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Preface to ”“Coatings to Improve Optoelectronic
Devices”

This selection of reviews and articles is focused on coatings and thin films with applications
in optoelectronics, such as photovoltaics, photocatalysis, and light-based sensors and phenomena.
The investigations pursue the optimal composition, crystalline structure, and morphology able to
deliver in term of the different functionalities sought.

Most of the optoelectronic devices, in particular, the massively growing transparent display
market, require transparent conducting materials (TCMs) as electrodes. There are different
well- established n-type conducting oxides (ITO, AZO, FTO, ...) with high optical transparency,
where electrons are the charge carriers. However, the development of p-type transparent electrodes—
TCMs with hole carriers—is very challenging and, nonetheless, would be extremely relevant for
OLED or perovskite solar cell devices. One review summarizes the novelties of Cu-based oxide
films with delafossite structure, as well as oxychalcogenides films to be used as transparent p-type
electrodes. The electric conduction mechanisms and the correlations with structure and doping are
discussed [1].

According to the study included in this compendium [2], the main topics in solar coatings—as
deduced from an analysis of the publications in the field—are the search for materials for
photovoltaics, especially inorganic and organic thin films, as well as ways to enhance light trapping
and reduce reflection losses. These problems are tackled by different approaches, such as layer
nanostructuration, incorporation of nanoparticles, or coating with photonic crystals. Very recently the
efficiency, cost-effectiveness, and simplicity of fabricating of metal-organic hybrid perovskite layers
for photovoltaic devices have revolutionized the field. However, very relevant issues limit their actual
applications: their poor stability under ambient conditions and their short photodegradation periods.
A review of the degradation pathways as well as the possibilities offered by different types of coatings
to encapsulate the devices [3] is of paramount relevance to the field. On the other hand, the efficiency
of well-established technologies, such as those based on silicon or on Cu(In,Ga)Se; (CIGS), can be
increased by appropriate silica coating, acting both as an antireflection and antisoiling layer [4].

The enhancement of Raman signal for the detection of analytes is of paramount importance
because the technique is nondestructive and specific, since the vibration modes are characteristic
of each molecule or crystal. Investigation on the capabilities of plasmonic resonance of metallic
nanoparticles for SERS is still a hot topic. Here, the combination of metallic nanoparticles
and nanostructured semiconductors is reviewed for chemical and biological molecule sensing.
Different nanostructures for the semiconductor, Si or ZnO, such as nanowires, nanorods, hollow
nanospheres, nanocones, or nanoneedles, are used to deposit silver or gold nanoparticles and their
enhancement factors are collected and discussed [5]. Another interesting approach is the fabrication
of nanoplasmonic films consisting of silver, gold, or bi-metallic Ag—Au nanoparticles dispersed in
CuO films for the detection of gas molecules, O3, through the modification of the surface plasmon
resonance peak position in the transmittance optical spectra [6].

A central problem in thin films is the correlation between their structure and morphology and
the final performance of the system, discussed for TCMs in [1]. An example is the relevance of
crystallinity and the concentration of oxygen vacancies in the photoactivated properties of WO3
films. Both aspects are crucial for the electronic structure and band gap that finally determine the
light-induced degradation ability of organic dyes [7]. Also in this direction, high crystallinity seems to

vii



be required to obtain shape memory behavior in Cu-Al-Ni thin films grown on MgO (001) substrates:
the martensitic transformation is only obtained in epitaxial films [8]. On its side, the control of
morphology of a coated layer brings the possibility to modify the device properties. Aggregated
TiO, nanoparticles with submicron sizes provide a graded refractive index from air to the TiO layer
that enhances the optical transmittance and confers a superhydrophilic character maintaining the
photocatalytic activity [9].

To finalize this compendium, two reports on very relevant aspects on the fundamental
characterization of thin films are included. Optical properties are directly related to the refractive
index of the media, however, the optical constants for thin films, in many cases, are not reported
and bulk data are not always applicable. The dependence of Drude damping as a function
of the film thickness is reported for gold and copper films, and the models discussed [10].
The laser-induced deflection technique is introduced to provide absolute absorption data that allow
obtaining individual absorption and scattering data and, thus, the real and imaginary parts of the

refractive index of coatings [11].

Alicia de Andrés

viii
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Abstract: While p-type transparent conducting materials (TCMs) are crucial for many optoelectronic
applications, their performance is still not satisfactory. This has impeded the development of many
devices such as photovoltaics, sensors, and transparent electronics. Among the various p-type TCMs
proposed so far, Cu-based oxides and oxychalcogenides have demonstrated promising results in
terms of their optical and electrical properties. Hence, they are the focus of this current review. Their
basic material properties, including their crystal structures, conduction mechanisms, and electronic
structures will be covered, as well as their device applications. Also, the development of performance
enhancement strategies including doping/co-doping, annealing, and other innovative ways to
improve conductivity will be discussed in detail.

Keywords: p-type semiconductors; transparent oxides; delafossite; oxychalcogenide

1. Introduction

Transparent conducting oxides (TCOs) possess high electrical conductivity and good optical
transparency in the visible light range, and they have been intensively studied over the past
few decades due to their important roles in electronic industries including photovoltaic cells (PV
cells), touch screen displays, solid-state sensors, organic light-emitting diodes (OLEDs), and liquid
crystal displays [1-3]. Currently, in the electronics industry, many different materials, especially
impurity-doped materials, are used as TCOs for the applications. Three major materials are InpO3
doped with Sn (ITO), ZnO doped with Al (AZO), Fluor tin oxide or SnO,-F (FTO), and SnO, doped
with Sb (ATO) [4,5], Among them, ITO, with its great electrical conductivity around 1000 S.cm~ ! and
optical transparency greater than 80%, has a market share higher than 97% [6,7].

However, the aforementioned materials all belong to n-type TCOs, which show n-type
conductivity. The popularity of n-type TCOs arises from their preferable electronic properties [8].
For n-type TCOs, the electrons as charge carriers move in the conduction band minimum (CBM).
The CBM is largely formed by the spatially spread metal-s orbitals, resulting in a well-dispersed CBM
and high electron mobility. In addition, the low formation energy of native intrinsic defects induces a
high electron concentration and stable n-type electrical conductivity after impurity doping [9]. On the
contrary, the development of high-performance p-type TCOs is very challenging [10,11], and it remains
a grand challenge for researchers to solve. Indeed, it is very difficult to find p-type TCO with high
conductivity due to the inherent low mobility of holes in the oxides. As can be seen in Figure 1,
the effective mass of a hole is relatively higher than that of an electron [12]. This is caused by the

Coatings 2019, 9, 137; doi:10.3390/ coatings9020137 1 www.mdpi.com/journal/coatings
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valence band maximum (VBM) for hole transport being mainly formed by highly localized oxygen 2p
orbitals, leading to low hole mobility. Moreover, the low formation energy of intrinsic donor defect
and relatively high acceptor formation energy limit the number of hole carriers [11].
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Figure 1. Effective mass distribution of both electrons and holes in selected binary and ternary oxides.
Reproduced with permission from Ref. [12]. Copyright 2013 Springer Nature.

On the other hand, p-type TCOs are extremely important in many applications. For example,
a p-type TCO, with its larger work function than its n-type counterpart, is more suitable for OLED
devices [13,14]. However, with performance sacrifice, many of the current OLED applications use ITO
as the transparent electrode instead of a p-type anode material due to the lack of high-performance
p-type TCO [13,14]. In the perovskite solar cells, a hole transport layer (HTL) usually is made of
the popular semi-metallic organic material poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), and this has been shown to negatively affect the stability of the device, which is a serious
issue for perovskite solar cells [15-18]. Moreover, in the field of transparent electronics, wide gap
oxides are no longer passive components in the device. Instead, transparent oxides play an essential
role as active layers, similar to Si in current semiconductor industry. After achieving high-performance
p-type TCOs, transparent p—n junctions and a complementary metal oxide semiconductor (CMOS)
could be fabricated for various applications with many more advantages than its unipolar transistors
such as lower heat generation, higher circuit density, and lower energy consumption [19-21]. It is
also believed that transparent electronics will become one of the most promising technologies for
next-generation flat panel display [22], and the forecast shows that the transparent display would help
create a $87.2 billion market by 2025, as can be seen in Figure 2 [2].
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Figure 2. Transparent display market. Reproduced with permission from Ref. [2]. Copyright 2012 Wiley.

In order for p-type TCOs to achieve reasonable electrical properties, in 1997, Kawazoe et al.
introduced a concept called “Chemical Modulation of the Valence Band” (CMVB), as a way to deal
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with the aforementioned problem [23,24]. The delafossite structured CuAlO, was prepared and
discussed in that work. In delafossites, Cu* has a closed shell of 3d'° orbitals which would hybridize
with O 2p orbitals and modify the VBM and make the hole more delocalized so that it increases the hole
mobility [25]. This hybridization is possible because the energy level of Cu 3™ is close to that of O 2p.
Subsequently, several other types of delafossites with the structure CuMO, (M = Al [26-28], Cr [29-31],
Ga [32-34], In [35-37], Sc [38-40], Y [41-43], Fe [44-46], and B [47-49]) and delafossite-related oxide
SrCuy 0, [50-52] have been investigated. In 2001, the delafossite with a rather high p-type conductivity
of 220 S-cm ™! was achieved by Mg-doped CuCrO,, but the transparency is not satisfying [30]. Many
of these delafossites have been used in the applications such as OLEDs as a hole injection layer
(HIL) or hole transport layer (HTL) due to their suitable work function, good stability, and preferable
electronic properties [53,54]. While a lot of attention has been paid to such p-type TCOs, it seems very
challenging for delafossites to attain the high conductivity and high transparency that would make
them comparable to current n-type TCOs [55]. The rather low conductivity is caused by their deep
acceptor level [56], and polaronic nature [43,57]. In some cases, the transparency of a delafossite is
limited by the interband transitions [58]. The band-engineering CMVB technique was later used on
other Cu*-based materials, especially materials with chalcogens such Cu,S, Cu,Se, and Cu,Te [59].
Even though chalcogen-based TCOs have greater hole mobility due to their stronger hybridization with
Cu 34 states by the chalcogens than oxygen [10], they suffer greatly from their narrow band gap, which
limits their visible light transparency [60]. Therefore, it appears that a high-performance TCO should
include oxygen for a large band gap and chalcogen for a high hole mobility. Subsequently, layered
oxychalcogenides have been developed to demonstrate a large band gap and high hole mobility due
to the hybridization of Cu and chalcogens. Layered oxychalcogenide has alternate layers of [LnO]*
(Ln=La,Y, Pr, etc.) and [CuCh]™ (Ch =S, Se, Te, etc.), in which the [CuCh]™ is essential for its p-type
conductivity and band gap [61,62]. It has been reported that the conduction band minimum (CBM)
and the valence band maximum (VBM) comprise a Cu—Ch hybridized band and Cu—Ch anti-bonding
band, respectively [13,63]. This forms a direct band gap that allows a direct transition of charge
carriers, which is more useful in applications than indirect band-gap materials [10,62,63]. While
oxychalcogenides have promising properties that enable them to be used as future transparent p-type
materials, their hole mobility is around 10° cm?-V~!-s~! or less. For applications such as thin-film
transistors (TFTs), which require materials with high mobility, cuprous oxide (CuyO), with its high hole
mobility greater than 2.0 x 10?2 cm?-V~1.s1, seems more suitable [64], even though it has a small band
gap (2.0-2.5 eV) that is only transparent for part of the visible light range [65-67]. The high mobility of
CuyO originates from the rather delocalized VBM, which is formed mainly by Cu d states, and the VB
is formed by the hybridization of O 2p and Cu 3d orbitals [68,69]. In this review, we will focus on the
discussion of three types of materials, including delafossites, oxychalcogenides, and copper oxides.

2. Preparation and Properties of Materials

2.1. Delafossite (CuMO,)

Before the realization of CuAlO, delafossite (band gap > 3 eV) as a transparent p-type oxide [24],
p-type conductivity in oxides with large band gaps was too low to be used in any industrial applications.
As briefly mentioned above in the introduction, the low electrical conductivity is the result of the
general electronic structure in the metal oxides. This is because oxygen 2p orbitals are generally at
a much lower energy level than that of the metallic atoms in ionic metal oxides, leading to a highly
localized and deep valence band that is formed by oxygen 2p orbitals. Holes generated in the oxides
would be attracted and localized by oxygen ions, leading to very low hole mobility [8,23]. To tackle
the problem of low hole mobility, the highly localized VB or VBM need to be modified to be more
dispersed. To achieve such band modification, a design strategy named “Chemical Modulation of
the Valence Band” (CMVB) was proposed in 1997 [23,24]. The cation selected by this strategy should
possess the electronic configuration such that its highest shell electrons should be situated at similar
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energy levels as that of oxygen 2p orbitals. As shown in Figure 3a, this would introduce chemical
bonds and make the newly formed VB or VBM more spatially dispersed. In addition, the selected
cation should also have a closed shell valence state to prevent coloration in the transparent oxides
caused by d-d transitions. After carefully selecting the right cations, it was found that both Cu* and
Ag* possess suitable electronic configuration of d'%s%, and they are at a similar energy level as that of
oxygen 2p orbitals [23]. When Cu* or Ag* cations are brought to oxygen ions, chemical bonds with a
certain degree of covalency would be formed, and the VBM would be formed by the anti-bonding
levels of the resulting band formation (as can be observed in Figure 3a). Besides the overlap of the
orbitals to create dispersed VBs or VBMs, the crystal structure is also important for the transparent
oxide performance for two reasons. Firstly, the tetrahedral coordination of oxygen would ensure all
eight of its electrons were involved in the four sigma bonds, as can be seen in Figure 3b [70]. As the
non-bonded electrons that are normally present in oxides would result in the generated holes having
low mobility, the absence of non-bonded electrons of oxygen would lead to a higher hole mobility.
Secondly, the crystal structure of the delafossite is also advantageous to its optical properties. For the
prototypical delafossite CuAlO,, it has a layered structure with two alternating arrays comprising of
Cu and the edge-sharing distorted MOg octahedral unit along the vertical axis, and the two layers are
connected by the O-Cu—~O bonds [43]. This reduces the cross-linking between Cu* as compared to
that in Cu,O, which would decrease the interaction between the d'° electrons of Cu* ions. Since it has
been reported that such d'° electrons interaction between neighboring atoms would decrease the band
gap such as the case in Cup,O where interaction among three-dimensional 34 electrons is present,
the layered delafossite would improve the optical transparency [11,24]. Therefore, the delafossite
based on Cu* has been predicted to be a potential high performance candidate for p-type TCOs
in terms of its electrical and optical properties. In addition, the doping of divalent atoms at the
site of trivalent metal M is believed to greatly enhance the p-type conductivity of delafossites [11],
even though the effect of size of the trivalent metal atom on the conductivity trend still remains
under intense debate [30,71]. It should be noted that even though both Cu* and Ag* have a suitable
electronic configuration of d190 Cu*-based delafossites are usually preferred due to the following two
reasons [49]. Firstly, Ag-based delafossites are difficult to be synthesized partially due to the low free
energy of forming Ag,O, and decomposition will occur at 300 °C into O and Ag [72]. Secondly, it was
shown experimentally that Ag-based delafossites exhibit lower conductivity compared to Cu-based
delafossites due to unfavorable mixing between the Ag 4d and O 2p states [71,73-75].

Delafossites with the formula CuMO, have two polytypes, namely a thombohedral 3R and
hexagonal 2H type, depending on the stacking sequence of the Cu and double layer MO;. For the
rhombohedral 3R type, the alternative Cu layer has the same orientation between each MO, layer
within three layers, and each unit cell has three layers with the space group R3m (No. 166) (Figure 3b).
For the hexagonal 2H type, each unit cell contains two layers with MO, and Cu layers with 180° offset
for each alternating Cu layer with the space group P63/mmc (No. 194) (Figure 3c). It has been reported
that certain delafossites such as CuAlO;, CuGaO,, and CulnO; generally prefer the rhombohedral 3R
type, while other delafossites such as CuScO,, CuYO,, and CuLaO, normally adopt a hexagonal 2H
form [76]. In addition, the former type of delafossite has an indirect band gap, and the many latter ones
possess a direct band gap [43,77,78]. It should be noted that the relative energy difference between the
two polytypes is generally rather small [79,80], so the relative phase stability for each delafossite is
still under debate [81]. Different synthesis routes and preparation conditions might result in different
symmetries, and it is not uncommon to find the prepared delafossite with a mixture of both 3R and 2H
polymorphs [82-84]. So far, most of the delafossites that have been used for p-type TCO applications
are reported to possess rhombohedral 3R structures [49,81,85-87].
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delafossites. Crystal structure of the delafossite of (b) thombohedral 3R type and (c) hexagonal 2H type.

As mentioned above, CuAlO; is the first material in the delafossite family to be prepared as a
p-type transparent oxide back in 1997 [24], even though CuAlO, was already illustrated to possess
p-type conductivity in 1984 [88]. Since its first introduction as a promising p-type TCO, a lot of
research effort has been put on the development of delafossites with good electrical and optical
properties. Since 1997, many thin film fabrication methods have been used to prepare transparent
p-type CuMO; films, including vacuum-based routes such as radio-frequency magnetron sputtering
(REMS) [89,90], pulsed laser deposition (PLD) [32,91], chemical vapor deposition (CVD) [26,29], atomic
layer deposition (ALD) [92,93] and non-vacuum based routes such as the hydrothermal/solvothermal
method [94,95], sol-gel process [27,96], the spin-coating method [97,98], and the spray-coating
method [99,100]. Each thin film fabrication method has its own advantages. For example, RFMS
is relatively cost-efficient among all the vacuum-based methods, and is compatible with industrial
applications for large scalability [101,102]; PLD is better at conserving the stoichiometry ratio in the
target and producing high-quality epitaxy thin films [103-105]; and ALD has good control of both
elemental composition and thin film morphology [106,107]. While many high-performance delafossites
have been prepared via these state-of-art vacuum-based approaches, the chemical solution-based
method has attracted more and more research attention recently, as it allows for low-cost fabrication,
roll-to-roll capability, low-temperature synthesis, high throughput, and the possibility for special
nanostructures [108-110]. Today, the above-mentioned thin film approaches are used in various
research groups to prepare CuMO,, as discussed briefly below. The electrical and optical properties of
the selected high-performance delafossites are tabulated in Table 1.

CuAlO; was firstly prepared as a transparent p-type oxide in 1997 by using PLD at a substrate
temperature of 700 °C [24]. The deposited thin film of 500 nm belongs to the rhombohedral 3R type,
and it has a p-type conductivity of around 1 S-cm~! and an optical band gap of 3.5 eV with a poor
transmittance around 30% [24]. After this, the same group investigated the electronic properties
of CuAlO, in more detail, and they obtained thin film with conductivity around 0.3 S-cm~! and
transparency of 70% via the PLD approach [111]. It should be noted that the delafossite CuMO, phase
is not trivial to achieve due to the unstable oxidation state of Cu* and the complex phase diagram of Cu,
M, and O [112]. Later studies has been carried out to achieve phase-pure CuAlO,, in order to eliminate
common impurities such as CuAl,O4 and CuO [91]. In 2000, Gong et al. developed a Cu—-Al-O-based
semiconductor thin film via the CVD method that is industrial compatible, and the p-type conductivity
is as high as 2 S-em ™! [26]. As an attempt to further improve the electrical conductivity of intrinsic
CuAlO;, high-quality nanocrystalline oxide particles were prepared via the hydrothermal method,
and the deposited thin film possesses a conductivity of 2.4 S-cm~! with a transparency at the 550-nm
wavelength around 55% [94]. Similar to other semiconducting oxides, doping is usually an effective
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way to increase electrical conductivity. Various theoretical studies has been carried out on delafossite
CuAlO; to study its doping possibility, and Group II (alkaline earth) elements were suggested as
suitable dopants [113,114]. Detailed experimental evidence was shown by Dong et al., where 2%
Mg improves the CuAlO; by three orders, although the final conductivity is only 0.083 S-cm ™! [115].
Besides the hard work to improve the optoelectronic properties, the conducting mechanism and
material physics were examined by both experiments and theoretical studies [87,116]. It has been
shown that the close-packed Cu® alternative layers act as the hole transport path [117]. Due to its
anisotropic structural properties, the ab-planes have a hole mobility that is 25 times lower than the
c-axis, where the mobility along the c-axis is around 3.0 cm?-V~!.s~1 [118]. The p-type conductivity of
CuAlO, was proven to be originated from the Cu vacancies and Cu on Al antisites in the oxides, which
have a rather small formation energy, and Cu vacancy is a shallow-level defect with an ionization
energy of 0.7 eV [87,89,118]. In contrast, O interstitials were found to be not responsible for the
p-type conductivity, as they are deep-level defects and relatively unstable [87,119]. In addition, it was
generally believed that the conduction mechanism for CuAlO, and other delafossites is via an activated
small polaronic hopping mechanism, in which distorted lattice and trapped holes interact and move
between Cu sites, leading to relatively low hole mobility [43,57,87,116]. In order to achieve a higher
hole mobility of p-type conductivity, Yao et al. recently used an innovative way to enhance the hole
mobility of CuAlO, with an ultra-high Hall mobility of 39.5 cm?-V—1.s~1 [120]. Polycrystalline CuAlO,
deposited on the Si substrate via RFMS was incorporated with different amount of non-isovalent
CuO. The atomic ratio of Cu?*/Cu* is varied, from 4.2% and 9.3%, to 22.8%, and the optical band
gaps were changed from 3.79 eV and 3.72 eV to 3.46 eV, respectively. The high mobility achieved is
found to be caused by the hybridization of Cu—-O dimers in the CuAlO; lattice. The Cu-O dimers
have a VBM of 0.6 eV, which is higher than that of CuAlO,, so it would raise the VBM of the alloyed
CuAlO,/CuO. Moreover, the more diverse VBM of CuO, which was formed mainly by Cu?* 34°
bands, would modulate the VBM of CuAlO, /CuO and make it more delocalized, leading to a high
hole mobility. Indeed, the top gate TFT made by this alloyed CuAlO,/CuO achieved good device
performance with a high field effect mobility of 0.97 cm?2-V~1.s7! and the schematic drawing of the
TFT device with its detailed device performance is shown in Figure 4 [120].

Table 1. Summary of selected delafossites with their material properties including thickness (d),
conductivity (o), transmittance (T), and optical band gap (Eg). ALD: atomic layer deposition, CVD:
chemical vapor deposition; PLD: pulsed laser deposition; RFMS: radio-frequency magnetron sputtering.

Delafossites Fabrication d (nm) o (S:em™1) T (%)  Eg(eV) Ref.
CuAlO, PLD 230 0.3 70 3.50 [111]
CuAlO, Hydrothermal 420 24 55 3.75 [94]
CuAlO, RFMS - 2.7 x 1072 - 3.79 [120]
CuScO, REMS 110 30 40 3.30 [38]

CuCrOy:Mg RFMS 250 220 30 3.10 [30]

CuCrO,:Mg ALD 120 217 70 3.00 [93]

CuCrO,:Mg Spray coating 155 1 80 3.08 [121]

CuCrO,:Zn Sol-gel 205 0.47 55 3.05 [122]

CuCrO;:N REMS 290 17 55 3.19 [123]
CuCrO,:Mg/N REMS 150 278 69 3.52 [124]
CuCrO, CVD 140 17 50 3.20 [125]
CUO_66C1‘]_3302 CVD 200 102 35 3.22 [126]
CuCrO, Spray coating 90 12 55 - [127]
CuBO, PLD 200 1.65 85 4.50 [47]
CuGaO, PLD 500 6.3 x 1072 80 3.60 [32]

CulnO;,:Ca PLD 170 28 %1073 70 3.90 [35]

SrCu, O,:K PLD 120 48 %102 70 3.30 [50]
SrCu, O, PLD 220 45 %1072 80 3.30 [128]
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Figure 4. (a) The change of I3 against Vg at different Vg values; (b) The change of I4s against Vg
at V45 at 3 V. Inset in (a) is the schematic drawing of the thin-film transistor (TFT). Reproduced with
permission from Ref. [120]. Copyright 2012 AIP Publishing.

