrate [45]. At the
same time, one expects a non-uniform distribution of the oxygen released from the target (mainly
for short target-to-substrate distances) which can also influence the thin film growth [5]. Up to date,
both energetic negative ions and oxygen distribution are considered as the main reasons responsible
for the poor optoelectronic properties of AZO over the substrate surface [2,5,45]. AZO deposited
by magnetron plasma sputtering was, and yet is, intensively studied, with a large number of works
reporting resistivity values in the range of 10−4 Ωcm only for small substrate areas or for films with
transmittance below 80% [1–5]. The lowest resistivity for AZO, of 8.54 × 10−5 Ωcm, was reported
by pulsed laser deposition over a non-specified area [46]. However, a critical investigation reveals
that further improvement of AZO properties could only be possible by simultaneously achieving a
resistivity below 3 × 10−4 Ωcm and a transmittance above 88%, for a substrate area comparable with
the target area. If these optoelectronic properties are achieved without intentional substrate heating,
then such a process can be used to coat heat sensitive substrates.

The aim of this work is to identify the best range of deposition parameters (pressure, power and
target-to-substrate distance) and to provide a set of carefully measured spatial distribution profiles for
optoelectronic properties (sheet resistance, resistivity, mobility, carrier concentration and transmittance)
of AZO thin films that can be used as a reference for further studies so as to eventually understand the
thin film growth mechanism.

2. Materials and Methods

Clean soda lime glass samples of 10 × 50 mm and 0.75 mm in thickness were used as substrates
to deposit AZO thin films by a two-inch in diameter Zinc/Alumina (ZnO/Al2O3, 97/2 wt%) target
(Kurt Lesker, Jefferson Hills, PA, USA) mounted on a TORUS® cathode powered in radio-frequency at
13.56 MHz (see Figure 1a).

Figure 1. (a) Schematic of the experimental setup, (b) samples arrangement on the substrate holder,
(c) sample characterization.

The vacuum chamber was large enough (50 cm in diameter) to accommodate 8 samples at the
same time, placed on a large holder that could rotate so as to expose the samples one by one, to different
discharge conditions (power, PRF, pressure, p, and target-to-substrate distance, Z), without turning off
the discharge (see Figure 1b). A large disk shutter was used to prevent deposition on samples during
the time needed to adjust the discharge parameters. The deposition was done by aligning aΦ = 60 mm
in diameter opening in the shutter disk between the target and the substrate at a constant distance of
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10 mm between the opening and the substrate holder. The target-to- substrate distance was adjusted
by translating the cathode upwards. The discharge pressure was varied in the range of 1.4 to 50 mTorr,
the RF power from 10 up to 100 W and target-to-substrate distance from 25 up to 100 mm. There was
no intentional heating of the substrate except for a temperature rise due to plasma exposure, which
was less than 70 degrees (measured with a no-contact FTX-100-LUX + OSENSA Innovations, Burnaby,
BC, Canada, temperature transmitter) after 1 h deposition time for all process parameters presented
in this work. The sheath resistance was measured with a resolution of 2 mm using a four-probe
system, configured to accommodate the substrate dimensions (see Figure 1c). The thin film thickness
was measured with a thin film analyzer Filmetrics F20 (San Francisco, CA, USA) and confirmed by
SEM with the same spatial resolution as the sheet resistance so as to enable the calculation of the
AZO thin film resistivity profile. The transmittance spectra was measured using an Agilent Cary
100 UV-Vis photo-spectrometer (Santa Clara, Ca, USA), in steps of 2 mm, to provide the averaged
transmittance in the range of 400 to 700 nm and the band gap energy from Tauc’s plot. In the last steps
of characterization, the samples were cut into 3 × 3 mm pieces as presented in Figure 1c and separate
rows were used for SEM (Zeiss Merlin, Oberkochen, Germany), XRD and Hall effect measurement
(ezHEMS from Nanomagnetics Instruments, Oxford, UK) of carrier concentration and mobility.

3. Results

The sheet resistance as a function of radial position (r = 0 at sample center) for Z = 45, and 65 mm,
PRF = 20 W and 60 min deposition time is presented in Figure 2a for p = 1.4 mTorr and (b) p = 3 mTorr,
respectively, where 1.4 mTorr was the lowest pressure to sustain the plasma.

Figure 2. Sheet resistance as a function of radial position for (a) p = 1.4 mTorr and (b) p = 3 mTorr
where PRF = 20 W and deposition time 60 min.

Despite the small change in pressure, one can see a flattening of the sheet resistance for
−10 < r < 10 mm when increasing the p from 1.4 to 3 mTorr. However, the most remarkable thing is
the difference, of almost two orders of magnitude, for 20 < r < 30 mm at both pressures, as well as
the variation of the sheet resistance with more than one order of magnitude for Z = 45 mm at the
locations corresponding to r = 10 mm and r = 25 mm. It is important to note that the sheet resistance
profiles are symmetric with respect to r = 0 mm and on purpose we used a translation of 4 mm so
as to be able to capture thin film properties for 25 < r < 30 mm (close to the edge of the shutter).
Figure 2a exhibits a good correlation with the erosion tracks for Z = 45 mm (two humps structure,
for r ~ −10 mm and 10 mm respectively) while increasing Z to 65 mm gives a convolution, with
a single hump for −10 < r < 10 mm. Such behavior was reported more than 20 years ago and was
associated with the possible influence of negative ions or oxygen distribution [45]. Application wise,
sheet resistance values above 100 Ω/sq were too high, and increasing Z led to even higher values, so
that the target-to-substrate distance was further decreased. Figure 3a presents the sheath resistance
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and (b) the film thickness for different pressures and Z = 35 mm. In this case, the correlation with
the erosion tracks is evident for p ≥ 3 mTorr, with two humps that are getting closer by increasing
p. The spatial distribution at p = 1.4 mTorr shows a strong central peak, revealing that the plasma
discharge exhibits a torch-like profile, resulting from an inefficient plasma production by the magnetic
field at low pressures. However, it is remarkable to see that a very small change in pressure (from 1.4
to 3 mTorr) has a significant effect on the plasma (revealed by the film thickness) and sheet resistance
profile. Once again, one can notice very large variations in the sheet resistance, as the decrease from
104 Ω/sq to 350 Ω/sq, only by moving from r = 5 mm to r = 17 mm at p = 9 mTorr. The film thickness
presented in Figure 3b helps one to understand that the torch-like discharge mode causes intensive
re-sputtering on the sample surface for −10 < r < 10 mm, while higher pressures reveal almost parabolic
profiles with some small shoulders correlated with the erosion track for 6 and 9 mTorr. A higher film
thickness at 3 mTorr with respect to 1.4 mTorr suggests a significant change in plasma density within
this narrow pressure change.

Figure 3. Spatial distribution of (a) sheet resistance and (b) film thickness for different pressures and
Z = 35 mm and PRF = 20 W.

The resistivity, Hall mobility and carrier concentration measured on 3 × 3 mm2 samples (see
Figure 1c) are presented in Figure 4 for −5 < r < 25 mm and p = 1.4 and 3 mTorr, with lowest resistivity
and highest mobility and carrier concentration at the edge (r = 23 mm) of the sample deposited at
3 mTorr. The optical performance is characterized by the transmittance spectra in the visible range that
have been measured between 250 and 900 nm. As example, the radial distribution of transmittance
spectra from r = −24 mm to the sample center are presented in Figure 5 for p = 3 mTorr, Z = 35 mm and
PRF = 20 W, from which one can see the interference oscillations correlated with the film thickness.
The averaged transmittance (400 to 700 nm) for 1.4 mTorr and 3 mTorr is presented in Figure 6a for
Z = 35 mm and (b) for Z = 45 mm, where an obvious correlation with the erosion track can be seen only
for the sample at 3 mTorr and Z = 45 mm. All of the values are above 87%, even reaching above 93%
over the whole sample deposited at 1 mTorr and Z = 45 mm, thus revealing that the main challenge is
to reduce the resistivity.
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Figure 4. Spatial distribution of (a) resistivity and (b) mobility and carrier concentration for samples
deposited at 1.4 and 3 mTorr, Z = 35 mm and PRF = 20 W.

Figure 5. Transmittance spectra at different radial locations for p = 3 mTorr, Z = 35 mm and PRF = 20 W.

Figure 6. Spatial distribution of averaged transmittance for (a) Z = 35 mm and (b) Z = 45 mm where
PRF = 20 W.

Another important parameter is the band gap with a theoretical value of 3.37 eV for ZnO and
expected increase with up to 0.5 eV by Al doping. The band gap of samples deposited at 1.4 and
3 mTorr and Z = 35 mm (20 W, 60 min) were calculated using Tauc’s plot of transmittance spectra and
are presented in Figure 7 with an evident correlation with the erosion tracks and also showing the
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highest values (above 3.4 eV) at the same locations with lowest resistivity values and highest mobility
and carrier concentration.

Figure 7. Spatial distribution of energy band gap for samples deposited at 1.4 and 3 mTorr where
Z = 35 mm and PRF = 20 W.

The spatial distribution of the (a) sheet resistance and (b) film thickens is presented in Figure 8 for
different discharge powers at 1.4 mTorr, Z = 35 mm and 60 min deposition time. While the central part
(−10 < r < 10 mm) was significantly affected by the torch-like discharge, noticed also in Figure 3, the
lowest sheet resistance values (below 50 Ω/sq) were measured at the edge. The deep film thickness
near r = 0 mm is caused by re-sputtering on the substrate, with no measurable values for powers above
20 W. The sheet resistance, Hall mobility, carrier concentration, resistivity and averaged transmittance
for data points in Figure 8 at r = 24 mm are presented in Table 1 and show the lowest resistivity of
5.45 × 10−4 Ωcm, 17.3 cm2/Vs for mobility, 6.63 × 1020 cm−3 for carrier concentration and 88% for
averaged transmittance. Such values are indeed very good for several applications that need TCO’s
with moderate properties, including low emissivity windows.

Figure 8. Spatial distribution for the (a) sheet resistance and (b) film thickness for different discharge
powers (PRF) where p = 1.4 mTorr, Z = 35 mm and a 60 min deposition time.
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Table 1. Sheet resistance, Hall mobility, carrier concentration, resistivity and averaged transmittance
for the data points in Figure 8 at r = 24 mm for different discharge powers.

RF Power
[W]

Sheet
Resistance/sq

Hall Mobility
[cm2/Vs]

Carrier
Concentration

[cm−3]

Resistivity
[cm]

Averaged
Transmittance [%]

10 2320 2.62 5.07 × 1019 4.69 × 10−2 92.2
15 311 6.93 3.05 × 1020 2.95 × 10−3 89.6
20 175 7.15 3.84 × 1020 2.27 × 10−3 86.2
25 67.2 9.33 4.33 × 1020 1.54 × 10−3 87.7
30 13.6 17.3 6.63 × 1020 5.45 × 10−4 88.5

However, the challenge remains to attain such values all over the substrate. XRD and SEM
performed on the 3 × 3 m2 substrate pieces cut from the samples deposited at 1.4 (left) and 3 mTorr
(right) presented in Figure 3a (20 W, Z = 35 mm, 60 min) are presented in Figure 9. Several crystalline
structures can be identified with stronger peaks of Spinel (422) correlated with the erosion tracks and a
well visible peak for Wurtzite (002) present only at the edge, corresponding to the lowest resistivity,
as presented in Figure 4. Surface morphology by SEM reveals a higher roughness near the edge.
Cross-SEM images have been presented elsewhere [20], including some showing a possible correlation
with a transition in the Thornton diagram from zone 1 to zone 2 in a narrow pressure range.

Figure 9. XRD and SEM performed on 3 × 3 m2 substrate pieces cut from samples deposited at 1.4 (left)
and 3 mTorr (right) presented in Figure 3a (20 W, Z = 35 mm, 60 min).
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4. Discussion

AZO by magnetron sputtering has been under investigation for more than 30 years, with several
detailed reports examining its non-uniformity aspects [45]. While the focus for an extended period
was on reporting record values for the lowest resistivity, it became evident in recent years that
resistivity values below 10−3 Ωcm are very difficult to obtain over an area comparable with that of the
sputtering target for averaged transmittance values above 88%. Significant effort was also devoted to
understanding the growth mechanism in correlation with the possible role of oxygen negative ions and
atomic oxygen distribution [43,44]. The results presented in Section 3 reveal a very narrow range for
deposition parameters where one can obtain reasonably good resistivity (10−3 Ωcm, with lower values
outside the zone mirrored by the erosion tracks on the substrate): low pressure (2–4 mTorr), short
target-to-substrate distance (30–45 mm) and low RF power (20–35 W for a 2 inch target). Increasing the
pressure above 4 mTorr produced higher resistivity values. A similar trend was observed by increasing
the target-to-substrate distance (see Figure 2). The short distance (Z) and low pressure also limits the
discharge power to below 30 W (higher powers result in significant re-sputtering at the central part
of the sample). The correlation of resistivity with the erosion track is obvious (see Figures 3 and 8)
and it has been reported before. The XRD and SEM investigation (Figure 9) shows a Wurtzite (002)
structure and larger grains only at the edge of the sample |r| > 20 mm while the Spinel (422) was
dominant at locations facing the erosion tracks. Due to the glass substrate’s contribution, the EDX
investigation gave no relevant trends [20]. In a more detailed recent investigation, it was concluded
that Al content was directly correlated with compressive stress, and the spatial inhomogeneity and
pressure dependence could be related to particle bombardment [20]. An important aspect presented
in this work is the very large variations one can get (almost two orders in magnitude for resistivity)
within a very small shift in location (5–10 mm). This suggests that any attempts to understand the
growth mechanism while rotating the substrate or neglecting the role of the investigation location with
respect to the erosion track cannot lead to meaningful conclusions. The possibility of obtaining better
resistivity values in certain locations far from the erosion track is also known and was intentionally
used in several configurations [2]. However, this approach will be difficult to be implemented in large
area coatings. As shown in Figure 1a, the present results were obtained by depositing a 50 mm long
sample through a 60 mm opening in the shutter. Combined with the rather short target-to-substrate
distance, one can see a possible shadowing effect at the sample’s ends. The measurements performed
without the shutter exhibited higher resistivity values all over the sample, a fact that suggests an
additional positive role by placing a grounded electrode near the cathode [47]. The main point of
this work is the optoelectronic characterization of the deposited films with a spatial resolution of
2–3 mm, which reveals the importance of trying to understand the growth mechanism by a careful
examination of the entire spatial distribution of both the thin film and plasma parameters. While
surface characterization techniques such as XPS, TOF-SIMS and XRD allows one to perform spatially
resolved analytical investigations, this possibility alone cannot unveil the growth mechanism due to
the need for coupling with spatially resolved plasma diagnostics. While electrostatic probes are subject
to contamination and electromagnetic field distortions [48,49], optical diagnostics need complex 2D
laser-induced fluorescence setups [50] to reveal the needed information.

5. Conclusions

Spatially resolved optoelectronic parameters of AZO thin films deposited by RF magnetron
sputtering without intentional substrate heating were performed with the aim of narrowing down
the process parameters that give the best film properties. For proper use in applications, both a low
resistivity (below 3 × 10−3 Ωcm) and high transmittance (above 88%) should be attained on substrates
comparable with target size. The strong correlation of film properties with the erosion tracks observed
at a low pressure and a short target-to-substrate distance suggests that oxygen negative ions could be
of higher relevance than the atomic oxygen concentration. A proper conclusion needs an adequate
sputtering process design where one is able to control the negative ion energy.
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Abstract: Based on an already tested laboratory procedure, a new magnetron sputtering methodology
to simultaneously coat two-sides of large area implants (up to ~15 cm2) with Ti nanocolumns in
industrial reactors has been developed. By analyzing the required growth conditions in a laboratory
setup, a new geometry and methodology have been proposed and tested in a semi-industrial scale
reactor. A bone plate (DePuy Synthes) and a pseudo-rectangular bone plate extracted from a patient
were coated following the new methodology, obtaining that their osteoblast proliferation efficiency
and antibacterial functionality were equivalent to the coatings grown in the laboratory reactor on small
areas. In particular, two kinds of experiments were performed: Analysis of bacterial adhesion and
biofilm formation, and osteoblasts–bacteria competitive in vitro growth scenarios. In all these cases,
the coatings show an opposite behavior toward osteoblast and bacterial proliferation, demonstrating
that the proposed methodology represents a valid approach for industrial production and practical
application of nanostructured titanium coatings.

Keywords: magnetron sputtering; oblique angle deposition; nanostructured titanium thin films;
antibacterial coatings; osteoblast proliferation; industrial scale

1. Introduction

Addressing the problem of infection from the very first stage, i.e., inhibiting the formation of
the bacterial biofilm, is a crucial step to prevent bone implant rejection. Recent studies indicate that
nanostructured surfaces can be a less aggressive alternative to antibiotics to avoid infections [1,2], with
the additional advantage of improving the behavior of osteoblasts, the cells that regenerate bone [3,4].
In this regard, the fabrication of nanostructured surfaces that may simultaneously favor the growth of
osteoblasts and hinder bacterial proliferation represents a milestone in this research field with important
implications, not only regarding the quality of life of patients but also by promoting a new generation
of orthopedic implants. In the last few years, various alternatives have been proposed to induce such
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selective behavior, either by using nanostructures that incorporate drugs or bactericidal elements
such as silver [5–7], or by surface processing with a strong corrugation at the nanoscale [8,9]. In our
earlier work in 2015, we manufactured nanostructured coatings made of titanium (Ti) nanocolumns
by oblique angle deposition (OAD) with magnetron sputtering onto the surface of Ti-6Al-4V discs,
one of the alloys most commonly used in orthopedic implants. In vitro experiments showed that
these nanocolumnar Ti coatings exhibited an efficient antibacterial behavior against Staphylococcus
aureus (the bacterial adhesion decreased, and biofilm formation was prevented) without altering their
biocompatibility (the osteoblasts proliferated and retained their mitochondrial activity) [10]. Moreover,
in a more recent work, we have shown that these coatings also render similar antibacterial functionality
against gram-negative bacteria (Escherichia coli) and, what is more important in order to have a direct
impact in the field of medical implants, that these coatings could be prepared on small areas (~1 cm2)
either in a laboratory setup or in a semi-industrial scale equipment [11].

In this paper, we analyze the practical use of these coatings and their fabrication on larger scales,
an aspect that is mandatory for the development of actual applications [12]. In general, regarding
the minimization of costs and other economic and throughput issues, turning laboratory-size devices
into operational market-ready products is a crucial engineering challenge that requires scaling up
laboratory procedures to large area and mass production [13]. This issue is quite evident when using
the magnetron sputtering (MS) method: By this technique, a plasma is made to interact with a solid
target in a vacuum reactor, producing the sputtering of atomic species from a well-defined race-track
region, and their deposition on a substrate located a few centimeters away [14]. In a classical MS
configuration, the substrate is placed parallel to the target, producing the growth of highly compact
and dense coatings, in a process that has been easily scaled up to mass-production methods by simply
building larger versions of laboratory reactors [15]. Following this methodology, the magnetron
sputtering technique has demonstrated being of great utility for the production of market ready devices
in microelectronics [16], optical coatings [17], or sensors [18], among other devices and products [19–23].
Unlike the classical configuration, the OAD geometry promotes the arrival of sputtered atoms at the
substrate along an oblique direction, inducing surface shadowing mechanisms and the formation
of nanocolumnar arrays, which has been usually achieved by rotating the substrate with respect to
the target in laboratory-scale procedures. However, due to the strongly non-linear nature of these
atomistic processes, scaling up the OAD methodology from laboratory to mass-production scales is
not straightforward, requiring the development of new approaches [24,25] and reactor designs [26],
issues that have scarcely been addressed in the literature [27,28].

In this line, herein we develop a new engineering approach to coat with Ti nanocolumns two
sides of bone plates with areas up to ~15 cm2 that are commonly used to immobilize bone segments,
and would be adequate for the development of this and other biomedical applications. To set up this
new methodology we proceeded in the following way: We first analyzed the fundamental conditions
leading to the formation of the nanocolumnar structures in a laboratory reactor, in particular, the energy
and angular distribution of sputtered particles ejected from the magnetron target; then, based on these
results, we proposed a new geometry to operate at oblique angles in semi-industrial reactors that
reproduces these energy and momentum distributions at much larger scales. To prove the feasibility of
the proposed design, we homogeneously and simultaneously coated the two sides of relatively large
substrates and analyzed whether the antibacterial functionalities were the same as those obtained
on surfaces manufactured in a laboratory MS reactor. In particular, two kinds of experiments were
performed: Bacterial adhesion and biofilm formation, and osteoblasts–bacteria competitive in vitro
assays, the latter also named the “Race for the Surface” competition [29].

2. Experimental Setup

The Ti coatings were first grown in a MS laboratory setup described in detail in reference [30] that
from now forth will be dubbed l-reactor (see Figure 1a). It has a magnetron head (AJA Inc., MA, USA)
with a circular 5 cm diameter Ti target and a cylindrical 9 cm long metallic chimney that collimates the
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flux of sputtered material and traps many of the thermalized atoms. The base pressure in the reactor is
in the order of 10−7 Pa and the distance between target and substrate is 22 cm. The parameters used
to fabricate the columnar coatings in this reactor with Ar as sputter gas [30] are: Pressure = 0.15 Pa,
power (DC discharge) = 300 W, and tilt angle of the substrate with respect to the target α = 80◦.
The semi-industrial scale reactor, which will be called i-reactor hereafter, operates at the company
Nano4Energy (see Figure 1b). The target is rectangular and much larger (20 × 7.5 cm2) and, as a result
of its balanced magnetic configuration, exhibits a racetrack with the shape of a rectangle (the long and
short sides being 13.5 and 4.2 cm, respectively) with lines that are about 3 mm wide.

Figure 1. (a) Laboratory and (b) semi-industrial reactors employed to grow the Ti nanocolumns.

As a first step to scale up the growth conditions from the l-reactor to the i-reactor, we have
employed as substrates fixation plates used in open trauma fractures that are known for their high
postoperative infection rate (15% for patients with good health and more than 20% if they belong to
risk groups). We coated two different fixation plates provided by Dr. Ricardo Larrainzar, Head of
the Orthopedic Surgery and Traumatology Department at the “Infanta Leonor” University Hospital,
Madrid. One of them was a new tubular plate from DePuy Synthes (made of stainless steel with length
5.2 cm, width 0.9 cm, and thickness 1 mm, with convex and concave sides), while the other was a
pseudo-rectangular plate extracted from a patient and properly sterilized (with length 12 cm, width
1.3 cm, and thickness 4 mm). For depositions in the i-reactor, we used the following methodology:
In the first stage, the plate was immersed in the plasma for cleaning purposes (pulsed DC voltage at
150 KHz, −500 V bias voltage, and a pressure of 1.2 Pa), after which the plate was left to cool down
for 30 minutes. In the second stage, the Ti coating was deposited using the particular geometrical
configuration presented in the Results and Discussion section. The deposition conditions were: Ar
pressure = 0.4 Pa, power (DC discharge) = 325 W, and time = 25 min. Under these conditions,
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the deposition rate was ~12 nm/min and the thickness of the films about 300 nm. Finally, for the
competitive studies between bacteria and osteoblasts, medical grade Ti-6Al-4V disks were also coated
in the i-reactor and used for comparison with the large area sample results.