Compared to the prototypical delafossite CuAlO,, CuCrO; has been found to possess a higher
p-type conductivity, especially after divalent atom doping such as Mg. Moreover, it differs from other
delafossites by having better hybridization between M 34 states and O 2p states, and possessing better
dupability [129-131]. However, it has a poorer optical transparency due to the d-d transitions in
Cr [58]. On the other hand, the intrinsic or stoichiometric CuCrO, has rather low p-type conductivity
of 107* S:cm™!, while the divalent atom doped or Cu-deficient CuCrO, possesses a high hole
conductivity [126]. Until 2018, the CuCrO, doped with Mg that was prepared by Nagarajan et al.
in 2001 held the p-type conductivity record for delafossites of 220 S-cm~?, but it also had a poor optical
transparency of 30% [30]. An attempt to improve the transparency for such a film decreased the
conductivity to around 1 S-cm™!. After the report of the high conductivity by that work, no following
publications could be found for this system with a high conductivity. Many other dopants, including
Fe, Ca, Ni, Sr, Ba, and Zn have since been incorporated into the CuCrO,, but their p-type conductivity
is much lower than 220 S-em~1 [122,132-135]. Besides the substitution at the trivalent M sites, the N
atom has been used as a substitute for the O atom in CuCrO;. It was found that the p-type conductivity
increased by more than three orders to 17 S-cm ™! compared to the intrinsic state [123]. By combining
both cation and anion substitution, a new record for p-type conductivity in delafossites has been
reported to be 278 S-cm ™! in 2018 [124]. In this study, Mg and N dopants were introduced into the
CuCrO; thin film, which served to substitute Cr and O, respectively. With the doping concentration
of 2.5% Mg and a 40% Ny /(Ny+Ar) ratio during sputtering, the CuCrO; film had the record-high
conductivity of 278 S-cm~! and optical transparency of 69%. A theoretical study using first-principle
calculation on Mg and N co-doping has also supported the effectiveness of such an approach to
improve p-type conductivity [136]. Possibly because this paper was published just recently, no other
reports on such a high conductivity for this system can be found. Besides the Mg-N doping, other
co-doping strategies have also been studied, including Mg-Fe [133], Mg-S [137], and Ag-Mg [138],
but the electrical and optical properties are not comparable to the study on Mg-N doping [124].

Recently, Cu-deficient CuCrO, has been reported to possess a relatively high p-type conductivity,
and their optical and electrical properties are tabulated in Table 1 [109,125-127,139]. In 2017, Popa et al.
prepared highly Cu-deficient Cug 66Cry 330, with a conductivity higher than 100 S-cm~! without
any intentional extrinsic doping, and this appears to be the highest conductivity value out of all
the delafossites without extrinsic doping [126]. However, no other papers for a similarly high
conductivity for this system have been reported since then. The origin of this high conductivity
was proposed to be the high Cu deficiency, and the missing of part of a Cu plane was observed for the
as-deposited Cug ¢6Cr 330, film. After high-temperature annealing at 900 °C, the CuCrO; film restored
its stoichiometric ratio with Cr,O3 precipitates. The electrical conductivity dropped significantly as
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the Cu defect was healed, which suggests that the Cu deficiency defect is metastable [126]. Besides the
quest for only high-performance CuCrO,, more cost-efficient polymer substrates that are compatible
with low-temperature chemical solution methods have been developed recently, and all of the CuCrO,
films that were fabricated depicted a Cu deficiency with a high p-type conductivity [109,127,139].
It is known that high-temperature processing for these p-type oxides makes them unsuitable for
flexible applications using polymer substrates [140]. In 2018, Wang et al. investigated a low-process
temperature at 180 °C to prepare CuCrO, delafossites, and p-n diode and organic photovoltaic devices
have been prepared successfully [139]. Also, several solution-based CuCrO; thin films have been
fabricated and investigated for their applications, including p-n junctions, thermoelectric devices,
and organic solar cells [141-143]. Recently, Nie developed a solution-based CuCrO, thin-film transistor
(TFT) device [109]. A high on/off ratio of around 10° and good field effect mobility of 0.59 cm?-V~1.s~1
was achieved.

The good performance of CuCrO, encouraged research groups to study the effect of trivalent M
in CuMO, delafossites in detail. It has been explained before that the presence of Cu—O-Cu linkage
in CuyO gives a high hole mobility in CuyO because of the hybridization of Cu and O states, but the
trivalent M is involved in the Cu-O-M—-O-Cu linkage in delafossites. This would lead to a lower
mobility in delafossites. On the other hand, the higher conductivity of CuCrO, might be caused
by the hybridization of Cr 3d states in the linkage [42]. It has also been theoretically shown that
Cr 3d states would hybridize with O 2p states to form more dispersed VBM, leading to lower hole
effective mass [131]. However, different conducting mechanisms of Mg-doped CuCrO; have been
proposed over the years, including the p-type conduction through Cu?*/Cu* [134] or Cr**/Cr3* [144].
Unfortunately, the exact role of trivalent M on the conductivity is still not fully understood yet. This
complexity is partially caused by the difficulty to locate the exact Cr 3d state energy position [134,145].
In 2013, Yokobori et al. performed resonant photoelectron spectroscopy (PES) on CuCrO;:Mg, and the
Cu—Cr 3d-3p resonant PES spectra showed that VBM was primarily composed of Cr 3d states [146].
This work suggested that the holes generated in the oxides would also be delocalized to Cr sites,
leading to a larger hole mobility. However, this report also showed that holes would be localized
onto Cu sites according to X-ray absorption spectroscopy (XAS). Nevertheless, it is generally believed
that the VBM is mainly formed by Cu 34 states, and this is consistent with the X-ray photoelectron
spectroscopy (XPS) studies [129]. Another theoretical study by Scanlon et al. suggested that the high
p-type conductivity of CuCrO; originates from the well hybridization of Cr 3d states with O 2p states,
which would improve hole conductivity [56]. Indeed, more experimental and theoretical studies
should be carried out to investigate the mechanism of conductivity enhancement for CuCrO, and
compare it to other delafossites. Another controversial issue for CuCrO, is whether it is a direct or
indirect band-gap oxide [29,147,148]. It has been often reported to have an indirect band gap around
2.5-2.8 eV and a direct band gap around 3.0-3.3 eV [29], although it was also shown to possess only
a fundamental band gap of 3.2 eV [147]. A later detailed simulation study has proven that CuCrO,
indeed possesses an indirect band gap [56].

By building on the studies of trivalent M effects, CuBO, was later proposed as a potential p-type
TCO [47]. This is because the B in CuBO; has the smallest ionic size in the delafossite family, which
will significantly increase the optical band gap according to the theoretical studies [77,149]. Snure et al.
prepared CuBO; film by using PLD for the first time, and a decent p-type conductivity of 1.65 S-cm ™!
with a high optical transparency higher than 85% at the 550-nm wavelength was achieved [47].
However, it was noted that an indirect band gap at 2.2 eV was observed, and transmittance dropped
greatly below the 550-nm wavelength. Later studies have been carried out to prepare nanocrystalline
or microstructure CuBO, via chemical solution methods, although the performance in terms of the
electrical conductivity and optical transmittance is not comparable to the CuCrO; films, as discussed
before [150-152]. Another popular delafossite under intense research investigation is CuGaO,, which
was firstly prepared by Yanagi et al. in 2000 [33]. Early studies showed that CuGaO, has rather
good optical transparency (higher than 80%) with decent electrical conductivity [32]. Due to its good
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optical properties and ease of nanostructure synthesis, CuGaO; has been studied for the applications
of p-type dye-sensitized or perovskite solar cells [54,153-156]. For example, CuGaO, has been used as
a HTL in the perovskite solar cell CH3NH;3Pbl;_,Cl, with a high power conversion efficiency (PCE)
of 18.51% due to the good transparency, relatively high mobility, and proper low-lying VBM [54].
The structure of both the material CuGaO, and the whole solar cell device with its band diagram is
shown in Figure 5. As can be seen from the schematic energy band diagram, holes in the organic
semiconducting perovskite layers can be transported to the CuGaO; layer effectively due to their
well-matched energy levels. Another promising delafossite is CulnO,, as it had been found to be a
bipolar semiconductor. By either Ca or Sn doping, CulnO; could be made into a p-type or n-type
TCO, respectively, and all of the oxide transparent p-n homojunctions could be fabricated [35-37,149].
The rather unique bipolar property could be explained by the theory of equilibrium doping and
the doping limit rule [149,157-160]. The VBM and CBM positions directly influence the extent of
self-compensation. A higher VBM could allow for easier p-type doping, while a lower CBM could also
induce easier n-type doping. In the case of CulnO5, it has a high VBM similar to other delafossites,
contributing to its p-type dopability. However, the CBM lies at a much lower energy level compared
to other delafossites (1.48 eV lower than CuAlO,) due to the low-lying In states, leading to its n-type
dupability [149]. It is also interesting to note that delafossites with larger ionic sizes of trivalent metal
M such as CuLaO,, CuYO,, and CuScO, could accommodate additional oxygen atoms [161]. Unlike
other delafossites with smaller M sizes such as CuCrO,, oxygen interstitials start to contribute to the
p-type conductivity in those delafossites with larger M ionic sizes [38,162]. Treating thin films such
as CuScO, at a high temperature (400-500 °C) in oxygen-rich atmosphere could incorporate a large
amount of oxygen (CuScO, 5) and enhance the conductivity [38].

E [eV]

Figure 5. (a) Crystal structure of CuGaO,, (b) schematic illustration of the solar cell device, and (c)
band diagram of the materials in the device. Reproduced with permission from Ref. [54]. Copyright
2017 Wiley.

Apart from the CuMO; delafossites discussed so far, SrCu,O, is another important Cu-based
one that is used as a p-type transparent semiconductor. It was proposed on the same basis as the
selection rules of delafossites, and it has similar working principles for the VBM formation with
delafossites or CuyO [50]. It has a tetragonal crystal structure with O-Cu-O dumbbell bonding
(as shown in Figure 6a), which is similar to delafossites or CuyO. These dumbbell bonds form the
one-dimension chain in a zigzag manner, so the transparency could be improved [50]. From both the
first-principle calculations and experiments, SrCu, O, was found to possess a direct band gap of 3.3 eV,
and the VBM is formed by Cu 3d—4sp orbitals and O 2p orbitals, leading to higher hole mobility [163].
Dopant K was found to be useful for the partial substitution at the Sr site to generate holes, and the
conductivity improved from 3.9 x 1073 t0 4.8 x 1072 S-cm ™!, while the transparency at a visible range
remained largely unchanged [50]. Due to its relatively low processing or deposition temperature,
which are as low as 300 °C, an all-oxide transparent p-n junction (shown in Figure 6b) was made
by ZnO/SrCu,O, with a device transparency higher than 70% and an ideality factor of 1.62 [164],
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and several UV /near-UV emitting diodes were constructed [52,165,166]. Even though the direct band
gap SrCupO; has a relatively strong photoluminescence (PL) peak at around 500 nm, the light emitted
by heteroepitaxial grown ZnO/SrCu,O, was shown to be originated from the ZnO layer with an
emission peak around 380 nm [166].

(b)

Figure 6. (a) Crystal structure of SrCuyO,; (b) Schematic drawing of a typical p-n junction by
Zn0O/SrCu,0;.

2.2. Oxychalcogenides

As briefly discussed before, the delafossite has the limitation of relatively low mobility, and its
conduction mechanism is based on polaronic hopping. It had been proposed that oxychalcogenide,
with its prototypical form, LaCuOS, would achieve better electrical performance with higher
mobility [87]. As the VBM is mainly formed by the well hybridization between Cu 3d orbitals
and S 3p orbital states, this could achieve higher mobility compared to delafossites as more spatially
dispersed VBM is formed [167]. Since the introduction of the first oxychalcogenide (LaCuOS) as a
p-type transparent material in 2000 by Ueda et al., many forms of oxychalcogenides with the formula
LnCuOCh (Ln=La,Y, Pr, etc.,and Ch =S, Se, Te, etc.) have been investigated [168]. It was later reported
that doping LaCuOS with Sr could increase its conductivity to 0.26 S-cm~! [169]. The band gap would
decrease when La was replaced with other Ln elements (Ln = Pr and Nd) [170]. Similarly, the band gap
would decrease when sulfide (S) was replaced by other chalcogens such as Se and Te, and the p-type
conductivity would increase at the same time [171]. Among the various dopants that have been used
to date, Mg dopants delivered rather good results. It has been reported that LaCuOSe doped with Mg
exhibited a p-type conductivity of 910 S-cm~! without an indication of transparency [63]. Another
interesting oxychalcogenide is [CuyS;][Sr3Sc;Os], where [Sr3Sc,Os] replaced the [LayO,] group. This
undoped oxychalcogenide with a wide band gap of 3.14eV has a p-type conductivity of 2.8 S-cm™!,
which is even higher than the undoped CuBO; [47] that has a high intrinsic p-type conductivity in
the delafossite family [172]. The source of this high undoped conductivity is its extremely high hole
mobility of 150 cm?-V-1.s71 which is higher than any other p-type TCOs, and even higher than the
highest mobility of n-type TCOs [173]. Strangely, no follow-up experimental works have been reported
on this material since that work.

LnCuOCh belongs to the tetragonal system with the space group P4/nmm, and it has a layered
structure with alternating [Ln, Oy 12 and [CuySy 12 layers along the c-axis, as shown in Figure 7a.
In each layer, the structure of [Lny,O5]* has a PbO type, while that of the [CuyS, 1% layer has an
anti-PbO type [172,174]. It has also been reported that the [Lny O, %+ layer is much more resistive to
hole carriers than the [CuyS,]%~ layer, and the [CurS 12~ layer is indeed the hole transporting path [62].
Moreover, the two-dimensional characteristics demonstrated by the layered LnCuOCh could suggest
its similarity to the artificial multiple quantum wells (MQWs). From the energy-band calculations,
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it should be regarded as a natural MQW due to its hole confinement effect between the insulating
[Ln,O5]%* layers, which leads to many novel electronics applications [62]. This two-dimensional
quantum confinement effect leading to the relatively large exciton binding energy of around 50 meV
for LnCuOCh, resulting in good photoluminescence (PL) performance at room temperature, which
also indicates its direct band-gap characteristic [170,175].

Figure 7. Crystal structure of (a) LnCuOCh (Ln = La, Y, Pr, etc,, and Ch =S, Se, Te, etc.) and
(b) [CuzS,][Sr35¢205].

One of the advantages of oxychalcogenides compared to other oxides is the tunability of their
physical properties [14]. By changing the chalcogen elements from S through Se to Te, the conductivity,
band gap, and other physical properties can be tuned. Usually, oxides are more robust compared to
chalcogenides, resulting in a limited ability to be tuned. Moreover, as the quaternary layered structure,
oxychalcogenides have more degrees of freedom for exploring more possibilities. In the series of
LaCuOCh, the band gaps decrease from LaCuOS of 3.14 eV via LaCuOSe of 2.8 eV to LaCuOTe of
2.4 eV [176]. This is caused by the energy-level differences among the Ch p orbitals, as the VBM
is formed by the hybridization between the Cu 3d and Ch p orbitals (as shown in Figure 8) [177].
Therefore, LaCuOTe has the highest degree of hybridization for its VBM, leading to the highest hole
mobility among all LaCuOCh. However, it should be noted that LaCuOTe has an indirect band gap
and no room temperature PL signal, and both LaCuOS and LaCuOSe have direct band gaps with
intense PL signals [171]. On the other hand, for LnCuQS series, the band gaps decrease from LaCuOS
of 3.14 eV via PrCuOS of 3.03 eV to NdCuOS of 2.98 eV [174]. Unlike the case for Ch substitution, as
discussed before, the band gap does not correlate with the energy levels of Ln orbitals in the [Ln,O,]**
layer directly [170]. Instead, the substitution of Ln from La via Pr to Nd decreases the a-axis parameter,
and this would reduce the Cu—Cu distance. The reduction in the distance would lead to higher Cu 4s
interaction, resulting in the Cu 4s related band broadening, and thus a lower band gap that is similar
to the case of YCuOSe (shown in Figure 8) [178].
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Figure 8. Schematic diagram of the band structures of LaCuOS, LaCuOSe, and YOCuSe from the
first-principle calculation. Reproduced with permission from Ref. [178]. Copyright 2007 AIP Publishing.

In 2000, Ueda et al. firstly introduced LaCuOS as a potential p-type oxychalcogenide in the form
of polycrystalline thin film [168]. The intrinsic LaCuOS after post-annealing is a partially transparent
semiconducting film with a conductivity of 1.2 x 1072 S-cm~! and transmittance higher than 70%.
After 5% Sr doping, the conductivity was improved more than one order to 2.6 x 107! S.em™!. After
optimizing the Sr doping concentration to 3%, the conductivity was further increased to 20 S-cm ™! [179].
Similarly, the incorporation of a bivalent Sr atom was also found to be effective for polycrystalline
LaCuOSe and other LnCuOCh materials for conductivity enhancement [174,180]. However, Sr doping
was shown to be ineffective for epitaxial LaCuOCh film, and Mg was found to be able to improve
the conductivity in this case [181]. As mentioned before, the Mg-doped expitaxial film LaCuOSe
by reactive solid-phase epitaxy (R-SPE) is still holding the p-type conductivity record of 910 S-cm ™!
among all the p-type TCOs [63]. The less than 1% Mg doping in the 40-nm thin film attained degenerate
conduction, which cannot be achieved by Ca or Sr doping [168,179]. Due to the high hole concentration
of higher than 102! em~3, free carrier absorption (FCA) was present in such film, and optical absorption
in the visible light and infrared region occurs [182]. From the Drude model, the effective mass of
the holes could be calculated from FCA [183]. Moreover, such a high hole concentration is only
present in such thin films with thicknesses of 40 nm, and is absent in thicker films of 150 nm, and hole
concentration is much higher than the Mg doping concentration [63,175]. As the Cu concentration
varies according to depth in thinner films (40-nm thickness), this suggested that the origin of hole
generation is related to Cu vacancies [63]. Another interesting and surprising feature of this high
conductivity film is that the mobility after doping only dropped a little, and this is because the
hole carriers are transferred to the [CuySe;] layer, so the holes are not scattered by the charged
impurities [184]. However, it suffers from poor transparency due to the lower band gap of 2.8 eV and
subgap optical absorption ranging from 2.0 to 2.8 eV [13]. On the other hand, Mg-doped LaCuOSe,
which is a p-type degenerate semiconductor, does not experience a Moss—Burstein (MB) shift, which
is a blue shift of the optical absorption [185]. Instead, subgap absorption is observed, and its origin
is not yet well understood [13]. This has been suggested by the observation that the acceptor defects

12



Coatings 2019, 9, 137

in LaCuOSe keep the Fermi level above the VBM, leading to the absence of an MB shift effect [173].
Moreover, from the theoretical calculation and perspective of cation radius, Sr should be the optimal
dopant, followed by Ca for LaCuOCh, instead of Mg [173]. While the explanation for this phenomenon
is not clear yet, it could be related to the origin of the conduction mechanism in LnCuOCh. It has
been shown that the source of p-type conductivity in LnCuOCh is Cu deficiency, where Cu vacancies
are the acceptor defects [186]. The presence of Mg does not directly contribute a hole by substituting
Ln sites; instead, it serves to enhance the Cu vacancies, leading to higher hole concentrations [13].
The electrical and optical properties of selected oxychalcogenides are tabulated in Table 2. Besides
the improvement of the properties for LnCuOCh materials, several devices were also fabricated to
demonstrate their good optoelectronic performances [187,188]. Hiramatsu et al. prepared a LED in
the blue-ultraviolet region by using LaCuOSe as the p-type material and InGaZn5Og as the n-type
material [187]. This p-n heterojunction has demonstrated a strong and sharp electroluminescence
at the 430-nm wavelength at room temperature. Later, Yanagi et al. used LaCuOSe doped with Mg
as the hole injection layer/electrode for OLEDs [188]. The LaCuOSe:Mg that was used in that work
offered advantages over the widely used ITO, including a lower hole injection barrier, higher current
drivability, and lower threshold voltage.

Table 2. Summary of selected oxychalcogenides with their material properties including thickness (d),
conductivity (o), transmittance (T), and optical band gap (Eg).

Oxychalcogenides Fabrication d(@mm) o (S-em™) T (%) Eg(eV) Ref.
LaCuOS RFMS 200 1.2 x 1072 70 3.1 [168]
LaCuOS:Sr RFMS 150 20 60 3.1 [179]
PrCuQOS:Sr RFMS 150 1.8 - 3.03 [174]
NdCuOS:Sr RFMS 150 0.32 - 2.98 [174]
LaCuOSe:Mg PLD 40 910 30 2.8 [63]
LaCuOSe PLD 150 24 - 2.8 [175]
YCuOSe (Bulk) - - 0.14 - 2.58 [178]
[CUZSZ][SI3SC205] (Bulk) - - 2.8 - 3.1 [172]
NdCuOS:Mg Dip coating 200 52.1 54.3 291 [189]

YCuOSe was synthesized by Ueda et al. in 2007, and its optical and electrical properties were
studied, and this lead to a deeper understanding of the effects of Ln or Ch substitution [178]. However,
YCuOSe has a rather small band gap of 2.58 eV, originating from the short Cu-Cu distances. While
it has a much higher intrinsic conductivity than LaCuOSe, its small band gap limits its applications
for transparent electronics. However, a similar compound, YCuOS, which is expected to depict a
larger band gap, has not been successfully prepared yet, so more works should be devoted to achieve
such a phase. Other than YCuOSe, another very promising oxychalcogenide [Cu;,S,][Sr3Sc,Os5] was
proposed and synthesized by Liu et al. in polycrystalline bulk form via solid-state reaction in the same
year [172]. It has a similar crystal structure as LnCuOCh, with the [Ln, O, 1% layer being replaced
with the [Sr3Sc,O5]%* layer (shown in Figure 7b). The rather ionic perovskite [Sr3Sc,Os] layer serves
to preserve the large direct band gap of 3.1 eV. As discussed above for the case of Ln substitution,
ionic trivalent ions of a larger size such as La and bivalent ions such as Ba could replace Sr and Sc,
respectively, to increase the optical band gap [10]. With the band gap enhancement, the possibility
of S substitution by Se to further improve the p-type mobility could be realized without affecting
the transparency in visible light range. More importantly, there are two cation sites for doping, Sr**
and Sc®*, to enhance the conductivity compared to the single cation site in other oxychalcogenides.
The high hole mobility in this layered oxychalcogenide originated from the large dispersion of VBM [10].
Unfortunately, no subsequent experimental work has been reported by any research group for this
promising [CuyS;][Sr3Sc,Os5] layered material. This might partly be due to the difficulty of achieving
such a phase via conventional methods, but it is worthwhile to re-investigate such a material and
unfold its full potential.
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So far, the most popular synthesis method to prepare LnCuOCh is solid-state reaction, which
involves the mixing of precursor oxides and sulfides such as Ln;O3, Ln, Cuy0, Cu,S, and La;Ss, etc.,
and sintering at high temperature for a long time. While this is the most straightforward preparation
method, some of the starting materials such as LnyO3; and Ln are either very sensitive to air or
expensive [190]. This led to the development of an alternative synthesis method. In 2008, Nakachi
and Ueda developed a flux method to prepare single-crystal LaCuOS in a relatively large size of
3.0 x 2.8 x 0.049 mm? with a low conductivity of 7.1 x 10* S-cm~! and transmittance around
60% [191]. However, this method has the drawbacks of complexity in the experimental set-up, and long
synthesis duration. Alternatively, chemical solution-based solvothermal and precipitation/reduction
methods were proposed in 2010 and 2016, respectively, to prepare bulk LaCuOS [192,193]. Single-phase
LaCuOS could be produced, and the solvothermal method could synthesize LaCuOS at a relatively
low temperature of 200 °C, making it compatible with a flexible substrate such as polyethylene
terephthalate (PET). Unfortunately, the important electrical properties of such a material were not
characterized in those two reports. Then, in 2017, Zhang et al. proposed a novel two-step synthesis
method by combining a solid-state reaction with a sulfurization method [194]. Relatively stable and
low-cost starting materials including Cu,O and LayO3 were used for the first step of the solid-state
reaction to prepare CuLaO,, and then, the oxide CuLaO, was sulfurized with S instead of the usually
used compound H;S, which is highly toxic. Single-phase LaCuOS with a relatively high resistivity
of 0.25 M() was produced. Besides the bulk LnCuOCh synthesis, its thin film form was normally
prepared by a vacuum-based deposition method including REMS, and PLD of the LnCuOCh target
prepared via a solid solution method [168,175,181,195]. Such a conventional thin-film fabrication
method has the drawback of time-consuming target preparation and the necessity of the use of H,S
during film deposition for both PLD and sputtering. Later, in 2018, Zhang et al. successfully prepared
a LaCuOS film via a hydrogen-free method without using H,S, and the schematic illustration of the
fabrication process is shown in Figure 9 [196]. More importantly, the hydrogen-containing gas H,S was
normally used in the thin film deposition process prior to that work. This might impede the p-type
performance of oxychalcogenides such as H, which is known to be an n-type dopant, and might be
accidentally incorporated in the deposited thin film. Therefore, the absence of H,S in that work not
only serves to be more environmental friendly, but also improves the p-type conductivity, and the
intrinsic conductivity in that work is as high as 0.3 S-cm 1 [196].
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Figure 9. Schematic illustration of the LaCuOS thin film deposition process via sputtering and
post-sulfurization. Reproduced with permission from Ref. [196]. Copyright 2018 Elsevier.
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Similar to the fabrication of delafossite thin films, the chemical solution method has the
advantages of low cost fabrication, roll-to-roll capability, high throughput, and the possibility for a
special nanostructure [108-110]. To explore the possibility of a solution-based fabrication approach,
in 2018, Zhang et al. developed the first solution-based method, which is a dip-coating process with a
post-sulfurization process to fabricate oxychalcogenide NdCuOS (shown in Figure 10) [189]. As no
H-containing compound such as HyS was used during sulfurization, the possibility of hydrogen
doping in the thin film was eliminated. Moreover, the NdCuOS prepared via such a solution method
was reported to contain a large Cu deficiency. The resulting intrinsic NdCuOS film demonstrated a
high p-type conductivity of 6.4 S-cm™!, and even a higher conductivity of 52.1 S-cm~! was achieved
after Mg doping with an acceptable optical transparency higher than 50%. Moreover, a working p-n
junction was made by using this intrinsic NdCuOS as a p-type terminal, and ZnO doped with Al as an
n-type terminal. A low turn-on voltage of 1.1 V and a rather low leakage current of 9.12 uA at —3 V
was obtained for this transparent diode [189].
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Figure 10. Schematic illustration of the solution-based (dip-coating) process with post-annealing to
prepare NdCuOS film. Reproduced with permission from Ref. [189]. Copyright 2018 Elsevier.

2.3. Copper Oxides

Copper oxides have two forms: cupric oxide (CuO) and cuprous oxide (CuyO). CuO has a
tenorite structure, and CupO has a cubic crystal structure (shown in Figure 11). The optical band
gap of CuO is between 1.9-2.1 eV, and that of Cu,0O is between 2.1-2.6 eV, and the low band
gaps makes the film non-transparent for a range of the visible light, as the visible light energy
reaches 3.1 eV [197,198]. They are both reported to be p-type oxides, but the small band gap limits
their applications. Thin-film transistor (TFT) is an important application for copper oxide as an
active material. Compared with CuO, CupO can theoretically exhibit a hole mobility exceeding 100
cm?-V~1.s71, and so it receives more attention [197]. It is recently accepted that the high p-type
mobility of CuyO is the result of the band structure of VBM [197]. It has been shown that the p-type
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conductivity of Cu,O is from the Cu vacancies [197]. At the same time, it has also been reported that
the presence of oxygen interstitials could contribute to p-type conductivity [9,199]. CuyO films can
be fabricated by various techniques, which are mainly vacuum-based, such as REMS [64,200-202],
ALD [203-205], and PLD [206-208]. In 2008, Li et al. reported a high Hall mobility of 256 cm?-V—1.s71
in their Cu,O thin film deposited by REMS at a substrate temperature of 600 °C, which is the highest so
far for CuyO films [64]. Zou et al. reported a pure phase polycrystalline Cu,O by PLD at 500 °C, with a
Hall mobility of 107 cm?-V—1.s71 [209]. Jeong and Aydil reported a Cu,O film with a Hall mobility over
30 cm?-V~1.s~1 by metal-organic chemical vapor deposition (MOCVD) at 400 °C [210]. Kwon et al.
fabricated Cu,O films by atomic layer deposition with a Hall mobility of 37 cm?-V~1.s~1 [211]. There
are limited reports on the solution-fabricated cuprous oxide without vacuum, and its performance is
far from satisfactory. Sun et al., Kim et al., and Yu et al. reported sol-gel methods to fabricate Cu,O
thin films with a Hall mobility of 8, 18.9, and 31.7 cm?-V~1-s71, respectively [212-214].

Figure 11. Crystal structure of (a) CuO and (b) Cu,O.

In 2008, Matsuzaki et al. reported the first p-type Cu,O thin film and TFT device by PLD with
a Hall mobility of 90 cm?-V~1.s~1 and field-effect mobility of 0.26 cm?-V~1.s7! [215]. Zou et al.
also fabricated a p-type Cu,O film by PLD and obtained a Hall mobility of 107 cm?-V-'-s, and the
according TFT shows a field-effect mobility of 4.3 cm?-V-1.s71 and an on/off ratio of 10°, which is
the best until now for the copper oxide-based TFTs [209]. Yao et al. reported p-type Cu,O TFTs by
sputtering, which showed a field-effect mobility of 2.4 cm?-V—1.s71[216]. In 2013, Kim et al. presented
the first solution processed p-type Cu,O TFTs with a field-effect mobility of 0.16 cm?-V~1.s~1 [213].
Anthopoulos et al. reported Cu,O films by solution-based spray pyrolysis and incorporated them
into p-type TFTs with a mobility of 0.01 cm?-V~!-s~! and an on/off current ratio of 103 [217]. In 2016,
Shan et al. fabricated Cu-based oxide TFTs at low-temperature by a solution-processed method with
a mobility of 0.78 cm?-V~1-s~! and an on/off current ratio of 10° [218]. In 2017, Liu et al. reported
low-temperature solution-processed p-type Cu,O thin film-based TFTs with Al,O3 dielectrics, which
presented a hole mobility of 2.7 cm?-V~1.s~! and an on/off ratio of 10° [219]. While the device
performance is encouraging, it should be noted that the rather low band gap or optical transparency
would make Cu,O have limited applications in transparent devices.

3. Summary and Perspectives

In this review, we have illustrated and discussed the material performance of Cu-based oxides
(delafossites and copper oxides) and oxychalcogenides (LnCuOCh) for p-type TCO applications.
All three types of materials make use of the special feature of Cu* 3d orbitals, which are close to O 2p
orbitals and could hybridize with each other to form a more spatially dispersed VBM, leading to higher
hole mobility. Moreover, oxychalcogenides LnCuOS VBM is actually formed by the hybridization
of Cu 3d orbitals and S 3p orbital states, and this allows for even higher mobility. Over the years,
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many strategies had been developed to improve the hole mobility of the materials. For example,
non-isovalent CuO has been introduced into polycrystalline CuAlO; film to achieve the hybridization
of Cu-O dimers in the CuAlO; lattice, and resulting in a higher Hall mobility [120]. At the same time,
many approaches have been investigated to enhance the p-type conductivity by increasing the hole
concentration. Different strategies are suitable for different applications, as certain applications such
as TFT would prefer TCO with high mobility, while other applications such as HTL in photovoltaics
need TCO with high hole concentrations and conductivity.

While many promising results have been generated recently in terms of the p-type conductivity
of Cu-based oxides and oxychalcogenides, their mobility and conductivity are still far poorer than
their n-type counterparts. In order to further improve their performance, several important issues
could be tackled. Firstly, more high-throughput computational studies could be carried out to find
potential p-type TCOs with intrinsically higher hole mobility and the ease of p-type doping. Secondly,
both cation and anion doping should be investigated in detail, as only very limited studies have been
reported for anion doping for Cu-based oxides and oxychalcogenides. Thirdly, more research efforts
should be involved in the study of some reported Cu-based oxides and oxychalcogenides with high
potential. For instance, [Cu;5;][Sr35¢205] has very high undoped p-type conductivity with two cation
sites for doping to further improve both transparency and conductivity, but only one experimental
work has been reported for this material. Last but not least, the investigation of bipolar semiconductors
should be given more research attention, so that the transparent electronics based on homojunction
could be realized. With these four non-exclusive avenues for future p-type TCOs research, we believe
that more promising results should be expected.
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Abstract: This paper describes the characteristics of contributions that were made by researchers
worldwide in the field of Solar Coating in the period 1957-2019. Scopus is used as a database and
the results are processed while using bibliometric and analytical techniques. All of the documents
registered in Scopus, a total of 6440 documents, have been analyzed and distributed according to
thematic subcategories. Publications are analyzed from the type of publication, field of use, language,
subcategory, type of newspaper, and the frequency of the keyword perspectives. English (96.8%) is the
language that is most used for publications, followed by Chinese (2.6%), and the rest of the languages
have a less than < 1% representation. Publications are studied by authors, affiliations, countries of
origin of the authors, and H-index, which it stands out that the authors of China contribute with 3345
researchers, closely followed by the United States with 2634 and Germany with 1156. The Asian
continent contributes the most, with 65% of the top 20 affiliations, and Taiwan having the most
authors publishing in this subject, closely followed by Switzerland. It can be stated that research in
this area is still evolving with a great international scientific contribution in improving the efficiency
of solar cells.

Keywords: solar energy; coatings; scopus; material solar cell; thin film; polycrystalline;
organic solar cell; thin film a-Si: H; optical design; light trapping

1. Introduction

Energy needs are a global growing problem in the era of technology. Citizens and governments are
gradually becoming aware of the sustainable use of world resources [1]. Many are the developments
in energy systems based on renewable energy, such as wind, photovoltaic, biomass, nuclear, etc.,
implemented on both a small and high scale. Renewable energy resources largely depend on the
climate of the site; different renewable energies could be applied in different regions. Society demands
clean and sustainable energy; this implies research in efficient clean energy. Among existing different
renewable energies, solar energy is one of the most attractive for future energy sources [2—4] and
photovoltaics is the most implemented one. Photovoltaic applications are very diverse, and they range
from the incorporation into consumer products, such as watches, calculators, battery chargers, and a
multitude of products from the leisure industry. They can also be applied in small-scale systems,
like remote installations in structures, called solar gardens, or systems applied to the industrial and
domestic facilities for small villages and water pumping stations. Not forgetting the large power
production stations for supply of network connection. Energy policies play an important role in the
development of renewable energy [5,6].

Currently, with the arrival of intelligent and sustainable buildings, solar modules that are installed
in the building are installed in both roofs and part of the facade and windows, where, apart from
energy efficiency, the aesthetics of the architecture are considered. Transparent and biphasic thin film
solar modules contribute to their application in these structures [7].
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These photovoltaic systems depend, to a large extent on the physical and chemical properties
of their materials, the wavelength of the captured light, its intensity, and its angle of incidence,
the characteristics of the surface or texture as well as the presence or absence of superficial coatings.
In addition to these factors, temperature, pressure, ease of processing, durability, price, and costs
throughout the life are important in material selection. Photovoltaic energy has been highly researched
in the last 60 years, with the intention of reducing manufacturing costs and, at the same time, improving
performance. The improvement of maintenance (protection against abrasion, corrosion, cleaning, etc.),
increase in the life of the components, and incorporation of materials based on plastics and underlying
substrates as coatings are among the cost reduction factors.

The starting silicon wafer is one of the main costs of silicon photovoltaic cells; the degree of purity
largely defines the performance of the cell. This has led to the solar cells with nanostructure p-n radial
junctions, where the quantity of Si and its quality is reduced. Improved light absorption in ultrafine
solar silicon film is important in improving efficiency and reducing costs [8-10]. Thin-layer technologies
also use less Si, reducing the production costs, although with limited efficiency, which increases the
total system costs.

Research is being conducted for improving the capture of light in order to reduce the thickness
of the layer, which entails reducing the material, and improving the efficiency, which has an impact
on manufacturing costs. In this sense, solar cells have been improved by advances in diffractive
optical elements (DOE) that are used in many areas of optics, such as spectroscopy and interferometry,
among others. The shape of the grid slot can be used as an optimization parameter for specific
tasks. In many cases, DOEs are manufactured on flat substrates for simplicity, but they offer many
important additional advantages on curved surfaces [11]. With the development of computers and
their application to different fields, such as homography, techniques such as interferometric recording
have been developed. Digital homography (computer-generated holograms) has allowed for great
flexibility in creating forms in substrates with high precision [12].

For this, nanostructures have been designed in different ways, depending on the type of solar
cells. The compromise between optical and electrical performance currently limits solar cells. There are
different proposals regarding whether nanostructures should be periodic or random. Non-fullerene
acceptors (NFA) become an interesting family of organic photovoltaic materials and they have attracted
considerable interest in their great potential in manufacturing large surface flexible solar panels through
low-cost coating methods [13].

Research regarding the improvements in Solar Coating are in continuous evolution with the
incorporation of new materials, structures, and the growing demand for energy; all these advances
are mainly focused on improving the efficiency of photovoltaic panels. From this point of view,
there are several scientific communities making continuous contributions from different fields.
These contributions are doubled per decade, which entails a huge number of documents to deal with.
The documents within the same field of research are distributed in scientific communities that are
promoted through the interrelations between the authors and their publications. The collaboration of
the authors in different communities makes the progress of science more productive, since there are not
only research relationships between authors, but also between institutions that support the necessary
tests with their laboratories and facilities. This exponentially increases the progress in science and
technology. In this work, we study the different communities that have consolidated over time and the
relationships between them.

2. Materials and Methods

This paper analyzes all of the scientific publications indexed on Scopus data base that deal with
Solar Coating. There are search engines on the web based on Scientometric indicators, such as number
and quality of contributions, according to the metric of the journal or the author. The results of
these searches do not measure the relationships between the authors; this limits the establishment
of collaborative communities. Technology, like science, advances through continuous collaborations
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between public or private research entities; therefore, it is important to develop metrics that incorporate
the authors’ relationships. There are different studies that carry out comparisons between Scopus
and Web of Science, and they reach the conclusion that Scopus is the scientific database with the
greatest contributions [14,15]. In addition, Scopus allows for the development of APIs (Application
Programming Interface) that directly extract information from the database, allowing for an analysis of
them [16]. Figure 1 shows the API developed, as it can be considered as the core of the methodology
of this manuscript. Accordingly, a search for keywords related to Solar Coating has been carried out
to find global relations between the generated communities, their authors, and research institutions.
The search is performed for TITLE-ABS-KEY (“advanced glazing*” OR “Solar window*” OR “light
trapping” OR “diffractive element*”) obtaining many documents and their relationships. This requires
a debugging process to avoid unnecessary information that prevents an overview, which reduces
the number of documents and their relationships. Documents that have no relations within the
generated communities are eliminated in the debugging process. The final data set was analyzed
while using statistical tools that were based on diagrams and presentation of the data processed.
The open source tool, like Gephi (https://gephi.org), was used, which incorporates statistical resources
and data visualization, mainly the algorithm ForceAtlas2 [17]. In this way, the different clusters
were automatically identified. After this, the information of each cluster was analyzed in Excel,
while using the dynamic data tables and the word cloud has been realized with the software Word
Art (https://wordart.com/create). Note that the size of the keyword must be proportional to its
frequency and the number of times that keyword appears in the analyzed articles in a representation
by cloud of words.

GET ALL PAPERS

GET COLLABORATOR NETWORK

GET AUTHOR DATA

API for Scopus data base: Results (txt format)

GEPHI Cluster detection

/-

Inflormation analysis l—o

Figure 1. Flow diagram of the API that allowed for extracting the information of Scopus database.
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3. Results

3.1. Communities Detection

A total of 6440 documents are obtained with a total of 21,301 relations between the authors
after searching for the keywords. After the debugging process to avoid unnecessary information,
documents are reduced by 39.1% and relations by 2.12%. Figure 2 shows the 3924 documents with
20,849 relationships that were obtained after the process of purification and statistical treatment.
Figure 2 shows the distribution of the six detected communities that publish in Solar Coating topics
with the Gephi program. As you can see, there is a main nucleus that is formed by five communities
and another exterior formed by a single community. In Figure 2a, a node represents each publication
and the size of the node is a function of their relationships, so that it shows the frequency with which
the node appears in the shortest path between two randomly selected nodes in/between communities,
showing the influence of the author within the community. In this way, not only the common metrics
in search engines, such as Google Scholar, are considered, but also the collaborations between the
authors. The size of a node varies according to its relationships to indicate the most influential nodes.
The reason why an author who has a highly referenced and published document, but who works by
himself, will only have a smaller node than a less referenced author with greater collaborations.

B8 Material Solar Cell B9 Thin Film a-Si:H
B Thin Film and Polycrystalline Optical Design
9 Organic Solar Cell [ Light Trapping

(a) (b)

Figure 2. Representation of the communities investigating about “solar coating”: (a) represent the
interaction of the communities as a whole; and, (b) Representation for the distribution of the percentage
of the communities.

Figure 2b presents the contribution in percentage of each community, since it is difficult to see the
total size of each community due to the interrelation in Figure 2a. There are two communities that
stand out for their size and they are the Material Solar Cell and Thin Fill Cells a-Si: H community.
Community 0 (Material Solar Cell) is the largest with 42.2% of total publications. In this community,
you can see the highest concentration of related nodes, where it publishes the advances on the materials
used to improve the capture of light. The Thin Fill Cells a-Si: H community publishes 25.36% on the
improvements in amorphous cells of hydrolyzed silicon. This community, besides being the second
largest, is also the one that has a large concentration of authors that are related to other nodes, as it can
be seen in Figure 2.

Figure 3 shows a cloud words of the global keywords obtained in the search. The most used
keyword is “photovoltaic cells”, with 147 times within the Material Solar Cell community, followed by
“Thin film solar cells” with 96 times from the Thin film a-Si: H community. The third most used is
“Silicon”, also from the Solar Cell Material community with 85 times. The three words belong to the
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two communities with the largest number of publications, as shown in Figure 2b. Globally, the most
repeated words are the most generic, such as “Film”, “Thin”, and “ZnO”, as shown in Figure 3.
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Figure 3. Cloud words of the keywords got in the global search.

3.2. Analysis of the Communities

Each community maintains a common theme, although being very interrelated with the rest of
the communities. Next, the main nodes of each community and their most significant contributions
are analyzed; this will allow for us to understand their research theme.

Community 0 (Material Solar Cell) investigates how to improve the capture of light by using
different structures and materials used. Figure 4a shows the most representative keywords of the
Solar Cell Material Community, which shows the number of times and their percentage of repetition
within the community. The most representative word is “Photovoltaic cells”, followed by “Silicon”;
these words are very generic in the subject of photovoltaic solar energy and hints that this community is
the widest when publishing more generic developments from which other more specific communities
are nurtured. Hence, it has three important nodes that are very referenced, as shown in Figure 4b, and a
multitude of publications that are very referenced not only by this community, but by the remaining
ones, as it can be seen in Figure 2. Publications of the most referenced nodes in Scopus in order
of size are:

e  “Light trapping in silicon nanowire solar cells” [18] with a total of 1572 cites.

e  “Fundamental limit of nanophotonic light trapping in solar cells” [19] with 586 cites.

e “Improving thin-film crystalline silicon solar cell efficiencies with photonic crystals” [20]
with 532 cites.

Si cable assemblies are studied in this community. These are an interesting architecture for solar
energy collection applications, and they can offer a mechanically flexible alternative to Si wafers for
photovoltaic energy. Cables must absorb sunlight in a wide range of wavelengths and angles of
incidence to achieve competitive conversion efficiencies, despite only occupying a modest fraction
of the array volume. These matrices show a better near-infrared absorption, which allows for its
absorption of sunlight to exceed the ray optics that traps the light absorption limit for an equivalent
volume of textured plane, over a wide range of angles of incidence. The geometry of the cable network,
together with other nanostructured geometries, offers opportunities to manipulate the relationship
between the lighting area and the volume of absorption being useful in improving the efficiency or
reducing the consumption of materials of many photovoltaic technologies. Kelzenberg et al. [21]
showed that arrays presenting less than 5% of the cable area fraction can reach up to 96% of maximum
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absorption, and that they can absorb up to 85% of the substances integrated in the day, above the
direct sunlight band. Garnett et al. [18] developed a structure of nanowires with large radial surface
photovoltaic splicing p-n with efficiencies between 5% and 6%.

Material Solar Cell

o
Photovoltaic cells 147 31
Silicon 85 1.8
Antireflection 29 0.6
Nanostructures 29 0.6
Photonic crystals 28 0.6
Silicon nanowires 26 0.6
Texturing 26 0.6
Photon management 25 0.5
Photonic cristal 23 0.5
Solar energy 23 0.5

N 4

() (b)

Figure 4. Representation of the Material Solar Cell community: (a) keywords; and, (b) isolated
distribution of the publications.

Brongersma el al. [22] review the theory of nanophotonic light capture in periodic structures.
Light collection schemes can be used to improve absorption in photovoltaic (PV) cells. They help to
increase cell efficiency and reduce the production costs. In a homogeneous bulk cell with reflection
mirror backing, (in a homogeneous bull cell with a back reflection mirror) the maximum enhancement
factor attainable by the light trapping schemes is 4n?/sin? (0), where n is the index of refraction of the
material and 0 is half of the apex angle of the absorption cone. Ultrafine cells with efficiencies that can
exceed the traditional 4n2 limit are investigated. It involves the development of new computational
tools that are capable of operating in the domain of wave optics, dealing with non-periodic structures
and performing a joint electrical and optical optimization [23]. Yu et al. [19] studied the case of
the capture of light in grid structures with periodicity at the wavelength scale. Light capture can
improve cell efficiency, because thinner cells provide a better collection of photogenerated cells and
potentially higher open circuit voltage. Yu et al. [19,24] developed “a statistical coupled-mode theory
for nanophotonic light trapping” theory. Yu et al. [24], this theory is applied to the one-dimensional
(1D) and two-dimensional (2D) grids that have close or even smaller thicknesses than the wavelength
of the light and conclude that the 2D grids have a greater improvement factor. Yang et al. [25] used the
coupled wave analysis method for textured sub length wavelength (STDS), which are important in
obtaining high efficiency, due to their almost perfect anti-reflective properties.