The microstructure of the coatings was studied with two different techniques: Scanning electron
microscopy (SEM) with a Verios 460 field emission microscope (FEI Company, Hillsboro, OR, USA)
using secondary electron detection, and atomic force microscopy (AFM) with a Dimension Icon
microscope (Bruker Corporation, Billerica, MA, USA) that operates in a non-contact mode and type
PPP-FM commercial probes,) (Nanosensors, Neuchâtel, Switzerland).

To check the antibacterial properties of the coatings, the DePuy Synthes bone plate was introduced
in a solution of S. aureus bacterial strain (108 bacteria mL−1) (15981 laboratory strain, ATCC, Manassas,
VA, USA) and incubated for 24 h in a 66% tryptic soy broth (TSB) + 0.2% glucose environment to
promote biofilm formation (20 g L−1 of Difco Bacto TBS (Becton Dickinson, Sparks, MD)). After 24 h,
the plate was washed three times with sterile phosphate-buffered saline (PBS), stained with 3 μL of
SYTO-9/propidium iodide mixture, incubated for 15 min and washed with PBS. To determine the
formation of the biofilm, we used calcofluor, a fluorescent dye that has been used to stain the biofilm
extracellular matrix. In this case, 1 mL of calcofluor solution (5 mg mL−1) was used after the addition of
the SYTO-9/propidium iodide mixture and was incubated for 15 min at room temperature. The formation
of the biofilm was examined using a SP2 confocal laser scanning microscope (LEICA, Wetzlar, Germany).
In this way, live and dead bacteria could be distinguished, with green and red, respectively, as well as the
extracellular matrix of the biofilm with blue. Further details can be found in reference [10].

To further evaluate the antimicrobial activity of the nanostructured coatings, we carried out
osteoblasts–bacteria competitive in vitro studies using the coated and uncoated regions of Ti-6Al-4V
disks described above. For this purpose, co-cultures of MC3T3-E1 preosteoblast-like cells from mice
(Sigma-Aldrich, San Luis, MO, USA) [31] and S. aureus [10] were co-cultured over uncoated surfaces
and on surfaces coated with the Ti nanocolumns. Two different scenarios were simulated: i) Accidental
infection (S. aureus concentrations of 102 cfu/mL), and ii) osteomyelitis scenario (S. aureus concentrations
of 106 cfu/mL). In both cases, the S. aureus suspensions were mixed with 104 cells/mL of MC3T3-E1
preosteoblast, suspended in Todd Hewitt broth (THB) and complete Dulbecco’s modified Eagle’s
medium (DMEM) and simultaneously seeded on the samples. After 6 h of culture, confocal microscopy
studies were done and lactate dehydrogenase (LDH) levels were measured as a parameter of osteoblast
destruction. In this regard, for confocal microscope, the actin of preosteoblast cytoskeleton was
stained with Atto565-conjugated phalloidin (red) and both cell nuclei and bacteria were stained with
DAPI (blue). Moreover, LDH level was determined in the culture medium, which is directly related
to the rupture of the plasmatic membrane, (cell death) which, when broken, releases all organelles
and enzymes present in the cytoplasm. Measurements were performed by using a commercial kit
(Spinreact, Girona, Spain) having an absorbance at 340 nm with a UV–Visible spectrophotometer. Two
measurements of three independent experiments were carried out. All data are expressed as means
± standard deviations of a representative of three independent experiments carried out in triplicate.
Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS) version
19 software (IBM, Armonk, NY, USA). Statistical comparisons were made by analysis of variance
(ANOVA). Scheffé test was used for post hoc evaluations of differences among groups. In all of the
statistical evaluations, p < 0.05 was considered as statistically significant. The most representative
confocal images are shown in this study.

3. Results and Discussion

3.1. From Laboratory to Industrial Reactors

In order to scale up the deposition procedure developed in the l-reactor we employed a well-known
model to analyze the conditions required to grow the nanocolumnar films. In Figure 2a, we show the
polar angle of incidence of sputtered Ti atoms on the tilted substrate in the l-reactor in our experimental
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conditions, as obtained by the SIMTRA code [32,33]. There, we can appreciate that the most probable
angle of incidence over the substrate in this configuration is ~80◦, which is above the calculated angular
threshold of about ~70◦ required to promote the formation of the nanocolumns [30,34]. Moreover,
as indicated in Figure 2a, there is a fraction of deposition species that arrives with lower angles of
incidence, which corresponds to those atoms that have experienced collisions in the plasma and have
altered their original steering [35]. The kinetic energy distribution function of these Ti atoms is shown
in Figure 2b, and it is characterized by a long tail that extends up to energies above 10 eV, where
the existence of numerous deposition species with kinetic energy above surface binding energy of Ti
(~5 eV) is clear, i.e., with enough energy to induce kinetic energy-induced displacement processes of
surface atoms upon deposition [30]. Using these distributions, we solved the model developed in
reference [30] to account for the growth of Ti thin films by MS. The solution, presented in Figure 2c,
shows a typical nanocolumnar array very similar to those experimentally obtained in reference [30],
supporting that the necessary conditions for the growth of the Ti nanocolumns on a flat surface, as
reported in reference [10], must also hold in the present case: i) The preferential angle of incidence
of Ti sputtered species onto the surface must be centered at about ~80◦ with respect to the substrate
normal, and ii) the kinetic energy distribution of deposition species must contain a significant fraction
of atoms with energies above the binding energy of Ti surface atoms, i.e., ~5 eV.

Figure 2. First row: (a) Polar angle distributions and (b) kinetic energy distributions of incident Ti
atoms with respect to the surface normal in the l- and i-reactors (i.e., laboratory scale and semi-industrial
scale, respectively). Second row: Solution of the model for the conditions in (c) the l-reactor and
(d) the i-reactor.

Based on the results outlined above, we focused on reproducing both angular and kinetic energy
distribution functions when operating the i-reactor on larger surfaces. In this way, and given the target
and reactor geometry, we propose the geometrical arrangement shown in Figure 3. There, we placed
the substrate perpendicular to the target, in such a way that atoms steaming from the racetrack may
reach the substrate along an oblique angle of ∼ 80◦. Moreover, this particular configuration ensures
that both sides of the substrate could be coated simultaneously. In Figure 2a, we show the calculated
profile of the incident angle distribution of Ti species under this new configuration, where we can
notice the similarities with that obtained in the l-reactor. This similarity extends to the kinetic energy
distribution functions (see Figure 2b). In Figure 2d, we also show that the calculated nanostructure
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of the films in the i-reactor is formed by a nanocolumnar array, very similar to that obtained in the
l-reactor (Figure 2c), suggesting the adequacy of the geometrical approach presented in Figure 3.

Figure 3. Proposed geometry ((a) cross-sectional and (b) front views) to coat the implants on two sides
simultaneously with Ti nanocolumns.

3.2. Coating the Tubular Plate from DePuy Synthes

Following the geometrical configuration presented in Figure 3 and the conditions described in the
Experimental Setup section, we coated the DePuy Synthes plate in the i-reactor. A mask protecting
circa a quarter of the plate was employed to have an uncoated zone for the sake of comparison when
performing in vitro analyses (see Figure 4). Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were used to characterize the morphology of the coating, although the latter
technique could only be applied on the convex side, as the tip holder of the microscope crashed with
the lateral edges of the plate when approaching the concave surface. The uncoated zone presented a
mirror-like brightness, indicative of small roughness. In agreement with this visual observation, both
SEM and AFM images of this zone (not shown) indicate the absence of gaps or noticeable bumps on
the surface, while the RMS roughness measured with the latter technique was 4 nm.

Figure 4. Different views of the DePuy Synthes plate coated in the i-reactor. A mask protecting about
a quarter of the plate was used in order to have an uncoated zone to allow for comparison when
performing in vitro analyses.

Figure 5a shows an AFM topographic map taken on the coated zone (convex side of the plate).
It is worth noting the good homogeneity of the coating and the existence of a microstructure that
consists of regularly separated nanocolumns. Figure 5b,c shows SEM images of the coating that were
obtained on the convex and concave sides of the plate. The former shows a well-distributed and
homogeneous Ti nanocolumnar array, very similar to those arrays obtained under laboratory conditions
in references [10,30]. However, on the concave side, even though the coating is also homogeneous
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and consists of nanocolumns, these are now smaller both in diameter and length and are well packed,
resembling a film with a rather compact structure. This means that, due to the curvature of the concave
side of the substrate, sputtered atoms arrive at the surface with an angle of incidence below 80◦ at some
locations, resulting in structures similar to those found in the l-reactor for lower angles of incidence [30].
This difference could be minimized by placing the substrate closer to the target in Figure 3b, thus
promoting the arrival of sputtered species along higher polar angles of incidence.

Figure 5. Microscopy images of the DePuy Synthes plate after deposition of Ti nanocolumns: (a) Atomic
force microscopy (AFM) topographic map of the convex side of the plate; (b) SEM image of the
nanocolumnar structures in the convex and (c) concave side of the plate.

3.3. Coating of Pseudo-Rectangular Plate Extracted from a Patient

As an additional test of the geometrical arrangement presented in Figure 3, we analyzed the
microstructure and morphology of a pseudo-rectangular plate extracted from a patient, as described
in the Experimental Setup section. This plate was so large that it did not fit the entrance gate of the
observation chamber of the SEM equipment and could only be analyzed by AFM. The initial gloss of the
plate, which is rather matt instead of mirror-like, indicates that its roughness is high [36] (see Figure 6).
To ascertain this, we performed a study of its morphology before the coating process. Figure 7a shows
representative AFM images obtained in areas with different scale sizes (left and right of the figure,
respectively) before deposition. On the higher magnification scale, the plate has a RMS roughness
of 7 nm. However, in the image obtained in the same area but over a wider field of view (8 micron
side), it can be seen that these flat areas are separated by deep cracks, with depths above one micron.
This implies that, after the deposition process, most cracks will remain uncovered because their walls
cast a shadowed region that avoids the arrival of most atoms inside, preventing the formation of
nanocolumns. Consequently, the coatings will be inhomogeneous and there will be a large part of the
implant surface (i.e., smooth areas of the initial surface) exhibiting well-formed nanocolumns, while a
small percentage of it (deep cracks) will remain uncoated.

Following the sputtering process, the surface of the plate darkened considerably (c.f., middle and
bottom panel in Figure 6), which indicates that a nanostructured coating has been successfully formed
on both sides [37]. Figure 7b,c contains representative AFM images of the obtained coatings on both
sides of the implant, upper and lower, respectively. They are composed of titanium nanocolumns, with
a non-uniform distribution that depends on the morphology of the plate in each specific region: The
columns grown on flat areas do have the same height, but those grown on the walls of the holes have
lower height, as the initial surface was deeper. For example, Figure 7c shows an area with a very deep
crack (depth about 1 micron) where it can be appreciated that the height of the columns is maximum
at the top and gradually decreases when moving into the crack, until no columns are formed at the
bottom. Overall, the columnar morphology of the coating is remarkably similar to that obtained on
small substrates in the l-reactor in references [30] and [10].
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Figure 6. Photographs of the pseudo-rectangular plate extracted from a patient, before and after
deposition of Ti nanocolumns.

Figure 7. AFM images of the pseudo-rectangular plate extracted from a patient, obtained in areas
with different size (left and right of the figure, respectively): (a) Before deposition; (b) top side after
deposition; and (c) bottom side after deposition.

3.4. Bacterial Adhesion and Biofilm Formation

Once we had checked the nanocolumnar topography of the coatings produced in the i-reactor,
we analyzed whether these maintain the same functionality as those produced in the l-reactor, i.e., if
they are biocompatible and possess antibacterial capability. Following the bacterial growth procedure
described in the Experimental Setup section, live and dead bacteria could be distinguished, with green
and red, respectively, as well as the extracellular matrix of the biofilm with blue. Results appear in
Figure 8, where we can clearly notice the bacterial proliferation on the uncoated region of the plate,
which contains numerous living and dead bacteria, along with numerous blue staining, typical of
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extracellular matrix on the bacterial colonies. However, this blue stain does not appear in the coated
zone in Figure 8, indicating the absence of bacterial biofilm in this case.

Figure 8. Antimicrobial activity in an osteoblasts–bacteria competitive in vitro scenario. Green
corresponds to live bacteria, red to dead bacteria and blue corresponds to the extracellular matrix of
the bacterial biofilm.

In order to further evaluate the antimicrobial activity of the nanostructured coatings,
osteoblasts–bacteria competitive in vitro studies, already described in the Experimental Setup section,
were also carried out in two different scenarios using the coated and uncoated regions of Ti-6Al-4V disks.

3.4.1. Accidental Infection Scenario

In this first case scenario, the MC3T3-E1/S. aureus ratio seeded was 100:1. Good osteoblast adhesion
was observed in the uncoated and coated surfaces (Figure 9a,b). However, several lacunae could be
observed in the case of the uncoated surface (Figure 9a), were colonies of S. aureus were present. On
the contrary, the nanocolumnar surface appears almost fully coated by a MC3T3-E1 preosteoblast-like
cells monolayer that reaches about 90% coverage, as can be seen in Figure 10a (right).

Figure 9. Competitive co-culture MC3T3-E1/Staphylococcus aureus: (a) 100:1 ratio (accidental infection
scenario), uncoated region after 6 h; (b) 100:1 ratio (accidental infection scenario), coated region after
6 h; (c) ratio 1:100 (osteomyelitis scenario), uncoated region after 6 h; (d) ratio 1:100 (osteomyelitis
scenario), coated region after 6 h.
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Figure 10. (a) Fraction of surface covered by preosteoblasts after 6 h under osteomyelitis (left)
and accidental infection (right) scenarios; (b) lactate dehydrogenase (LDH) levels after 6 h under
osteomyelitis (left) and accidental infection (right) scenarios.

LDH levels were measured as a parameter of cell destruction, illustrated in Figure 10b (right).
There, it is evidenced that preosteoblast cell destruction is much higher on the uncoated surface than
on the nanocolumnar coating under accidental infection scenarios.

3.4.2. Osteomyelitis Scenario

In this case, the MC3T3-E1/S. aureus ratio seeded was 1:100. After 6 h of culture, Ti-6Al-4V was
covered by a significant amount of bacteria that had colonized most of the implant surface (Figure 9c,d).
The number of osteoblast cells was significantly reduced and the cells exhibited rounded morphology
with a low spreading degree. On the contrary, the nanocolumnar surface showed a higher degree
of osteoblast proliferation and spread, thus occupying a significant amount of surface (around 50%
as observed in Figure 10a, left). The very low presence of S. aureus in this sample, compared with
Ti-6Al-4V must be highlighted. The LDH measurements also evidenced much higher preosteoblast
destruction in the case of Ti-6Al-4V (see Figure 10b, left).

As a final comment, it is important to underline that the existence of the cracks on the fixation
plates reported above implies that the coating is not fully homogeneous and, therefore, based on the
results presented in [10], its efficiency as an antibacterial coating can be affected. This issue could be
minimized by making use of a rather standard industrial technique, by which the substrate rotates
around a certain axis to enhance the film homogeneity. In this manuscript, we have not attempted
this approach, as we aim at scaling up an already reported laboratory technique that operates on
static substrates. Nevertheless, it is likely that the existence of cracks is minimized when the substrate
rotates around an axis parallel to the target (parallel to the substrate holder line in Figure 3b), so
sputtered species may arrive at the film following a constant polar angle of incidence, but different
azimuthal angles.

4. Conclusions

We developed a methodology based on a new geometry to coat two-sided surfaces with areas
up to ~15 cm2 with Ti nanocolumns by magnetron sputtering at oblique angles, and demonstrated
its feasibility using a semi-industrial-scale reactor. This method was developed by calculating the
necessary conditions for the growth of these structures in a laboratory-size reactor and reproducing
them in a different geometry, suitable to coat larger areas in an industrial-scale reactor. These conditions
were defined to control the incident angle distribution function of Ti atoms in the gaseous phase in
such a way that they arrive at the surface along an oblique direction of about ~80–, and they possess
a kinetic energy distribution function with a relevant proportion of deposition atoms with energies
above the surface binding energy of Ti on the film surface.
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After checking the homogeneity and features of the nanocolumnar structures deposited on different
fixation plates on both sides, we analyzed the antibacterial functionality of the coating and demonstrated
its equivalence to those produced in a laboratory reactor. In particular, two kinds of experiments were
performed: Analysis of bacterial adhesion and biofilm formation, and osteoblasts–bacteria competitive
in vitro scenarios, the latter also named “Race for the Surface” competition. In all these cases, we
showed the opposite behavior of these surfaces toward osteoblast and bacterial proliferation and
demonstrated that the proposed method represents a valid approach to coat large surfaces on both
sides in industrial reactors, maintaining the same properties as laboratory-produced coatings on much
smaller surfaces.
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Abstract: TiO2–Ag2O composite nanorods with various Ag2O configurations were synthesized by
a two-step process, in which the core TiO2 nanorods were prepared by the hydrothermal method
and subsequently the Ag2O crystals were deposited by sputtering deposition. Two types of the
TiO2–Ag2O composite nanorods were fabricated; specifically, discrete Ag2O particle-decorated TiO2

composite nanorods and layered Ag2O-encapsulated TiO2 core–shell nanorods were designed by
controlling the sputtering duration of the Ag2O. The structural analysis revealed that the TiO2–Ag2O
composite nanorods have high crystallinity. Moreover, precise control of the Ag2O sputtering duration
realized the dispersive decoration of the Ag2O particles on the surfaces of the TiO2 nanorods. By
contrast, aggregation of the massive Ag2O particles occurred with a prolonged Ag2O sputtering
duration; this engendered a layered coverage of the Ag2O clusters on the surfaces of the TiO2

nanorods. The TiO2–Ag2O composite nanorods with different Ag2O coverage morphologies were
used as chemoresistive sensors for the detection of trace amounts of NO2 gas. The NO2 gas-sensing
performances of various TiO2–Ag2O composite nanorods were compared with that of pristine TiO2

nanorods. The underlying mechanisms for the enhanced sensing performance were also discussed.

Keywords: sputtering; surface decoration; nanostructured surface; composite nanorods

1. Introduction

The development of chemosensors made from semiconductor oxides has recently become a
key research topic [1,2]. Therefore, the development of highly responsive sensing oxide devices
toward specific harmful gases has attracted interest in industry. For the gas sensor applications,
one-dimensional (1D) metal oxides usually show better performance in comparison with their thin-film
or bulk counterparts because of their high surface-to-volume ratio [3–6]. In particular, gas sensors
based on 1D titanium dioxide (TiO2) nanostructures have received considerable attention because
they can be fabricated with diverse chemical and physical methods; moreover, TiO2 has been shown
to be favorable for the detection of diverse harmful gases and volatile organic vapors at elevated
temperatures [5,7,8].

Recently, combining n-type oxides with p-type semiconductor oxides to form a heterogeneous
structure has attracted great attention due to this combination’s enhanced gas-sensing performance
toward target gases [9–11]. The existence of the interfacial potential barrier at the p–n junctions of
the heterogeneous structure play an important role in improving the gas-sensing performance of the
constituent oxides. Several p–n junction-based sensors made from different material systems and
configurations have been proposed. For examples, Woo et al. reported a discrete configuration of
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p-type Cr2O3 nanoparticles on the surfaces of ZnO nanowires; this p–n heterostructure enhances gas
selectivity and sensitivity toward trimethylamine [11]. The decoration of NiO nanoparticles in porous
SnO2 nanorods remarkably enhances the gas-sensing response to ethanol as compared with pristine
SnO2, which can be attributed to the formation of NiO–SnO2 p–n heterojunctions [12]. P-type Ag2O
phase-functionalized In2O3 nanowires shows an improved gas-sensing performance toward NO2

gas [13]. However, reports on the incorporation of p-type oxides into n-type TiO2 nanostructures to
form a p–n junction gas sensor are limited in number.

In this study, 1D TiO2–Ag2O p–n heterogeneous structures are synthesized through the combination
of hydrothermal growth and sputtering methods. Ag2O is a p-type semiconductor oxide; it has
previously been used as a gas-sensing material [13]. Moreover, Ag2O crystals with various morphologies
can be synthesized through chemical or physical routes [14–16]. Notably, Ag2O particles are mostly
synthesized through chemical routes but, using such chemical routes, it is hard to control the decoration
morphology of the Ag2O crystals on 1D nanostructures [15]. By contrast, the fabrication of Ag2O
through a physical method (sputtering) is advantageous concerning the control of the Ag2O content,
crystalline quality, and coverage morphology on 1D TiO2. In this study, two types of TiO2–Ag2O
composite nanorods are synthesized. By controlling the sputtering duration of the Ag2O, discrete
Ag2O particle-decorated TiO2 nanorods and Ag2O layers encapsulating TiO2 nanorods are fabricated.
The Ag2O coverage morphology effects on the low-concentration NO2 gas-sensing performance of the
TiO2–Ag2O p–n composite nanorods are systematically investigated in this study.

2. Materials and Methods

In this study, TiO2 nanorods were grown on fluorine-doped SnO2 (FTO) glass substrates. First,
0.25 mL of TiCl4 and 19 mL HCl were added to 11 mL deionized water and then stirred to obtain
a transparent solution for the hydrothermal growth of TiO2 nanorods. The hydrothermal reaction
was conducted at 180 ◦C for 3 h. For the preparation of TiO2–Ag2O composite nanorods, Ag2O
crystals were decorated onto the surfaces of the TiO2 nanorod template via sputtering. Radiofrequency
magnetron sputtering of Ag2O was conducted using a silver metallic target in an Ar/O2 (Ar:O2 = 5:2)
mixed ambient. The sputtering deposition temperature of the Ag2O was maintained at 200 ◦C. The gas
pressure during sputtering deposition was fixed at 20 mTorr and the sputtering power was fixed at 50 W
for the silver target. Two sets of TiO2–Ag2O composite nanorods with Ag2O sputtering durations of
130 s and 270 s were prepared; these were represented as TiO2–Ag2O-1 and TiO2–Ag2O-2, respectively,
in this study. The sample configurations of the TiO2–Ag2O-1 and TiO2–Ag2O-2 composite nanorods
are shown in Figure 1.

An X-ray diffractometer (XRD; D2 PHASER, Bruker, Karlsruhe, Germany) was used to analyze the
crystal structures of the TiO2–Ag2O composite nanorods. Scanning electron microscopy (SEM; S-4800,
Hitachi, Tokyo, Japan) and transmission electron microscopy (HRTEM; JEM-2100F, JEOL Tokyo, Japan)
were used to characterize the morphology and detailed microstructures of the composite nanorod
samples. The attached energy dispersive X-ray spectroscopy (EDS) of TEM was used to investigate the
composition and composition distribution of the nanorod samples. Moreover, X-ray photoelectron
spectroscopy (XPS; ULVAC-PHI XPS, ULVAC, Chigasaki, Japan) was used to characterize the elemental
binding states of the synthesized samples.

The response of pure TiO2 nanorods and the TiO2–Ag2O nanocomposites to NO2 was tested in a
vacuum test chamber. Silver electrodes were laid on the surfaces of the samples to form electric contacts
for measurements. An Agilent B2911A meter measured the resistance variation of the nanorod sensors
at a constant potential of 5 V as a function of time. Constant dry air was used as the carrier gas and the
desired concentration of NO2 gas (0.5, 1.5, 3.0 ppm) was introduced into the test chamber. A direct
heating approach was used to operate the sensors at elevated temperatures in the range of 200–300 ◦C.
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Figure 1. Sample configurations of the TiO2–Ag2O-1 and TiO2–Ag2O-2 composite nanorods synthesized
with various sputtering durations of Ag2O.

3. Results and Discussion

X-ray diffractometer (XRD) patterns of TiO2–Ag2O composite nanorods with various Ag2O
thin-film sputtering durations are shown in Figure 2. The distinct Bragg reflections centered at 27.46◦,
36.05◦, 41.22◦, and 54.33◦ correspond to the crystallographic planes (110), (101), (111), and (211) of
the rutile TiO2 phase, respectively (JCPDS no. 00-004-0551). Moreover, the Bragg reflections centered
at 32.72 ◦ and 37.98 ◦ are assigned to the crystallographic planes of cubic Ag2O (111) and (200),
respectively (JCPDS no. 00-012-0793). The XRD results reveal that highly crystalline rutile TiO2-cubic
Ag2O composite nanorods were formed through the sputtering deposition of Ag2O thin films onto the
surfaces of the TiO2 nanorods, and no other impurity peak was observed. As expected, the intensity of
the Ag2O Bragg reflections peaks increased with the increase of the Ag2O thin-film sputtering duration,
revealing an increased Ag2O phase content in the composite nanorods.

Figure 2. XRD patterns of various composite nanorods: (a) TiO2–Ag2O-1, (b) TiO2–Ag2O-2.
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Figure 3a shows the scanning electron microscopy (SEM) image of the as-synthesized TiO2

nanorods. The TiO2 nanorods had a rectangular cross-section crystal feature with an average diameter
of approximately 100 nm; the side facets of the nanorods were smooth. Figure 3b presents the SEM
image of the TiO2–Ag2O-1 composite nanorods. The surface morphology of the composite nanorods
reveals that a small amount of nanoparticle-like crystals was decorated onto the surfaces of the TiO2

nanorods. The nanoparticle-like crystals dispersed separately on the surfaces of the TiO2 nanorods.
Figure 3c shows the SEM image of the TiO2–Ag2O-2 composite nanorods. The TiO2 nanorods were
homogeneously encapsulated by the aggregation of massive Ag2O nanoparticles, resulting in the
irregular-shaped cross-section crystal feature of the composite nanorods. Detailed TEM analyses were
performed to further confirm the morphology change of the TiO2–Ag2O composite nanorods prepared
at various Ag2O sputtering durations.

Figure 3. SEM images of various nanorods: (a) TiO2, (b) TiO2–Ag2O-1, (c) TiO2–Ag2O-2.

Figure 4a shows the low-magnification transmission electron microscopy (TEM) image of a
TiO2–Ag2O-1 composite nanorod. A small amount of Ag2O particles was dispersedly decorated
on the surface of the TiO2 nanorod via the sputtering growth of the Ag2O. The high-resolution
TEM images shown in Figure 4b,c indicate distinct lattice fringes in the Ag2O particle. Moreover,
the lattice fringe distance of approximately 0.24 nm was assigned to the crystallographic plane spacing
of cubic Ag2O (200). Figure 4d exhibits the selected area electron diffraction (SAED) pattern of
several TiO2–Ag2O-1 composite nanorods. Several clear diffraction rings associated with (111) and
(200) planes of the Ag2O and (110), (111), and (211) planes of the rutile TiO2 were observed in the
SAED pattern. This demonstrates the good crystallinity of the composite nanorods and indicates that
these composite nanorods have a polycrystalline nature. Figure 4e presents the EDS spectrum of a
TiO2–Ag2O-1 nanorod. In addition to carbon and copper signals originating from the TEM grid, Ti,
Ag, and O elements were detected in the selected heterostructure and no other impurity atom was
detected. The EDS elemental mapping images taken from the TiO2–Ag2O-1 nanorod are presented in
Figure 4f. The Ti signals were homogeneously distributed over the region of the nanorod template.
By contrast, the Ag signals were mainly distributed on the outer region of the composite nanorod;
the distribution of Ag signals was discrete and randomly decorated on the TiO2 surface. A good Ag2O
particle-decorated TiO2 nanorod with a dispersive particle decoration feature was obtained in the
TiO2–Ag2O-1 composite nanorods.
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Figure 4. TEM analysis of the TiO2–Ag2O-1 composite nanorods: (a) Low-magnification TEM image of
the TiO2–Ag2O-1 composite nanorod. (b,c) High-resolution TEM images taken from various regions of
the composite nanorod. (d) Selected area electron diffraction (SAED) pattern of several TiO2–Ag2O-1
composite nanorods. (e) Energy dispersive X-ray spectroscopy (EDS) spectrum of the composite
nanorod. (f) Ti, Ag, and O elemental mapping images taken from the selected composite nanorod.

Figure 5a shows the low-magnification TEM image of the TiO2–Ag2O-2 composite nanorod.
In comparison with Figure 4a, the distribution density of the Ag2O particles on the surface of the TiO2

nanorod was denser and many particles were clustered, resulting in a rugged surface feature of the
composite nanorod. The tiny Ag2O particles aggregated together and fully encapsulated the surface of
the TiO2 nanorod. A clear heterointerface was observed between the TiO2 and Ag2O (Figure 5b,c).
The distinct lattice fringes in the inner and outer regions of the composite nanorod in Figure 5b,c
demonstrated a good crystallinity of the composite nanorod. The SAED pattern in Figure 5d supports
the good crystallinity of the composite nanorods, as revealed in the high-resolution TEM images of
the selected composite nanorod, and is also in agreement with the XRD result. Figure 5e shows the
corresponding EDS spectrum of the TiO2–Ag2O-2 composite nanorod. Besides the carbon and copper
signals and the elements of Ag, Ti, and O, no other impurity atom was detected from the selected
composite nanorod. Notably, the relative intensity of the Ag signal was more intense than that of
the TiO2–Ag2O-1 nanorod in Figure 4e, revealing a higher Ag content in TiO2–Ag2O-2 due to the
prolonged sputtering duration of Ag2O.
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Figure 5. TEM analysis of the TiO2–Ag2O-2 composite nanorods: (a) Low-magnification TEM image of
the TiO2–Ag2O-2 composite nanorod. (b,c) High-resolution TEM images taken from various regions
of the composite nanorod. (d) SAED pattern of several TiO2–Ag2O-2 composite nanorods. (e) EDS
spectrum of the composite nanorod.

Figure 6a shows the X-ray photoelectron spectroscopy (XPS) survey scan spectrum of the
TiO2–Ag2O-1 composite nanorods. The primary features include the Ti, Ag, and O peaks that
originated from the TiO2–AgO composites. The trace carbon contamination on the surface of the
nanorod sample originated from exposure to ambient air. No impurity atoms were detected in the
nanorod sample. Figure 6b exhibits the Ag 3d core-level doublet spectrum originating from the
Ag2O decorated via sputtering; two distinct features centered at approximately 367.7 and 373.7 eV
respectively correspond to the Ag 3d5/2 and Ag 3d3/2 binding energies. These binding energies are
consistent with the Ag–O binding values reported for the Ag2O phase [17]. This indicates that the silver
exists in the Ag+ valence state in the sputtered Ag2O nanoparticles on the composite nanorods studied
herein. Figure 6c displays the Ti 2p core-level doublet spectrum associated with the TiO2 nanorod
template. The distinct two features were deconvoluted into four subpeaks. The subpeaks centered
at 458.7 and 464.3 eV correspond to Ti 2p3/2 and Ti 2p1/2 peaks of the Ti4+ valance state, respectively.
By contrast, the subpeaks with a relatively weak intensity centered at 457.6 and 463.3 eV correspond
to Ti 2p3/2 for Ti 2p1/2 peaks of the Ti3+ valence state [5]. The presence of the mixed Ti4+/Ti3+ valance
state indicates the possible presence of oxygen vacancies in the surfaces of the as-synthesized TiO2

nanorods [5,8]. The O1s spectrum of the composite nanorods is shown in Figure 6d. The asymmetric
O1s spectrum was deconvoluted into three subpeaks centered at 532.5, 531.2, and 529.2 eV. Notably,
the subpeaks centered at 529.2 and 531.2 eV are ascribed to the lattice oxygen in Ag2O and TiO2,
respectively [18,19]. Moreover, the external absorbed −OH groups or water molecules on the surfaces
of the composite nanorods are reflected by a subpeak at approximately 532.5 eV [20].
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Figure 6. XPS analysis of the TiO2–Ag2O-1 composite nanorods: (a) Survey scan spectrum. (b) Ag
3d narrow scan spectrum. (c) Ti 2p narrow scan spectrum. The red curve is associated with the
contribution of the Ti4+ valance state and the blue curve originated from the Ti3+ valence state. (d) O1s
narrow scan spectrum. The blue and pink curves are ascribed to the lattice oxygen in Ag2O and
TiO2, respectively. Moreover, the green curve is ascribed to external absorbed −OH groups or water
molecules on the surfaces of the composite nanorods.

Figure 7 shows the temperature-dependent gas-sensing responses to NO2 (1.5 ppm) of gas
sensors made from TiO2, TiO2–Ag2O-1, and TiO2–Ag2O-2 composite nanorods. For the NO2 target
gas, the n-type gas-sensing response of nanorod-based sensors is defined as Rg/Ra and the p-type
gas-sensing response of nanorod-based sensors is defined as Ra/Rg, where Rg is the sensor resistance
under target gas exposure and Ra is the sensor resistance with the removal of the target gas. The optimal
operating temperature of oxide sensors to obtain the highest gas-sensing response is highly associated
with the balance between the chemical reactions and the gas diffusion rate of the oxide surfaces [5].
The maximum responses of the TiO2–Ag2O-1 and TiO2–Ag2O-2 sensors to NO2 were obtained at the
operating temperature of 250 ◦C in this study. Meanwhile, a relatively high operating temperature of
275 ◦C was needed for the TiO2 nanorods to obtain the maximum gas-sensing response under similar
gas-sensing test conditions. Notably, the gas-sensing response versus operating temperature curve of
TiO2–Ag2O-1 showed a distinct summit at 250 ◦C, differing substantially from the curves of the TiO2

and TiO2–Ag2O-2 nanorod sensors. This result might be a sign of different gas-detecting mechanisms
operating among the various nanorod-based sensors. Therefore, the optimal gas-sensing temperature
of the fabricated composite nanorod sensors toward NO2 was chosen as 250 ◦C in this study.
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Figure 7. Temperature-dependent gas-sensing responses of various nanorod sensors exposed to
1.5 ppm NO2.

Figure 8a–c shows the dynamic NO2 gas-sensing response curves of the TiO2, TiO2–Ag2O-1,
and TiO2–Ag2O-2 sensors, respectively, upon exposure to 0.5–3.0 ppm NO2. A sharp increase in
sensor resistance was observed for the TiO2 and TiO2–Ag2O-1 nanorod sensors upon exposure to
NO2; moreover, the sensor resistance decreased with the removal of the NO2 target gas (Figure 8a,b).
By contrast, the TiO2–Ag2O-2 showed an opposite sensor resistance variation upon exposure to
NO2 gas (Figure 8c). This indicates that the TiO2 and TiO2–Ag2O-1 sensors showed an n-type
conduction nature and the TiO2–Ag2O-2 sensor demonstrated a p-type conduction nature during the
NO2 gas-sensing tests. The aforementioned structural results reveal that the TiO2–Ag2O-1 sensor
exhibited a morphology in which the Ag2O particles were dispersedly distributed on the surfaces
of the TiO2 nanorods. The incomplete coverage of the Ag2O particles on the TiO2 surfaces of the
TiO2–Ag2O-1 nanorods meant that, upon exposure to the NO2 target gas, the n-type conduction
dominated the material’s gas-sensing behavior. By contrast, the TiO2–Ag2O-2 nanorods demonstrated
a thick, full-coverage layer of Ag2O clusters or aggregations on the surfaces of the TiO2 nanorods.
This morphology feature might account for the conduction and chemoresistive variation in the
TiO2–Ag2O-2 sensor, which was dominated by p-type Ag2O shell layers of the composite nanorods.
A similar conduction type variation due to the p-type crystal coverage effect on the p–n heterogeneous
oxides has been demonstrated in a ZnO–Cr2O3 system [11]. Comparatively, the TiO2–Ag2O-1 sensor
exhibited the largest degree of sensor resistance variation before and after the introduction of the NO2

gas under the given test conditions. Notably, the pristine TiO2 sensor demonstrated the lowest sensor
resistance variation size upon expose to NO2 gas. The plot of NO2 gas-sensing response versus NO2

concentration for various TiO2 nanorod-based sensors is shown in Figure 8d. The NO2 gas-sensing
response of the TiO2–Ag2O-1 sensor was approximately 3.1 upon exposure to 0.5 ppm NO2. Moreover,
the gas-sensing response of the TiO2–Ag2O-1 sensor increased to 7.6 upon exposure to 3.0 ppm NO2.
An approximate increase of the gas-sensing response by 2.4 times was observed with an increase in
NO2 concentration from 0.5 ppm to 3.0 ppm by the TiO2–Ag2O-1 sensor. By contrast, the TiO2–Ag2O-2
sensor exhibited gas-sensing responses of approximately 2.2 and 3.1 upon exposure to 0.5 ppm and
3.0 ppm NO2, respectively; these response values are lower than those of the TiO2–Ag2O-1 sensor
under similar test conditions. A concentration-dependent increment of the gas-sensing response for a
low concentration range of 0.5–3.0 ppm NO2 was less visible for the TiO2–Ag2O-2 sensor. Notably,
the gas-sensing response of the pristine TiO2 sensor at the same operating temperature did not show a
response value larger than 2.0, revealing that the decoration of discrete or layered Ag2O particles or
aggregations on the surfaces of TiO2 nanorods to form a p–n heterogeneous system is beneficial to the
enhancement of the NO2 gas-sensing response of TiO2 nanorods. The gas-sensing response time of the
nanorod-based sensors is defined as the duration required for an occurrence of a 90% change in sensor
resistance upon exposure to the target gas, while the recovery time is the duration in which the sensor
resistance drops by 90% from the maximal steady-state value, following the removal of the target gas.
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The response times for the TiO2, TiO2–Ag2O-1, and TiO2–Ag2O-2 nanorod sensors upon exposure
to 0.5–3.0 ppm NO2 gas ranged from 85 to 93 s. No substantial difference in the response times of
various nanorod sensors exposed to different concentrations of NO2 gas was observed. By contrast,
a marked improvement in the recovery time of the TiO2 nanorods sputtered with a coating of Ag2O
particles was visibly demonstrated. The recovery times of the pristine TiO2 nanorod sensor ranged
from 405 to 820 s after exposure to 0.5 to 3.0 ppm NO2. Decreased recovery times were shown in the
TiO2–Ag2O-2 nanorod sensor, which ranged from 191 to 280 s after exposure to 0.5 to 3.0 ppm NO2.
Notably, the TiO2–Ag2O-1 nanorod sensor exhibited a substantial decrease in the recovery time upon
the removal of NO2 gas; the recovery times ranged from 97 to 136 s in the NO2 concentration range
of 0.5 to 3.0 ppm. The size of the Ag2O particles (or clusters) and their dispersibility are vital factors
affecting gas-sensing performance, which lead to the highly effective desorption of surface-adsorbed
ions with the removal of the target gas at elevated temperatures [21]. The TiO2–Ag2O-1 nanorod
sensor exhibited the superior gas-sensing performance among the various nanorod sensors in this
study. The cycling gas-sensing tests of the TiO2–Ag2O-1 nanorod sensor exposed to 1.5 ppm NO2 at
250 ◦C are shown in Figure 8e. The result indicates that the TiO2–Ag2O-1 nanorod sensor had good
reproducibility during multiple cycles of response and recovery. Figure 8f shows the across selectivity
profiles of the TiO2–Ag2O-1 sensor upon exposure to 100 ppm H2, 50 ppm C2H5OH, and 50 ppm
NH3 gases, as well as 3.0 ppm NO2. The TiO2–Ag2O-1 sensor exhibited a highly selective gas-sensing
response toward the low-concentration NO2 gas as compared to the other various target gases.

Figure 8. The dynamic response curves of various nanorod sensors to NO2 gas ranging from 0.5 ppm to
3.0 ppm: (a) TiO2, (b) TiO2–Ag2O-1, and (c) TiO2–Ag2O-2. (d) Summarized gas-sensing response values
versus NO2 concentration for various nanorod sensors. (e) Cycling gas-sensing tests of TiO2–Ag2O-1
upon exposure to 1.5 ppm NO2 at 250 ◦C. (f) The across selectivity profiles of TiO2–Ag2O-1 upon
exposure to various target gases.

The NO2 gas-sensing performances of the sensors based on several TiO2-based composite oxides
are summarized in Table 1. Compared to previous works [22–25], the TiO2–Ag2O-1 nanorod sensor
herein showed superior NO2 gas-sensing performance under similar test conditions. The gas-sensing
test results herein demonstrated that the TiO2–Ag2O composite nanorods decorated with discrete
Ag2O particles have potential for applications as NO2 gas sensors at low concentrations. The possible
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surface chemisorption reactions occurring during the gas-sensing process of the TiO2–Ag2O composite
nanorods upon exposure to NO2 gas are described below:

NO2 + e− → NO−2 , (1)

NO2 + O−2 + 2e− → NO−2 + 2O−. (2)

Table 1. NO2 gas-sensing performance of various TiO2-based composites prepared using various
methods in the operating temperature range of 200–300 ◦C [22–25].

Composite
Nanorods

Synthesis Method
Operating

Temperature (◦C)
Concentration

(ppm)
Response
(Ra/Rg)

Detection
Limit (ppm)

Response/Recovery
Time (s)

TiO2–Ag2O
(this work)

Hydrothermal and
sputtering method 250 1.5 5.5 0.5 87/112

TiO2–Er2O3 Sol-gel method 200 10 4.5 0.5 N/A

TiO2–V2O5
Sol–gel and

solvothermal method 200 2 0.8 N/A N/A

TiO2–MoO3 Sol–gel method 300 2 2.3 0.5 120/180
TiO2–Ga2O3 Sol–gel method 200 2 2.25 N/A 150/270

The NO2 molecules capture electrons from the oxide surface to form NO2
− ions; this engenders

the electron density variation of the oxides. By contrast, the surface-adsorbed NO2
− ions are desorbed

with the removal of the NO2 gas and, consequently, in this process the recovery of the initial conditions
takes place. Notably, the contact of the TiO2–Ag2O oxides form p–n junctions at the hetero-interfacial
regions. This additionally formed potential barrier in the TiO2–Ag2O composite nanorods explains
the superior gas-sensing responses of the composite nanorods compared to that of the pristine TiO2

nanorods. A similar formation of heterogeneous p–n junctions improves the gas-sensing responses
of composite nanorods, as has been demonstrated in ZnO–ZnCr2O4, ZnO–Mn3O4, and ZnO–Cr2O3

p–n composite structures [9–11]. Furthermore, the reasons for the NO2 gas-sensing response of the
TiO2–Ag2O-1 sensor being higher than that of the TiO2–Ag2O-2 sensor at the given test conditions are
explained by the schematic mechanisms exhibited in Figure 9. The schematic of the gas sensor device
is also shown in Figure 9a. When the Ag2O particles are coated on the surfaces of the TiO2 nanorods
in a discrete configuration, the randomly distribution of the depletion region at the interface of the
p-Ag2O and n-type TiO2 will initially narrow the space of the conducting channel along the radial
direction of the TiO2 (Figure 9a). Moreover, the exposure of the free surfaces of the Ag2O particles
and TiO2 rods in ambient air also initially lead to a surface hole accumulation layer and depletion
layer, respectively. Furthermore, following the decoration of the Ag2O particles in a continuous layer
configuration on the surfaces of the TiO2 nanorods, the conducting channel in the TiO2 will also be
narrowed (Figure 9b). After introducing NO2 gas into the test chamber, the depletion region size at the
TiO2–Ag2O hetero-interfacial region of the TiO2–Ag2O-1 sensor varies due to the surface-adsorbed
NO2

− ions. Moreover, the surface depletion region of the TiO2 nanorods is also thickened. The variation
of the depletion size at different regions, further narrowing the conduction channel size of the TiO2

nanorods, results in the increased sensor resistance of the TiO2–Ag2O-1 nanorod sensor. By contrast,
the TiO2–Ag2O-2 nanorod sensor exhibits a p-type conduction gas-sensing behavior in this study.
This reveals that the conduction channel size in the TiO2 nanorod of the composite nanorod no longer
plays a vital role affecting the chemoresistive variation upon exposure to NO2 gas. It has also been
shown that in core–shell ZnO–ZnMn2O4 and ZnO–Cr2O3 nanostructures, the p–n contact regions at
the hetero-interfaces no longer play significant roles in the gas-sensing reaction [10,11]. The conduction
path in the Ag2O layer, by contrast, dominates the gas-sensing response of the TiO2–Ag2O-2 nanorod
sensor. Notably, when the TiO2–Ag2O-2 nanorod is exposed to NO2 gas, the accumulation layer
in the Ag2O layer thickens. This increases the carrier number in the p-type Ag2O layer; therefore,
a decreased sensor resistance is expected. However, the surface Ag2O layer-dominated chemoresistive
variation size of the TiO2–Ag2O-2 nanorod sensor is expected to be lower than that of the TiO2–Ag2O-1
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nanorod sensor, which is dominated by the rugged conduction channel size in the TiO2 core region
upon exposure to NO2 gas. Therefore, the superior NO2 gas-sensing performance was obtained by the
TiO2–Ag2O-1 nanorod sensor in this study.

Figure 9. Schematic illustrations for possible gas-sensing mechanisms of (a) TiO2–Ag2O-1 and
(b) TiO2–Ag2O-2 toward NO2 gas.