Another author’s study method was based on geometric optics and wave optics applied to
thin-film crystalline silicon solar cell [20]. They manage to increase efficiency with the use of photonic
glass, increasing 24.0% in an optimized 1D to 31.3% by adding an optimized 2D grid.

Wang et al. [26] present a double-sided grid design, in which the front and rear surfaces of the
cell are separately optimized for antireflection and light capture, respectively. The authors propose a
structure based on nano cones of different sizes for the upper layer (the period is 500 nm, the base
radius is 250 nm, and the height is 710 nm) and lower layer (the period is 1000 nm, the base radius is
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475 nm, and the height is 330 nm). Their experimental results approximate the limit of the theoretical
absorption spectrum of Yablonovitch.

Community 1 (Thin Film and Polycrystalline) publishes the advances in the efficiency of thin cells
and thin polycrystalline cells. Figure 5a shows the most representative keywords of the Thin Film
and Polycrystalline community, which shows the number of times and their percentage of repetition
within the community. The most representative word is “Silicon”, followed by “Crystalline silicon”
and “Epitaxy”; these words are generic of all communities. This community has a lot of keywords;
it is the smallest and therefore its most repeated keywords are the most generic, the rest are more
focused on the specific theme of the community. Figure 5b displays the distribution of published
documents. Unlike the Material Solar Cell community, this is much more specific and, although it
maintains connections with other communities, its articles do not have references from the Material
Solar Cell and Thin film a-Si community: H.

Thin film & Polycrystalline
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Figure 5. Representation of Thin film and Polycrystalline community: (a) keywords; and, (b) isolated
distribution of the publications.

In this community, a lot of research is being carried out to reduce the consumption of Si per watt
peak. In addition to reducing the cost, a reduction in the thickness of the solar cell theoretically allows
for an increase in the performance of the device. The long-term stability of thin film photovoltaic
modules is increasing, while also reducing costs [27].

Thin film-based technologies show much lower surface production costs than bulk Si PV.
Becker et al. [28] show the development of the i2 modules and the challenges that are faced by
high-quality crystalline Si cells of thin film on glass, with the main ones being improvements in light
trapping characteristics, low temperature junction processing, and cell metallization. Xue et al. [29]
propose the Liquid Phase Crystallization Techniques (LPC) in the manufacture of high-quality crystalline
silicon thin film solar cells in glass. Therefore, LPC is used for the development of double-sided silicon
films, and different nanophotonic geometries of light capture are studied, concluding that this 10 mm
thick double-sided silicon films can present maximum short-circuit current densities that are achievable
in solar cells up to 38mA/cm? while assuming zero-parasite absorption.
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Improvements in light entrapment in Si Polycristalline thin-layer solar cells (pc-Si) are based on
the random scattering of light in the absorbent layer by glass substrate texture, or silicon film etching
texture and plasmonic nanoparticles [29]. The thin-layer solar cells pc-Si on glass offer the possibility of
achieving efficiencies of a single union of 15%. This is achieved by developing structures that improve
light entrapment, being mainly based on silicon nanostructures, such as porous silicon, nanowires
of silicon, and nano-silicon holes [29]. [30,31] proposes using a “seed layer” to obtain a high quality
material, the use of ZnO and aluminum cladding as a method of improving light collection, and the use
of high quality materials for the evaporation of the electron beam for the deposition of the absorbers,
which offers a high potential for cost reduction, to obtain efficiency improvements and a reduction in
costs. Another proposal is to use nanowire matrices to improve light entrapment and the design of the
cell structure to minimize parasitic absorption, together with suppression of surface recombination,
while using a multi-HIT configuration (hetero junction with intrinsic thin layer) core-based solar-based
nanowire cells that were prepared in the thin film of low-cost pc-5Si, developing an 8 pm pc-Si cell [32].

Another method that is based on surface plasmonic resonance (SPR) and a periodic hybrid matrix
composed of a graphene ring at the top of the absorbent layer separated by an insulating layer to
achieve an improvement of multiband absorption, increases the basis for simultaneous photodetection
at multiple wavelengths with high efficiency and tunable spectral selectivity [33].

In [34], they propose a complete method for studying long-term light entrapment, the use of
quantum efficiency data, and expressions of the calculation of Z0 and RBACK (reflectivity of the rear
reflector defined in [10] for any solar cell), where Z0 is the optical path of short band length factor Z0
of Rand and Basore [35], and it is a multiple of the thickness of the cell necessary to generate equal
to that found in the device. Although there are not very relevant nodes as compared to the others, it
should be noted that the publications of the most cited nodes in Scopus for this scientific community in
order of size are:

e “Polycrystalline silicon thin-film solar cells: Status and perspectives” [36] with a total of 117 cites.

e “Crystalline thin-foil silicon solar cells: Where crystalline quality meets thin-film processing” [37]
with 64 cites.

e “Double-side textured liquid phase crystallized silicon thin-film solar cells on imprinted
glasswith” [38] 37 times cited.

Community 2 (Organic solar cells) investigates an alternative to silicon-based photovoltaic cells,
organic solar cells (OSC), or also called organic photovoltaic cells (OPV). Figure 6a shows the most
representative keywords of the Organic solar cell’s community, which shows the number of times and
their percentage of repetition within the community. One of the most representative words is “Organic
solar cells”, after which the community is named. The following words are specific to the topic treated
in this community, such as: “Organic photovoltaics”, “Light harvesting”, and “Polymer solar cell”.
Despite the small representativeness, 8.3% of the publications, (Figure 2), this community has a greater
concentration of publications with references, as it can be seen in the size of the circles in Figure 6b,
which is unlike the community Thin Film and Polycrystalline. This community has ties with the rest of
the communities.

OSC cells have interesting advantages due to their characteristics, such as their lightweight,
flexibility, and possibility of producing them profitably for large surfaces. These features have made of
these cells very valid for applications in electronic textiles, synthetic leather, and robot, etc. The main
disadvantage is their low energy conversion efficiency, which is mainly because the light absorption
properties in an organic active layer have short optical absorption lengths (L ~ 100 nm) and exciton
diffusion length (Lp ~ 10 nm). This implies that a reduction in the thickness of the active layer
affects deterioration in performance, but an increase in thickness implies an increase in the series
resistance and reduction in the collection of carriers. Therefore, a compromise between both of the
situations is sought, efficient light collection and efficient load collection. The optical optimization
that is used in other thin-layer technologies can be useful in achieving’ maximum concentration in the
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absorbent layer, some of the proposals for improvement in light capture are based on modifying the
structure, mainly plasmonic nanostructures, where photonic crystals are used, metal gratings, buried
nanoelectrodes, etc.; however, in essence, they increase the organic surface layer [39,40]. Ko et al. [41]
study the different nanostructure-based uptake systems for OSC cells while using both Plasmon surfaces
and anti-reflective coatings, and photonic crystal (PC) nanostructure. Although theoretical calculations
suggest that the efficiency increases the accumulation of absorption of light in nanostructured devices,
the results show that they are still inferior to the highest reported conventional organic photovoltaic
cells, which implies that further research in this field must be carried out to obtain thinner layers of
photoactive material that improve the performance. The use of metallic nanomaterials can improve the
capture of light in OSC and, although most nanoparticles (NPs) limit the improvement of the efficiency
of power conversion to a narrow spectral range, broadband capture is desirable. The proposal of
Li et al. [42] is the combination of Ag nanomaterials in different ways (Localized plasmonic resonances
(LPRs), Ag nano prisms, and NPs mixed with Ag) for better broadband absorption and increased
short-circuit photocurrent density. Out of the three experiments, the one with NPs mixed with Ag is
the one with the highest efficiency with power conversion efficiency of 4.3%. They conclude that the
cooperative plasmonic effects in metallic nanomaterials with different types of materials, shapes, size,
and even the polarization incorporated in the active layers or between the layers or both should be
further studied.
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Figure 6. Representation of Organic solar cells community: (a) keywords; and, (b) isolated distribution
of the publications.

The review that was carried out by Gan et al. [43] proposes incorporating plasmonic nanostructures
in the front and rear metal electrodes of an OSC, which is expected to reach broadband, polarization,
and absorption independent of the angle, and this implies the possibility of exceeding 10% power
conversion efficiency. Tvingstedt et al. [44] analyzes the use of micro lens to increase the capture of light
and, thereby, improves the absorption rate of the solar cell. Xiao et al. [45] propose a hybrid system of
micro lens for OSC (a matrix of hybrid micro lens, a mirror with a matrix of holes, and an OSC with a
reflective cathode) to improve broadband absorption. Each isana chromatic hybrid refractive-diffractive
singlet micro lens made of a single optical material, and these hybrids micro lens are separated from
the cells to avoid direct contact with an organic layer that can cause electrical defects. Another proposal
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is the use of a V-shaped light capture configuration; the purpose is to increase the photocurrent for
all angles of incidence. Rim et al. [46] tested in a 170 nm polymer thin film OSC, obtaining a 52%
improvement in efficiency and conclude that this V structure in thin film OSC is effective for active
layer thicknesses of the order of wavelength of light or less.

Miiller-Meskamp et al. [47] study direct patterning interfering laser (DLIP) has been used to
manufacture periodic surface patterns (substrates with a 4.7 pm and hexagonal line of 0.7 pm) large
surface area on flexible polyethylene terephthalate (PET) substrates. The results are encouraging,
achieving the best results for the hexagonal corrugated structures with greater short-circuit current
(Jsc) and greater energy conversion efficiency (PCE). Other important studies should be cited
for Perovskite Solar Cells related to High-Performance Solution-Processed Double-Walled Carbon
Nanotube Transparent Electrode [48], and the Highly reproducible perovskite solar cells with an
average efficiency of 18.3% and best efficiency of 19.7% being fabricated via Lewis base adduct of lead
(I) iodide [49]. Publications of the most cited in Scopus in this cluster are:

e  “Plasmonic-enhanced organic photovoltaics: Breaking the 10% efficiency barrier” [50].
Cited 391 times.

e “An effective light trapping configuration for thin-film solar cells” [46]. Cited 170 times.

e  “Light manipulation in organic photovoltaics” [51]. Cited 23 times.

Community 3 (Thin film a-Si: H) presents advances on thin-layer solar cells of hydrogenated
Amorphous (a-Si:H) or hydrogenated microcrystalline (uc-Si:H). Figure 7a shows the most
representative keywords of the Thin film a-Si: H community, which shows the number of times
and their percentage of repetition within the community. The most representative word is “Thin film
solar cells”, which makes part of the community name, the next word is “Silicon”, which is generic, and
the rest are already more specific to the topic treated in this community, such as “ Amorphous silicon
“and” Microcrystalline silicon ”. This community, although its studies are focused on a-Si cells: H is the
second community in relation to total publications (Figure 2). It has a central core with a large number of
references and three somewhat lower, but considerable references (Figure 7b). In addition, it maintains
a great interaction with the rest of the communities that supply it with references. The publications of
the most referenced nodes in Scopus in the order of size are the following three:

e “TCO and light trapping in silicon thin film solar cells” [52] with 869 cites.

e  “Light trapping in solar cells: Can periodic beat random?” [53] was cited 369 but its node is large
because it relates to major nodes.

e “Light trapping in ultrathin plasmonic solar cells” [54] had 512 cites, but with lower relations to
major nodes.

The thin-layered Si (H-Si:H) or hydrogenated microcrystalline (pc-Si:H) thin-layer solar cells use
an intrinsic layer (layer i) without doping between two highly doped layers (p and n). The optical and
electrical properties of the i-layers are linked to the microstructure and, therefore, to the deposition
rate of the layer i, which in turn affects the production yield [55]. The importance of contact and
reflection in these solar cells require techniques to improve light uptake [52]. An integral part of these
devices is the transparent conductor oxide (TCO) layers used as a front electrode and as a part of the
rear side reflector [56]. When applied on the front side, the TCO must have high transparency in the
spectral region, where the solar cell operates with high electrical conductivity. In p-i-n configuration,
where the Si layers are deposited on a transparent substrate covered by TCO, with rough surfaces are
applied in combination with the highly reflective rear contacts. TCO must have a strong dispersion of
the incoming light in the silicon absorbent layer and favorable physicochemical properties for silicon
growth. The application of zinc oxide films that were doped with aluminum (ZnO:Al) as a rear reflector
result in a highly promising TCO material [57]. These films provide efficient coupling of the incident
sunlight by refraction and light scattering at the interface TCO/Si to increase the length of the light
path [52]. Another proposal for improving light entrapment is to use a return reflector; the use of Ag

38



Coatings 2019, 9, 797

plasmonic nanoparticles can provide performance that is comparable to random textures in amorphous
silicon solar cells n-i-p [58].
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Figure 7. Representation of Thin film Si:H community: (a) keywords; and, (b) isolated distribution of
the publications.

Other researchers propose different nanostructures for improving light entrapment, which are
very important in thin-film amorphous silicon solar cells. Battaglia et al. [53] compare a random
pyramidal nanostructure of transparent zinc oxide electrodes and a periodic one of periodic glass
nanocavity matrixes manufactured by nanosphere lithography. The results show that both options
have approximately a short-circuit current density of 17.1 mA/cm? and a high initial efficiency of 10.9%.
Waveguide Theory provides a mechanism to select the period and symmetry of the grid to obtain
efficiency improvements. The relationship between the photocurrent and the spatial correlations of
random surfaces have been proposed by [59], developing pseudo-random matrices of nanostructures
that are based on their power spectral density, and their correlation between the frequencies and
the photocurrent.

Another option is nanodome solar cells, which have periodic nanoscale modulation for all types
of solar cells from the lower substrate, through the active absorber to the upper transparent contact.
These devices combine many nanophotonic effects to efficiently reduce the reflection and improve
absorption over a wide spectral range. Nanodome solar cells with only one layer of 280 nm thick
hydrogenated amorphous silicon (a-Si: H) can absorb 94% of the light with wavelengths of 400-800 nm,
which is significantly greater than 65% absorption of flat film devices. In [60], they propose a nanodome
solar cell of union p-i-n a-Si: H. The cells are composed of 100 nm thick Ag as a rear reflector, 80 nm Thick
transparent conduction oxide (TCO) as a bottom and upper electrode, and a thin active layer of a-Si:
280 nm H (top to bottom): pin, 10-250-20 nm). Ferry et al. [54] proposed a strategy that consists on the
use of non-randomized nanostructured reflectors optimized for ultra-thin solar cells of hydrogenated
amorphous Si (a-Si:H). This alternative increases the short-circuit current densities, which improves
the results as compared to cells that have posterior contacts with a flat or random texture.

Community 4 (Optical design) works on improvements in the efficiency of solar cells from the
point of view of optical design by creating nanostructures to improve the capture of direct and diffused
light. Figure 8a shows the most representative keywords of the optical design community, which shows
the number of times and their percentage of repetition within the community. All of the words are
very representative of the community, such as “Diffractive Optics” or “Optical Design”, after which
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the community is named and it represents 11.5% each with respect to the community; the next words
are “Diffractive Optics elements” and “Diffractive elements.” This is the second smallest community,
although it maintains links with the rest of the communities (Figure 2). This community incorporates
publications from other disciplines, such as optics, which were not initially developed for solar energy,
but whose impact on the optical behavior of a surface has been referenced by the other communities.
In Figure 2, it appears as an emerging community. Unlike the other communities, it does not have
a main nucleus, since this community does not have a great concentration of relationships in its
articles (Figure 8b).
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Figure 8. Representation of Optical design community: (a) keywords; and, (b) isolated distribution of
the publications.

The manufacture of solar cells requires a prior study of their optical behavior with the
consideration of better light capture. Therefore, their behavior is studied as a diffractive element,
and lithographic structures respond differently, depending on their structure, composition, and size.
Herkommer et al. [61] show simulation techniques to evaluate the distraction efficiency prior to the
manufacture of the solar cell. It is very important prior to manufacturing to simulate the behavior
in real conditions, since different manufacturing systems can be used, depending on the wavelength
range of the incident and its size characteristics. Depending on the wavelength, more than one material
can be used to implement the grid structures. The dependence on the size of the diffraction efficiency
characteristic can be considered as the manufacturing limitations. There is commercial software
that calculates the diffraction efficiency for a given grid while considering the period, grid shape,
wavelength, and angle of incidence.

The diffractive optical element (DOE) can be implemented on flat and curved surfaces [12].
Grilles can be designed and implemented more complexly according to the need for the range of light
collection and its efficiency with the use of direct laser lithography or through computer-generated
holograms. On curved surfaces, they can be manufactured while using single-point diamond
turning [62] to reduce the material used.

Digital holography (computer-generated hologram) has improved its quality in recent years,
leading to unthinkable implementations for its accuracy not many years ago. Patterns can be
engraved on photosensitive materials at the appropriate scale, embossed on high precision materials
in various directions with or without periodicity, with the arrival of the laser and its computer
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control. Some lithographic techniques combine the coating with a light sensitive film (photo-resistance).
Digital holography and Computer-Generated Holograms reduce the choice of material and pattern
generation scheme. The degree of freedom in the choice of parameters limits the choice of coding
technique and its optimization. The coding allows for adapting the data to the existing hardware
requirements [12].

Solar cells have benefited from the study of the behavior of diffractive elements applied to other
fields of research. The most common diffractive elements are a diffractive lens, a matrix generator,
and a correlation filter [63]. The design is based on the optimum performance of the optical system and
its manufacturing restrictions. These diffractive elements have a disadvantage in that they produce
chromatic aberrations. Some authors [64] propose the attachment to the lens of a corrective substrate
of the diffraction for application in the headlights of a car and study these elements for the diffractive
telescope system.

Hybrids are one of the most complex diffractive elements, where they are both reflective and
dissipative throughout the visible band (400-700 nm). Designing achromatic refractive-diffraction
hybrid lenses is complex and it requires prior study for its manufacture to optimize its efficiency in the
capture range [65]. Publications regarding the most cited in Scopus in this cluster are:

e  “Digital holography as part of diffractive optics” [66] cited 111 times.
e “Understanding diffractive optic design in the scalar domain” [67] cited 110 times.
e "I digital holography computer-generated holograms” [68] cited 23 times.

Community 5 (Light trapping) investigates the improvement of the capture of light in solar
cells, while using nanoparticles for the purpose of improving efficiency. Although many authors
investigate and test systems for improving the light entrapment by nanostructures, in their turn
they produce an increase in surface area and, therefore, minority recombination that reduces the
efficiency. Other researchers use the dispersion of metal nanoparticles by varying their shape, size,
particle material, and ambient dielectric energy to determine the improvement of light capture with
particle plasmons to avoid this adverse situation. Figure 9a shows the most representative keywords
of the Light trapping community, which shows the number of times and their percentage of repetition
within the community. All of the words are very representative of the community as “Plasmonic”
or “Surface plasmons”, and they represent 4% and 3.1%, each with respect to the community, other
words, like “Nanoparticles”, “Silver nanoparticles”, and “Metal nanoparticles”, are very specific
to the community, although within the 10 most repeated words, there are other generics, such as
“Photovoltaics” and “Silicon” with 2.5% and 1.6% each. This community is ranked third in size
(Figure 2) and it has a main nucleus and a somewhat smaller one as seen in Figure 9b. It is a community
that is closely related to the rest, since the main topic discussed affects the studies of other communities,
such as the entrapment of light, which, regardless of the type of cell, is important to improve and
increase the efficiency. The two publications of the most referenced nodes in Scopus in the order of size
are the following:

e “Surface plasmon enhanced silicon solar cells” with 1467 references and many relations with other
communities [69].

e “Design principles for particle plasmon enhanced solar cells” [70] with 673 cites.

e “Tunable light trapping for solar cells using localized surface plasmons” [71] with 460 cites.

Catchpole et al. [70] show that the shape of the particles influences the path length, with the
spherical shapes being worse than the cylindrical and hemispherical shapes. In addition, they conduct
experiments with silver and gold particles, where the results show that those of silver provide a
longer path length than those of gold. In Ouyang et al. [9], the effects of silver nanoparticles on
polycrystalline silicon thin film solar cells on glass are studied, obtaining an improvement in the
short-circuit current of a 1/3 increase when compared to conventional ones. The geometry of the matrix
used also defines the entrapment of light (there are studies on random, quasi-periodic, and periodic
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matrices). Mokkapati et al. [72] study the behavior of silver nanoparticles in a periodic matrix
and conclude that there is a very restrictive relationship between the optimal particle size and grid
parameters of the periodic matrix; the case of silver particles of 200 nm, a 400 nm step is ideal for
Si solar cells. Other authors analyzed the behavior of silver nanoparticles on the rear structure to
reduce the entrapment losses that were produced with the long wavelength that escape (rear reflector
dispersion), but with minimal electronic losses due to recombination effects. The photocurrent with
the silver nanoparticles of a PERT (Passivated Emitter and Rear Totally Diffused) cell increases by 16%
when compared to an aluminum rear structure [73].
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Figure 9. Representation of Light trapping community: (a) keywords, and (b) isolated distribution of
the publications.

3.3. Analysis as Per Authors, Affiliations, and Countries of Investigation on Solar Coating

In total, there are 14,849 authors who research in 26 by subject area. The ten countries with the
highest concentration of researchers contributing their scientific publications to the progress in Solar
Coating have been analyzed. China makes the main contribution, with 3345 researchers (22.5%),
being closely followed by the United States with 2634 (17.7%) and Germany with 1156 (7.8%). The rest
is around 349 from Italy to 687 in South Korea, with percentages ranging from 2.4 to 4.6%, respectively.
China and the United States are among the countries with the greatest contributions in scientific
developments in all matters related to energy, and also in energy saving [16]. Figure 10 shows the
distribution and percentages of participation of the authors according to the country of origin shown
by colors. There are 28.8% of other countries of low percentage contribution, as can be seen in Figure 10,
where Spain, Australia, and others appears.

The results show that China and the United States both actively collaborate in the progress by
establishing collaborative ties with other countries in order to move forward and this can be seen
from the intertwining of the communities in Figure 2. The main collaborations are established in Asia
between Chinese, Koreans, Taiwanese, Japanese, and Indians, making a total of 38%. The European
contributions between Germany, France, United Kingdom, and Italy make up for 16%. America is only
represented by the United States.

Going deeper into the origin of the authors, the 20 most localized affiliations in the search have
been analyzed, since it is important to know in which research and development centers the main
contributions to Solar Coating are made. Table 1 shows the data; 12 of the 20 belong to the Asian
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continent with a contribution of 65% of the Top 20 publications. It is interesting how Switzerland,
which was not among the 10 countries with the highest productivity in Solar Coating, is the second
research institution in terms of the number of contributions with 6.6% of the top 20. In Europe,
Germany stands out with the centers of the Fraunhofer Institute for Solar Energy Systems ISE and
Helmbholtz-Zentrum Berlin fiir Materialien und Energie (HZB) with a total of 11.1%, which together
with Switzerland contribute in 17.7%. America contributes in 12.6% with the USA and only three
research institutions, being the one that Stanford University publishes the most.
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Figure 10. Author distribution per countries.

Table 1. Top 20 affiliations in Solar Coating.