4. Conclusions

In summary, TiO2–Ag2O composite nanorods were synthesized through the combination of
hydrothermal growth and sputtering methods. The structural analysis reveals that the as-synthesized
TiO2–Ag2O composite nanorods have a high crystallinity. The electron microscopy analysis results
demonstrate that a shorter Ag2O sputtering duration causes the formation of TiO2–Ag2O composite
nanorods decorated with discrete Ag2O particles. Meanwhile, a prolonged Ag2O sputtering process
engenders the aggregation of numerous Ag2O particles, which form a layered configuration on the
composite nanorods. The formation of p–n junctions in the composite nanorods enhances their NO2

gas-sensing performance as compared to pristine TiO2 nanorods. Moreover, different gas-sensing
mechanisms of the TiO2–Ag2O nanorods with various Ag2O coverage morphologies account for
the superior NO2 gas-sensing responses of the TiO2–Ag2O-1 sensor at a low concentration range in
this study.
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Abstract: This paper reports the design of Ag-Al2O3-Ag heterojunctions based on Ag nanorods
(AgNRs) and their applications as thermally stable and ultrasensitive substrates of surface-enhanced
Raman scattering (SERS). Specifically, an ultrathin Al2O3 capping layer of 10 nm on top of AgNRs
serves to slow down the surface diffusion of Ag at high temperatures. Then, an additional Ag layer on
top of the capping layer creates AgNRs-Al2O3-Ag heterojunctions, which lead to giant enhancement
of electromagnetic fields within the Al2O3 gap regions that could boost the SERS enhancement. As a
result of this design, the SERS substrates are thermally stable up to 200 ◦C, which has been increased by
more than 100 ◦C compared with bare AgNRs, and their sensitivity is about 400% that of pure AgNRs.
This easy yet effective capping approach offers a pathway to fabricate ultrasensitive, thermally stable
and easily prepared SERS sensors, and to extend SERS applications for high-temperature detections,
such as monitoring in situ the molecule reorientation process upon annealing. Such simultaneous
achievement of thermal stability and SERS sensitivity represents a great advance in the design of
SERS sensors and will inspire the fabrication of novel hetero-nanostructures.

Keywords: surface-enhanced Raman scattering (SERS); glancing angle deposition (GLAD);
heterojunctions; SERS sensitivity; thermal stability

1. Introduction

Surface-enhanced Raman scattering (SERS) is the foundation of a powerful spectroscopic technique
for rapid and non-destructive determination of chemical [1], environmental [2,3] and biological [4]
analytes at trace levels, even at the level of a single molecule [5]. To achieve high sensitivity of
SERS, the substrates are typically nanoscale noble metals, such as Ag, Au, and Cu, that have superior
plasmonic efficiency [6,7]. While the nanoscale dimension gives rise to high sensitivity, it also leads to
thermal instability because nanostructures coarsen easily at elevated temperatures [8,9]. For example,
Ag nanorods (AgNRs) array and Ag colloids coarsen so much that they fuse at a temperature as low as
50 ◦C [10,11], thus limiting their practical SERS applications, such as monitoring in situ the thermal
crystallization and the catalysis process.

Aiming to preserve the high sensitivity and yet to achieve thermal stability of SERS substrates,
we have recently proposed and demonstrated the capping of AgNRs using high-melting temperature
Al2O3 [12]. In contrast to oxide coating that also improves thermal stability [13–16], the oxide capping
minimizes the reduction of exposed metallic surfaces that provide SERS sensitivity. A capping layer
of 10 nm Al2O3 gives an optimal combination of thermal stability up to 200 ◦C and slight reduction
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of sensitivity by 25% [12]. The improved thermal stability opens the door for SERS applications
in high-temperature environments. However, high-temperature SERS sensing often involves the
detection of monolayer molecular adsorption and interface interactions [17–19], and therefore requires
ultrahigh sensitivity. While preserving the improved thermal stability, is it possible to increase the
sensitivity by 100% or more?

To achieve this goal, we propose the design of Ag-Al2O3-Ag heterojunctions based on AgNRs.
As conceptually illustrated in Figure 1, we first deposit AgNRs and cap them with Al2O3 layers, and
then deposit additional Ag of optimal thickness. The AgNRs-Al2O3-Ag heterojunctions give rise to
giant electromagnetic (EM) enhancement [20], which in turn leads to ultrahigh SERS sensitivity [21,22].
In this paper, we demonstrate the feasibility of this proposal using the glancing angle deposition
(GLAD) technique [10,12]. Our experiments show that the proposed design leads to thermal stability
up to 200 ◦C and SERS sensitivity up to 400% that of pure AgNRs. The SERS intensity of different
AgNRs-Al2O3-Ag substrates first elevates with the Ag capping thickness, reaches a maximum at the
Ag thickness of 150 nm, and declines beyond the critical thickness. The Raman signal of methylene
blue (MB) is clearly measurable on the Ag-10Al2O3-150Ag substrate, even at a low concentration of
1 × 10−10 M. The SERS enhancement factor is on the order of 108, which is comparable to the best
reported results of AgNRs-based substrates [23–25], and the stable temperature of AgNRs-Al2O3-Ag
increases by more than 100 ◦C. As a straightforward application of the heterojunctions, we exploit
them to characterize the reorientation process of 4-tert-butylbenzylmercaptan (4-tBBM) molecules at
elevated temperatures.

Figure 1. Schematic of (a) AgNRs deposition, (b) capping of AgNRs with Al2O3, (c) deposition of
additional Ag.

2. Materials and Methods

2.1. Fabrication and Thermal Annealing of AgNRs-Al2O3-Ag Substrates

AgNRs are deposited on Si (001) substrates using the GLAD technique in an electron-beam system
with a background vacuum level down to 10−5 Pa. During deposition, the incident angle of the vapor
flux is set at 86◦ off the substrate normal. The nominal deposition rate is fixed at 0.75 nm/s. The nominal
rate refers to the rate with zero-degree incidence angle, as read by a quartz crystal microbalance (QCM).
The total nominal deposition is 1000 nm in thickness. After the deposition of AgNRs, without breaking
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the vacuum, the target is switched to Al2O3 in the deposition chamber. The incidence angle is set at
86◦ and the deposition rate is 0.1 nm/s. Our choice of Al2O3 thickness is based on the following two
considerations. First, Al2O3 thickness needs to be sufficiently small to avoid the excessive coverage
of Ag surfaces. Second, it needs to be large enough to maximize the thermal stability. The detailed
optimization process of Al2O3 thickness is discussed in the Supporting Information (see Figures S1–S4).
On the one hand, the SERS efficiency of AgNRs-Al2O3 substrates with 6 nm to 12 nm capping declined
moderately with Al2O3 deposition. On the other hand, by depositing 10 nm or thicker Al2O3 onto
AgNRs, the substrates exhibited no discernible morphology variation at 200 ◦C. Therefore, the total
nominal deposition thickness of Al2O3 we used in this work is 10 nm [12].

Finally, the evaporation target is switched to Ag again in the chamber, the incident angle is kept
at 86◦, and the deposition rate is decreased to 0.3 nm/s for better coverage of the Al2O3. The total
nominal deposition of Ag is set as 20, 50, 100, 125, 150, 175 and 200 nm, respectively, for each test.
The AgNRs-Al2O3-Ag substrates are annealed on a hot plate at each given temperature for 15 min in air.
The morphology evolution process during annealing is monitored in situ via the reflectivity variations,
using the Optical Power Thermal Analyzer (OPA-1200, Wuhan Joule Yacht Science & Technology Co.,
Ltd., Wuhan, China).

2.2. Characterizations of AgNRs-Al2O3-Ag Substrates – Morphology, Structure, and SERS

The morphology and structure of the prepared SERS substrates are characterized using a scanning
electron microscope (SEM, JEOL-JMS-7001F, Tokyo, Japan) and a high-resolution transmission electron
microscope (HRTEM, JEOL-2011, Tokyo, Japan). SERS performance is characterized using an optical
fiber micro-Raman system (i-Raman Plus, B&W TEK Inc., Newark, DE, United States), with MB and
4-tBBM as probing molecules. Raman spectra are collected based on an excitation laser of 785 nm
in wavelength and of 100 mW in power, with a beam spot of ~80 microns in diameter. Before SERS
characterizations, all substrates are immersed into analyte solutions for 30 min, washed thoroughly
by deionized water to remove the residual molecules, and are then dried naturally in air. The data
collection time for each spectrum is set to be five seconds and each SERS spectrum is obtained by
measuring and averaging the signals collected from five different spots on a substrate.

2.3. FEM Simulation

Numerical simulations of AgNRs, AgNRs-Al2O3 and AgNRs-Al2O3-Ag were conducted using
the finite element method (FEM) software COMSOL Multiphysics 5.2. Dimensional parameters were
acquired from SEM observations, together with the excitation wavelength of 785 nm.

3. Results and Discussion

As the first set of results, we present the SEM and HRTEM images of AgNRs-Al2O3-Ag arrays
of various Ag deposition thickness on top of AgNRs-Al2O3. As shown in Figure 2, the additional
deposition of 50 nm Ag leads to the formation of Ag nanoparticles. As the deposition thickness
increases to 100 nm, these nanoparticles merge to cover the Al2O3 capping. The coverage is more
complete as the thickness increases to 150 nm. Further increase of the thickness to 200 nm results in the
bridging of neighboring nanorods. Therefore, moderate thickness of deposition, around 150 nm, leads
to the heterojunctions that we conceptually proposed in Figure 1.
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Figure 2. SEM images of AgNRs-Al2O3-Ag arrays with additional Ag deposition of (a) 50 nm,
(b) 100 nm, (c) 150 nm, and (d) 200 nm; accompanying HRTEM images are included as insets with the
scale bar being 20 nm.

Next, we examine the SERS sensitivity of AgNRs-Al2O3-Ag arrays. Figure 3a shows the SERS
spectra of 1 × 10−6 M MB [26] on AgNRs-Al2O3-Ag arrays with various thickness of additional Ag
deposition in the final stage. The spectrum on the AgNRs substrate is included for comparison.
Characteristic Raman peaks are clearly seen in Figure 3a. In-plane bending of C–H is observed at
772 cm−1, 886 cm−1, and 1040 cm−1, and in-plane ring mode of C–H is at 1300 cm−1. 1181 cm−1 is
assigned to the stretching of C–N. Besides, 1396 cm−1, 1435 cm−1 and 1622 cm−1 correspond to the
symmetric and asymmetric C-N stretches, as well as the C-C ring stretching, respectively. Indeed,
the additional deposition of Ag increases the sensitivity, and an optimal amount is around 150 nm,
consistent with the heterojunction morphology that is shown in Figure 2. Taking the characteristic
peak at 1622 cm−1 as reference, Figure 3b shows the Raman intensity, normalized by that on bare
AgNRs, as a function of the additional thickness of Ag deposition. The SERS intensity of different
AgNRs-Al2O3-Ag substrates first elevates with the Ag capping thickness, reaches a maximum at the
Ag thickness of 150 nm, and declines beyond the critical thickness. This sensitivity variation trend can
be explained by different Ag morphologies: As Ag thickness increases, Ag layers grow from small
particles into complete capping over nanorod tips, which could generate stronger EM field in the gap
regions. When the deposition thickness exceeds 150 nm, Ag capping coalesces into large aggregations
without clear tips and gaps, in which way the SERS activity declines to some extent. Remarkably, with
the optimal Ag deposition thickness of 150 nm, the intensity (and thereby sensitivity) is about 400% that
on bare AgNRs. For better comparison, we prepared two reference substrates, i.e., AgNRs coated with
150 nm Ag (AgNRs-150Ag) and 10 nm Al2O3 capped with 150 nm Ag (10Al2O3-150Ag). As shown in
Figure S5, without Al2O3 gap, the AgNRs-150Ag film looks similar to bare AgNRs, with a little increase
in nanorod length; the 10Al2O3-150Ag substrate produces many nanoparticles on Si surface instead
of nanorods. The SERS intensities on AgNRs-Al2O3-Ag arrays are much higher than those obtained
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on AgNRs-150Ag and 10Al2O3-150Ag, as well as their intensity sum. These results manifest that
without Al2O3 gap or underneath AgNRs, the nanocomposite could not generate very strong SERS
enhancement. As for the AgNRs-Al2O3-Ag substrate, the intense interaction between AgNRs and Ag
capping layers gives rise to a huge EM field within the Al2O3 gap regions, which is crucial for SERS
enhancement. Figure 4 presents the FEM modeling results of (a) AgNRs; (b) AgNRs-10Al2O3; and
(c) AgNRs-10Al2O3-150Ag, respectively. AgNRs possess intense EM enhancement at the tip and side
of nanorods, while the EM field at the tip of AgNRs-10Al2O3 decreases slightly after Al2O3 capping.
After further Ag deposition of 150 nm, there are evident “hot spots” at the gap between the AgNRs and
the Ag capping layer, leading to stronger EM enhancement at the tip and side of this heterojunction
structure. This simulation result suggests that the AgNRs-10Al2O3-150Ag array is a superior platform
for maximizing the SERS performance.

 

Figure 3. (a) SERS spectra of 1 × 10−6 M MB on bare AgNRs, and AgNRs-Al2O3-Ag arrays with
additional Ag deposition of 0, 20, 50, 100, 125, 150, 175, and 200 nm; marked as AgNRs and the thickness
of additional Ag deposition. (b) Raman intensity at 1622 cm−1, normalized with respect to that on bare
AgNRs, as a function of the additional thickness of Ag deposition.

 

Figure 4. Localized electric field intensity distributions (indicated by the color bar) of (a) AgNRs,
(b) AgNRs-10Al2O3; and (c) AgNRs-10Al2O3-150Ag, respectively.

After discussing the optimization of the proposed substrates, we now examine the SERS efficiency
and quantification capacity of the designed heterojunctions. Taking AgNRs-Al2O3-Ag arrays with
150 nm additional Ag as the substrate, Figure 5a shows the SERS spectra of MB molecules of various
concentrations, and Figure 5b shows the Raman peak intensity at 1622 cm−1 as a function of the
concentration from 1× 10−10 M to 1× 10−6 M. Even at the concentration of 1× 10−10 M, the Raman signal
is clearly measurable and follows the linear dependence on concentration. The peak intensity increases
linearly with concentration from 1 × 10−10 M to 1 × 10−8 M. The limit of detection (LOD) of MB is about
9.3 × 10−11 M based on a signal-to-background ratio of S/N = 3. At higher concentrations, the intensity
increases slowly due to the saturated adsorption. As described in the Supporting Information, the SERS
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enhancement factor reaches 1.3 × 108, which is comparable to the best reported values of AgNRs-based
substrates [23–25], reflecting the ultrahigh SERS efficiency of the AgNRs-Al2O3-Ag heterojunctions.

 

Figure 5. (a) SERS spectra of MB molecules on AgNRs-Al2O3-Ag substrates with 150 nm additional
Ag; the thickness of MB molecules is marked by each spectrum; (b) Raman peak intensity at 1622 cm−1

as a function of MB concentrations, inserted: 1622 cm−1 peak intensity from 1 × 10−10 M to 1 × 10−8 M.

Having established the high sensitivity of AgNRs-Al2O3-Ag arrays with 150 nm additional
Ag, we now examine their thermal stability upon annealing. Figure 6 shows the reflectivity of the
AgNRs-Al2O3-Ag arrays as a function of the annealing temperature [16]. As expected, the Al2O3

capping layer still serves the purpose of slowing down the surface diffusion so as to increase the thermal
stability up to 200 ◦C. In comparison with the morphology in Figure 2c, the annealing at 150 ◦C hardly
changed the morphology and reflectivity. Although annealing at 200 ◦C leads to visible coarsening,
the arrays remain separate and the reflectivity remains unchanged. As for bare AgNRs, they melted
completely at 200 ◦C and experienced a substantial SERS enhancement degradation of ~90% once the
temperature went beyond 100 ◦C [12]. Therefore, they were not feasible for high-temperature sensing.

 

Figure 6. Reflectivity of the AgNRs-Al2O3-Ag arrays as a function of annealing temperature; the insets
are SEM images of arrays after annealing at 150 ◦C (lower left) and 200 ◦C (upper right), respectively.

Finally, as an application, we investigate the reorientation process of 4-tBBM molecules on this
unique AgNRs-Al2O3-Ag nanostructure. We first collected the SERS signals of 4-tBBM molecules
on the substrate surface at room temperature, and then heated the analyte-adsorbed substrate at
150 ◦C for 5 min, followed by measuring the SERS spectra again. Figure 7a presents the SERS spectra
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of 4-tBBM adsorbed on AgNRs-Al2O3-Ag before and after annealing. At room temperature, there
are prominent SERS peaks at 1108 and 1192 cm−1 (the vibration of the phenyl ring), 1227 cm−1 (the
wagging of methylene groups) and 1608 cm−1 (8a mode) [27]. Upon heating to 150 ◦C, the SERS
intensities at 1108 and 1192 cm−1 increased and the signal at 1227 cm−1 remained steady. Of particular
interest is that the peak at 1608 cm−1 shifted to 1599 cm−1. These intensity and peak position variations
imply that the orientation changes of 4-tBBM molecules on the substrate surface during heating. To be
specific, the intensity increase at 1192 and 1108 cm−1 of in-plane modes of 4-tBBM suggests that the
angle between the phenyl ring and the surface normal of the substrate decreases upon annealing [27],
a schematic diagram of which is shown in Figure 7b. The peak shift from 1608 to 1599 cm−1 also verifies
such a transition. Therefore, thermal energy accelerates the molecular vibration and drives 4-tBBM to
rearrange to a more stable orientation. AgNRs-Al2O3-Ag thus holds great potential to determine the
orientation and conformation of interfacial molecules on SERS substrates.

 

Figure 7. (a) SERS spectra of 1 × 10−6 M 4-tBBM molecules adsorbed on AgNRs-Al2O3-Ag arrays with
150 nm additional Ag deposition, at room temperature (RT) and upon heating at 150 ◦C for 5 min.
(b) Schematic of 4-tBBM molecule reorientation process upon heating.
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4. Conclusions

In conclusion, through the design of nanoscale heterojunctions, we have developed AgNRs-based
SERS substrates that (1) have about 400% times the sensitivity of pure AgNRs and (2) are thermally
stable up to 200 ◦C. The AgNRs-Al2O3-Ag heterojunctions are prepared facilely using physical vapor
deposition under the glancing angle incidence. The optimal thickness of additional Ag deposition on
top of AgNRs-Al2O3 is 150 nm. To demonstrate the impacts of the design, we have shown that the
AgNRs-Al2O3-Ag arrays have an ultrahigh SERS enhancement factor on the order of 108. Additionally,
the heterojunction arrays allow the characterization of reorientation processes of interfacial 4-tBBM
molecules on the substrate upon heating. The AgNRs-Al2O3-Ag arrays, with both superior SERS
sensitivity and thermal stability, hold great potential for real-world SERS applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/6/830/s1,
Figure S1: SEM images of (a) uncapped AgNRs and (b) AgNRs-10Al2O3 substrates; HRTEM images of AgNRs
capped with Al2O3 layers of (c) 8, (d) 10 and (e) 20 nm, respectively. Figure S2: (a) SERS spectra of 1 × 10−6 M MB
adsorbed on bare AgNRs and on AgNRs-Al2O3 substrates with different capping thickness; (b) The normalized
intensities of 1622 cm-1 Raman peak of 1 × 10−6 M MB molecules as a function of the Al2O3 thickness of different
AgNRs-Al2O3 substrates. Figure S3: SEM images of AgNRs and different AgNRs-Al2O3 substrates after annealing
at 150 ◦C and 200 ◦C for 15 min. Figure S4: The reflectivity changes of different AgNRs-Al2O3 substrates
upon annealing from 100 ◦C to 250 ◦C. Figure S5: SEM images of (a) AgNRs-150Ag and (b) 10Al2O3-150Ag
substrates; (c) SERS spectra of 1 × 10−6 M MB molecules adsorbed on AgNRs-10Al2O3-150Ag, AgNRs-150Ag and
10Al2O3-150Ag substrates, separately.
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Abstract: Continued downscaling of functional layers for key enabling devices has prompted the
development of characterization tools to probe and dynamically control thin film formation stages
and ensure the desired film morphology and functionalities in terms of, e.g., layer surface smoothness
or electrical properties. In this work, we review the combined use of in situ and real-time optical
(wafer curvature, spectroscopic ellipsometry) and electrical probes for gaining insights into the early
growth stages of magnetron-sputter-deposited films. Data are reported for a large variety of metals
characterized by different atomic mobilities and interface reactivities. For fcc noble-metal films (Ag,
Cu, Pd) exhibiting a pronounced three-dimensional growth on weakly-interacting substrates (SiO2,
amorphous carbon (a-C)), wafer curvature, spectroscopic ellipsometry, and resistivity techniques are
shown to be complementary in studying the morphological evolution of discontinuous layers, and
determining the percolation threshold and the onset of continuous film formation. The influence
of growth kinetics (in terms of intrinsic atomic mobility, substrate temperature, deposition rate,
deposition flux temporal profile) and the effect of deposited energy (through changes in working
pressure or bias voltage) on the various morphological transition thicknesses is critically examined.
For bcc transition metals, like Fe and Mo deposited on a-Si, in situ and real-time growth monitoring
data exhibit transient features at a critical layer thickness of ~2 nm, which is a fingerprint of an
interface-mediated crystalline-to-amorphous phase transition, while such behavior is not observed for
Ta films that crystallize into their metastable tetragonal β-Ta allotropic phase. The potential of optical
and electrical diagnostic tools is also explored to reveal complex interfacial reactions and their effect
on growth of Pd films on a-Si or a-Ge interlayers. For all case studies presented in the article, in situ
data are complemented with and benchmarked against ex situ structural and morphological analyses.

Keywords: real-time monitoring; polycrystalline film growth; growth dynamics; interface reactivity;
adatom mobility; wafer curvature; electrical resistance; spectroscopic ellipsometry

1. Introduction

Metal films with thicknesses of ~10 nm and below are ubiquitous in many modern life technologies,
including microelectronics, displays, sensors, and energy storage/saving/conversion devices [1–8]. Such
ultra-thin layers may form a continuous structure and fully wet underlying substrates or self-assemble
into discrete nanoscale particles forming a discontinuous morphology. The latter film morphology (i.e.,
supported nanoparticles) is relevant for the field of heterogeneous catalysis and plasmonics, whereby
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nanoparticles with high surface-to-volume ratios and unique optical response emanating from localized
surface plasmon resonance (LSPR) are leveraged in a broad range of applications [1,9–15]. Concurrently,
fabrication of continuous and ultrasmooth metallic layers at thicknesses below 10 nm is desirable for
opto-electronic applications which rely on, e.g., conductive transparent electrodes [6,16–18].

A significant fraction of thin films is today synthesized via vapor condensation, a robust and
versatile method routinely employed in industry and research laboratories. Material from a solid
or liquid source is vaporized using physical and/or chemical means (e.g., by heating or momentum
transfer); vapor is transported through the gas phase and condenses on a substrate where it forms a
film. During the condensation process, the flux of atoms (and molecules) from the vapor to the solid
substrate surface is typically multiple orders of magnitude larger than the flux of material returning
from the substrate surface to the vapor phase. This flux difference (also known as supersaturation at the
vapor/solid interface) leads to excess of atoms on the substrate, so that film-forming species do not have
sufficient time to self-assemble into minimum-energy configurations predicted by thermodynamics. It
is then said that film formation proceeds far from thermodynamic equilibrium and the resulting film
morphology and microstructure are determined by the occurrence rates (i.e., kinetics) of atomic-scale
structure-forming mechanisms [19–25]. Further aspects, crucial for film growth, are chemical reactions
(i.e., compound formation) and intermixing at the film/substrate interface, which depend not only
on kinetics but are also governed by the thermodynamics (i.e., miscibility vs. immiscibility) of the
materials involved [26–29].

Film physical attributes are closely linked with mesoscale morphological and nanoscale structural
features, including grain/island size and shape, crystal structure and orientation, and surface roughness.
Such features are difficult to predict a priori because they are determined by a complex interplay
among a multitude of deposition process parameters, as well as by film/substrate interactions. Hence,
the use of robust and non-destructive characterization tools that can provide information at the
nanoscale is required for establishing the correlation among atomic-scale mechanisms and resulting
film morphology. Implementing such techniques during synthesis (i.e., in situ and in real-time) is
particularly advantageous, since it allows one to selectively study dynamic growth processes and
decouple them from post-growth microstructural changes.

A wide palette of techniques for in situ thin-film growth monitoring is nowadays available and
can be grouped into different categories, based on the measured physical quantities and operation
principle (real-space imaging, diffraction, spectroscopy). Scanning probe microscopy (SPM) techniques
provide a direct observation of atoms and clusters, as well as of their mobility, through real-space
imaging of the film surface electronic density with sub-Ångström vertical resolution. As such, valuable
information on atomic-scale mechanisms and their rates (e.g., diffusion barriers) can be obtained.
However, SPM techniques are inherently restricted to the characterization of the island nucleation and
growth stages at sub-monolayer metal coverage [4,30], require an ultra-high vacuum environment,
and data acquisition rate is seldom compatible with a real-time growth monitoring [31,32].

Methods relying on low-energy electron microscopy (LEEM) provide access to mesoscopic lateral
length scales (2–150 μm), with video-rate imaging amenable to studying dynamic processes on
surfaces, but their lowest lateral resolution is of the order of 10 nm [33–35]. Crystal structure and
film growth mode can be studied using reciprocal-space electron-based diffraction techniques, such
as low-energy electron diffraction (LEED) or reflection high-energy electron diffraction (RHEED).
LEEM, RHEED and LEED are surface-sensitive probes that they are ideally suited to study growth
up to few monolayers (ML). They require ultra-high vacuum conditions and, hence, they are usually
implemented to investigate thin film growth by thermal evaporation, although experimental setups
based on differential pumping stages can be designed to be compatible with sputter-deposition. The
aforementioned SPM and electron scattering techniques are often not directly integrated into deposition
chambers; hence analysis is performed in a “stop-and-growth” fashion, in which a certain amount of
metal deposit is iteratively probed at key film formation stages in separate analysis chambers.
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Non-invasive, surface sensitive techniques based on X-rays can be advantageously employed
to study the structural, morphological and chemical evolution during thin film growth [36–43].
X-ray reflectivity (XRR), grazing incidence small-angle X-ray scattering (GISAXS), X-ray diffraction
(XRD), X-ray fluorescence (XRF), and X-ray absorption spectroscopy (XAS) can be used remotely
to probe the sample surface, with the only requirement being that the deposition chamber must be
equipped with X-ray transparent windows (such as beryllium or Kapton). These methods can be used
separately or coupled to each another, but most in situ experiments during film deposition require
synchrotron-based X-rays. The high-brilliance of third-generation synchrotron sources, along with
modern fast two-dimensional (2D) X-ray detectors, facilitate the monitoring of the kinetics of thin film
growth in real-time with fast-acquisition (milliseconds) and sub-monolayer precision. Besides, the
ability to tune the photon energy to a specific experiment and material system is an additional asset.

Another category of in situ and real-time diagnostics is based on measuring the change of electrical
and optical properties of the deposited layer as a function of time. Evolution of electrical properties
(e.g., film resistivity) can be measured using four-point probe techniques [44–47], while typical optical
diagnostics include reflectance spectroscopy [48–51] and spectroscopic ellipsometry [52–60]. These
techniques can characterize all relevant film-growth stages up to the formation of a continuous layer
and beyond, while they provide morphological information over mesoscopic length scales. They are
also characterized by conceptual and practical simplicity, they are readily available in and compatible
with typical thin-film synthesis apparatuses, and data interpretation is in most cases straightforward.

In the present review article, we demonstrate the strength of combining laboratory-scale electrical
and optical in situ and real-time diagnostic tools for shedding light onto morphological evolution,
structure formation, and growth dynamics in a wide gamut of film/substrate systems, whereby films are
grown by physical vapor deposition techniques. In a first group of film/substrate systems, we study Ag,
Cu, and Pd growth (all exhibiting fcc crystal structure) on a number of substrates, including Si covered
with its native oxide layer, Si covered with a thermally grown SiO2 layer, and amorphous carbon (a-C).
These film/substrate combinations exhibit minimum chemical interactions and reactivity, which allows
us to selectively study the effect of atomic-scale kinetics on film growth. An additional effect of the
weak film/substate interaction in the latter systems is that the deposited layers grow in a pronounced
three-dimensional (3D) fashion, which offers an ideal test bed for identifying subtle changes of film
morphology as a function of deposition conditions and material characteristics using optical and
electrical probes [1,61,62]. As such, kinetics is studied both in terms of intrinsic atomic mobility
of the thin-film materials—as approximated by their melting point Tm, which yields homologous
temperatures Th = T/Tm of 0.24 (Ag), 0.22 (Cu), 0.16 (Pd and Fe), 0.1 (Mo) and 0.09 (Ta), at T = 300
K, where T is the substrate temperature [21,63–65]—and extrinsic deposition parameters, including
deposition temperature and rate. In a second group, the importance of interface reactivity on film
structure formation is addressed by discussing the growth of bcc transition metals (Fe, Mo and Ta)
on amorphous Si (a-Si). Interfacial reactions are further examined by monitoring the growth of Pd
films on a-Si and a-Ge layers. The selected metal/Si systems span a wide range of chemical reactivities.
Although interface reaction and silicide formation during thermal annealing is well documented in the
literature [26,66], studies on the nucleation processes during metal deposition on a-Si are scarce.

The content of the article is predominantly based on results generated by us over the past years
and focused on metal films synthesized by magnetron sputtering using Ar plasma discharges. Our
results are critically complemented by literature data, in order to expand the scope and relevance of
our conclusions.

The article is organized as follows: Section 2 explains the overall strategy for thin-film synthesis and
provides a brief description of the techniques used for in situ and real-time growth monitoring; Section 3
demonstrates the use of in situ an real-time techniques for studying morphological evolution and
growth dynamics of metals on weakly-interacting substrates; Section 4 addresses the effect of interfacial
reactivity on film morphological evolution as established by in situ and real-time methodologies;
Section 5 summarizes the article and presents an outlook for future developments in the field.
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2. Film Synthesis and Real-Time Growth Monitoring

2.1. Film Synthesis and In Situ/Real-Time Monitoring Strategy

Thin-film growth was performed by means of magnetron sputtering in three vacuum chambers
located at the University of Poitiers (France) and Linköping University (Sweden), all equipped with
a load-lock sample transfer system and multiple cathodes arranged in a confocal configuration.
Moreover, the vacuum chambers are specifically designed to host techniques for real-time monitoring
of the deposition process. One of the film deposition setups (at the University of Poitiers) achieves
high-vacuum conditions (base pressure≤ 8× 10−6 Pa using a cryogenic pump); it enables measurements
of stress evolution during film growth using the wafer curvature method (details are given in Section 2.2),
while it also allows for monitoring the change in the film electrical resistance via the four-point probe
technique (details are given in Section 2.3) using a custom-built sample holder stage. We note that,
due to geometrical constraints and specificity of sample dimensions, the two diagnostics cannot
be used simultaneously. The other two deposition chambers (at Linköping University) achieve
ultra-high-vacuum conditions (base pressures ~10−7–10−8 Pa using turbomolecular pumps) and feature
transparent viewports for mounting a spectroscopic ellipsometer to monitor the change in optical
response of the growing layer (see Section 2.4 for details). All vacuum systems are equipped with a
resistive substrate heater, such that deposition temperature can be varied and temperature effects on
film-forming processes can be investigated. Deposition flux is controlled by changing the electrical
power applied to the magnetrons. The generic layout of the deposition apparatuses, along with the in
situ diagnostic tools, is schematically depicted in Figure 1.

Figure 1. Generic schematic illustration of the sputter-deposition chamber used for collecting data
reported in this work. The chamber is equipped with several in situ diagnostics which allow real-time
growth monitoring: the wafer curvature set-up is attached at the bottom flange of the chamber and
consists of a multiple-beam laser illuminating the substrate at near-normal incidence; the set-up for
spectroscopic ellipsometry, operating at an incidence angle of ~70◦, consists of a light source, polarizer,
and analyzer. The sample holder stage can be fitted with a custom-built four-point probe apparatus to
measure the change in electrical resistance during deposition.
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2.2. Wafer Curvature Method

The wafer curvature method is based upon measuring the variation of the substrate curvature Δκ
induced by the existence of stress in the film that is attached to it. There are different ways to detect the
change in curvature, but the most sensitive and easy to implement in situ during deposition is the
method relying on the optical measurement of Δκ using laser deflectometry [67,68]. In this work, we
report data that were recorded with a multiple-beam optical stress sensor (MOSS) set-up, designed
by k Space Associates (Dexter, MI, USA) [69,70]. The main advantage of illuminating the sample
with multiple beams simultaneously is to alleviate the sensitivity to ambient vibrations during data
acquisition: when using a beam array, Δκ is calculated by measuring the relative spacings Δd = d− d0

between adjacent spots, instead of recording the absolute position of one reflected beam. A 3 × 3 array
of parallel beams, with initial spacing d0, is created using two etalons (beam splitters), and the beams
reflected off the substrate are detected on a CCD camera located at a distance L from the substrate. A
dedicated software allows for accurate measurement of the variation in spot spacing d(t) as a function
of time t with typical acquisition rate of 10 Hz. The change in curvature Δκ is then obtained from
the expression

Δκ(t) =
cosα

2L
Δd
d0

=
cosα

2L

(
d(t) − d0

d0

)
(1)

where α is the incidence angle of the laser beam with respect to the substrate normal. In the curvature
measurement setup used in the present work, the laser illuminates the substrate at near-normal
incidence (α~0◦) and L~70 cm. It is noted that the accurate determination of the optical distance L is
realized using a set of mirrors with known curvature.

The biaxial stress in the growing film at a distance (i.e., height) z from the film/substrate interface,
σ(z), is directly obtained from Δκ using Stoney’s equation according to [70]

〈σ f 〉 × h f =

∫ h f

0
σ(z)dz =

Msh2
s

6
Δκ (2)

where
〈
σ f
〉
× h f is the stress-thickness product (also referred to as the force per unit width, expressed

in N/m),
〈
σ f
〉

is the average stress in the film at thickness h f , and hs and Ms are the thickness and
biaxial modulus of the substrate, respectively. For the MOSS measurements presented herein, 100 ± 2
μm thick Si (001) substrates (with dimensions of 1 × 1 cm2) were used. The substrates were mounted
loosely on a sample holder, such that free bending during growth is possible.

In the present work, the substrate curvature method is not merely used as a stress
evaluation technique but also as a sub-nanometer-scale sensitive tool for real-time monitoring of
film/substrate interfacial reactions, island nucleation, island coalescence, and overall film morphological
evolution [71,72]. For instance, thin films growing in a 3D fashion exhibit a characteristic
compressive-tensile-compressive stress evolution with increasing film thickness, and the position of
the tensile peak maximum has been shown to coincide with the thickness hcont at which a continuous
layer is formed [73].

2.3. Electrical Resistance

The second in situ diagnostic that is implemented to monitor film growth evolution is a custom-built
apparatus with four-point probe (4PP) arrangement for measuring the variation of the film sheet
resistance Rs during deposition. The setup consists of a sample-holder stage, compatible with transfer
system from the load-lock to the main deposition chamber, and an electrical collector mounted in the
main chamber. The collector is equipped with feedthrough connectors to a Keithley sourcemeter that
is interfaced to a PC and controlled by a dedicated software. This setup allows measurements on a
series of samples without venting the main chamber. The stainless-steel substrate holder is insulated
from the substrate using a 6 mm thick Teflon disk, which can be heated from the back side using a
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resistive heater. Gold contacts are pre-deposited on the Si substrate, and a conical mask is used during
metal film growth to protect the contacts from the vapor flux. More details on the in situ resistivity
set-up can be found in [47]. Growth is performed on 350 μm thick, highly-resistive (with resistivity
in the range 1–5 kΩ·cm) Si wafers to maximize the change in electrical resistance upon metallic film
deposition. We report here the evolution of Rs × h f vs. deposition time (or film thickness h f ). Note that
the quantity Rs × h f is proportional to the film resistivity ρ, which is derived by applying a correction
factor to account for the specific sample geometry. In this work, since the sample geometry remains
unchanged, we will only report the raw data in the form of Rs × h f vs. h f curves, from which two
morphological transition thicknesses, i.e., the percolation (hperc) and the continuous formation (hcont)
thicknesses are extracted.

2.4. Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is a non-destructive optical technique in which linearly or circularly
polarized light is used to irradiate the sample under investigation [74]. Upon interaction (i.e., reflection
or transmission) with the sample, the polarization state of light becomes elliptical. By measuring
the change in the light polarization state, the optical properties of the sample can be determined.
Figure 2a depicts schematically the concept of ellipsometry for the cases of linearly polarized incident
light and reflection geometry. To describe the change in polarization, the reflectance is analyzed into
the orthogonal s-p system, where s and p denote planes that are parallel and perpendicular to the
plane of incidence, respectively. By measuring the reflected intensity (i.e., the intensity of the electric

field
→
E) along the s and p directions, the ellipsometric angles Ψ and Δ (amplitude ratio and phase

shift, respectively, of the reflected light relative to the incident light) are determined. In the case of
a bulk sample (i.e., a sample in which the incident light is only absorbed from and reflected at the
sample/ambient interface), the complex dielectric function ε̃(ω) of the material under investigation
can be computed directly from the quantities Ψ and Δ. The latter is not possible when the sample
consists of a partially transparent film residing on the substrate, as in that case Ψ and Δ depend in a
non-trivial fashion on the optical response of the substrate and the film, as well as on the film thickness.
Hence, the use of models is required for determining the optical properties of the thin film, as shown
schematically in Figure 2b and explained hereafter.

Figure 2. (a) Schematic illustration of the principle of spectroscopic ellipsometry. Linearly polarized

light (with electric field vector
→
E) is reflected at sample surface. Reflection of the incident light causes

change for the polarization state to elliptical. p-plane and s-plane indicate the planes that are parallel
and perpendicular to the plane of incidence, respectively. By measuring the reflected intensity (i.e.,

intensity of the electric field
→
E ) along the s and p directions, the ellipsometric angles Ψ and Δ (amplitude

130



Nanomaterials 2020, 10, 2225

ratio and phase shift, respectively, of the reflected light relative to the incident light) are determined
from which the optical properties of the sample under investigation can be extracted. (b) Ψ and Δ
experimental data (square symbols) measured from an electrically conductive Ag film grown on Si
substrate covered by thermally grown ~300 nm SiO2 layer (data are taken from [62]). The ellipsometric
data depend in a complex manner on the optical properties of Si, SiO2, and Ag, as well as on the SiO2

and Ag layer thicknesses. Data are fitted using three-phase model (model data are represented by solid
lines) which is schematically depicted in the inset with additional details provided in the text.

In situ and real-time SE is used to monitor the evolution of the angles Ψ and Δ over multiple
wavelengths during film growth and, by using appropriate models, determine the changes of the
optical properties of the deposited layer. These changes are then correlated with the overall film
morphological evolution, as explained in detail in Section 3.

The model system that is used in the present article for demonstrating the ability of SE to study film
growth is Ag/SiO2/Si. For such films, ellipsometric angles are acquired every ~2 s at 67 incident-light
photon energies in the range 1.6–3.2 eV, at an angle of incidence of ~70◦ from the substrate normal
(see representative curves in Figure 2b from [62]). The acquired data are fitted to a three-phase model
consisting of substrate, film, and ambient (see Figure 2b). The substrate is modeled as a 625 μm-thick
Si slab with a SiO2 overlayer, the thickness of which (in the range ~300 to 500 nm) is confirmed by
measuring the optical response of the substrate prior to deposition. Reference data for the substrate
layers are taken from Herzinger et al. [75]. The optical response of the film is described by the following
dispersion models [76] depending on the film growth stage.

Discontinuous layer: During initial growth stages, the Ag films on SiO2 surface primarily
self-assemble in discrete islands that support LSPR. Being a resonant effect, LSPR can be described by
adapting the Lorentz oscillator model [55,77] to express the complex dielectric function of the layer
ε̃(ω) as

ε̃(ω) =
fω0

2

ω2
0 −ω2 − iΓω

(3)

In Equation (3), f and ω0 are the oscillator strength and resonance frequency, respectively, and Γ
represents the damping rate of the plasmon resonance. The position of LSPRω0 is used to gauge changes
of film morphology, including changes in substrate area coverage and island size (see Section 3.4).

Electrically conducting layer: The optical response of electrically conductive Ag films is described
by the Drude free electron theory, which is extensively used for ideal metals [76]. In this case ε̃(ω) is
given by the expression,

ε̃(ω) = ε∞ −
ω2

p

ω2 + iΓDω
(4)

In Equation (4), ε∞ is a constant that accounts for the effect of interband transitions occurring
at frequencies higher than the ones considered here, ΓD is the free-electron damping constant, and
ωp =

√
ne2/ε0me is the free-electron plasma frequency, where n is the free-electron density, ε0 is

the permittivity of free space, and me is the free-electron effective mass. From Equation (4), the
room-temperature film resistivity is calculated as

ρ =
ΓD

ε0ω2
p

(5)

The evolution of resistivity as function of film thickness (the latter is also determined from SE)
provides information with regards to continuous layer formation, the degree of 3D clustering and the
dynamics of film growth.
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3. Growth of Metal Films on Weakly-Interacting Substrates

3.1. Film Growth Stages and Morphological Transitions

The present section provides a brief description of formation stages and morphological evolution
during polycrystalline film growth, with emphasis on weakly-interacting film/substrate systems.
Growth starts with adsorption of vapor atoms (referred to as adatoms) on the substrate surface and
formation of spatially separated single-crystalline islands via agglomeration of adatoms (nucleation),
which grow in size (island growth) and impinge on each other forming new larger islands (coalescence).
The process of coalescence also leads to a reduction of the island number density on the substrate
surface and continues until the boundaries between single-crystalline islands (i.e., grains) become
immobile, such that coalescence stops and a network of interconnected polycrystalline islands forms.
Subsequent deposition fills the inter-island space with material (hole filling) and, once this process
is completed, a continuous film is formed. The afore-mentioned stages can be visualized in Figure 3
which displays the sequence of transmission electron micrographs taken at various nominal thickness
during sputter-deposition of Ag and Cu films on SiO2 and a-C substrates, respectively [78,79]. We
note here that the nominal thickness h f corresponds to the amount of vapor deposited on the substrate
surface at any given time t (irrespective of whether the film is discontinuous or continuous), and it is
calculated as h f = F× t with F being the deposition rate as determined by the thickness of a continuous
layer (e.g., from XRR).

Figure 3. Plan-view TEM micrographs showing the morphological evolution and various formation
stages of (a) Ag and (b) Cu thin films with different thickness deposited on SiO2 (Ag) and a-C (Cu) by
magnetron sputtering at room temperature. Island nucleation and growth at 0.5 nm in (a); complete
coalescence at 2 nm in (a); incomplete coalescence and formation of elongated islands at 5 and 10 nm
in (a) and 1 and 2 nm in (b); hole-filling at 4 nm in (b); continuous-layer formation at 8 nm in (b).
Micrographs in (a) correspond to bright-field images (Reprinted with permission from [79]. Copyright
ACS 2020), while the images in (b) were taken using scanning transmission electron microscopy in
high-angle annular dark field (STEM-HAADF) mode (Reprinted with permission from [78]).

Throughout the various film formation stages, competing atomic-scale processes are operative,
giving rise to characteristic morphological transitions, which provide information on the degree of

132



Nanomaterials 2020, 10, 2225

3D clustering (which is inherent in weakly-interacting film/substrate systems) and the overall growth
dynamics. These transitions are explained in the following.

Island density saturation: At finite temperatures, adatoms perform a two-dimensional random
walk on the substrate surface with a diffusivity D, a quantity that depends on the potential energy
landscape encountered by the adatoms and on the growth temperature. Vapor deposition increases the
adatom number density on the substrate surface until adatom-adatom encounters lead to nucleation,
i.e., the formation of stable atomic clusters (islands) [22]. Nucleation results in an increase of the island
number density N on the substrate, until a saturation value Nsat is reached. The magnitude of Nsat is
governed by the competition among formation of new islands and incorporation of adatoms to existing
ones, and it is expressed as

Nsat ∝
( F

D

)x
(6)

where x = 1
3

(
2
7

)
for 2D (3D) islands [22,80,81]. Increase of (e.g., caused by increasing the deposition

temperature T) leads to larger adatom mean free path on the substrate surface. This favors adatom
incorporation into existing islands, at the expense of nucleating new ones, and it results in a decrease
of Nsat Conversely, increase of F leads to a larger adatom number density on the substrate surface. This
increases the probability of adatom–adatom encounters and, hence, promotes island nucleation at the
expense of island growth, resulting in a larger Nsat.

Elongation transition: Islands grow larger by incorporation of adatoms and/or material from the
vapor phase. Beyond Nsat, island growth becomes the main process that determines film morphology
by increasing the fraction of substrate surface covered by the deposit. This is until two or more
islands impinge and coalesce into a larger single-crystalline island, which largely erases morphological
features attained during earlier stages of film growth. The time required for the coalescing islands
to re-establish equilibrium shape (i.e., time for coalescence completion) increases with increasing
island radius (i.e., size) R [82,83], until it becomes longer than the time required for a third island to
impinge on a coalescing island pair. This point during growth corresponds to the so-called elongation
transition, beyond which the film surface consists predominantly of elongated non-coalesced clusters of
islands [84]. Analytical modelling, based on the droplet growth theory [85,86], and kinetic Monte Carlo
simulations [87–90] suggest that, for film materials and deposition parameters for which coalescence is
the dominant process during early stages of film growth (coalescence-controlled growth regime), the
nominal film thickness at the elongation transition helong scales with F (for the case of 3D growth) as

helong ∼
(B

F

) 1
3

(7)

In Equation (7) B is the so-called coalescence strength, which is a material- and
temperature-dependent constant [82,83]. Equation (7) reflects the effect of dynamic competition among
island growth and coalescence on film morphological evolution. For a constant coalescence strength B,
increase of F yields a larger island growth rate, such that an elongated surface morphology is attained
at smaller nominal thicknesses. Conversely, an increase of B, at a constant F, promotes coalescence
completion relative to island growth, thereby delaying the occurrence of elongation transition.