Affiliation Country Publications
National Taiwan University Taiwan 123
Swiss Federal Institute of Technology, Lausanne Switzerland 115
Fraunhofer Institute for Solar Energy Systems ISE Germany 108
Shanghai Jiao Tong University China 105
Nankai University China 103
Soochow University China 103
Chinese Academy of Sciences China 99
University of New South Wales (UNSW) Australia 91
Forschungs zentrum jiilich (FZJ) Germany 84
Helmholtz-Zentrum Berlin fiir Materialien und Energie (HZB) Germany 83
Stanford University USA 82
Nanjing University China 79
National Chiao Tung University China 77
Jilin University China 76
Sungkyunkwan University South Korea 74
Nanyang Technological University Singapore 69
National Renewable Energy Laboratory USA 69
Massachusetts Institute of Technology USA 67
Australian National University Australia 64
Sun Yat-Sen University China 62

Table 2 shows a list of the 10 authors with the highest H-index in Scopus in relation to the
search performed. The order of the authors does not correspond to the order by institution of Table 1.
The author with the highest H-index of 230, 1471 published documents, and 258,107 citations belong to
Switzerland and there is a second in position 9 both same affiliations appearing in Table 1 (Swiss Federal
Institute of Technology, Lausanne). In the top 10 by H-index, there are mainly US authors from Harvard
University, Georgia Institute of Technology, Stanford Linear Accelerator Center, and University of
California (Berkeley); none correspond to the three affiliations in Table 1. There are two Chinese

43



Coatings 2019, 9, 797

authors in positions 8 and 10, with H-indexes of 138 and 130, respectively, which have a number of
significant citations of 77,076 and 72789, in both cases their center does not correspond to those of
Table 1. There is a German author with H-index of 186 and 136,496 citations, but their affiliation does
not correspond to the affiliations of Germany in Table 1. It is significant that only the affiliation of the
authors of Switzerland corresponds within those seen in Table 1. This might be due to the fact that,
although the group of contributions has great references, it does not establish collaborations between
the communities, and that means that the software debugging process has been eliminated. Figure 11
shows the location of the author of the highest H-index in Table 2. As it can be seen in the figure,
it corresponds to the border that has not been represented when analyzing the communities, since it
remains as a node with no connection to the rest. This can be interpreted that the system correctly
measures relationships and not just references, giving more value to relationships.

Table 2. Top 10 authors by H-index (Nco-author = Number of coauthors, Ncite = Number of cites,
Ndoc = Number of documents).

Author

Scopus ID Name H-Index Nco-Author  Ncite  Ndoc City Country Affiliation
35463345800 Gratzel M. 230 222 258107 1471 Lausanne  Switzerland Swiss Federal Institute of
Technology, Lausanne
55711979600 Whitesides G. 187 1268 159450 1008 Cambridge  United States Harvard University
7403027697 Xia Y. 186 952 136496 779 Atlanta United States Georgia Institute of Technology
7103185149 Antonietti M. 156 1047 84786 789 Golm Germany Max Planck Institut fur Kolloid Und
Grenzflichenforschung Potsdam
35207974600 Cui Y. 155 994 99093 532 Menlo Park  United States Stanford Linear Accelerator Center
7403931988 Yang P. 150 706 102859 408 Berkeley United States University of California, Berkeley
56605567400 Alivisatos A. 143 934 108954 445 Berkeley United States University of California, Berkeley
7403489871 Zhao D. 138 1189 77076 685 Shanghai China Fudan University
35463772200 NazeeruddinM. 133 109 82713 576  Lausanne  Switzerland Swiss Federal Institute of
Technology, Lausanne
56422845100 Jiang L. 130 2113 72789 125  Beijing China Technical Institute of Physics and

Chemistry Chinese Academy of Sciences

O

Figure 11. Location of the Author with the highest H-index with research in Solar Coating.

If we analyze the top 10 of the authors considered in the analyzed communities (Table 3), it is
observed that they have lower H-index than those shown in Table 2 and, in this case, if they correspond
to the affiliations in Table 1. An author from Belgium appears and another from France, which does
not appear from its affiliations in Table 2, despite being in positions 5 and 8 of Table 3.
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Table 3. Most important 10 for H-index analyzed in the communities (Nco-author = Number of
coauthors, Ncite = Number of cites, Ndoc = Number of documents).

Author

Scopus ID Name H-Index Nco-Author Ncite  Ndoc City Country Affiliation
6701805412 Ballif C. 65 750 13344 461 Lausanne Switzerland Stwiss Federal Institute of
Technology, Lausanne
. Helmholtz-Zentrum Berlin fiir
56216991600 Rech B. 48 514 10525 321 Berlin Germany Materialien und Energie (HZB)
6603242760 Blasi B. 21 201 1542 105  FreiburgimBreisgau ~ Germany Fraunhofer Institute for Solar
Energy Systems ISE
7004315658 Haug E. 37 28 5174 171 Lausanne Switzerland Swiss Federal Institute of
Technology, Lausanne
56507035200 Poortmans J. m 781 8334 523 Leuven Belgium  [nteruniversity Micro-Electronics
Center at Leuven
55505896100 Zhao Y. 21 338 2607 462 Tianjin China Nankai University
55931076700 Zhang X. 17 420 2020 383 Tianjin China Nankai University
Roca i . Laboratoire de Physique des
6602741595 Cabarrocas P. 8 683 7634 7 Palaiseau France Interfaces et des Couches Minces
7402736621 Yi]. 33 617 4594 471 Jongno-gu South Korea Sungkyunkwan University
7006823424 Atwater H. 89 726 41733 654 Pasadena United States  California Institute of Technology

4. Discussion

The scientific contributions that were published in the Solar Coating field from 1964 to June 2019
make a total of 6440 and 127 new ones published as of September. Until 1982, the publications were
sporadic with a couple of publications per year, and then increased in 1990, but did not exceed 20 annual
publications. From then on, the contributions are more numerous until 2004, being marked with
97 publications. From 2005 to 2019, this period is marked with a high concentration of publications (83%),
due to the “renewable boom”. The fact that the highest concentration has occurred, since 2005 might be
due to global awareness of environmental concerns, such as global warming and the greenhouse effect,
as shown by the agreement in Kyoto, Japan, on 11 December 1997 and entered into force on February
16, 2005. This has meant that the scientific community has turned to providing solutions; one of the
clean energies that is most committed to the future is photovoltaic solar energy [73]. The main forms
of publications are in original articles with 62.6% and in conferences with 32.6%, followed by far by
review articles and book chapters with 1.9% and 1.1%, respectively. Book contributions are scarce,
with only six published < 0.01% [74-80] and all with little impact on the number of references below 22.
In [16], the authors analyze the bibliometric in energy saving and obtain a percentage of publication of
articles of 50.7%, conferences 43.1%, and in books a percentage lower than 1%, which is very much in
line with those that were obtained in this work.

English is the most used language for publications with 96.8% of the total publications, followed
by Chinese, with a percentage of 2.6%, and the rest of the languages have a representation lower
than < 1% (Russian, Japanese, Korean, German, Spanish, French, Lithuanian, Finnish, and Malay).
It is usual for the English language to be the most widespread in scientific publications due to the
edition standards of the journals to have maximum dissemination, regardless of the country of origin
of the headquarters of the publisher. Only China produces a number of scientific publications in its
own language, such as Taiyangneng Xuebao/Acta Energiae Solaris Sinica, Cailiao Gongcheng/Journal
of Materials Engineering among others. The demand for energy increases with population growth
and China is one of the largest consumers, due to its industrial expansion and population growth,
which motivates China to investigate the production of clean energy, as seen in the results shown
in Tables 1-3.

The thematic areas that are most used for scientific dissemination are mainly Physics and
Astronomy (25.9%), Materials Science (23.6%), Engineering (21.6%), Energy 6.4%), Computer Science
(5.6%), Chemistry, Mathematics (4.6%), Chemical Engineering (4.6%), and the rest with a contribution of
less than 3%. The results show the great involvement of researchers from different disciplines, such as
engineering, materials sciences, chemistry, and mathematics, among others, having all the purpose
of contributing to improvements in solar energy collection. The contributions of the application of
nanomaterials and nanostructures to the collection surfaces have allowed for improving efficiency by
trapping light and generating new flexible, bifacial panels that have expanded the use of these panels
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as an architectural tool in industrial buildings and facilities, electric locomotion, and solar powered
devices, thereby reducing the use of fossil fuels and CO, emissions.

5. Conclusions

This work has revealed data related to Solar Coating from 1957 to 2019. The total contributions
found reached 6440 documents with a total of 21,301 relations between authors, where only 3924 with
20,849 relations after the use of bibliometric techniques. The study of efficiency improvements has
driven a large number of contributions in different sub-themes, where each community develops
its research on different perspectives, although they all have the improvement of light trapping
as a system for improving efficiency in common. Publications have focused on six categories or
communities Material Solar Cell, Thin Film and Polycrystalline, Organic solar cells Thin film a-Si:
H, Optical design, and Light trapping. The communities with the highest representation are the
most generic: The Material Solar Cell (42%), Thin film a-Si: H (25%), and Light trapping (11%).
However, from a different perspective study aspect, they are provided with a main nucleus and
multiple relations with the rest of the communities that nourish them of references. Organic solar cells
(8.3%), Optical design (8%), and Thin Film and Polycrystalline (6%) are the other three communities.
In addition to having less representativeness, these communities do not have a main nucleus, but small
nuclei with a multitude of relationships in and between communities, with organic solar cells having
19 major nuclei, although much lower than all of the main ones of the more generic communities.
The most repeated keywords correspond to the generic communities, which is consistent because
they are the ones with the greatest ties and the most referenced publications. There are communities,
like Optical design with keywords, which are very specific to their theme. This is because this
community is tangential to Solar Coating incorporating research on the theme of Optics that are not
specifically developed for solar cells, but their advances substantially influence the improvements of
light capture, which is an essential theme for Solar Coating.

In total, there are 14,849 authors who research in 26 by subject area, China (3345 researchers) and
the United States (2634 researchers) are from the countries with the greatest contributions in scientific
developments in all matters related to energy, also in energy saving. The worldwide distribution is
established between Asia (38%), Europe (16%), and America, with only the United States (17.7%),
and there is no significant representation of the African continent. If we consider the authors’ affiliation
with a top 20, 12 of the 20 belong to the Asian continent (65%). It is interesting how Switzerland, which
did not appear among the 10 countries with the highest productivity in Solar Coating, is the second
research institution in terms of the number of contributions with 6.6% of the top 20. In Europe, Germany
stands out with the Fraunhofer Institute for Solar Energy Systems centers ISE and Helmholtz-Zentrum
Berlin fiir Materialien und Energie (HZB) (11.1%). In the USA, which has 18% of the worldwide
publications, with respect to the ranking of the top 20 affiliations only three research institutions are
present, from them the best positioned is Stanford University.

The analysis of the 10 authors with the highest H-index in Scopus in relation to the search
performed does not correspond to the order by institution, for example, the author with the highest H
index of 230, 1471 published documents, and 258,107 citations belongs to the Swiss Federal affiliation
Institute of Technology of Lausanne, (Switzerland). On the other hand, the first author in the Top 20 by
affiliation is from National Taiwan University (Taiwan).

The main forms of publications are in original articles (62.6%), conferences (32.6%), followed
by review articles (1.9%) and book chapters (1.1%), with scarce book contributions (<0.01%). As for
the language, English (96.8%) is the most used for disseminating publications due to the standards
of edition of the journals to have maximum dissemination, regardless of the country of origin of the
headquarters of the publisher. The second language used is Chinese (2.6%), as it produces a significant
number of scientific publications with international repercussions in their own language. All other
languages have a representation of less than <1%.
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The most used thematic areas are very diverse; this shows the great involvement of researchers
from different disciplines, such as engineering, materials sciences, chemistry and mathematics, among
others, all with the purpose of contributing to improvements in solar energy collection.

The final conclusion of the present work shows that the research on this subject is not completed
and it requires even more research with different considerations that improve solar cell efficiencies.
The joint collaboration of all researchers is required, with their valuable contributions opening new
perspectives regarding the necessary improvement due to the growing need for global demand for
energy consumption and the awareness of consumers and political entities of environmental care and
implementation of renewable energy.
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Abstract: Photovoltaic is one of the promising renewable sources of power to meet the future challenge
of energy need. Organic and perovskite thin film solar cells are an emerging cost-effective photovoltaic
technology because of low-cost manufacturing processing and their light weight. The main barrier of
commercial use of organic and perovskite solar cells is the poor stability of devices. Encapsulation of
these photovoltaic devices is one of the best ways to address this stability issue and enhance the device
lifetime by employing materials and structures that possess high barrier performance for oxygen and
moisture. The aim of this review paper is to find different encapsulation materials and techniques
for perovskite and organic solar cells according to the present understanding of reliability issues.
It discusses the available encapsulate materials and their utility in limiting chemicals, such as water
vapour and oxygen penetration. It also covers the mechanisms of mechanical degradation within
the individual layers and solar cell as a whole, and possible obstacles to their application in both
organic and perovskite solar cells. The contemporary understanding of these degradation mechanisms,
their interplay, and their initiating factors (both internal and external) are also discussed.

Keywords: organic solar cells; perovskite solar cells; encapsulation; stability

1. Introduction

Organic photovoltaic (OPV) and Perovskite solar cell (PSC) are promising emerging photovoltaics
thin film technology. Light harvester metal-halide perovskite materials, such as methyl-ammonium lead
iodide (CH3NH3Pbl3), have exhibited small exciton binding energy, high optical cross-section, superior
ambipolar charge transport, tuneable band gaps, and low-cost fabrication [1]. The CH3NH;3Pbl3 PSCs
and OPV devices can be solution-processed, which is suitable for roll-to-roll manufacturing processes
for inexpensive largescale commercialization. The power conversion efficiency (PCE) of OPV devices
have overpassed 14% for single junction and 17% for tandem devices to date with the development of
low band-gap organic materials and device processing technology [2-5]. The achievement of the highest
PCE of PSCs over 23.3% has shown promising future directions for using in large-scale production,
together with traditional silicon solar cells [6]. Low-temperature (<150 °C) and solution-processed ZnO
based electron transport layer (ETL) is one of the most promising materials for large scale roll-to-roll
fabrication of perovskite and organic solar cells, owing to its almost identical electron affinity (4.2 eV)
of TiO,. Arafat et al. have already demonstrated aluminium (Al) doped ZnO (AZO) ETL of PSC with
cell efficiency over 18% [7]. Currently, the poor stability of OPV and perovskite solar cells is a barrier
for the commercialisation [8]. It is believed that oxygen and moisture are the external main reason
for degradation of organic and PSCs, as shown in Figure 1 [9]. All the internal possible degradation
mechanisms in PSCs can be controlled by careful interface engineering, such as a good choice of cathode
and anode interlayer materials, ion-hybridizations in perovskite layer, etc.
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Figure 1. Schematic diagram of an organic/Perovskite solar cell (PSC) solar cell structure.
The electron-hole pair recombination, moisture dissolution of perovskite material and photo-oxidation
processes at the interface between hole transport materials (HTM) and metal electrode are shown.
Adapted with permission from [9]. Copyright 2018 Royal Society of Chemistry.

Encapsulation of organic and perovskite solar cells can play an effective role in improving the
stability of both devices. The encapsulation layer can act as a barrier layer by restricting the diffusion
of oxygen and moisture through this encapsulation material, resulting in the protection of the cathode
interface and the active layer from deterioration as shown in Figure 2. Encapsulation materials should
have high barrier performance for oxygen and moisture. The encapsulation material layer structure is
a critical factor to overcome these issues and enhance the device stability [10].

Figure 2. A schematic diagram of an organic or perovskite solar cells structure with an
encapsulation layer.

The encapsulation material needs to possess good process ability, low water absorptivity,
and permeability. Encapsulation materials should have relatively higher dielectric constant,
light transmission, and resistance to ultraviolet (UV) degradation and thermal oxidation. They also
require excellent chemical inertness, adhesion, and mechanical strength [11,12]. Oxygen transmission
rate (OTR) and water vapour transmission rate (WVTR) are the steady state rates at which oxygen
and water vapour gas can penetrate through a film that affects the encapsulation layer. A schematic
diagram of organic and/or perovskite solar cells device is shown in Figure 2 with an encapsulation
layer. This encapsulation layer material should have the following (Table 1) required properties to
protect the device from the oxygen and water vapour effects. A list of specifications of requirements of
encapsulation materials is listed in Table 1.
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Table 1. Specifications and requirements for encapsulating materials for the protection of organic and
perovskite devices from the oxygen and moisture. Reprinted with permission from [12]. Copyright
2016 John Wiley & Sons, Inc.

Characteristics Specification of Requirement

WVTR 1073-10° gom~2.day~!
OTR 1073-107% cm®-m~2-day!-atm !
Glass transition temperature (Tg) <—40 °C (during the winter in deserts)
Total light transmission >90% of incident light
Water absorption <0.5 wt % (20 °C/100% RH)
Tensile modulus <20.7 mPa (>3000 psi) at 25 °C
UV absorption degradation None (>350 nm)

Hydrolysis None (80 °C, 100% RH)

To determine the value of OTR, it is necessary to use a colorimetric sensor [13,14]. The OTR
was calculated by measuring the amount of oxygen during a certain period at a constant rate that it
passed through the cathode. By knowing the value of OTR and WVTR it is possible to determine how
good is the encapsulated materials performance for the protection of perovskite and OPVs devices
from degradation through their lifetime and performance. The effective WVTR can be determined
by monitoring the temporal rate of change of the cathode (metal) electrical conductance. If it is
assumed that the diffusivity of water vapour and oxygen obeys Fick’s law (diffusivity is independent
of concentration), then the WVTR or OTR can be described as [15]:

n [=Dn?mi]
WVTR(t) = DZCS 1+2) (-1)'e 7 1)
n=1

where D is the diffusivity, Cs is the surface saturation concentrations, t is the time, and [ is the film
thickness. Normally, D increases with increasing temperature. WVTR and OTR is also a function
of temperature.

The good performance encapsulation materials should have a value larger than 107 g-m~2.day !
for WVTR (Table 1) to protect the OPV and PSCs devices [16]. As an example, an OPV device with a
structure ITO/ZnO/P3HT:PCBM/PEDOT:PSS/ Al was encapsulated using ZnO and UV resin with
a large WVTR value of 5.0 x 107! gom~2.day~' [17]. In Ref. [18], the WVTR value was found
as big as of 100 g~m_2~day_1 for an encapsulated OPV (ITO/PEDOT:PSS/P3HT:PC7BM/Ca/Al)
with an epoxy resin. On the other hand, in Ref. [17] OPVs cells under the configuration
ITO/DMD/Cs,CO3/P3HT:PCBM/Mo00O3 /Al were encapsulated using polyvinyl butyral (PVB),
ethylene vinyl acetate (EVA), and thermoplastic poly-urethane (TPU) with a WVTR value of 60, 40,
and 150 g-m2-day !, respectively, and with an OTR value in the range of 1072-10? cm®m~2-day .
In this current work, the WVTR and OTR values were not calculated due to different experimental details.

The most common type of an encapsulation method refers to thin film layers encapsulated on
top of OPV and perovskite devices using atomic layer deposition (ALD) [19,20]. ALD is particularly
suitable for organic and flexible electronics. However, the ALD technique is expensive. Other methods
are roll lamination systems encapsulating the OPV devices between two sheets uniting them with an
adhesive [21], the other method is based on heat sealing, a process that basically consists of supplying
thermal energy on outside of package to soften/melt the sealants [14] and using a glass substrate that
is to be sealed with thermosetting epoxy, it could not be effectively applied to flexible devices [22].

Many works have been done for the advancement of good quality encapsulation technologies
to stop the migration of environmental oxygen and moisture into device layers. The device lifetime
and stability can be improved with high barrier performance encapsulation materials and structures
for providing sulfficient durability for commercial application. The encapsulation materials with high
optical transmission and high dielectric constant need to possess good processing ability. Mechanical
strength, good adhesion, and chemical inertness are also required for a suitable encapsulation material.
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It is also expected to have low water-absorptivity and permeability and relatively high resistance
to UV degradation and thermal oxidation [23]. Organic materials with a good combination of these
properties are most commonly used as the encapsulate for the improvement of acceptable device
durability [24]. When compared to their inorganic counterparts, the organic encapsulation materials
have demonstrated notable advantages, such as the flexible synthesis of the organic molecules by
varying their energy levels, molecular weight, and solubility [25]. Organic encapsulation materials are
also expendable and they have lesser impact on the environment [26]. Hence, organic materials are the
best suitable candidate for the encapsulation of flexible organic and perovskite devices.

2. Degradation Mechanism of OPV and Perovskite Solar Cells

The degradation of organic and perovskite devices can be divided into two mechanisms:
intrinsic and extrinsic. Both of these mechanisms are related to mass-transport processes. The metal
electrode/active layer interfaces play major roles in the degradation of both devices [27]. Under normal
environmental conditions, the relatively high sensitivity of organic and perovskite materials towards
oxygen and moisture decrease the device reliability and lifetime.

2.1. Degradation of OPV Devices

Intrinsic degradation: It is due to changes in the structures of the interfaces between layers of
the stacking materials, owing to internal modification of the materials used. The key issue is stability,
which is limiting the practical applications of OPV devices. The lifetime of OPV devices is now over
many thousands of hours. These improvements of lifetime have been achieved with the application of
device architecture optimizations and different interface materials, especially after the investigation
of hole conductor layers incorporating carbon electrodes. This is promised stable, low cost, and easy
device fabrication methods.

Extrinsic Stability: It is affected by the infiltration of air, e.g., oxygen and water. Such degradation
from external factors can escalate by light irradiation. There are some organic materials and metal
electrodes can also be degraded by oxygen and water. Oxygen or moisture can be trapped during
the fabrication processes or they could diffuse into the cell structure during device lifetime. Due to
the following factors, oxygen strongly influences the extrinsic stability in some OPV devices [28]:
(i) fullerene molecules are hydrophobic and does not react with water; (ii) the exposure to oxygen
in air has negative impact on the electron-transport properties of fullerene; and (iii) oxygen forms
surface dipoles and increases the metal work-functions. The abovementioned properties yield in
the deterioration of the performance of conventional OPVs; however, they might initially enhance
the performance of inverted OPV [11]. The chemical degradation processes are the degradation of
the metallic electrodes, degradation of the transparent electrode, intermediate hole extraction layers,
and/or even the chosen method to synthesize the materials [29,30]. Although it is well-known that
oxygen is typically a p-type dopant in semiconductors, the oxygen vacancies act as electron donors [31].
The electronic properties of semiconducting p-type layers might be improved briefly upon exposure
to oxygen [32]. To overcome this issue, researchers have developed inverted OPV devices [33,34].
In a humid environment, the oxide layer can double in thickness, and hence block charge-tunnelling.
Unlike the abovementioned positive/negative effects of oxygen, there is hardly any positive impact of
water on OPV devices that has ever been suggested. Encapsulation delays the process of degradation,
but the currently available materials used for encapsulation. The overall device degradation is not
stopped, even by a complex encapsulation schemes, such as a sealed glass container or a high vacuum
chamber are employed, because the processes involving water and oxygen are efficiently alleviated.
The physical and chemical characteristics of the constituent materials are a complex phenomenon.
Several processes may take place simultaneously in both physical and chemical characteristics [35].
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2.2. Degradation of Perovskite Devices

There are several issues that are related to the degradation of PSCs, such as interface and device
instability. These must be addressed to achieve good reproducibility with high conversion efficiencies
and long lifetimes of PSCs. A comprehensive understanding of these issues in PSCs is required to
achieve stability breakthroughs for practical commercial applications. For the PCE improvement,
the stability of PSCs has to be improved for successful small- and large-scale applications.

The degradation of PSCs can occur as a result of intrinsic and extrinsic stability, such as thermal
instability (intrinsic stability) and susceptibility of the perovskite material to ambient conditions
(e.g., oxygen and humidity). Degradation can occur by other device structure components, such as
the degradation of the ETL (TiO; or ZnO) at the interface upon light irradiation and the lack of
stability of the hole-transport material [36,37]. The stability of perovskite thin films and PSCs has been
widely studied [38—40], which includes the degradation of the perovskite material upon exposure to
illumination, humidity, or increased temperature [41-44]. Different schemes have been investigated to
enhance the stability of PSCs, such as replacing the mesoporous layer [45], modifying the composition
or deposition process of perovskite material [46-49], using various charge-transport materials [50-55]
and carbon-based electrodes [46], and interfacial layers and / or surface treatments [56-59]. In most of
the researches on stability, the stability tests were reported after the devices being stored in the ambient
or dark with measurements of the device performance at regular intervals [52,54,55,60]. The report on
encouraging stability of the perovskite devices, such as 0.3% PCE drop in one month, often involves
storing them under dark in a low-humidity desiccator [39].