For a given film/substrate system, there are deposition conditions in terms of F and T, for which
coalescence is not completed throughout all stages of growth (coalescence-free growth regime) [87–90].
In this case, helong becomes proportional to the island-island separation distance when island density

reaches Nsat [87–90], i.e., helong ∼ Nsat
− 1

2 . Using Equation (6) for 3D growth, the following expression is
obtained:

helong ∼
(D

F

) 1
7

(8)

Equation (8) represents the way by which the interplay among island nucleation and growth (in
case that coalescence completion is inactive) affects the early-stage film morphology. An increase of D,
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for a given F, favors the growth of existing islands, at the expense of nucleation of new ones, resulting
in an increase of the nominal thickness required for the onset of island-island impingement. In the
opposite case, larger F, at a constant D, promotes nucleation, pushing elongation to occur at smaller
nominal thicknesses.

Percolation transition and continuous-layer formation: The onset of elongation transition leads to
a film surface that is predominantly covered by polycrystalline islands. The shapes of grain boundaries
in these islands change continuously as result of the competition between boundary and surface
energies [23], while grain boundaries can be mobile, depending on the growth temperature and the
grain size [21]. These effects cause grain growth, which in combination with the kinetically controlled
rate at which adatoms descend from the surface of the film to the grain boundary base (hole filling)
leads to a formation of an interconnected island network (percolation transition) and eventually to a
continuous film. Intuitively, it should be expected that the nominal thickness at which percolation
transition occurs (hperc) and a continuous film is formed (hcont) are affected only by the rates of hole
filling vs. out-of-plane film growth. However, the influence of initial growth stages (island nucleation,
growth, and coalescence) on the values and scaling behavior of those thicknesses is very pronounced,
as explained in Section 3.2.

3.2. Experimental Determination of Morphological Transition Thicknesses

Initial growth stages related to island nucleation are typically studied by scanning tunneling
microscopy (STM) [22], which is an ideal tool for investigating morphology in epitaxial film/substrate
systems, including metals deposited on oxide surfaces [1,30]. However, due to the inherent complexity
of STM techniques, most studies of metal film growth on weakly-interacting substrates focus on
post-nucleation morphological transitions (elongation, percolation, continuous-film formation) and
their respective nominal thicknesses. The absolute value of the elongation transition thickness helong
for a given set of synthesis conditions reflects the degree of 3D clustering during growth, whereby
larger helong indicates a more pronounced 3D morphology. Concurrently, the scaling behavior of helong
as a function of the deposition rate F describes the relative importance of nucleation vs. coalescence
for film morphological evolution [89] (see Equations (7) and (8)). The elongation transition is an
intrinsically abstract concept, i.e., helong is difficult to determine experimentally [91]. Hence, subsequent
morphological transition thicknesses, i.e., hperc and hcont, are typically measured, as these thicknesses
have been shown to scale linearly with helong [87,88,91].

The formation of an interconnected network of islands (i.e., percolation transition) leads to the
onset of electrical conductivity, when a film is deposited on a substantially insulating substrate. Hence,
hperc can be determined by measuring in situ the resistivity change of the deposited layer (using the
four-point-probe technique; see Section 2.3), whereby hperc corresponds to the thickness at which the
measured resistivity exhibits a sharp drop. An example is shown in Figure 4, which plots a Rs × h f vs.
h f curve from an Ag film grown by magnetron sputtering on SiO2 (red solid line; percolation thickness
marked with a red solid arrow) [61]. With increasing film thickness beyond hperc, the resistivity
decreases further until the Rs × h f vs. h f curve reaches a steady-state (marked by the intersection of
the dashed lines and indicated with a red solid arrow). Multiple studies [61,62,92–94], which have
combined in situ growth monitoring and ex situ morphology and structure characterization, have
shown that the thickness at which steady-state film resistivity is established corresponds to hcont. An
alternative approach for determining film resistivity is indirectly by SE using the Drude model, as
explained in Section 2.4. A resistivity ρ vs. h f curve, determined by SE, for Ag grown by magnetron
sputtering on SiO2 is also plotted in Figure 4 (black hollow squares), and hcont (i.e., onset of steady-state
behavior) is marked with a black solid arrow at the intersection between the two dashed solid lines
used as a guide to the eye. We note here that accuracy of the Drude model close to the onset of
conductivity is limited, hence hperc cannot be determined with precision using SE [62].

Stress evolution is also closely connected with the film formation stages [95]. Figure 4 plots the
stress-thickness

〈
σ f
〉
× h f vs. h f curve of an Ag layer grown by magnetron sputtering on SiO2 (blue
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solid line) [61]. The curve exhibits the typical compressive-tensile-compressive (CTC) stress evolution
for films grown at conditions of high atomic mobility on weakly-interacting substrates [67,70,95]. The
origin of the different stress stages has been the focus of extensive experimental and theoretical works
in the literature. It is widely accepted that the first compressive stage corresponds to the nucleation of
isolated islands [95,96], while their coalescence leads to tensile stress formation (attractive forces) due
to elastic strain upon impingement of neighboring surfaces (similar to a zipping process, see [97,98]),
the driving force being the reduction in surface/interface energy upon formation of grain boundary
between coalescing islands pairs. As coalescence progresses, the film continues to develop tensile
stress up to an observable maximum, which has been shown to coincide with the formation of a
continuous layer [73,99]. Therefore, the stress monitoring during thin film growth using MOSS allows
the straightforward determination of hcont from the position of the tensile peak maximum, as indicated
by the blue arrow in Figure 4. The underlying mechanisms for the origin of the compressive stress in the
continuous film growth regime are still the subject of debate [100–104], and will not be further discussed
here, as they fall outside the focus of the present review paper. We also note that the differences in
the morphological transition thicknesses established by the curves in Figure 4 reflect differences in
growth kinetics, as determined by the deposition conditions (e.g., deposition rate, temperature, base
and working pressure). A more detailed discussion on this aspect is provided in Section 3.3.

Figure 4. Evolution of resistivity (ρ ∼ Rs × h f ) and stress-thickness product
〈
σ f
〉
× h f vs. nominal

film thickness h f during growth of Ag on SiO2 by magnetron sputtering, as measured from in situ
and real-time diagnostic tools: Rs (from four-point-probe measurements; red solid line; data taken
from [105], ρ (from spectroscopic ellipsometry (SE); hollow black squares; unpublished data by Pliatsikas
and Sarakinos), and

〈
σ f
〉
× h f (from multiple-beam optical stress sensor (MOSS) measurements; data

taken from [73]). Growth conditions (deposition rate and base/working pressure) are indicated in the
corresponding legends, while all films have been grown at room temperature. The percolation (hperc)
and continuous film formation (hcont) thicknesses are determined by the curves as explained in the text.

3.3. The Effect of Growth Kinetics on Film Morphological Evolution

3.3.1. Influence of Material Intrinsic Mobility

In the present section, we demonstrate the ability of the in situ and real-time techniques described
in Section 2, to establish the effect of growth kinetics, as determined by synthesis conditions and intrinsic
material properties, on the degree of 3D clustering in weakly-interacting film/substrate systems. We
start by examining the evolution of

〈
σ f
〉
× h f (Figure 5a) and Rs × h f (obtained from four-point-probe

measurements; Figure 5b) during growth of Ag, Cu, and Pd on SiO2, at otherwise identical deposition
conditions (see Table 1 for deposition conditions). The

〈
σ f
〉
× h f curves exhibit the characteristic CTC
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stress evolution as a function of h f , from which the continuous film formation thickness hcont (i.e.,
tensile peak maximum) is determined for each metal. The Rs × h f curves show the abrupt drop at
hperc, while the onset of a steady-state signifies hcont (all transition thicknesses are marked with vertical
dashed lines in the respective curves in Figure 5). The values of hperc (from Rs × h f vs. h f curves) and

hcont (from
〈
σ f
〉
× h f vs. h f curves) are listed in Table 1, where it is seen that Ag exhibits the largest

values for both quantities (hperc = 5.9 nm and hcont = 12.4 nm), followed by Cu (hperc = 2.6 nm and hcont

= 8.2 nm), while Pd has the smallest values with hperc = 1.7 nm and hcont = 5.9 nm. These differences
in morphological transition thicknesses indicate that Ag grows in the most pronounced 3D fashion
(among the three metals), while Pd exhibits the flattest morphology, as confirmed by ex situ studies
of the surface topography of the three metals, see Figure 5c. These findings are also consistent with
the TEM observations of Figure 3, where Cu islands form more elongated structures and percolate at
lower film thickness compared to Ag. Concurrently, the three metals have distinctly different melting
points Tm, so that their homologous temperatures Th = T/Tm (T is the deposition temperature that is
300 K, common for all metals) are 0.24 (Ag), 0.22 (Cu), and 0.16 (Pd) (also listed in Table 1). Atomic
mobility, in a first approximation, scales with Th [21], i.e., Ag exhibits the largest mobility. This allows
Ag to: (i) diffuse longer distances on the substrate and self-assemble into larger and fewer nuclei; (ii)
exhibit more pronounced upward diffusion from the base to the top of atomic islands [106,107]; and (iii)
diffuse faster on Ag islands so the coalescence completion is promoted [108]. All the aforementioned
effects favor 3D growth morphology, and thereby, yield the largest hperc and hcont values. Using the
same argument, we can identify the reason for the smallest hperc and hcont values observed for Pd (i.e.,
less pronounced 3D morphology) to the smaller atomic mobility. Similar findings were reported by
Abermann et al. during thermal evaporation of Ag, Au and Cu films [109].

Figure 5. Real-time evolution of (a)
〈
σ f
〉
× h f and (b) Rs × h f vs. h f for sputter-deposited Ag (red

solid line), Cu (green solid line) and Pd (blue solid line) films on SiO2 at T = 300 K. Morphological
transition thicknesses hperc and hcont are indicated on the respective curves with vertical dashed lines
of the same color. (c) Atomic force microscopy (tapping mode) images (125 × 125 nm2) showing the
surface morphology of Ag, Cu and Pd films with h f ~3 nm. More information on the growth conditions
for each data set is provided in Table 1. Data taken from [71,78].
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Table 1. Deposition conditions and characteristic morphological transition thicknesses for Ag, Cu and
Pd films deposited by magnetron sputtering at T = 300 K on SiO2. The Ar working pressure is 0.3 Pa.

Element
Crystal

Structure
Target

Power (W)
Deposition

Rate F (nm/s)
Th hperc (nm) hcont (nm)

Ag fcc 15 0.06 0.24 5.9 ± 0.1 12.4 ± 0.1
Cu fcc 30 0.06 0.22 2.6 ± 0.1 8.2 ± 0.1
Pd fcc 30 0.08 0.16 1.7 ± 0.1 5.9 ± 0.1

Atomic mobility is not the sole factor that governs the stress and morphological evolutions.
Structure formation (crystalline phase) is another aspect that needs to be investigated. In this example,
the three metals crystallize in their fcc structure with (111) preferred orientation, but there are scenarios
in which nucleation of a specific crystallographic phase is influenced by interfacial effects. This will be
discussed in Section 4.1. Another aspect related to Pd is its reactivity with the Si substrate, which may
increase interaction strength, change interface chemistry, and suppress 3D growth. This issue is further
examined in Section 4.2.

3.3.2. Influence of Deposition Rate F and Temperature T

As explained in Section 3.1, growth kinetics and the resulting film morphology can be affected
and controlled by varying the deposition rate F (through change in the sputtering power) and the
deposition temperature T. This is demonstrated in Figure 6, which plots ρ vs. h f curves, extracted
from in situ SE, during room-temperature (300 K) magnetron-sputter deposition of Ag films on SiO2/Si
substrates (Figure 6a) at two different deposition rates F of 0.15 (red circles) and 0.01 nm/s (black
triangles). The data show that an increase of F yields a decrease in hcont (indicated by vertical solid
arrows). The ability of the in situ and real time techniques described in Section 2 to establish changes
in morphological transition thicknesses (hperc and hcont) as a function of deposition conditions is further
illustrated by the

〈
σ f
〉
× h f and Rs × h f vs. h f curves (Figure 6b,c, respectively). These curves have

been recorded during deposition of Ag films on a-C/Si substrates at various values of F and T [61],
whereby decrease (increase) of F(T) leads to higher values of hperc and hcont.

Figure 6. (a) ρ vs. h f curves, extracted from in situ spectroscopic ellipsometry, during room-temperature
(300 K) magnetron-sputter deposition of Ag films on SiO2/Si substrates at two different deposition rates
F of 0.15 (red circles) and 0.01 nm/s (black triangles). The position of hcont on the curves is indicated by
solid arrows (unpublished data by Pliatsikas and Sarakinos) (b)

〈
σ f
〉
× h f vs. h f curves, extracted from

in situ substrate curvature measurements, during deposition of Ag films on a-C/Si substrates at two
values of F (0.03 and 1.27 nm/s) and T (300 and 378 K). (c) Rs × h f vs. h f curves, extracted from in situ
four-point probe measurements, during deposition of Ag films on a-C/Si substrates at two values of F
(0.03 and 1.27 nm/s) and T (300 and 378 K). The positions of hcont and hperc on the curves at T = 378 K
and F = 0.03 nm/s are indicated by solid arrows. Data in (b) and (c) are taken from [61].

137



Nanomaterials 2020, 10, 2225

To further discuss the effect of deposition conditions on film morphological evolution, we plot in
Figure 7 hcont (for Ag layers grown on SiO2 and a-C substrates determined by substrate curvature and
ellipsometry measurements as those presented in Figure 6) as a function of F (log–log scale) for various
T values. Data are extracted for films deposited by continuous and pulsed magnetron sputtering
(filled and hollow symbols, respectively) [61,62,89,91], and by evaporation (half-filled symbols) [99] at
different conditions with regards to base and working (i.e., Ar gas in case of sputtering) pressures, as
indicated in the respective legends in Figure 7. The first observation (similar to the data in Figure 6) is
that, for all conditions and deposition techniques reported in Figure 7, the magnitude of hcont decreases
with F, which indicates that 2D growth morphology is favored by larger arrival rates of vapor at
the film growth front. As explained in detail in Section 3.1, this can be attributed to either increase
of island number density or delay of cluster reshaping during coalescence. In addition, we see that
the hcont vs. F data exhibit a power-law dependence (straight lines in log–log scale), in accordance
to Equations (7) and (8). Closer inspection of the data reveals that room-temperature (T = 300 K)
continuous magnetron-sputter-deposition (black filled symbols) yield negative slopes of 1/7, which
is indicative of coalescence-free growth (Equation (8)). Increase of temperature to T = 330 K (blue
filled circles) and T = 378 K (red filled squares) results to larger hcont values, i.e., tendency toward 3D
morphology is enhanced, as atomic mobility, nucleation, and island reshaping are promoted. Moreover,
larger growth temperatures lead to larger negative hcont vs. F slope magnitudes (~1/3), i.e., morphology
evolves closer to the coalescence-controlled growth (Equation (7)). By establishing the growth regimes
and using hcont data for multiple F and T values, rates of atomic-scale processes that control island
nucleation, growth, and coalescence can be estimated [61,91]. Another point of interest in the data
plotted in Figure 7, is that for pulsed sputtering (hollow symbols) hcont exhibits a complex scaling
dependence on F with hcont vs. F slope changing from ~−1/3 to ~0 with increasing deposition rate. This
is a signature of multiple nucleation regimes encountered in pulsed deposition, as explained by Jensen
and Niemeyer [110] and Lü et al. [90].

Figure 7. hcont vs. F (log–log scale) at various values of T in the range 300 to 378 K, during growth of Ag
on a-C and SiO2 substrates by continuous and pulsed magnetron sputtering (data from [61,62,89,91])
and evaporation (data from [99]). The dashed lines are guides to the eye indicating the hcont vs. F slopes
(provided next to each line) for selected set of data. More information on the growth conditions for
each data set, including base and working pressure, is provided in the respective legends.
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Besides hcont, we also plot in log–log scale in Figure 8 hperc vs. F (hperc determined by
four-point-probe measurements as shown in Figure 6) for Ag films grown on a-C using continuous
magnetron sputtering, at T = 300 K (black filled squares) and T = 378 K (red filled squares) [61]. We
see that the hperc vs. F line slopes are consistent with those in Figure 7 (hcont vs. F) for both low and
high deposition temperatures, while the ratio hcont/hperc takes a value of ~2, irrespective of the growth
temperature. This indicates that the morphology set at the early stages of island nucleation and
coalescence remains consistent until continuous layer formation. Figure 8 also presents hperc vs. F data
obtained during the growth of Ag on SiO2 by pulsed layer deposition (hollow circles) [111]. This set of
data exhibits a negative slope of ~1/7 in the F range 10−2 to 10−1 nm/s with a tendency for larger slope
for F < 10−2 nm/s, in qualitative agreement with the hcont vs. F lines for pulsed magnetron sputtering
in Figure 7.

Figure 8. Percolation thickness hperc vs. deposition rate F (log–log scale) at growth temperatures T =
300 and 378 K, during the growth of Ag on a-C substrates by continuous sputtering (data from [61]),
and pulsed laser deposition (data from [111]). The dashed lines are guides to the eye indicating the
hperc vs. F slopes (provided next to each line) for selected set of data. More information on the growth
conditions for each data set, including base and working pressure, is provided in the respective legends.

The data presented in Figures 7 and 8 highlight the possibility to fine tune the thickness at which
the metallic film becomes electrically conductive or continuous by appropriate control of the vapor flux
rate or substrate temperature. For instance, in the case of Ag films, hcont can be varied in a relatively
broad range from ~10 nm at room temperature and F = 1 nm/s up to ~50 nm at T = 330 K and F = 0.01
nm/s. This strategy has important implications for practical applications since the control of the early
growth stages is decisive in achieving the desired physical attributes which critically depend on the
film microstructure.

3.3.3. Other Factors Influencing Film Morphological Evolution

Base pressure: As explained in Section 2.1, data on Ag and Cu were obtained from depositions
in vacuum chambers with different base pressures. It can be seen in Figure 7 that hcont is larger for
Ag films sputter-deposited in better vacuum conditions (i.e., lower base pressure). This trend is
particularly salient at low deposition rates (compare filled triangles vs. filled circles which correspond
to base pressures 10−8 and 10−7 Pa, respectively), and it can be explained by the influence of residual
gas contaminants (typically H2O, O2, CO) which become adsorbed on the growth surface and act
as preferred nucleation sites. This effect has been discussed in the early works by Abermann and
Koch [109], who have shown that the tensile peak maximum of the

〈
σ f
〉
× h f vs. h f curves recorded
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for a series of thermally evaporated metal films was shifted to lower values under poorer vacuum
conditions. This is most often accompanied by the development of more tensile stress in the continuous
film regime, as confirmed in our recent study on sputter-deposited Cu films [112].

Energy of film-forming species: Figure 7 shows that sputter-deposition yields systematically
smaller hcont at all temperatures (for a given deposition rate) compared to evaporated films. This can
be attributed to the fact that the film growth front during sputtering is exposed to a more energetic
(vs. thermalized for evaporation) vapor flux [63,113], which is known to enhance nucleation center
density, and thereby promote flat morphology via defect formation and cluster dissociation [22]. Such
effects are consistent with earlier reports by Grachev et al. [49] who used in situ and real-time surface
differential reflectance spectroscopy and established that the in-plane size of Ag islands formed during
sputter-deposition is 3 to 4 times larger compared to Ag islands produced by thermal evaporation.
Moreover, for sputter-deposited Cu films, hcont has been shown to decrease from ~16 nm to ~9 nm
when decreasing the Ar working pressure from 2 to 0.05 Pa [114], confirming the trend that a larger
flux of energetic species to the film growth front (e.g., achieved by decreasing working pressure during
sputtering) promotes in-plane island growth and leads to earlier onset of island impingement. This is
consistent with the data reported in Figure 7 which also show that the working pressure has influence
on the thickness at which Ag films become continuous, with larger hcont values reached at higher Ar
working pressure at which energetic sputtered particles experience more collisions in the gas phase,
and hence arrive at the substrate with lower kinetic energy and create fewer surface defects. At fixed
working pressure, similar trends can be expected by increasing the target-to-substrate distance.

Besides changing the working pressure, the energetic bombardment during growth can be tuned
by the application of a negative bias voltage to the substrate. In conventional direct current magnetron
discharges, the ionization degree of the sputtered material is very low (1–2%) and working gas ions are
the main ionized species in the plasma, so that the application of a bias voltage may result in generation
of point defects, larger compressive stress values [113], and decreased charge carrier mobility. However,
in high power impulse magnetron sputtering (HiPIMS) discharges, a large fraction of sputtered atoms,
up to 50–80%, gets ionized [115], so that applying a bias voltage can be advantageously used to tailor
the film microstructure by controlling the energy of film-forming species. Cemin et al. [116] have
reported that the thickness at which Cu films are continuous could be increased from hcont ~7 to ~12 nm
by increasing the bias from 0 to 130 V, due to enhanced adatom mobility. This results in the formation of
Cu films with larger grain size, reduced compressive stress, and higher electrical conductivity [116,117].

Surfactants: The morphology of high-mobility metal films (e.g., Ag) can be further manipulated,
for a given set of deposition conditions with regards to F and T, by using minority gaseous (N2,
O2) or metallic (e.g., Al, Cu, and early transition metals) species to act as wetting agents. Such
species can be either deposited as seed layers to change the energy and kinetics at the film/substrate
interface and affect nucleation [118], or co-deposited at the film growth front, which modifies the island
coalescence dynamics [17,18,79,119–122] as well as stress response [123,124]. In this framework, in situ
and real-time growth monitoring methodologies provide insights for selective deployment of wetting
agents at key formation stages such that film morphology can be manipulated without compromising
other physical properties of the film/substrate system [79,119,120].