However, it is now well established that PSCs are very susceptible to high humidity.
The degradation is notably quicker under high humidity conditions [61,62], and it is much faster under
continuous illumination than degradation involving storage in the dark [56,62]. Even the degradation
under ambient illumination is significantly faster when compared to dark storage [63]. Since there is
no standard testing protocol for reporting stability test results, it is strenuous to draw comparisons
directly between test results from different publications. For example, Zhu et al. performed stability
tests under constant illumination over a short time period in an N, glovebox to prevent the intrusion of
humidity [62]. Thermal stability has been reported without exposure to illumination or humidity, or a
combination of thermal stress and illumination [64]. In some studies, a white light-emitting diode (LED)
was used for the illumination, not a solar simulator [50]. The stability can be over-estimated under
illumination, owing to the absence of strong UV component in the emission spectrum. The degradation
of the perovskite film is reportedly slower under illumination when a UV filter is used in order to
eliminate the UV component from the simulated sunlight illumination [43]. Some works have applied
several stress factors at the same time during the tests. The factors include constant illumination,
ambient humidity of +50%, and increased temperature [65]. Moreover, the moderately humid
environment has been used to obtain outdoor testing results [66].

Multiple stability tests have been performed on cells under low ambient humidity without
encapsulation, typically under dark conditions [38,46-49], with very few exceptions [50,57,67].
After several hours, devices without encapsulation generally displayed severe degradation under
continuous illumination whilst encapsulated devices showed a relatively longer lifetime [39].
In comparison to fully encapsulated devices with a protected edge, partially encapsulated devices
showed a shorter lifespan [46]. This signifies the importance of complete encapsulation in order to
enhance extend the lifetime of OPV and perovskite devices. However, the comprehensive comparison
between different encapsulation techniques for PSCs is still rare [65]. A careful and complicated
encapsulation system, developed by employing the combination of a desiccant material and UV epoxy
resin, exhibited significantly improved stability. However, the device performance quickly decreased to
<50% of the initial efficiency within 10 h under constant illumination and at an ambient humidity of 80%
and cell temperature of 85 °C [65]. The absence of standardized testing conditions and studies regarding
the effect of encapsulation on the device stability is hampering the advancements of stable organic
and perovskite cells. Various encapsulation methods have been investigated for common perovskite
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devices that include planar TiO, on fluorine doped tin oxide (FTO) glass, methylammonium lead
iodide (MAPbI3) as the active layer, and tetrakis[N,N-di(4-methoxyphenyl) amino]-9,9’-spirobifluorene
(spiro-OMeTAD) as the hole transport layer (HTL) [43]. The international summit on OPV stability
(ISOS) was followed for the organic solar cell testing (ISOS-L-2 and ISOS-O-1) [68].

2.2.1. Thermal and Photo Stability

It is found that the photo-stability of perovskite materials is a serious problem for the application
of PSCs. The perovskite material begins to decompose into Pblz at temperature 140 °C [69], and even
at temperature 85 °C when it is heated in nitrogen for 24 h [41]. The slight heating of perovskite
materials improved the performance of devices due to the formation of a small amount of Pblz which
passivate the perovskite. The device performance may be recovered if it is stored in the dark for a
short time. Poor photo-stability of perovskite materials could be raised from the local phase change
under an elevated temperature when exposed to light. The dual ion hybridization by compositional
material engineering at two sites (A and X) simultaneously can solve the perovskite materials stability.
The existing ionic components within the perovskite crystal structure would be partially substituted
by analogous ions of similar electronic properties, which would passivate the vulnerable sites present
within the structure and thereby eliminating the degradation pathways efficiently from the inside-out.
For example—the existing monovalent (A-site) organic cation would be partially substituted by metal
(Caesium, Cs*) ions. It has been experimentally proved that heat rather than moisture was the
main cause of PSC degradation [70]. The key stability of PSC is to prevent the escape of volatile
decomposition products from the perovskite solar cell materials. Polyisobutylene (PIB) encapsulation
is one of the promising low cost and low application temperature packaging solutions for PSCs.

2.2.2. Ton Movement

Ion migration in the perovskite materials is another critical issue for the PSCs [71]. The ions
(anion or cation) in the halide perovskite materials can move under bias voltage or thermal drift,
causing device instability. A schematic diagram of different ion/defects movements in perovskite
device structure is shown in Figure 3.
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Figure 3. Schematic diagram shows the various ion/defects movements in perovskite device structure
that could possibly lead to hysteresis phenomenon during current-voltage characteristic measurements.
The exact nature of each ion-movement processes and its degree of influence on hysteresis varies with

respect to the device structure and materials involved. Reprinted with permission from [71]. 2018 Solar
Energy Materials and Solar Cells.

This defects/ion migration, such as iodine vacancies across the interface, can induce interfacial
degradation. This defect migration affects device operational mechanisms and finally cause device
failure during operation [9,72].
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2.2.3. Electrode Degradation

The interfacial stability of PSCs is also critical for the overall device stability. Recently, it has
been found that reactions between iodine-based decomposition products, such as HI from perovskite
materials, and traditional metal electrode materials, such as Al or Ag, can lead to the formation of All3
or Agl, respectively [55]. The formation of All3 or Agl compound escalates perovskite decomposition
when the material is exposed in an ambient environment (Figure 3) [55]. One way of enhancing the
device stability is to insulate the perovskite material from the electrode (Ag/Al). The dispersal of
halide ions in PSCs through the charge transport layers could exert a negative impact on the long-term
stability of cells.

2.2.4. Charge Transport Layers Degradation

The reasons behind poor device stability of PSCs are due to either the perovskite materials or
charge transport layer interfaces. Organic semiconductor layers in the PSC structure that are used as
charge transport layers (ETL and HTL) are prone to both oxidization and water absorption that can
reduce the device stability. For example, an n-type fullerene, PCBM was used as an efficient ETL in
an inverted structure PSC [73]. The authors found that the PCBM went through changes in terms of
chemical states or band structure in ambient air, which was a major contributing factor to the device
degradation [73]. A p-type organic semiconductor, PEDOT:PSS, is generally used in the inverted
structure as the HTL. PEDOT:PSS has high water absorptivity and acidic properties causing etching of
the transparent conductive electrode, such as ITO. The hygroscopic and acidic nature of PEDOT:PSS
accelerates device degradation [55,74]. Lithium (Li) doped Spiro-OMeTAD salt is also hygroscopic
and can diffuse water into the light absorbing perovskite layer causing device failure [75]. Several
investigations suggested that oxygen de-absorption from TiO, surface (degradation of TiO; layer),
while light soaking leads to failure of devices [45]. Multiple techniques have been employed for the
improvement of the device stability [7,74]. Idigoras et al. [76] deposited thin polymer layer by the
remote plasma vacuum deposition of adamantine powder for the encapsulation of perovskite solar
cells. They observed that the deterioration of device performance was significantly delayed because of
the encapsulation layer.

Bella et al. [77] investigated the stability of PSCs by encapsulation of photochemical resistance as
well as moisture tolerance, a fluoro-polymeric light-curable coating on the back contact side. The use
of the fluoro-polymeric layer on top of the PSC has the prospect of preventing the oxygen and moisture
migration between the top back contact and the perovskite layer due to the hydrophobicity of the
coating. The fluoro-polymeric UV-coating possesses a cross-linked nature that can lower the free
volume when compared to the traditional non—cross-linked, polymeric systems. Hence, it is expected
to improve the long-term stability of PSCs [78]. Figure 4 displays the test results of device stability
in terms of PCEs under various atmospheric conditions and photochemical external stresses during
180-days (4320 h). Moreover, those encapsulated devices were tested in outdoor conditions for a time
of >3 months (i.e., 2160 h). Successful tolerance toward heavy rain, soil, and dust were observed on the
external surface made of glass. In real outdoor conditions, the fluorinated luminescent down shifting
layer with low-surface energy helps to clean the front electrode easily.

Uncoated and front-coated devices were studied for an overall period of six months in the aging
test. The devices were stored in a glove box filled with Ar for the first three months. The devices were
continuously illuminated for 8 h every day with a UV optical fibre with light intensity 5 mW-cm—2.
5% contribution from the UV light source (280-400 nm) helped to simulate the solar spectral irradiance
on Earth (AM1.5G, 1000 W-m~2). In the forced UV aging test (Figure 4), the uncoated devices (black
curve) had a reduction of 30% in their initial efficiency after one week of UV exposure and stopped
working after one month. All of the five front-coated cells (red curve) retained 98% of their initial PCE,
even after three months and demonstrated excellent stability under the same conditions.
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Figure 4. The aging test results on the three series of PSCs: (i) uncoated, (ii) front-coated with
a luminescent fluorinated coating, and (iii) front/back-coated (front coating with the luminescent
fluorophore and back contact coating with a moisture resistant fluoro-polymeric layer). The cells were
stored in an Ar environment during the first three months of the test period. They were kept in the air
with RH = 50% for the next three months. During the whole testing period, the PSCs were exposed
to continuous UV illumination. The device power conversion efficiency (PCE) was recorded once a
week. The inset shows a photograph of a front-coated solar cell at the end of the test. Reprinted with
permission from [77]. Copyright 2018 American Association for the Advancement of Science.

By simple visual inspection, the effects of degradation were easily detectable. The progressive
yellowing was observed in the mixed-perovskite layer upon 50% RH exposure. The back-contact
side was coated with a fluoropolymeric light-curable coating in the front/back-coated devices for
stabilizing the devices with enhanced photochemical resistance and moisture tolerance. A similar
method was used in the luminescent downshifting experiment for back-coated PSCs. It is hypothesized
that the use of highly hydrophobic fluoropolymeric layer on the PSC top can prevent water permeation
from the top back contact to the perovskite layer. In addition, the fluoro-polymeric UV-coating
possesses a cross-linked nature, leading to lower free volume when compared to the traditional
non—cross-linked, polymeric systems. Hence, the coating is expected to improve the long-term stability
of PSCs [79]. The aging test results of the front/back-coated PSCs (blue curve), i.e., devices with a
luminescent coating on front and a moisture-resistant coating on the back contact, is shown in Figure 4.
Even under the combined effects of photochemical and environmental stresses, all the five devices
retained exceptional stability of 98%.

The front/back-coated PSCs showed longer lifetime stability retaining most of their initial
efficiency the ageing test due to the following reasons:

e  securing the perovskite material from UV irradiation and converting it into visible photons;

e shielding devices from oxygen and moisture, hence blocking the hydrolytic behaviour of the
perovskite material;

e maintaining clean front electrode clean by the self-cleaning characteristics of this fluorinated
polymer. Similar results were also observed for outdoor tests performed.

The non-homogeneous deposition of the coating layers on the front/back side of the device can
cause slow hydrolysis of the active perovskite layer. To test the homogeneity of the deposited coating
layer, Bella et al. [77] dipped the devices with front/back coatings into the water for about a day.
No change in photovoltaic performance was observed in the front/back-coated devices, even after one
day of immersion in water.
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3. Encapsulation Requirements

To ensure satisfactory encapsulation (Table 1), the permeation of WVTR and OTR needs to be
two-three orders of magnitude lower than the bare substrate. Silicon-based dielectric films, deposited
by PECVD, have reportedly demonstrated excellent transparent, single-layer barrier performance [80].
However, on polymer substrates it is very difficult to obtain permeation levels that are 1000 times
lower by a single layer barrier. The increase in single-layer barrier thickness results in an OTR value
that is on-zero asymptotic and is governed by the defects in the barrier layer. Such defects are
typically generated from the intrinsic or extrinsic roughness of surface [81]. Hence, the performance
of single-layer, encapsulated gas barriers is controlled by the nano-meter size structural defects.
In theoretical calculations, the total permeation rate is much higher due to a large number of small
pin-holes than that from few but larger defects in the same total pin-hole area [82]. The lateral
diffusion of gas is more crucial when the defect diameters are smaller than the substrate thickness.
The multilayered deposition of inorganic materials can slightly enhance the performance of the
encapsulation barrier. The deposition of organic-inorganic multilayers films to obtain increased barrier
performance is the most common practice [83]. However, there are several challenges in the way of
utilization and development of thin-film encapsulation. To face these challenges, a variety of materials
have been developed to improve the device lifetimes, such as titanium oxide (TiOy). Using thin
films as barriers for device encapsulation is not sufficient for the protection of organic and perovskite
devices. The use of glass plates as encapsulation is the simplest and best example for the protection
of oxygen and moister. Glass encapsulation can supply the required oxygen and moisture protection
in the organic and perovskite solar cells for commercial application. However, glass encapsulation
cannot apply on inflexible devices. It has also been shown that a thin layer of SiO,C, acts as a barrier
for oxygen and moisture. Unfortunately, the PECVD process is required for the deposition of this
encapsulation film, which is expensive and uses complicated vacuum systems. This is also not suitable
to deposit on a flexible substrate as a barrier of oxygen and moister transmission. Although there are
other encapsulating materials, they cannot fulfil the barrier requirements for organic and perovskite
solar cells. In this review paper, we have presented different encapsulation materials used in various
approaches and integrated with organic and perovskite devices. In Table 2, we have summarized some
of the polymer materials with their WVTR values for the organic and perovskite solar cells. Recently,
using the RF plasma polymerization technique linalyl acetate [84,85] and terpinene-4-ol thin films
has been deposited for the encapsulation of devices. On the basis of surface and optical properties,
these polymer based thin films can be potential encapsulating layers for organic and perovskite solar
cells [86,87].

Materials for Encapsulation

The encapsulation materials should have high a dielectric breakdown that matches the refractive
index with other layers and high volume resistivity. Materials should be low cost, dimensionally
stability, and easy to deposit. WVTR and OTR represent the steady state rates at which water vapour
and oxygen gas, respectively, penetrate through the encapsulating film that affects the encapsulation
layer. Glass transition temperature (Tg) for organic encapsulation material is another important
property, which is dependent on the chain flexibility. The polymer mechanically varies from being rigid
and brittle and becomes tough and leathery. The maximum exposure temperatures on encapsulation
material and the effect on the mechanical behaviour of the material should be known. The light
transmission through the encapsulation materials is also important to measure to understand how it
will affect the device performance. The encapsulation material requirements are also to define the UV
absorption degradation, hydrolysis, and some other aspects. A list of suitable polymer encapsulation
materials and their specifications for the roll-to-roll fabrication of devices are given below.
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4. Discussion

Thin-film encapsulation is a vital technology that is required for the application and
commercialization of perovskite and organic solar cells. An effective encapsulation is crucial to
prevent the permeation of moister and oxygen to achieve the desired reliability and device lifetime.
More progress is needed to develop encapsulating materials for devices with specific requirements.
The processing conditions of EVA exposure time and damp heat affect its adhesion strength. Transport
of moister and oxygen through local pinholes become an issue for achieving ultrahigh barriers
encapsulation that is hard to be avoided. New encapsulation materials need to be developed to
fulfil the encapsulation requirements and achieve ultrahigh encapsulation barriers. Furthermore,
the encapsulation processing temperature of thin film should be within the temperature range that
is suitable for the organic polymer substrate materials. Usually, low-temperature PECVD processed
inorganic encapsulation thin films are not suitable for the encapsulation barrier, since these films suffer
from intrinsic defects. Water vapour and oxygen can easily diffuse through these defects. For high
performance encapsulation barriers, these intrinsic defects should be reduced or passivated. Inorganic
and organic alternating multilayer films can be one solution to reduce and avoid intrinsic pinholes.
The defects in the inorganic layers can be passivated by an organic film and do not channel continuously
through the multilayer structure. A steady state permeation rate of moister and oxygen can be
maintained by the multilayer encapsulation barrier structures. A transient rate of encapsulation barrier
can be maintained over a specific time-period that might exceed the desired lifetime of encapsulated
devices. Typically, the permeation rate in the transient region is lower than the permeation rate in the
steady state. It is suggested that the barrier performance characterization from the initial transient
period will provide an underestimation of the total permeation rate for long-term applications. As a
result, the barrier performance in multilayer structures should be characterized separately, such as
the steady-state and transient permeation rates. This should be used for the calculation of lag time
to avoid overestimation of expected device lifetimes or barrier performance during both storage and
application. Moreover, the deposition of high quality inorganic encapsulation layer with vacuum
deposition processes is expensive and low through put.

Since there are alternative deposition processes using different deposition chambers for organic
and inorganic layers, multilayer barrier structures are expensive. If inorganic layers can be deposited
from the solution precursors, it can be a promising solution to this problem, making it possible to
deposit inorganic and organic multilayer barriers employing similar deposition techniques. Hence,
totally solution process should be developed for low cost, high barrier materials for perovskite
and OPV encapsulation. Optimization of the individual film dimension can be useful multilayer
encapsulation structures. Before adapting these technologies, the quality of films should also be
improved. The reliability and continuous yield of encapsulation processes must be explored to reduce
the processing steps and time. Since perovskite and organic solar cells are very susceptible to moisture,
it is crucial to use a low-diffusivity edge seal material.

Graphene is a carbon-based one-dimensional material with excellent electronic and mechanical
properties offering limitless opportunities in device engineering. In line with this, graphene can be
used as a bi-functional electrode that will serve as a highly conductive charge collection electrode as
well as an encapsulant for the underlying organic or perovskite layers. This carbon-graphene based
encapsulation technology is sought to be a viable approach for large scale commercialization and
deployment of organic and perovskite solar cells technology.

5. Conclusions

Effective thin film encapsulation is crucial to prevent the permeation of water vapour and oxygen
for achieving the stability and desired life times of organic and perovskite solar cells. The problem
of achieving a thin layer encapsulation barrier is transport-dependent permeation through localized
pin-holes that is strenuous to control. New materials and technology are required to satisfy the
requirements of encapsulation to prevent the permeation of moisture and oxygen for the reliability
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and stability of devices. The encapsulation processing temperature of thin film should be within
the temperature range suitable for the organic and polymer substrate materials. Multilayer polymer
films of encapsulation can be a solution to block the pinholes in the films to stop the permeation of
water vapour and oxygen. However, the barrier performance of multilayer structures encapsulation
consists of a steady state permeation rate as well as a transient rate over a specified time. These rates of
encapsulation barrier can exceed the desired lifetime of encapsulated devices. The barrier performance
in multilayer structures should be characterized separately by the steady-state and transient permeation
rates over a specified time-period. Multilayer thin film encapsulation structures deposited under
vacuum will be exorbitant, owing to alternative deposition of layers in separate deposition chambers.
Solution process deposition can be a promising alternative for low-cost barrier materials for thin
film multilayers encapsulation. Subsequently, multilayers can be deposited with a similar deposition
process to obtain low-cost barrier materials. Film quality should be improved before adopting the
multilayer encapsulation technologies. Encapsulation layers with high quality are significant to
improve the device lifetimes.
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Abstract: Not all sunlight irradiated on the surface of a photovoltaic (PV) module can reach the cells
in the PV module. This loss reduces the conversion efficiency of the PV module. The main factors of
this loss are the reflection and soiling on the surface of the PV module. With this, it is effective to have
both antireflection and antisoiling effects on the surface of PV modules. In this study, the antireflection
and antisoiling effects along with the long-term reliability of the silica-based layer easily coated on
PV modules were assessed. A silica-based layer with a controlled thickness and refractive index
was coated on the surface of a Cu(In,Ga)Se; PV array. The array was exposed outdoors to assess
its effects and reliability. As a result of the coating, the output of the PV array increased by 3.9%.
The environment of the test site was relatively clean and the increase was considered to be a result
of the antireflection effect. Moreover, it was observed that the effect of the coating was maintained
without deterioration after 3.5 years. The coating was also applied to a silicon PV module and an
effect similar to that of the CIGS PV module was observed in the silicon PV module.

Keywords: photovoltaic; coating; antireflection; antisoiling; long-term reliability

1. Introduction

With a rising problem in the field of energy, renewable energy sources that are non-reliant on
fossil fuels continue to attract attention. Photovoltaics (PVs) was developed as an important and
promising technology and has been a top eco-friendly energy solution among the various sustainable
energy resources. Single and multi-crystalline silicon PVs are market leaders as first-generation PVs.
Currently, thin-film PVs, such as compound semiconductor PVs, play a vital role [1,2].

Not all sunlight irradiated on the surface of the PV module reaches the cells. The loss, from
incomplete utilization of sunlight, reduces the conversion efficiency of the PV module. Reflection
and soiling on the surface of the PV module, References [3—6], are among the main factors for this
loss. Both must be considered in the developing of high-efficiency PV systems. The cover glass of PV
modules reflects approximately 4% of the incident light irradiated to it [7]. Energy losses of the incident
light on PV modules occur through the reflection of the air/glass interface due to the difference in
the refractive index of the medium [8]. As most PV systems are installed outdoors, it is inevitable
for dust and other contaminants to be deposited on the system. Soiling on PV modules prevents
light transmittance and decreases the performance of PV systems [9-13]. Therefore, it is relevant to
incorporate antireflection and antisoiling effects on the PV module surface to improve the performance
of PV systems.
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To overcome common problems in PV systems, transparent coatings that have the ability to
suppress reflection and soiling effects spark the interest in PV technologies. Coatings with high
transmittance, and antireflection and self-cleaning properties gained significant attention among
other types of coatings [14-16]. Silica-based coatings with a nano-sized porous structure have
been recognized as a low-cost functional layer with antireflection and antisoiling effects [17,18].
By controlling its porosity, the refractive index can be adjusted to perform as an effective antireflection
material on PV modules. For coatings, the refractive index and layer thickness were adjusted to
increase transmittance [19]. Due to abundant hydroxyl groups in the silica coating, a very thin layer
of water can be adsorbed onto the PV module surface. This can prevent localization of electrostatic
charges by the electric conductivity of the thin water layer. The electrostatic charges can then be
discharged to the environment. Thus, the adhesion of dust can be prevented [20]. Moreover, with the
super-hydrophilicity of the coating, dust that adheres to the surface can easily be washed away with a
minimal volume of washing water.

Another important key factor of PV systems is long-term reliability. This plays a paramount role
in PV plants for a low-levelized cost of energy (LCOE). To retain high efficiency and low LCOE, soiling
and reflection must be well-suppressed in PV systems for a long period of time. Practically speaking,
itis important to investigate the long-term reliability of the coating on PV modules. This study assessed
the antireflection and antisoiling effects along with the long-term reliability of the silica-based layer
easily coated on PV modules.

2. Materials and Methods

In April 2010, a Cu(In,Ga)Se; (CIGS) PV system was installed on the roof of a seven-story building
at the University of Miyazaki, Miyazaki, Japan. This system had never been cleaned until 25 December
2014, when cleaning and coating was carried out for the first time since installation. Three arrays
(array A, array B, and array C) in the CIGS PV system were used in this study. Table 1 shows the details
including the respective treatments applied to each CIGS array. All arrays comprised modules of the
same model number and each, with a rated power of 10.2 kW, was composed of 120 modules. Array A
was the reference array and did not undergo any treatment. Arrays B and C were cleaned with water
using a rotating brush. After the cleaning, a silica-based layer with antireflection and antisoiling effects
(EXCEL PURE, Central Automotive Products, Osaka, Japan) was coated on the module surface of
array C. The dispersion medium of the coating liquid was composed of a mixture of alcohol and water,
and silica having a size of 10 to 100 nm was dispersed.

Table 1. Details of each CIGS array.