3.4. Studies of Discontinuous Ag-Layer Morphology

Section 3.3 has demonstrated the way by which in situ and real-time techniques can be used to
determine growth transition thicknesses (hperc and hcont) and their correlation with the dynamics of
film morphological evolution. In the present section, we showcase the use of in situ and real-time SE
for studying the growth of discontinuous layers and establish the correlation with percolated and
continuous films. To this purpose, we use Ag/SiO2 as a model system (Ag is deposited by continuous
magnetron sputtering at a base pressure of 10−8 Pa and at F = 0.1 nm/s) and investigate the effect of
deposition temperature (T = 300 and 500 K).
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Analysis of SE data of electrically conductive layers, using the Drude model and the methodologies
explained in Section 2.4, showed that hcont increases from ~26 to >80 nm, when T is increased from 300
to 500 K, i.e., higher temperature promotes 3D (in agreement with the data in Figure 7). Early growth
stages of discontinuous layers are investigated by establishing the evolution of LSPR (ellipsometric
data analyzed using Lorentz model as explained in Section 2.4) as a function of h f . The results are
shown in Figure 9a, where it is seen that for both deposition temperatures the energy of LSPR decreases
(from ~3.3 to ~2.4 eV, i.e., is red-shifted) with increasing h f . This trend signifies that the mean island
size increases and island separation shrinks (i.e., larger fraction of the substrate is covered) as more
material is deposited [55,79,119]. Concurrently, we observe that the LSPR vs. h f slope for T = 300 K is
steeper than its 500 K counterpart, which means that increase of deposition temperature promotes
out-of-plane island growth yielding a lower substrate coverage for a given nominal thickness [79,119].
These differences are confirmed by plan-view scanning electron microscopy (SEM) images of 3 nm
thick films at the two growth temperatures (Figure 9b,c), respectively). At T = 300 K, the film surface
features islands that are partially elongated and interconnected, indicating that incomplete coalescence
has started, while the substrate coverage is θ = 58%. In contrast, at T = 500 K, islands are clearly
more circular and larger (i.e., island reshaping is completed during coalescence), and θ = 44%. The
qualitative picture and its consistency with the LSPR evolution is further supported by quantitative
analysis of the SEM images with regards to the island size distribution and the mean island in-plane
aspect ratio (AR). Data (presented in Figure 9d) show that the mean island size MS increases from ~82
to 110 nm2 upon temperature increase from 300 to 500 K, while AR decreases from ~1.8 to 1.5 for the
same change in temperature (AR = 1 for circular islands).

Figure 9. Morphological studies of discontinuous Ag layers deposited by magnetron sputtering on
SiO2 substrates (base pressure 10−8 Pa; working pressure 1.3 Pa; F = 0.1 nm/s) at two deposition
temperatures of T = 300 and 500 K (unpublished data by Pliatsikas and Sarakinos). (a) Evolution of
localized surface plasmon resonance (LSPR) vs. nominal film thickness, as determined from in situ and
real-time SE. Plan-view SEM images of 3 nm thick films are shown in (b) for T = 300 K and (c) for T =
500 K. (d) Quantitative analysis of SEM images with regards to island size distribution, mean island
size MS, size standard deviation SD, and in-plane aspect ratio AR.
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4. Interface Reactivity and Structure Formation

The present section highlights the use of the in situ and real-time diagnostic tools presented
in Section 2 for studying more complex scenarios of thin film growth involving chemical reactivity
between the deposited metal and the underlying substrate/layer. This is typically the case at the
metal/Si interface, where silicide layers usually form by solid-state reaction during annealing [26].
Their formation can also be driven by dynamic processes during film growth, such as segregation
or energetic bombardment-induced intermixing. To this purpose, we present and discuss data with
regards to growth of bcc transition metals (Mo, Ta, Fe) on Si, which showcase the ability to study
amorphous-to crystalline transitions, as well as formation of different crystallographic allotropes
during initial film-formation stages. We also demonstrate the potential of combining real-time wafer
curvature and resistivity techniques to identify complex interface chemical reactions during growth of
Pd on Si and Ge and correlate them to the structure formation during subsequent metal growth.

4.1. Growth of Fe, Mo, and Ta on a-Si

4.1.1. Structure and Phase Formation

We report here the data on real-time monitoring—using MOSS and resistivity diagnostics—of the
growth evolution of sputter-deposited Fe, Mo, and Ta films (bcc crystal structure), on Si substrates
covered with a 9 nm thick a-Si layer. The a-Si overlayer was sputter-deposited in the same vacuum
chamber prior to growth of the metal layer. This methodology provides the same starting growth
surface for all experiments and minimizes the influence of oxygen contamination on film growth.
Depositions were performed at room temperature (300 K) and at relatively low Ar working pressure
(0.24 Pa). Similar deposition rates, as given in Table 2, were employed for all metal layers by controlling
the power applied to the respective magnetron sources, such as to rule out possible effects of vapor
flux rate F on the observed growth evolution (as discussed in Section 3). At T = 300 K, the respective
homologous temperatures Th of the three metals are 0.16 (Fe), 0.10 (Mo), and 0.09 (Ta). Based on this, it
is expected that Mo and Ta grow at conditions of limited atomic mobility (Th~0.1), and hence exhibit
zone-I type (i.e., underdense) microstructure [63,125,126]. However, atomic mobility is enhanced
by energetic bombardment during sputter-deposition at low working pressure [63,113], resulting in
fully-dense films, as confirmed by ex situ XRR [127,128].

Table 2. Process parameters and physical quantities extracted from real-time stress and resistivity
evolutions during growth of Fe, Mo, and Ta films at T = 300 K on a-Si. The Ar working pressure was
fixed at 0.24 Pa.

Element
Crystal

Structure
Target

Power (W)
Deposition Rate

F (nm/s)
Th Δf (J/m2) ξ (nm) hperc (nm)

Fe bcc 60 0.06 0.16 2.3 ± 0.1 0.20 ± 0.06 0.30 ± 0.05
Mo bcc 50 0.05 0.10 3.4 ± 0.1 0.30 ± 0.05 0.27± 0.05
Ta β (A-15) 50 0.05 0.09 3.9 ± 0.1 0.39 ± 0.02 0.14± 0.05

Figure 10a,b shows the evolution of
〈
σ f
〉
× h f and Rs × h f vs. h f during the early growth stages

of the three metals, up to h f = 10 nm. Fe and Mo show similar trends of tensile stress build-up and
decrease in resistivities upon film thickening. In contrast, the behavior of Ta is distinctly different: the
incremental stress becomes compressive for h f ≥ 2 nm and the film retains a high electrical resistivity. Ex
situ XRD investigations of the crystal structure on thicker films (~60 nm thick) uncover that, while Mo
and Fe crystallize in their equilibrium bcc structure, the β-Ta allotrope (tetragonal structure [129,130])
forms in sputter-deposited Ta films [128], as shown in Figure 10c. Hence, the observed differences in
the early-stage of stress and resistivity evolutions can be understood as fingerprints of nucleation and
growth of different crystallographic phases.

142



Nanomaterials 2020, 10, 2225

Another striking observation in the curves corresponding to Mo and Fe films presented in
Figure 10a,b is the occurrence of transient features which manifest themselves as a concomitant tensile
jump and resistivity drop (indicated by arrows). These abrupt variations occur at h f = 1.9–2.1 nm
and h f = 2.2–2.6 nm for Fe and Mo, respectively, while they are not observed during growth of Ta.
Note that the thickness values of these transient features differ by ±0.2 nm between the two in situ
techniques since the measurements were not performed simultaneously, but have the same physical
origins, as explained in the following. In the case of Ta, no transient feature is observed in the

〈
σ f
〉
× h f

and Rs × h f vs. h f curves, and the β-Ta phase is formed, which is intrinsically more resistive (typical
resistivity of 170 μΩ·cm compared to 25–30 μΩ·cm for bcc-Ta [128]) and of lower crystal symmetry. It
was proposed that this phase is stabilized by minimization of interface energies [128], although other
authors argued that phase formation is governed by the presence of TaOx interlayer and template
(epitaxial) growth [131].

In the case of Mo/a-Si, the transient stress feature observed at around 2.2 nm (a value consistent
with literature reports [132]) was shown to correspond to the onset of an amorphous-to-crystalline (a–c)
phase transition [133,134], which was unambiguously established recently by coupling in situ MOSS
and XRD measurements [135]. The structure formation pathway in the case of Mo deposition on a-Si
can be summarized as follows: (i) Mo atoms react with Si surface atoms, forming an amorphous silicide
interfacial layer over a thickness of ~2 nm [132]; (ii) at a critical thickness of 2.2 ± 0.1 nm, the amorphous
layer crystallizes into bcc Mo. The a–c transition results in a volume contraction (film densification)
and structural ordering, which are reflected by the formation of tensile stress and decrease in film
resistivity (Figure 10a,b), respectively). Due to the observed similarities among the real-time curves
of Fe and Mo, we argue that the structure formation process during growth of Fe on a-Si obeys the
same scenario (as for Mo). Steiner et al. [136] reported the formation of an interfacial amorphous layer
during growth of Fe film on B for h f ≤ 3 nm. Interestingly, a drop in electrical resistance was evidenced
at h f ~3 nm, likely imputable to crystallization, although the authors for [136] did not explicitly draw
this conclusion.

Figure 10. Real-time evolution of (a)
〈
σ f
〉
× h f and (b) Rs × h f curves vs. film thickness h f during the

early growth stages of Fe, Mo, and Ta films on a-Si at T = 300 K (deposition conditions are indicated in
Table 2). The arrows in (a) and (b) indicate the onset of film crystallization for Fe and Mo. (c) XRD
patterns recorded in Bragg–Brentano configuration from ~60 nm thick Fe, Mo, and Ta films using Cu
Kα radiation (λ = 0.15418 nm). MOSS data are taken from [105,128,134].
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4.1.2. Early Growth Morphology and Interface Stress

In the present section, we focus on the incipient growth stages (h f < 2 nm) of Mo, Ta, and Fe films,
as evidenced by the data presented in Figure 10a,b. The evolution of the Rs × h f vs. h f curves shows
an initial drop below 0.5 nm (indicated by dashed lines in (Figure 10b), which can be attributed to film
percolation. Compared to the hperc values reported in Section 3 for Ag, Cu, and Pd films deposited
on weakly-interacting substrates, the percolation thickness found for Fe, Mo, and Ta are extremely
small, around 0.3–0.4 nm (see Table 2), which corresponds to the deposition of ~2 monolayers of film
materials. This clearly shows that Mo, Ta, and Fe exhibit a pronounced 2D (i.e., wetting) growth
morphology on a-Si, further supported by AFM imaging of layers with thicknesses in the range of 5
nm [71].

Concomitantly, the
〈
σ f
〉
× h f curves (plotted for 0 ≤ h f ≤ 2 nm in Figure 11a) show the formation of

tensile stress, an opposite behavior to what is observed in Figure 3 for metal films on weakly-interacting
substrates. The tensile stress levels off until a plateau is reached, which can be understood by the
change in surface/interface stress Δ f due to the progressive coverage of the a-Si surface (surface energy
γSi) by a metal (Me) deposit (γMe > γSi). The quantities f and γ are of the same order of magnitude,
and for an isotropic solid surface are related through the expression f = γ+ ∂γ

∂ε , where ε is the elastic

strain within the interface plane [137,138]. Then, the asymptotic behavior of the
〈
σ f
〉
× h f vs. h f curves

in Figure 11a can be fitted by an exponential interaction term, following the approach proposed by
Müller and Thomas [138], according to

〈σ f 〉 × h f = Δ f
(
1− e−h f /ξ

)
(9)

where Δ f = f Me + f int − f Si is the change in surface/interface stress during deposition of metal (Me)
on a-Si, and ξ is a characteristic interaction length that accounts for the finite extension of the interface
stress contribution. Δ f and ξ are extracted by fitting Equation (9) to the MOSS data and values for
Fe, Mo, and Ta are reported in Table 2. An example of the fit is shown in Figure 11a for the case of
Fe. It is seen that the ξ values are of the same order of magnitude as hperc determined from resistivity
measurements. Moreover, ξ increases with increasing atomic number of the metal, which may be
attributed to larger interface spread (intermixing) due to more intense energetic bombardment. In
the case of the Mo/a-Si interface, Reinink et al. [132] confirmed the formation of an interfacial MoSix
alloy from in situ low energy ion scattering analysis, and concluded that the tensile stress was due to
compound formation, rather than a change in surface stress. Nevertheless, as seen in Figure 11b, the
derived Δ f values are found to scale with the change in surface energy, Δγ = γMe − γSi, for different
metals with either bcc (present work and from [71]) or hcp structure (unpublished data by Abadias).
This suggests that the early growth stages of metals on a-Si are dominated by interfacial effects.

Figure 11. (a) Enlarged view of the stress-thickness evolution at the Me/a-Si interface during growth of
Fe, Mo, and Ta on a-Si. An analytical model, Equation (9), is used to fit experimental data (see solid line
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for the case of Fe) to extract Δ f and ξ. (b) Plot of Δ f vs. Δγ for bcc Fe, Mo, Ta and W (data obtained
from present work and Refs. [71,105]) and hcp Ti and Zr (unpublished data by Abadias) deposited on
a-Si. and. Surface energies γMe and γSi are taken from [139].

4.2. Effect of Interface Reactivity on Morphological Evolution

In order to demonstrate the importance of interface reactivity on film nucleation and growth,
we compare here the morphological evolution of Pd layers deposited on different substrates: SiO2,
a-Si and a-Ge. Figure 12a,b show the

〈
σ f
〉
× h f and Rs × h f vs. h f real-time data collected for Pd films

deposited at T = 300 K and T = 355 K, respectively. The blue curves correspond to the growth of Pd on
SiO2, as already described in Section 3.3.1, and serve as reference. Overall, we notice that the curves
corresponding to growth on a-Si and a-Ge are more complex than those for growth on SiO2, especially
for h f < 5 nm, where the following features are observed: (i) a tensile stress is clearly formed from
the beginning of growth, followed by a transient peak at ~2 nm (clearly visible on a-Ge at T = 300 K
and a-Si at T = 355 K, see arrow, and smeared out in the case of a-Si at T = 300 K); (ii) the Rs × h f vs.
h f curve exhibits two consecutive drops at h f ~ 2 nm (marked by arrow) and below 4 nm (indicated
by dashed lines). The evolution of the Pd/a-Si and Pd/a-Ge curves in Figure 12a for h f > 5 nm is
reminiscent to what is observed for the growth of Pd on SiO2 beyond hcont, i.e., a compressive stress
regime is established for h f > hcont, accompanied by a continuous decrease of the film resistivity. It can
be noted, however, that the Rs × h f values for Pd films deposited on a-Si and a-Ge are higher than that
of the Pd film deposited on SiO2, while the magnitude of the incremental stress remains similar. For
the Pd/a-Si system, the overall stress and resistivity evolutions are similar between T = 300 K and T =
355 K (Figure 12b). Differences in the stress development were found at higher temperatures due to
higher interface reactivity [105], but will not be discussed here.

Figure 12. Real-time evolution of
〈
σ f
〉
× h f and Rs × h f curves vs. h f during sputter-deposition of Pd

films on (a) SiO2, a-Si and a-Ge at T = 300 K and (b) a-Si at T = 300 and 355 K. The curves exhibit distinct
features at critical transition thickness, marked by arrows and vertical dashed lines (for interpretation,
see text).

The
〈
σ f
〉
× h f vs. h f evolution at the Pd/a-Si and Pd/a-Ge interface exhibit the same asymptotic

tensile behavior as observed during growth of Fe, Mo, and Ta on a-Si (see Figure 11a), suggesting
the formation of an intermixed layer. It is well known that Pd atoms react with Si to form a silicide
compound with composition close to Pd2Si, usually obtained after thermal annealing [140–143].
The silicide formation is accompanied by the build-up of stress, being either tensile or compressive
depending on the diffusion process [26,141,144]. Only few reports have studied the growth of Pd/a-Si
at room temperature [140,143]. Ex situ XRD and TEM characterization performed on the Pd/a-Si
system confirm the formation of a silicide compound Pd2Si [105]. Figure 13a,c shows plan-view
TEM micrographs obtained from a 9 nm thick Pd film deposited on a-Si. Crystalline regions are
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visible, corresponding either to fcc Pd or hex-Pd2Si, further supported by electron diffraction pattern
(Figure 13b).

 

Figure 13. Plan-view TEM investigation of a 9 nm thick Pd film deposited on a-Si. (a) STEM-HAADF
image revealing the grain contrast in the thin film. (b) selected area electron diffraction pattern showing
the coexistence of polycrystalline Pd2Si and 111 fiber-textured Pd grains. (c) High resolution image;
Fourier transform on selected grains are consistent either with fcc Pd or hexagonal Pd2Si lattice planes.

As first proposed in [105], the simultaneous occurrence of a tensile stress peak and resistivity
drop at h f ~ 2 nm during growth of Pd on a-Si was ascribed to the crystallization of a Pd2Si
interfacial compound. This scenario was confirmed and more precisely described in a recent work that
combined simultaneously MOSS and XRD measurements using synchrotron facilities (beamline SIXS
at SOLEIL) [145]. The authors could reveal that a nanocrystalline or amorphous Pd2Si layer is first
formed, which suddenly crystallizes giving rise to the observed tensile peak and resistivity drop at
2.3 nm. Then, the Pd layer nucleates while the [111] textured Pd2Si layer continues to grow up to a
thickness of 3.7 nm. The second drop in resistivity observed in Figure 12 around 3–4 nm could be the
fingerprint of the formation of the elemental and more conductive Pd layer. As shown in Figure 12b,
the tensile peak is better resolved and sharper at T = 355 K due to thermally-enhanced interfacial
reaction. The similarities between the stress and resistivity curves recorded on a-Ge at T = 300 K and
a-Si at T = 355 K point towards a higher reactivity between Pd and Ge atoms.

5. Conclusions and Outlook

The results presented herein demonstrate that non-invasive and easy to implement optical and
electrical probes can be used as efficient in situ and real-time diagnostics to characterize the early
growth stages of polycrystalline metallic films on semiconducting or insulating substrates. Examples
are provided for a wide variety of metal/substrate systems for which different wetting behaviors and
morphological evolutions are clearly revealed, primarily dictated by differences in surface mobility
and interaction of the metal adatoms with the substrate layer. In the case of elemental metals deposited
on weakly-interacting substrates (SiO2, a-C) and growing in 3D fashion (like Ag, Cu, or Pd), wafer
curvature, spectroscopic ellipsometry, and electrical resistivity measurements are complementary in
monitoring the relevant film formation stages, and determining morphological transition thicknesses
corresponding to percolation and formation of a continuous layer. Through a systematic study of
the dependence of these thicknesses with deposition rate F and substrate temperature T, the scaling
behavior of these quantities has been established, from which two kinetic growth regimes could be
identified. These regimes correspond to a coalescence-free and coalescence-controlled evolution of the
island shapes.

More generally, the impact of deposition process parameters (working pressure, bias voltage,
target-to-substrate distance) on film morphology can be directly evaluated by means of these real-time
diagnostics, and establish the following empirical rules for controlling film morphological evolution:
(i) for transparent conductors, it is necessary to form a percolated film at the lowest possible
thickness, which can be achieved by decreasing substrate temperature, increasing deposition rate, or
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decreasing working pressure; (ii) opposite variations of the latter parameters decrease wetting and
yield nanogranular films/supported nanoparticles. Application of a bias voltage may have an opposite
effect on the onset of film percolation and formation of a continuous layer, depending on the type of
sputtering discharge (DC vs. Hipims).

Our in situ and real-time nanoscale monitoring can be readily applied for studying the growth
of other metals like Au, Pt, or Ti in the prospect of fabricating smart coatings capable to enhance
the absorption of light in photovoltaics [146] or manage the light in novel dielectric–metal–dielectric
transparent electrodes [147,148]. The developed methodology can also be extended to investigate the
impact of alloying elements or minority species acting as surfactant on the film morphology and stress
response. It also offers the possibility to explore more complex systems like transition metal nitrides,
thin film metallic glasses or high-entropy alloys. Concurrently, it would be also very interesting to
employ these real-time diagnostics for a better understanding of the mechanisms controlling solid-state
dewetting of continuous layers [149–151], which is a promising route to fabricate nanogranular films.

The potential of coupling in situ and real-time stress and resistivity measurements is also leveraged
to unveil structural transitions and interfacial reactions during growth of ultrathin transition metal
(Fe, Mo, and Ta) and Pd layers on amorphous Si or Ge. These systems are characterized by a 2D
growth morphology and the formation of an intermixed layer at the metal/Si (or Ge) interface over a
thickness of ~1 nm. For Mo/Si and Fe/Si systems, the interfacial silicide compound is amorphous, and
the metal layer crystallizes into its equilibrium bcc structure at a critical thickness of ~2 nm, as detected
in real-time from the stress and resistivity transient features. Ta films grow instead in a tetragonal
structure, with no visible change in the electrical and stress properties.

The overall results reviewed in the present article demonstrate that in situ, real-time optical and
electrical techniques are powerful tools to monitor thin film growth at the nanoscale and gain insights
on the correlation among atomic-scale mechanisms and resulting film morphology. From the view
point of applications, these diagnostics could further contribute to optimize the growth of functional
nanoscale layers and smart coating technologies relying on the integration of plasmonic devices and
transparent electrodes on substrates beyond Si, such as glass, oxides, Van-der-Waals 2D crystals, or
polymeric/flexible substrates [17,146–148,152–154]. To this end, their implementation may involve
some technological improvement/modification of the actual set-up (for instance the curvature of a
transparent substrate from laser-based deflectometry can be measured from the substrate backside
coated with a reflective layer or by using other types of stress-sensors), as well as refinement of
the optical modelling of ellipsometric data (to account for interband transitions in some metallic
films, or optical anisotropy of some polymeric substrates). Combining these approaches with in situ
X-ray-based techniques will enable us to get a detailed understanding of the structure formation and
film morphology, which opens the path to engineering the film morphological and physical attributes
by appropriate control of the process parameters.
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Abstract: The synthesis of nanostructured surfaces and thin films has potential applications in
the field of plasmonics, including plasmon sensors, plasmon-enhanced molecular spectroscopy
(PEMS), plasmon-mediated chemical reactions (PMCRs), and so on. In this article, we review various
nanostructured surfaces and thin films obtained by the combination of nanosphere lithography (NSL)
and physical vapor deposition. Plasmonic nanostructured surfaces and thin films can be fabricated
by controlling the deposition process, etching time, transfer, fabrication routes, and their combination
steps, which manipulate the formation, distribution, and evolution of hotspots. Based on these
hotspots, PEMS and PMCRs can be achieved. This is especially significant for the early diagnosis of
hepatocellular carcinoma (HCC) based on surface-enhanced Raman scattering (SERS) and controlling
the growth locations of Ag nanoparticles (AgNPs) in nanostructured surfaces and thin films, which is
expected to enhance the optical and sensing performance.

Keywords: nanostructured surfaces and thin films; physical vapor deposition; nanosphere lithography;
manipulation and applications of hotspots

1. Introduction

The synthesis of nanostructured surfaces and thin films using physical vapor deposition, such as
pulsed laser deposition, magnetron sputtering, thermal evaporation, e-beam evaporation, among
others, plays a key role in the development of a variety of applications in nanoplasmonics, nanoscale
photovoltaic devices, nanogenerators, flexible or nanobiological sensors, and so on [1–8]. For devices
based on nanostructured surfaces and thin films, diverse high-fidelity geometry is important for the
performance of the devices in practical applications. Reliable artificial nanopatterned surfaces and
thin films are fabricated by advanced lithographic methods, including electron-beam lithography
(EBL), photolithography, soft lithography, nanosphere lithography (NSL), and many others [9–12].
For example, the combined processes of EBL, metal deposition, and liftoff are utilized to obtain
patterned metallic structures on a scale of tens of nanometers to submillimeter [12]. However,
the multiple wet processes in EBL-based methodology is extremely time-consuming and may introduce
additional contaminations on the nanostructured surfaces, which may have non-negligible effects
on the quality of nanostructured surfaces and thus degrade the performance of the devices. More
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importantly, it significantly hinders the direct applicability of the devices, especially in the field of
nanostructure-based plasmonics, generators, sensors, and so on. Though many efforts have been made
to prepare nanostructured surfaces and thin films by EBL-based methodology, challenges remain in
the manipulation of hotspots that are usually observed in the sub-10 nm metallic nanogaps, where the
energy is localized to subwavelength dimensions due to the design of the nanostructured surfaces and
thin films.