Array Number of Modules Rated Power (kW) Treatment
A 120 10.2 No (reference)
B 120 10.2 Cleaning
C 120 10.2 Cleaning and coating

The coating was carried out by immersing the coating liquid containing nano-sized silica in a
sponge phase resin and scanning the resin on the PV modules, as shown in Figure 1a. Inmediately after
the coating, the solvent in the coating liquid evaporated and a porous silica layer was formed on the
PV modules. The coated layer mainly comprised porous silica that contained many hydroxyl groups
that adsorbed water on the surface. To confirm the thickness, the silica layer was coated on a glass
substrate with the same method and a cross-sectional image was measured with a transmission electron
microscope (JEM-2200FS, JEOL, Tokyo, Japan). The thickness of the coated layer was approximately
150 nm. Figure 1b shows the module surface after coating. The color of the coated area evidently
turned darker. On 25 December 2014, cleaning and coating were carried out. The arrays were exposed
outdoors to assess the effects and the reliability of the coating. Details of this treatment method were
reported in Reference [19].
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The array performance was evaluated using performance ratio (PR) as an indicator. PR was
derived as follows:
Enuf(kWh)
GI (kWh/m?) 1
10.2 (kW) [rated power of a PV array] ” )
1 (kW/m?2) [GI for rating]

PR =

where Eqyy and GI are the measured energy yield and amount of global solar radiation measured with
a pyranometer, respectively.

e phase resin

4

(b)

Figure 1. (a) Coating method using sponge phase resin; (b) surface of the PV modules.

3. Results and Discussions

Although the three arrays investigated in this study comprised the same modules, there were some
variations in the output between the arrays due to the differences of initial output and installation
position. To cancel the initial output difference between the arrays, the daily PR was divided by
the average PR for one year (from 25 December 2013, to 24 December 2014) before the treatment.
Figure 2a shows the normalized daily PR (NPR) of Arrays B and C. NPRs for Arrays B (NPRg) and C
(NPR¢) showed seasonal variation. NPRs have higher values during the winter season (December,
January, and February) and lower values during the summer season (July, August, and September).
This is because during the summer and winter seasons, the module temperatures are high and low,
respectively. NPRg and NPR¢ are almost the same value before the treatment (25 December 2014).
On the contrary, NPRc (cleaning and coating) after the treatment was clearly higher than NPRg
(cleaning only). In both arrays, a slight decrease in the PR, due to system degradation, was observed.

To clarify the effects of the treatment on the performance of the PV module, NPRg (cleaning
only) and NPR¢ (cleaning and coating) were divided by the normalized daily PR of reference, array A
(no treatment). Figure 2b shows the twice normalized daily PR of arrays B and C. In Figure 2b, the
seasonal variation and age deterioration, which can be observed in Figure 2a, almost disappeared
as a result of the second normalization. From this figure, the effect of the treatment can be clearly
assessed. It was found that the twice normalized PR of array B before and after cleaning had little
change. This result indicates that the cleaning did not increase the performance of the PV module at
the installation site of this study. The environment of the test site was relatively clean because there
were no industrial plants or arterial roads near the site and the arrays were installed at a high altitude
(the rooftop of a seven-story building). In contrast, the twice normalized PR of array C increased after
cleaning and coating. The effect of the coating was clearly observed and the performance of the PV
module improved. As the test site was located in a clean environment and the antisoiling effect was
not noticeable, this performance improvement was thought to be due to the antireflection effect.

To quantitatively evaluate the effect of the coating, NPRc was divided by NPRg. Figure 2c shows
NPRc/NPRg. NPRc/NPRp immediately increased after the coating on 25 December 2014. The average
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value of NPRc /NPRg from 25 December 2014, to 30 June 2018 was 1.039. The performance of the PV
improved by 3.9% due to the antireflection effect of the coating.

Moreover, it was found that the effect of the coating was maintained without deterioration even
after 3.5 years. In order to reduce the LCOE of PV systems, it is necessary to improve the long-term
reliability of the elements constituting it. The coating can be applied via a simple process and with
a film thickness as thin as 150 nm. Nevertheless, the coating maintained its effect, for 3.5 years,

without deterioration.
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Figure 2. (a) Normalized daily PR of arrays B (NPRg) and C (NPRc), (b) twice normalized daily PR
of arrays B and C (NPRp and NPR¢ were divided by the normalized daily PR of reference array A),

and (c) NPRc /NPRg.

The main reason for reflection is the change in the refractive index from air (with a refractive index
of 1) to glass (with a refractive index of 1.5 at 589.3 nm). In the case of PV modules, inserting a thin
film with a refractive index between air and glass on the cover glass works as an antireflection layer.

Figure 3 shows the refractive index from 200 to 1200 nm of the coating assessed in this study.
The refractive index was measured using a film thickness monitor (FE-3000, Otsuka Electronics,
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Hirakata, Japan). The refractive index of the coating was 1.295 at 589.3 nm. This value is intermediate
between air and glass which allowed the coating to act as an antireflection layer.

In this study, the silica-based coating was applied on the CIGS PV modules through a simple
process and its effect on PV performance was assessed. The improvement of PV performance was
maintained long term, 3.5 years without deterioration. This coating can be applied to other PV modules
using glass materials as a cover glass.

Single-crystalline silicon PV modules of the same model number (GT85F, KIS, Saku, Japan) were
prepared to be utilized for the assessment. The power of the modules was equal, rated at 90 W.
The silica-based layer was coated on the surface of the module. Figure 4 shows the surface of the
silicon PV modules after coating. The two modules were coated (modules X and X’) and the other two
modules were not coated and act as references (modules Y and Y’). The color of the coated modules
(modules X and X’) evidently changed to a darker shade. This was credited to the antireflection effect
of the coating. The silicon PV modules were installed and assessed at the University of Miyazaki.

Refractive index
R
=

200 400 600 800 1000 1200
Wavelength (nm)

Figure 3. Refractive index as a function of the wavelength for the silica-based coating.

Figure 4. The surface of silicon PV modules. The two modules were coated (modules X and X’) and

the other two modules were not coated to act as references (modules Y and Y”).

Figure 5 shows the current-voltage characteristics of module X before and after coating, measured
using a solar simulator under standard test conditions. The short-circuit current increased, from 5.56
to 5.74 A (3.2% gain). The same coating effect as that of the CIGS PV module was also observed in the
silicon PV module.
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The single-crystalline silicon PV modules, with and without coating, were exposed outdoors from
1 December 2015 to assess the effect of the coating. To clarify the effect of the coating, the daily PR
of module X, with coating (PRx), was divided by that of module Y, without coating (PRy). Figure 6
shows the PRx/PRy. The PRx/PRy increased with an average value of 1.031 (a 3.1% gain) from
1 December 2015 to 1 April 2016. The environment in which the silicon PV modules were placed was
found to be a clean environment with minimal dust and the output gain was considered to be due to
the antireflection effect. The coating can be applied not only for CIGS PV modules but also for silicon
PV modules.
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Figure 5. Current-voltage characteristics of module X before and after coating measured using a solar
simulator under standard test conditions.
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The cost to apply the coating (cleaning and coating) was 1.5 million JPY for a 1 MW PV system.
The yearly output of a 1 MW PV system in Japan is approximately 1000 MWh. Assuming that the
power selling price is 20 JPY/kWh and the output gain from the coating is 3.5%, an annual sales
increase of 700,000 JPY can be expected. The coating fee will be paid in two years.

Many commercial PV power plants do periodic cleaning to keep energy yields up. The surface
damage by the cleaning is becoming a big issue in the PV industry. The durability of the coating to
the robot cleaning or other harsh cleaning has not been examined. However, it is expected that the
frequency of cleaning and the harshness required for cleaning can be suppressed due to the antisoiling
effect of the coating.
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4. Conclusions

In this study, the antireflection and antisoiling effects, and long-term reliability of the silica-based
layer easily coated on PV modules was assessed. A silica-based layer with antireflection and antisoiling
effects was coated on the surface of CIGS PV arrays, and the arrays were exposed outdoors to assess
the effects and the reliability of the coating. By controlling the porosity of the coating, the refractive
index was adjusted to act as an effective antireflection material on PV modules. The output of the
coated PV array showed a 3.9% increase in the amount of energy collected, confirming that the coating
effectively increased the performance of the PV array due to the antireflection effects. Moreover, it
was found that the effect of the coating was maintained without deterioration for more than 3.5 years
from the date of coating. The environment of the test site was relatively clean, with a minimal amount
of dust, as there were no industrial plants or arterial roads near the site location and the arrays were
installed at a high altitude (on the rooftop of the seven-story building). The antisoiling effect of the
coating was not considered as the PV array was not sufficiently dirty to exert a significant influence on
the performance of the PV array. The coating was also applied to a silicon PV module and the same
effect as that of the CIGS PV module was seen.
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Abstract: Surface-enhanced Raman scattering (SERS) sensors are very powerful analytical tools for
the highly sensitive detection of chemical and biological molecules. Substantial efforts have been
devoted to the design of a great number of hybrid SERS substrates such as silicon or zinc oxide
nanosystems coated with gold/silver nanoparticles. By comparison with the SERS sensors based on
Au and Ag nanoparticles/nanostructures, higher enhancement factors and excellent reproducibilities
are achieved with hybrid SERS nanosensors. This enhancement can be due to the appearance of
hotspots located at the interface between the metal (Au/Ag) and the semiconducting substrates.
Thus, in this last decade, great advances in the domain of hybrid SERS nanosensors have occurred.
In this short review, the recent advances of these hybrid metal-coated semiconducting nanostructures
as SERS sensors of chemical and biological molecules are presented.

Keywords: SERS; sensors; plasmonics; silicon; zinc oxide; metals

1. Introduction

Since the 2000s, surface enhanced Raman scattering (SERS) spectroscopy based on a
nanostructured substrate has become a powerful and promising technique for highly sensitive
detection of chemical/biological molecules [1-4]. SERS performance depends on the substrates,
which are mainly realized with metallic nanoparticles [5-9] or nanostructures [10-12] with different
geometries obtained by various techniques such as X-ray interference lithography [13], interference
lithography [14,15], deep UV lithography [16,17] and electron beam lithography [18-20]. Large SERS
enhancement ability and reproducibility are achieved by these techniques. However, they require costly
equipment and heavy manufacturing processes for mass production. Several low-cost strategies such as
nanosphere lithography [21-23], nanoimprint lithography [24-26] and metallic nanoparticle assemblies
by self-assembling processes [27-29] are employed as an alternative method for industrial production.
Nonetheless, a limiting factor of these two low-cost techniques is the definition of nanostructures
on large surfaces. More recently, alternative and promising SERS substrates have emerged and are
composed of silicon nanowires associated with metallic nanoparticles [30-40] showing ultrahigh
sensitivity and excellent reproducibility. For example, Galopin et al. investigated silicon nanowires
coated with silver nanoparticles on large surfaces [38]. In addition, another alternative solution is
to choose zinc oxide (ZnO) nanostructures. Indeed, this semiconducting material can be applied
to SERS sensing [41-44] because ZnO has an excellent propensity for nanostructuration combined
with a relatively high refractive index, which better confines the light and thus induces a potential
enhancement of the SERS effect as for the silicon having also a high refractive index. For instance,
Sinha et al. investigated ZnO nanorods coated with a gold layer [42]. Compared with SERS substrates
only based on pure Au or Ag nanoparticles which have relatively low values of enhancement factors
(EF), both hybrid nanostructures enable achieving higher EFs due to the hotspots located at the
interface between the metal (Au/Ag) and the semiconducting substrates (Si/ZnO), which potentially
improve the detection limit. Moreover, a great reproducibility of SERS signal is obtained with these
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hybrid nanosystems. Thus, a great number of hybrid nanostructures was carried out and employed as
SERS substrates for obtaining high-performance sensors of different chemical/biological molecules
with an excellent reliability and reproducibility.

During these two last decades, great progress has occurred in this research topic and a very small
number of reviews concerning this progress can be found. Thus, an overview of these promising
advances in the development of hybrid SERS nanosensors is presented. Firstly, we report on a review
of the design and fabrication of hybrid SERS substrates based on silicon. Next, the representative
results on the high sensitivity and the reproducibility of detection of chemical or biological molecules
concerning tthese metal-coated Si SERS nanosensors are summarized. Lastly, a review on hybrid SERS
substrates based on zinc oxide is reported concerning their fabrication and their SERS performances.

2. Hybrid SERS Nanosensors Based on Silicon Nanostructures

2.1. Fabrication Methods of Metal-Coated Si Nanosensors

Silicon nanostructures such as nanowires (SiNW) or nanopillars (SiNP) can mainly be obtained
with the following fabrication methods, which are the solution phase synthesis (SPS) [45,46],
the vapor-liquid-solid (VLS) growth [38,47-50], the oxide-assisted growth (OAG) [36,51,52],
lithographic methods coupled to an etching process [53-55], and the metal-assisted chemical etching
(MACE) [40,56,57] (see Figure 1a,b). More recently, a couple of techniques emerged such as maskless
processes by reactive ion etching (RIE) [35] or RIE processes through the oxide native layer of
silicon [58-60] (see Figure 1c). Moreover, a few groups employed a technique combining two existing
techniques: the nanosphere lithography (NSL) and the MACE technique [61-64] (see Figure 1d for the
principle scheme of this coupled technique of fabrication).

SIS
IR o O
...._.._:‘. :: ::: ¢
~
| Polystyrene spheres (PS) RIE process Au deposition
j for NSL !
Remove PS Remove Au MACE

3-Mercaptopropyl AuNPs/Si nanorods

Figure 1. Three examples of metal-coated Si nanostructures (SEM images): (a) Si nanowires produced
via a MACE technique (height /1 = 24.3 £ 1.9 um and nanowire diameter: 50 nm < D < 300 nm) coated
with Ag nanoparticles (average AgNP diameter: d = 30 nm), reproduced from [31] with permission
from the Royal Society of Chemistry; (b) Si nanowires produced through an Ag-assisted chemical
etching of 1n-5i(100) wafer (height #~32 pum and diameter: 80 nm < D < 200 nm), reprinted with
permission from [37], Copyright 2010 American Chemical Society; (c) Au/Si nanopillars (NP) obtained
with the fabrication technique based on an RIE process through the oxide native layer followed by
a deposition of a gold layer of 30 nm (scale bar = 5 pm, radius R~125 nm and height /#~1000 nm);
(d) principle scheme of the low-cost fabrication process combining NSL and MACE for producing
AuNP-conjugated Si nanorod arrays (reprinted with permission from [63], copyright 2017 American
Chemical Society).
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Thus, the SiNWs or SiNPs obtained with these various fabrication techniques are then modified
with a metallic layer [35,58-60] or nanoparticles (e.g., Au and Ag nanoparticles) [31,36-39] in order
to realize SERS substrates with significant performances in terms of the enhancement factor and the
detection limit of biological and chemical molecules. The coating of Si nanostructures for SERS sensing
is generally obtained with several Au nanostructures such as spherical nanoparticles, cylindrical
nanorods, or triangular prisms [34]. Another technique employed for realizing metallic nanoparticles
on silicon nanowires is the use of oxidation-reduction reactions, which consist of the reduction of
metal ions by the electrons coming from the reaction on the SINW surfaces etched by hydrofluoric
acid [65]. These different metal-coated Si nanosensors have been fabricated in a major part at the
wafer-scale [31,35,38,40,58-60,63].

2.2. SERS Performances of Metal-Coated Si Nanosystems for Chemical and Biological Sensing

In order to evaluate the SERS performances of metal-coated Si nanotructures for sensing of
biological and chemical molecules, the enhancement factor (EF) is usually calculated. For that,
two expressions are mainly employed. These two formulas giving EF and AEF (AEF = Analytical
Enhancement Factor) are as follows:

EF — ISERS > NRamtml (1)
IRaman NsErs

AEF — Isgrs % CRamun’ (2)
IRaman CSERS

where Isprs and Irgman are SERS and Raman intensities for a given Raman peak, respectively.
The Nsprs and Ngapman quantities are the numbers of excited molecules of analytes in SERS and
Raman measurements, respectively. Finally, Csgrs and Crayqn correspond to concentrations of studied
analytes used for SERS and Raman experiments, respectively. Firstly, the silicon nanowires coated
with metallic nanoparticles demonstrated excellent SERS performances (see Table 1). For instance,
Galopin et al. showed an EF factor in the range of 107-10% and a limit of detection (LOD) of 10 fM
measured experimentally for the detection of Rhodamine 6G (R6G) molecules with Si nanowires coated
with Ag nanoparticles [38] (see Figure 2a,b). With the same type of metal/Si systems (AgNPs/SiNWs),
Zhang et al. obtained an EF factor in the range of 108-10'0 for the detection of Sudan dyes [37].
Furthermore, an EF factor in the range of 6 x 10°-8 x 10 is achieved and an LOD of 1 fM is
experimentally measured for the DNA detection in the work of He et al. [36]. Besides, Wei et al. also
demonstrated an LOD of 10 fM measured experimentally for the DNA sensing with Si nanowires
coated with gold nanoparticles [33].

Secondly, the metal-coated Si nanosystems obtained with low-cost techniques also achieved
great SERS performances for chemical and biological detection (see Table 1). Recently, Lin et al.
fabricated Si nanorods with the coupling of the NSL and MACE techniques, and then coated these
Si nanorods with gold nanoparticles (see Figures 1d and 2c,d). A value of 3 x 107 is achieved for
the enhancement factor for the detection of Rhodamine 6G molecules [63] (see Figure 2d for SERS
spectra). By using this technique of NSL associated with MACE, Cara et al. also showed a great EF of
1.6 x 10° for the detection of 7-mercapto-4-methylcoumarin (MMC) molecules with gold-coated Si
nanowires [62]. With this same fabrication technique, Huang et al. achieved an EF of 1.1 x 10° for the
detection of 4-aminothiophenol (4-AT) molecules with silver-coated Si nanowires [66]. By another way,
Schmidt et al. demonstrated an EF value of 7 x 10° for the detection of trans-1,2-bis(4-pyridyl)ethylene
(BPE) with leaning Ag-coated Si nanopillars. These nanosystems have been produced with a maskless
process by using reactive ion etching. By leaning the Ag/Si nanopillars, hotspots are created and thus
improving the Raman signal enhancement [35].
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Figure 2. (a) Si nanowires produced by the vapor-liquid—-solid growth (height: 5 um </ < 6 um and
nanowire diameter: 50 nm < D < 150 nm) coated with Ag nanoparticles (diameter: 4 nm < d < 40 nm);
(b) SERS spectrum of Rhodamine 6G (R6G) molecules (Crgi = 10~9 M) adsorbed on AgNPs/SiNWs.
(a,b) are reprinted with permission from [38], copyright 2009 American Chemical Society; (c) Si nanorod
array obtained with the combination of the NSL and MACE techniques followed by the grafting of
gold nanoparticles having a diameter of 20 nm on Si nanorods (period P~500 nm between two Si
nanorods, diameter D~200 nm and height 1~1300 nm); (d) SERS spectra of R6G molecules adsorbed
on AuNPs/SiNRs for concentrations varying from 10710 to 1076 M; (c,d) are reprinted with permission
from [63], copyright 2017 American Chemical Society.

Table 1. SERS performances of metal-coated Si nanosystems for chemical and biological sensing.

SERS Substrates Detected Molecules EF or AEF LOD (M) RSD Refs.
AgNPs/SiNWs R6G 107-108 10714 - [38]
AgNPs/SiNWs Sudan Dyes 108-10'0 - <30%  [37]
AgNPs/SiNWs MB 10°-4 x 10° = <10%  [31]
AgNPs/SiNWs DNA 6 x 10°-8 x 10° 101 - [36]
Ag/SiNWs Calcium Dipicolinate - 4x107°  <20%  [40]
Ag/SINWs 4-AT 1.1 x 100 - <15%  [66]
AuNPs/SiNWs DNA - 10~14 <10%  [33]
Au/SiNWs MMC 1.6 x 100 - <20%  [62]
AuNPs/SiNRs R6G 3 x 107 10-10 <8%  [63]
Leaning Ag/SiNPs BPE 7 x 10° - ~10%  [35]
Au/SiNPs Thiophenol 107-108 = <7%  [58]
Al/SiNPs Thiophenol 1.5 x 107-2.5 x 107 - <7%  [60]

AgNPs = Ag nanoparticles; AuNPs = Au nanoparticles; Au or Ag or Al = metallic layer; SiNWs = Si nanowires;
SiNRs = Si nanorods; SiNPs = Si nanopillars, and RSD = Relative Standard Deviation for SERS intensity.
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In addition, Prof. Barbillon’s group demonstrated excellent enhancement factors (EF or AEF)
for the detection of thiophenol molecules with Au/Si and Al/Si nanopillars. For these two cases, Si
nanopillars have been produced by a RIE process through the oxide native layer of silicon followed
by the evaporation of a metallic layer. The values achieved for EF (for Au/Si) and AEF (for Al/Si)
are in the range 107-108 [58] and 1.5 x 107-2.5 x 107 [60], respectively. Furthermore, this group also
showed that the thickness of the metallic layer (for gold) has an effect on the SERS enhancement [59].
Lastly, other groups also demonstrated SERS enhancements with other shapes of Si nanosystems such
as a tip-shaped silicon metasurface coated with gold nanoparticles [67,68], a hybrid Si nanospheroid
network ornamented with gold nanospheres [69], silver-coated Si nanopores [70], or Si nanowire
arrays coated silver nanoparticles [71,72]. To conclude Section 2, the interests of the metal-coated
Si nanosystems are the use of fabrication techniques known as large-surface techniques, and also
the plasmonic coupling between the metallic layer/nanoparticles and the semiconducting silicon
substrate [38,58,73] in order to potentially improve the Raman enhancement. Moreover, a great
reproducibility of the SERS signal is achieved with both metal-coated Si nanosystems produced with the
techniques previously cited (average RSD = 15%, see Table 1). The Relative Standard Deviations for the
SERS intensity of the studied Raman peaks are calculated on the basis of several SERS spectra recorded
on different locations of each SERS substrate studied here. Nonetheless, some of these fabrication
techniques are expensive and time consuming for a mass production. Finally, EF values obtained with
the metal-coated Si nanosensors are higher or equal to more conventional SERS substrates such as
core-shell nanosphere dimers (EF = 10°-5 x 107 for Au-SiO, or Au-Pt nanosphere dimer) [74,75],
a bare Au nanosphere dimer on a Si surface and on Pt surface (EF = 10°-9 x 107) [74,76], or Au
nanoparticles with a silver coating (EF = 10%-10°) [77].

3. Hybrid SERS Nanosensors Based on Zinc Oxide Nanostructures

3.1. Fabrication Methods of Metal-Coated ZnO Nanosensors

To produce metal-coated ZnO nanosystems, several techniques can be employed. At first,
this begins by the fabrication of ZnO nanostructures by using various growth techniques
such as the pulsed-laser deposition (PLD) [44,78-80], the hydrothermal growth [42,43,81] (see
Figures 3a,b and 4a,c), the vapor-liquid-solid (VLS) or vapor—solid (VS) growth [41,82-84] (see
Figure 5b). Then, after this step, metallic nanoparticles or a metallic layer are added with different
techniques such as a sputtering process [41-43], an electron beam evaporation [44], a hydrothermal
method [85], a controlled wet chemistry method associated with a spin-coater [86], a photochemical
deposition method [81,87], and a dip-coating process [82]. In addition, a low-cost and wafer-scale
technique based on NSL and solution processes has been developed by He et al. (see Figure 3d
for the principle scheme of this fabrication method) for producing, for instance, urchin-like Ag
nanoparticle/ZnO hollow nanosphere arrays (see Figure 3c) [88]. These different metal-coated ZnO
nanosensors have been realized in a major part at the wafer-scale [41-43,85,86].
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Figure 3. Three examples of metal-coated ZnO nanostructures: (a) SEM images of Au/ZnO nanorods
and the insert is a picture at a weaker magnification (scale bars = 100 nm; reprinted with permission
from [42], copyright 2011 American Chemical Society); (b) SEM image of AgNP-decorated Si/ZnO
nanotrees (scale bar = 100 nm; reprinted with permission from [81], copyright 2010 American Chemical
Society); (c) SEM images of an urchin-like AgNPs/ZnO hollow nanosphere (HNS) array and the
insert corresponds to a picture recorded with a higher magnification; (d) principle scheme of the
low-cost fabrication process of urchin-like AgNPs/ZnO HNS array; (c,d) are reproduced from [88]
with permission from the Royal Society of Chemistry.