Compared to the EBL-based methodology, the NSL-based approach has attracted much attention.
This method uses self-assembled polystyrene (PS) colloid sphere arrays as ordered templates/masks to
manipulate hotspots in nanostructured surfaces and thin films. The method is rapid, simple, low-cost,
practical, and produces no pollution [13]. Various nanostructured surfaces and thin films can be
achieved by the combination of NSL and physical vapor deposition, such as periodic nanocaps [14–18],
nanotriangles [19–22], nanobowls [23–25], nanorings [26–28], nanopillars [29,30], nanocones [31–33],
and other complex nanostructured surfaces and thin films, including nanohoneycomb, bridged knobby
units, nanoparticle cluster-in-bowl arrays, and so on [2,25,34–40]. These architectural designs of
nanostructured surfaces and thin films can be obtained by controlling a series of deposition processes
(the deposition time, angle, distance, and so on), PS colloid sphere etching, transfer, and their
combination steps, which manipulate the formation, distribution, and evolution of hotspots and have
significant implications in broad applications [41–55]. Based on these manipulation of hotspots in
nanostructure-based surfaces and thin films, plasmon-enhanced molecular spectroscopy (PEMS) and
plasmon-mediated chemical reactions (PMCRs) can be controlled, which is expected to enhance the
optical and sensing performance.

In this article, the design and synthesis of nanostructured surfaces and thin films with various
hybridization of nanoshape arrays are discussed in detail, including large-area periodic nanohoneycomb,
nanocap star, nanoring nanoparticle, bridged knobby units, and three-dimensional (3D) nanopillar cap
arrays. The formation, distribution, and evolution of hotspots in these nanostructured surfaces and
thin films are controlled, which has potential applications in PEMS and PMCRs. Hopefully, this article
will inspire more ingenious designs of nanostructured surfaces and thin films using the NSL technique
to manipulate hotspots, which is expected to enhance the optical and sensing performance.

2. Experimental Section

2.1. NSL Technique and Physical Vapor Deposition Technique

The NSL technique originates from self-assembled monolayer nanospheres being used as a mask
to achieve large-area surface-patterned nanostructures, also known as “natural lithography” [49].
The nanosphere particles are arranged in an ordered array by spin coating, Langmuir–Blodgett
technique, electrophoretic deposition, micropropulsive injection (MPI) method, and so on [56–58].
Then, defect-free PS colloid sphere arrays from single layer (SL) to multilayer (ML) are fabricated,
which greatly extends the application of “natural lithography” and is called NSL [21,27,50,59].
Due to developments over the past several decades, the NSL technique has been recognized as an
effective way to fabricate large-scale ordered nanostructured surfaces and thin films with various
nanopatterns [34,42,60]. Normally, NSL have three main processes. First, SL or ML closely packed PS
colloid sphere arrays are prepared by the self-assembly method [27,28,56–58,61]. Briefly, PS colloid
sphere particles are dispersed in alcoholic solution, which is slowly dripped on the surface of a Si wafer.
Then, the Si wafer is slowly immersed into the container filled with deionized water. At the interface
between the PS colloid sphere particles and deionized water, the PS colloid spheres start to form an
unordered monolayer. After that, the monolayer is driven into a highly ordered array by interactions
including van der Waals forces, steric repulsions, and Coulombic repulsions [57]. Then, the highly
ordered PS colloid sphere array is picked up by the hydrophilic property substrate. The detailed
preparation process of large-scale ordered PS colloid sphere arrays is reported in our previous
works [9,13,17,18]. Then, the size, nanogaps, and surface morphology of the as-prepared PS colloid
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sphere arrays is modified by physical and chemical method, which serves as a template [29,30,37–39,53].
Finally, various materials, including metal, metal oxides, polymers, and so on, are deposited on the
ordered PS colloid sphere array templates by physical vapor deposition technique (for example, pulsed
laser deposition, magnetron sputtering, thermal evaporation, e-beam evaporation), which make the
nanostructured surfaces and thin films more functional.

2.2. Design of Nanostructured Surfaces and Thin Films and Manipulation of Hotspots

Based on the combination of the as-prepared PS colloid sphere array templates and physical vapor
deposition, various nanostructured surfaces and thin films can be designed by adjusting the fabrication
routes and deposition parameters. Under this strategy, PS colloid sphere arrays with a fixed diameter
(e.g., 100, 200, 500, 1000 nm) are selected as templates, and the etching, transfer, rotation, co-sputtering,
glancing angle sputtering, single- or multilayer deposition, or their combinations is performed to control
the shape of the PS colloid spheres, nanogaps between neighboring PS colloid spheres, the thickness of
films, the surface morphology of films, and other parameters of the complex structures. The variety
of nanostructured surfaces and thin films can be expanded, obtaining a set of novel nanopatterned
arrays by the corresponding control strategy. Several types of novel nanopatterned arrays, including
nanohoneycomb, nanocap star, nanoring nanoparticle, bridged knobby units, nanopillar cap, and other
hybrid nanostructure arrays, are described in detail in the next section.

At the nanostructured surfaces of some noble metals (e.g., Au, Ag, etc.), the coherent oscillations of
the conduction electrons can be driven by light, which will cause localized surface plasmon resonances
(LSPRs). Usually, the electromagnetic (EM) field is enormously enhanced in the region of LSPRs,
which is called “hotspots”. As is well known, these hotspots are usually observed in the sharp tips or
corners, sub-10 nm metallic nanogaps, and so on. Moreover, the formation, distribution, and evolution
of hotspots are very sensitive to the material, composition, and surrounding dielectric environment of
the nanostructures. Therefore, the manipulation of hotspots can be achieved by adjusting the aspects
mentioned above. To confirm the formation, distribution, and evolution of hotspots, finite-difference
time-domain (FDTD) software is used to simulate the EM field of the nanostructured surfaces and thin
films, which has guiding significance on the design of nanostructured surfaces and thin films and the
manipulation of hotspots.

2.3. Applications of Hotspots in PEMS and PMCRs

PEMS is a rapid and nondestructive spectroscopy technique for chemical detection, biosensing,
catalysis, and so on. The technique relies on the high density of hotspots to significantly intensify
surface-enhanced Raman scattering (SERS) signals, which is expected to achieve single-molecule
detection. Based on the SERS spectroscopy technique, nanostructured surfaces and thin films with
high density of hotspots as biomarker chips exhibit excellent performance for the specific detection
of α-fetoprotein (AFP) and α-fetoprotein-L3 (AFP-L3), which are very promising for the detection of
early hepatocellular carcinoma (HCC) markers [38,39].

In addition, based on manipulation of hotspots in nanostructured surfaces and thin films, PMCRs
have attracted much attention. Active sites with selectively controlled chemical reactions at the
nanometer level can be achieved by manipulating the formation, distribution, and evolution of hotspots
in nanostructured surfaces and thin films, which is an easy method to obtain a wide variety of ordered
nanostructures and is expected to enhance plasmonic performance.

3. Results and Discussion

3.1. Manipulation of Hotspots in Nanostructured Surfaces and Thin Films

The architectural design and fabrication of multiscale nanostructured surfaces and thin films are
carried out by the combination of NSL and magnetron sputtering deposition. An ordered PS colloid
sphere array with a size of 500 nm is fabricated by the self-assembly process on Si wafer, which is shown
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in the schematic diagram in Figure 1a and the scanning electron microscopy (SEM) image in Figure 1c.
Hexagonally arranged PS colloid sphere arrays with different sizes and layers can be obtained by a
similar process. Using as-prepared PS colloid sphere arrays as a template, when thin films are deposited
along the perpendicular direction, two basic nanostructures (nanocap array and triangular-shaped
array) are formed, which is the simplest design. By accurately controlling the parameters of the ordered
PS colloid sphere array and the processes of magnetron sputtering deposition, basic nanopatterned
arrays can be expanded and reinvented to novel nanostructured surfaces. For example, a novel
honeycomb nanostructured array can be prepared by selective reactive ion etching (RIE) and glancing
angle sputtering with rotation. In the first step, the as-prepared monolayer PS colloid sphere array is
etched for different times, which results in six tiny synaptic nanostructures per PS colloid sphere due
to the shadow effect, as shown in the schematic diagram in Figure 1b and SEM image in Figure 1d.
These tiny synaptic structures among the PS colloid sphere play a key role in the subsequent design
of the honeycomb nanostructured array. Then, the Au film is glancing angle sputtered onto the PS
colloid sphere array template with tiny synaptic nanostructures by magnetron sputtering (Figure 1e).
During the film deposition, the evolution of a well-formed honeycomb nanostructure can be achieved
by controlling the rotation speed of the PS colloid sphere array template and film sputtering time,
as shown in Figure 1f,g.

Figure 1. (a,b) Schematic diagram of hexagonally arranged polystyrene (PS) colloid sphere array and
PS colloid sphere array with six tiny synaptic nanostructures after reactive ion etching (RIE) treatment,
respectively. (c,d) SEM image of hexagonally arranged PS colloid sphere array before and after RIE
treatment. (e) Schematic diagram of the magnetron sputtering chamber. (f,g) Desired honeycomb
nanostructure achieved by controlling rotational speed and film sputtering time. Reproduced with
permission from [38] American Chemical Society, 2019.

The morphological features and distribution of hotspots of the honeycomb nanostructures are
exactly controlled by RIE time, film sputtering time, and rotation speed during film deposition. To obtain
a PS colloid sphere array with tiny synaptic nanostructures and suitable separation, the as-prepared PS
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colloid sphere array is etched for 120, 180, 240, or 300 s. To optimize the morphological features, we can
increase the rotational speed of the etched PS colloid sphere array during the film deposition process
(from 10 to 60 rpm), which promotes the rate of film deposition onto the tiny synaptic nanostructure.
When the PS colloid sphere array is etched 180 s and the rotation speed is 60 rpm, the honeycomb
nanostructure is gradually distinct. The evolution of the honeycomb nanostructured morphology
depends on the film deposition time, as shown in Figure 2a–c. When the film deposition time is 5 min,
the morphology of the etched PS colloid sphere surface and around the tiny synaptic nanostructures
show slight changes (Figure 2a). When the film deposition is increased to 20 min, the synaptic
nanostructures around each PS colloid sphere exhibit continuous growth (Figure 2b). When the
film deposition time reaches 40 min, a satisfactory honeycomb nanostructure is achieved, where the
nanogaps between the sidewalls and the nanocaps are sub-10 nm (Figure 2c). We know that hotspots
usually localize in the sharp tips, corners, and sub-10 nm gaps of noble metallic nanostructures,
where the coupling EM field is enormously enhanced. FDTD solutions (Lumerical Solutions Inc,
Vancouver, BC, Canada) is utilized to simulate the formation, distribution, and evolution of the local
EM field in nanostructured surfaces and thin films, where the relevant nanostructural parameters are
extracted from the actual prepared patterned nanostructures. Figure 2d–f shows the EM intensity for
three fabricated samples (Au film deposition times of 5, 20, and 40 min). The FDTD results indicate that
the formation, distribution, and evolution of hotspots can be manipulated by changing the honeycomb
nanostructured morphology. The local EM field of the synaptic parts is increased by promoting
growth in tiny synaptic structures among the PS colloid sphere (Figure 2d). With an increase in the
film deposition time, the hotspots appear and increase in the synaptic nanostructures, as shown in
Figure 2e. It is obvious that the local EM field distribution in the nanogaps between the sidewalls
and the nanocaps lead to the density of hotspots being predominantly enhanced in a satisfactory
honeycomb nanostructure (Figure 2f).

Figure 2. (a–c) SEM images of the process of honeycomb nanostructure formation with different
deposition times (5, 20, and 40 min, respectively). (d–f) The finite-difference time-domain (FDTD)
simulation for sectional views of the local EM field distribution in the process of honeycomb
nanostructure formation. Reproduced with permission from [38] American Chemical Society, 2019.

In addition, according to the design requirements, various hybridized, complex, or novel
nanostructured surfaces and thin films can be obtained by controlling the preparation strategy. Under a
similar process, nanocap star, nanoring nanoparticle, and others nanostructured arrays were achieved
in our previous reports [37]. In addition to the size and morphology of nanostructured arrays,
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the composition of nanostructured surfaces and thin films and the surrounding dielectric environment
also play important roles in the manipulation of hotspots. Based on this strategy, noble metals and
insulator composites are co-sputtered onto closely ordered PS colloid sphere (200 nm) arrays by
magnetron sputtering system (ATC 1800-F, USA AJA). Taking co-deposition of Ag and SiO2 as an
example, the SiO2-isolated Ag island (SiO2−Ag) nanocap forms on the PS colloid sphere, as shown in
Figure 3a. The transmission electron microscopy (TEM) image shows that the size of the nanogaps
between adjacent SiO2-isolated Ag nanocaps is under sub-10 nm (Figure 3b). The high-resolution
transmission electron microscopy (HRTEM) image indicates that the thickness of the amorphous SiO2

and the size of Ag nanoparticles (AgNPs) are around 2−5 and 5−10 nm, respectively. These amorphous
SiO2 and Ag nanoparticles are intertwined, which helps form nanoscaled surface roughness and more
nanogaps (Figure 3c). The corresponding area element analysis mapping of SiO2−Ag nanocap arrays
show that Ag, Si, and O elements are uniformly distributed in the nanocaps, as shown in Figure 3d.

Figure 3. (a–d) TEM, HRTEM, and element analysis images of the SiO2−Ag nanocap. Reproduced
with permission from [9] American Chemical Society, 2014.

When closely ordered PS colloid sphere arrays are etched, the diameter of PS colloid spheres
decreases, and tiny synaptic nanostructures around each PS colloid sphere are observed. After SiO2−Ag
film deposition, the SiO2−Ag nanocap is still formed on the smaller PS colloid spheres, as shown
in Figure 4a. The film preferentially grows around the tiny synaptic nanostructures, which forms a
bridge between adjacent nanocaps. With increasing deposition time, the surface roughness of the
SiO2−Ag nanocaps increases, and the nanogaps between the units of bridged knobby units gradually
decrease (Figure 4b–d). The results of FDTD simulations indicate that the hotspots where the EM field
is coupling are mostly distributed on the surface of the SiO2-isolated Ag nanoparticles on the nanocaps
and the bridges between nanocaps, as shown in Figure 4e. In addition, the trilayer or multilayer
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Ag/SiO2 composite shell or 3D pillar-cap arrays also significantly improve the enhancement of the EM
field, which manipulates the distribution of hotspots [29,45,51]. The SiO2 addition not only immensely
increases the surface roughness of the designed nanostructure surfaces and thin films but also improves
the enhancement of the EM field at the nanogaps, which manipulates the formation and evolution
of hotspots. The manipulation of hotspots in nanostructured surfaces and thin films has potential
applications in the field of plasmonics, including SERS, biomarker chips, mediated chemical reactions,
and so on.

Figure 4. (a–d) TEM and SEM images of the SiO2−Ag film co-sputtered (5, 15, and 20 min) onto PS
colloid sphere array after being etched for 60 s. (e) The idealized morphology and simulation results of
SiO2−Ag nanocaps in the FDTD. Reproduced from [39] with permission from Elsevier, 2020.

3.2. Applications of Hotspots in Plasmonics

PEMS and PMCRs are two important branches in plasmonics. PEMS includes fluorescence
spectrum, infrared spectrum, and SERS. Among the three spectra, SERS is the most promising
spectroscopy technique, which can achieve obviously enhanced Raman signals by hotspots in
nanostructured surfaces and thin films. As mentioned above, Au nanohoneycomb and SiO2−Ag
nanocap arrays show typical SERS spectra when 4-mercaptobenzoic acid (4-MBA) is used as a probe.
Figure 5a–b show that SERS peaks at about 1575, 1073, and 1173 cm−1 are assigned to the aromatic ring
vibrations and the C−H deformation vibration modes, respectively [37]. The SERS intensity of 4-MBA
increases with the manipulation of hotspots in nanostructured surfaces and thin films and obtains the
highest enhancement, which is in good agreement with the FDTD simulation.

Based on the SERS technique, the biological and biomedical detection of some mortal diseases
has been achieved by determining changes in the shift and intensity of the SERS signals. For instance,
using SiO2−Ag nanocap arrays with high density of hotspots as biomarker chips, the early diagnosis
for HCC can be detected based on the analysis of the shift in characteristic peaks of the probe molecule
4-MBA and AFP-L3. The whole preparation and immune process of biomarker chips for the detection
of HCC is shown in Figure 6a. First, the biomarker chip, which is composed of SiO2−Ag nanocap
arrays with bridges, is immersed in the 4-MBA, 1-(3-(dimethylamino)propyl)-3-ethylcarbodimide
hydrochloride (EDC), and N-hydroxysuccinimide (NHS) solutions. Then, the 4-MBA-derived coupling
agent is generated using EDC–NHS, which is used to bind the anti-AFP antibody. After the reaction,
bovine serum albumin (BSA) is added into the mixed solution to block unconnected anti-AFP antibodies.
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Figure 5. (a,b) The surface-enhanced Raman scattering (SERS) spectrum of 4-mercaptobenzoic acid
(4-MBA) for the Au nanohoneycomb and SiO2−Ag nanocap arrays, which correspond to Figures 2a–c
and 4b–d, respectively. Reproduced with permission from [38] American Chemical Society, 2019;
Reproduced with permission from [9] American Chemical Society, 2014.

Figure 6. (a) The preparation schematic diagram of SiO2−Ag nanocap arrays as a biomarker chip.
(b,c) The SERS spectrum of the biomarker chip for different α-fetoprotein (AFP) and α-fetoprotein-L3
(AFP-L3) concentrations, respectively. Reproduced from [39] with permission from Elsevier, 2020.

In addition, the anti-AFP is diluted and used as a blank contrast sample. Antigens with different
concentrations (3, 30, 300, and 3000 pg/mL) are added and allowed to react with the biomarker chip
in the centrifuge tubes. After the process, antibody-capturing chips are made and characterized
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by SERS. The SERS spectrum of 4-MBA connected with different AFP concentrations are shown in
Figure 6b. When the concentration of the AFP increases, the peaks of 4-MBA around 1073 cm−1

shifts to the left and the intensity of the peaks at 998 cm−1 are enhanced, as shown by the dashed
frame in Figure 6b. The changes in the two peaks confirm the success of the MBA-based antibody
absorption. Subsequently, the preparation of immunogold and immunological recognition are
implemented to detect HCC by analyzing the ratio of AFP-L3 to total AFP. For analyzing AFP-L3,
5,5′-dithiobis (succinimidyl-2-nitrobenzoate) (DSNB) is used as a probe between the antibody and
the AuNPs. Colloidal gold is fabricated by the Lee and Meisel approach, which is added to the
DSNB acetonitrile solution. Next, the anti-AFP-L3 is put in and stored at room temperature. After
the reaction, BSA and borate buffer are added into the solution for later use. Finally, the biomarker
chip is formed after being immersed in solutions of different concentrations (3, 2, 1 ng/mL and 300,
30, 3 pg/mL) to ensure sufficient immunological recognition. Figure 6c shows the SERS spectrum of
the immunogold-decorated biomarker chip with different AFP-L3 concentrations. The SERS peak at
1331 cm−1 is used as a characteristic immunogold signal in the dashed frame in Figure 6c, which reflects
the degree of coupling between AuNPs. With the methods mentioned above, the detection limits for
AFP and AFP-L3 are below 3 pg/mL, which proves that the designed nanostructured surfaces and thin
films with ordered hotspots is of great significance for the early detection of HCC, clinical application,
and SERS immune detection [38,39].

PMCRs can be designed based on manipulation of hotspots in nanostructured surfaces and
thin films. As we know, the hotspots of Au nanobowl arrays are located on the edge of the Au
nanobowl, as shown in Figure 7a. Due to the formation, distribution, and evolution of hotspots under
the photoinduced effect of the enhanced EM field, the Au nanobowl arrays induce a photoreaction,
leading to accelerated chemical reaction on defined positions. Interestingly, the size and position of
the AgNPs are precisely controlled by polarized light and reaction time, as shown in Figure 7b–d.
When using vertically circular polarized light incident to the surface of the Au nanobowl arrays,
a six-axis symmetric patterned arrays of AgNPs growth is achieved. Furthermore, three-axis symmetric
nanostructured arrays are obtained using linearly polarized oblique waves with a incidence angle of
50 degrees. The manipulation of hotspots can be used to accurately control a chemical reaction at the
nanometer level, which has significant applications [41–48,53,55].

Figure 7. (a) SEM image and the distribution of hotspots for the Au nanobowl arrays. (b–d) SEM
images of the Au nanobowl arrays with Ag nanoparticles (AgNPs) accurately grown at the defined
hotspot location. Reproduced from [13] with permission from AIP Publishing, 2019.
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NSL-based nanostructured surfaces and thin films have also been focused on various fields,
including superhydrophobicity [62], protein patterning [63], magnetization reversal [64], solar cells [65],
light trapping enhancement [66], resonant optical transmission [31], flexible broadband antireflective
coatings [67], flexibly tunable smart displays, and many others [68], which show more novel and
interesting properties.

4. Conclusions and Outlook

In summary, various hybrid and even complex nanostructured surfaces and thin films can be
designed and achieved by the combination of NSL, physical vapor deposition technique, etching,
transfer, chemical reactions, or their combination steps. The formation, distribution, and evolution
of hotspots can be manipulated by fabricating novel nanohoneycomb and SiO2−Ag nanocap arrays
to control the enhancement of the EM field, which has potential applications in PEMS and PMCRs.
In particular, detection of HCC based on SERS and controlling the growth locations of AgNPs are
attracting more and more attention, which is expected to enhance the sensing performance. However,
solving the defect formation during the self-assembly process for nanostructure-based devices is
necessary in NSL technology. The notable result on defect-free PS colloid sphere arrays over a large
area (36 wafers and 1 m2) has been demonstrated using the micropropulsive injection method to
achieve high-throughput (6 × 6 wafers) periodic surface nanotexturing [58]. Recently, NSL-based
nanostructured surfaces and thin films with functional materials have shown significant application
in emerging magnetic skyrmion-based spintronic devices [69]. Thus, further functionalization of
nanostructured surfaces and thin films with more ingenious designs are expected to allow for
unprecedented versatility of NSL in a broad range of applications.
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