3.2. SERS Performances of Metal-Coated ZnO Nanosystems for Chemical Sensing

As previously, to evaluate the SERS performances of metal/ZnO nanotructures for sensing of
chemical molecules, the enhancement factor (EF) is usually calculated by using one of the two equations
Equations (1) and (2), and sometimes a formula of the SERS gain (Gsgrs) is also used:

G _ Isggrs
SERS = 7 ©)

Raman
where Isprs and Irgman are SERS and Raman intensities for a given Raman peak, respectively.
Firstly, the zinc oxide nanostructures coated with gold nanoparticles or a gold layer demonstrated
excellent SERS performances (see Table 2). For instance, Chen et al. demonstrated an excellent EF
of 1.2 x 107 obtained with Rhodamine 6G (R6G) molecules by using Au/ZnO nanoneedles (see
Figure 4a,b). They also showed that the EF value depended on the density of gold nanoparticles and
the morphology of Au/ZnO nanoneedles [85]. Another interesting example is those of Sinha et al.
where zinc oxide nanorods have been coated with a gold layer, and a limit of detection (LOD) in
terms of concentration was experimentally found and equals 1 pM for methylene blue (MB) molecules.
They also demonstrated a good reproducibility of the SERS signal before each cleaning cycle assisted

82



Coatings 2019, 9, 86

by UV [42]. Other groups observed different effects on the SERS signal such as the metal thickness [41],
the density of gold/ZnO nanostructures [44] and the renewability of the gold /ZnO substrates [87,89].
Secondly, the zinc oxide nanostructures coated with Ag nanoparticles or a silver layer also showed
great SERS performances (see Table 2). For example, Cui et al. showed a great EF evaluated at
2.5 x 10'% and an LOD of 1 pM measured experimentally for Malachite green (MG) molecules by
using ZnO nanowire arrays coated with Ag nanoparticles (see Figure 4c,d). A low concentration of
amoxicillin (1 nM) has been also experimentally detected with these Ag/ZnO nanostructures [43].
Furthermore, He et al. obtained great SERS performances for the detection of Rhodamine 6G molecules
with urchin-like Ag nanoparticle/ZnO hollow nanosphere arrays. An EF of 10° is found and an LOD
of 1071% M is experimentally measured. They demonstrated that the SERS enhancement came from the
great density of hotspots created by the multi-AgNP decoration, the charge transfer between Ag and
Zn0, and the plasmonic coupling between AgNPs [88]. In another way, Song et al. observed a great EF
of 1.2 x 10® and experimentally measured an LOD of 1 pM for p-aminothiophenol (PATP) molecules
with ZnO nanofibers deposited on a silver foil surface. They demonstrated that SERS enhancement
came from the exciton—-plasmon interactions between ZnO nanofibers and the Ag foil surface, and also
the fact that this type of Ag/ZnO nanosystem has a great photocatalytic activity towards pollutant
(in this example, methylene blue (MB) molecules) degradation under UV illumination [90].
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Figure 4. (a) SEM images of Au/ZnO nanoneedles and the insert is a zoom on a couple of nanoneedles;
(b) SERS spectra of R6G molecules (Crsc = 107 M) adsorbed on Au/ZnO nanoneedles. (a,b) are
reprinted with permission from [85], copyright 2010 American Chemical Society; (c) SEM images of
Ag/ZnO nanowire array (NWA) and the insert corresponds to the cross-section of this array; (d) SERS
spectra of MG molecules adsorbed on Ag/ZnO NWA for different MG concentrations; (c,d) are
reproduced from [43] with permission from the Royal Society of Chemistry.
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Table 2. SERS performances of metal-coated ZnO nanosystems for chemical sensing.

SERS Substrates Detected Molecules EF/AEF/Gsggs LOD (M) RSD Refs.
Au/ZnO-NWs 4-MBT 2.2 x 100 - <10% [41]
Au/ZnO nanoneedles R6G 1.2 x 107 - <15% [85]
Au/ZnO-NRs MB - 10712 - [42]
Au/ZnO Inverse Nanostructures Thiophenol 1.4 % 10° - <20% [89]
AuNPs/ZnO-NRs (Dendritic) R6G - 10~° - [87]
Au/ZnO-NPs Thiophenol 24 - 7%—45%  [44]
AuNPs/Ag/ZnO-Nanocones Thiophenol 10101011 1079 - [82]
AgNPs/ZnO-NWs MG 2.5 x 1010 10712 - [43]
AgNPs/Si/ZnO nanotrees R6G 10° - <20% [81]
AgNPs/wheatear-like H-ZnO R6G 4.9 x 107 10~? <15% [86]
AgFoil/ZnO nanofibers PATP 1.2 x 108 10712 - [90]
AgNPs/urchin-like ZnO-HNS R6G 108 10-10 <20%  [88]
AgNPs/ZnO-Nanoworms R6G 3.1 x 107 10-10 - [91]
AgNPs/ZnO-NRs 4-ATP 2 % 10° - - [92]

AgNPs = Ag Nanoparticles; Au = metallic layer; ZnO-NWs = ZnO Nanowires; ZnO-NRs = ZnO Nanorods,
H-ZnO = Hydrogenated ZnO, ZnO-NPs = ZnO Nanopillars, ZnO-HNS = ZnO Hollow Nanospheres, and
RSD = Relative Standard Deviation for SERS intensity.

Several groups also demonstrated interesting properties for the Ag/ZnO nanosystems such as
the superhydrophobicity [91], the hydrogenation of ZnO for improving the SERS enhancement [86],
and their integration in microfluidic systems [92]. Finally, a couple of groups observed excellent EF
with AgNPs/Si/ZnO and AuNPs/Ag/ZnO nanosystems. Indeed, Cheng et al. achieved an EF of
10° with Rhodamine 6G molecules by using AgNPs/Si/ZnO nanotrees [81], and Lee et al. an EF of
10'°-10™ and an LOD of 10~ M which was experimentally measured with thiophenol molecules
by using AuNPs/Ag/ZnO nanocones (see Figure 5). With this original design, Lee et al. obtained
significant improvements of the SERS signal by using both following properties: the light trapping thanks
to the nanocone arrays with a graded refractive index, the effect of plasmonic waveguide obtained with
Ag-coated nanocones, and gap plasmons between AuNPs and Ag film (see Figure 5a) [82].
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Figure 5. (a) scheme of the detection principle of SERS nanosensor (Electric field located at the tip
and at the particle—film gap; SPP = Surface Plasmon Polariton and LSP = Localized Surface Plasmon);
(b) SEM image of an AuNPs/Ag/ZnO nanocone; (c) SERS spectra of thiophenol molecules adsorbed
on AuNPs/Ag/ZnO nanocones at the trace level (for three very low concentrations). All are reprinted
with permission from [82], copyright 2015 American Chemical Society.
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To conclude Section 3, the interests of the metal-coated ZnO nanosystems are mainly the use of
low-cost fabrication techniques, the plasmonic coupling between the metallic layer/nanoparticles and
the semiconducting substrate, and also the plasmonic coupling of metallic nanoparticles in order to
potentially improve the Raman enhancement. Moreover, a good reproducibility of the SERS signal is
also achieved with both metal-coated ZnO nanosystems fabricated by the techniques previously cited
(average RSD = 20%, see Table 2). As for metal-coated Si nanosystems, the RSD values concerning
the SERS intensity of the studied Raman peaks are calculated on the basis of several SERS spectra
recorded at different locations of each SERS substrate studied here. Finally, EF values obtained with
the metal-coated ZnO nanosensors are higher or equal to more conventional SERS substrates such
as core—shell nanosphere dimers (EF = 10°-5 x 107 for Au-SiO, or Au—Pt nanosphere dimer) [74,75],
a bare Au nanosphere dimer on a Si surface and on Pt surface (EF = 10°-9 x 107) [74,76], or Au
nanoparticles with a silver coating (EF = 10*-10%) [77].

4. Conclusions

In this short review, recent advances are presented concerning the development and the
performances of SERS nanosensors based Si or ZnO nanostructures coated with a metallic layer
or metallic nanoparticles for a very sensitive and reproducible detection of chemical and biological
molecules. These metal-coated semiconducting SERS nanosensors highlighted excellent EF values and
a great reproducibility with an average RSD of 15% and 20%, respectively, as described in the second
and third sections. These two types of nanosensors can be produced with low-cost and wafer-scale
techniques that have recently been developed. Thus, all these advances can enable an application of
these SERS nanosensors to industrial and practical domains by using them as reliable, powerful and
robust analytical platforms in the near future. However, a great number of works need to be conducted
in order to better understand all the mechanisms involved in such metal-coated semiconducting
nanostructures for enhancing the Raman signal. Furthermore, the hybrid metal-coated zinc oxide
nanosystems can be used for applications to plasmonic photocatalysis thanks to the great photocatalytic
efficiency of zinc oxide [93,94].
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Abstract: Magnetron sputtered nanocomposite thin films composed of monometallic Au and Ag,
and bimetallic Au-Ag nanoparticles, dispersed in a CuO matrix, were prepared, characterized, and
tested, which aimed to find suitable nano-plasmonic platforms capable of detecting the presence
of gas molecules. The Localized Surface Plasmon Resonance phenomenon, LSPR, induced by the
morphological changes of the nanoparticles (size, shape, and distribution), and promoted by the
thermal annealing of the films, was used to tailor the sensitivity to the gas molecules. Results showed
that the monometallic films, Au:CuO and Ag:CuO, present LSPR bands at ~719 and ~393 nm,
respectively, while the bimetallic Au-Ag:CuO film has two LSPR bands, which suggests the presence
of two noble metal phases. Through transmittance-LSPR measurements, the bimetallic films revealed
to have the highest sensitivity to the refractive index changes, as well as high signal-to-noise ratios,
respond consistently to the presence of a test gas.

Keywords: thin films; magnetron sputtering; microstructure; noble metal nanoparticles; CuO matrix;
localized surface plasmon resonance; gas sensor

1. Introduction

Nanocomposite thin films, containing noble metal nanoparticles embedded in an oxide matrix,
have been a subject of considerable interest for optical gas sensing due to their localized surface plasmon
resonance (LSPR) properties [1,2]. Surface plasmons are coherent oscillations of free electrons excited
by an electromagnetic field at the boundaries between a metal and a dielectric. They can propagate
along the surface of the conductor, which are designated by surface plasmon polaritons, or be confined
to metallic nanoparticles or nanostructures, in which case, are denominated as localized surface
plasmons [3-5]. LSPR can give rise to strong absorption bands, the enhancement of the electromagnetic
field near the nanoparticles, and the appearance of scattering to the far field [6-10]. Since its discovery,
there have been significant advances in both theoretical and experimental investigations of surface
plasmons, which led to the development of new modelling methods that contribute to the understanding
of the morphology and to the calculation of the optical properties of nano-plasmonic systems [8,11,12].

The two most well studied plasmonic metals are gold (Au) and silver (Ag). They exhibit LSPR
bands within the visible spectrum due to the energy levels of d-d transitions, being used in various
applications involving color [13,14] as well as in sensing due to their relatively high refractive index
sensitivity [15,16]. Since Ag nanoparticles present the sharpest and strongest bands among all metals,
they are associated to higher sensitivity factors than Au. However, Aunanoparticles are more frequently
selected for sensing applications due to their lower toxicity, inert nature (less prone to oxidation), and
stability [17,18]. On the other hand, Ag-Au bimetallic nanoparticles have attracted particular attention
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due to their corresponding monometallic counterparts, which may allow further improvements on
their set of properties [19-21], especially the optical behavior [16,21,22]. In fact, they are relatively
easy to prepare since both metals have a face-centred cubic structure and similar lattice constants.
However, it is known that the synthesis method can result in alloyed bimetallic nanoparticles [23,24],
core-shell [25], and even Janus systems [26]. These features are determined by the Au/Ag ratio in
the bimetallic nanostructure, which leads to different optical properties. From the alloy formation of
Au-Ag bimetallic nanoparticles, only one LSPR band results between the peaks of the constituting
monometallic nanoparticles, while a mixed system originates two plasmonic bands, as reported in
different works [3,22,23,27].

Diverse noble metal compositions dispersed in a dielectric matrix and different microstructures
and nanostructures might be developed, which originates different LSPR bands, since their curvature
and position are strongly dependent on different factors such as the composition, size, shape, and
distribution of the nanoparticles, which are also sensitive to changes of the refractive index of the
surrounding dielectric medium where they are dispersed [1,3]. Hence, the basis of the plasmonic
bio/chemical sensors is established by the dependence of the LSPR band on the surrounding refractive
index [2,16,28]. One of the advantages of using LSPR phenomenon for optical gas sensors in contrast
to Surface Plasmon Resonance (SPR) systems is the fact that the first ones have a much higher
potential to be sensitive to the extremely low refractive index changes such as those induced by
gas molecules [2,29,30], since the plasmon decay length in LSPR is much lower than in SPR [31].
Furthermore, LSPR-based sensors are basically supported by nanoparticles that can be directly coupled
to light, while the SPR-based sensors are dependent on prisms, optical fibers, or gratings to be coupled
with light [30,32,33].

For the LSPR gas detection by refractive index changes to be functional, the production of highly
sensitive plasmonic thin films is required, but the development of a high-resolution spectroscopy
system to measure extremely small LSPR peak shifts is a fact that has been hampering the research
on this area [2,34]. Hence, in order to optimize the sensitivity of the films, previous studies of the
LSPR sensing response have been made by using two liquids with a relatively large refractive index
difference [28,35,36], which allowed us to estimate the refractive index sensitivity (RIS) [37-39].

The present work proposes a reliable and effective possibility of sensitive thin films, suitable to be
used as optical sensors. Such (nanocomposite) thin films are based on Au and/or Ag nanoparticles,
dispersed in a semiconductor copper oxide (CuO) matrix, Au:CuO, Ag:CuO, and Au-Ag:CuO,
deposited by reactive DC magnetron sputtering. The use of a pure copper target containing gold
and/or silver pellets on its surface, avoids the use of a second cathode [40,41], with evident economic
advantages [3,28]. After the preparation of the thin films, a thermal annealing treatment was performed
in order to promote the necessary nanostructural changes in the noble metal nanoparticles, and
dielectric matrix, which enabled the manifestation of the LSPR behavior, and, consequently, turned
the thin films sensitive to the gas molecules. The composition and morphology of the thin films
were studied and correlated with the LSPR responses. LSPR sensing tests were performed through
transmittance measurements in a custom-made optical vacuum system, which incorporates a gas flow
cell. The sensitivity of the different films to the presence of O, gas was also calculated and compared
between them.

2. Materials and Methods

Thin films of Au:CuO, Ag:CuO, and Au-Ag:CuO manifesting LSPR behavior were produced by
a two-step process, involving deposition of the thin films and posterior thermal treatment. For the
depositions, two different types of substrates were used including Si (Boron doped, p type, <100>
orientation, 525 um thick) for chemical and (micro)structural characterization purposes and SiO, (fused
silica) for optical spectra measurements. Before the depositions and in order to clean and activate
the surface of the substrates, plasma treatments were performed by a Low-Pressure Plasma Cleaner
by Diener Electronic equipped with a 40 kHz RF generator (Zepto Model, Ebhausen, Germany) [42],
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applying a power of 100 W. The substrates were first cleaned with O, plasma (80 Pa, for 5 min), and
then activated with Ar plasma (80 Pa, for 15 min).

The films were deposited by reactive (DC) magnetron sputtering during 60 s in order to produce
films with thicknesses around ~50 nm. As illustrated in Figure 1a, the above-mentioned substrates
were then placed in a grounded hexagonal holder, rotating at 16 rpm and 7 cm far from the cathode.
The latter is a rectangular copper target (200 x 100 X 6 mm?3, 99.99% purity), where gold and/or silver
pellets (surface area of 960 mm? and 0.5 mm thick) were placed symmetrically on its preferential
erosion zone. The base pressure was below 5 x 10~* Pa, while the target potential was limited to 500 V,
and the applied current was 3.25 mA/cm?. The discharge was ignited in a gas atmosphere composed of
Ar (3.5 x 107! Pa) and O, (2 x 1072 Pa). Then, in order to promote the nanoparticles’ growth, the films
were subjected to thermal treatments in-air, up to a maximum temperature of 700 °C, according to
what was previously studied and published by the group [1,28]. The heating ramp used was 5 °C/min
and the isothermal period was 5 h, which cooled down freely inside the furnace, before reaching

room temperature.
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Figure 1. Simplified representation of the reactive DC magnetron sputtering system (a) and the
custom-made system for transmittance-LSPR (T-LSPR) measurement in a controlled atmosphere (b).

The atomic composition of the films was studied by Rutherford Backscattering Spectrometry (RBS)
using a Van de Graaff accelerator, a standard detector, placed at 140°, and two pin-diode detectors
located symmetrically to each other, both placed at a 165° scattering angle respective to the beam
direction. Spectra were collected using 2.0 MeV 4He*, and 1.45 MeV 1H* beams at normal incidence
and the data was analyzed with the IBA DataFurnace NDF v9.6i code [43].

The morphology of the films’ surface was studied by a Dual Beam Scanning Electron Microscope,
SEM/FIB FEI Helios 600i (Hillsboro, OR, USA), using a backscatter electron detector. The surface
micrographs were analyzed using MATLAB software (version R2018a), by calculating the Feret diameter,
the aspect ratio, and the nearest neighbor of the contrasted nanoparticles. The MATLAB algorithm
included the locally adaptive threshold function “adaptthresh.” After the binarization and scaling of the
SEM images, the nanoparticles were analysed using the “regionprops” and “bwboundaries” functions.

The films’ gas sensitivity was investigated by monitoring the LSPR band in the presence of O,
(atmospheric pressure), in comparison to a low vacuum pressure. Real-time measurements were
performed in a custom-made system (Figure 1b), composed of two main parts: the optical components
and a vacuum system. The optical system allows the measurement of the optical (transmittance)
spectrum of the sample, using a tungsten lamp and a modular spectrometer by Ocean Optics (HR4000,
Edinburgh, UK). Optical fibers were used to connect those components to the flow cell, where the
sample is placed. A vacuum pump was used to produce a “primary” vacuum (~40 Pa) inside the flow
cell and then O, was introduced at atmospheric pressure for 120 s. Several vacuum/O; cycles were
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employed and the LSPR peak position was monitored in real time. A MATLAB algorithm was written
to smooth the spectra and find the position of the LSPR peak over time.

3. Results

3.1. Thin Films Characterization

The atomic concentration profiles of the thin films were determined by RBS (Figure 2).
The as-deposited CuO matrix (solid lines), and the CuO matrix with thermal treatment at 700 °C
(dash lines), are represented in Figure 2a, while the as-deposited nanocomposite films are displayed in
Figure 2b-d. According to the RBS analysis, all the as-deposited thin films were found to have a roughly
constant atomic concentration across their thickness, even after the annealing process for the case of the
pure matrix. Moreover, elemental concentration results revealed that the matrix of the as-deposited
films is not fully CuO stoichiometric, since the atomic ratio Co/Cc,, is always different from but close
to 1. However, as soon as the film is subjected to thermal annealing, it seems that the CuO matrix becomes
stoichiometric, which can be observed by the corresponding RBS profile (Figure 2a), where Cu and O
concentrations were estimated to be about 50.0 + 0.5 at.% and 50 + 3 at.%, respectively. Thus, when
the films are subjected to thermal treatment in air, the chemical composition may change in relation to
the as-deposited films due to oxygen incorporation [44,45], as previously verified [1,28]. The atomic
concentration of noble metals into the CuO matrix was determined to be about C, = 15.0 + 0.5 at.%
(Aw:CuO), Cpg =17.7 £ 0.5 at.% (Ag:CuO), and Cpy = 6.7 £ 0.5 at.%, Cag = 8.0 £ 0.5 at.% (Au-Ag:CuO).
These were the compositions of the thin films used for LSPR sensitivity tests.
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Figure 2. Atomic concentration (at.%) of the different elements present in the as-deposited CuO matrix
(solid lines (a)), in the CuO matrix with annealing at 700 °C (dash lines (a)), and in the as-deposited
samples of Au:CuO (b), Ag:CuO (c), and Au-Ag:CuO (d) films deposited with a pellets” area of 960 mm?,
obtained by the RBS data analyzed with the code IBA DataFurnace NDF v9.6i [43].
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The CuO matrix annealed at 700 °C presents a polycrystalline structure with well-defined grain
boundaries, as observed in the SEM micrograph displayed in Figure 3a. In addition, the optical
transmittance spectrum (Figure 3b) reveals a semi-transparent CuO matrix in the visible range, with a
progressive increase of transmittance for higher wavelengths, which is a feature that is in agreement
with the literature [46].

Transmittance (%)

500 600 700
Wavelength (nm)

(b)

T
400 800 900

Figure 3. Top-view SEM micrograph of the CuO matrix annealed at 700 °C (a) and the respective
optical transmittance spectrum (b).

The microstructural analysis of the annealed plasmonic thin films revealed the presence of noble
nanoparticles (bright spots) in the different nanocomposite thin films ((a) and (b) in Figures 4-6), which
suggests that the growth of nanoparticles might be facilitated by easier diffusion of Au and Ag atoms
through grain boundaries of the CuO matrix. The Au:CuO (Figure 4) film is the one that presents the
highest nanoparticles” density at the surface (127 pum~2) with an average size of about 33 nm (Figure 4c).
Moreover, the Au nanoparticles are relatively close to each other (Figure 4d) and they are presumably
spherical since their aspect ratio distribution is narrow and close to 1, as seen in Figure 4e.
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Figure 4. Au nanoparticle distribution analysis, using a MATLAB algorithm: (a) top-view SEM
micrograph with atomic weight contrast and (b) processed and threshold micrograph showing the
exposed Au nanoparticles, with 15% Au coverage area. Distribution histograms are displayed in (c) for
the nanoparticles Feret diameter, (d) for the nearest neighbor distance, and (e) for the aspect ratio.
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Regarding the Ag:CuO film (Figure 5), the average size of Ag nanoparticles was estimated to be
15 nm. However, the nanoparticles’ density at the surface (69 um?) is much smaller than in the other
films (Figure 5c), which leads to the highest distance between the nanoparticles (Figure 5d). In fact,
the formation of islands of Ag (micro-sized agglomerates with parallelepiped shape) was observed on
the surface of the film (not shown here) [28]. This explains the low amount of nanosized Ag particles,
which is a behavior that was not expected when taking into account the relatively high Ag atomic
concentration determined for the as-deposited film.

The Au-Ag:CuO film (Figure 6) presents values between those belonging to the monometallic
counterparts (Figures 4 and 5). It presents a density of Au-Ag nanoparticles at the surface of 100 pm~2,
with an average size estimated to be 30 nm (Figure 6¢). Moreover, the nearest neighbor distance
distribution is broader than in the Au film and narrower than in the Ag film. Moreover, this system
shows the widest aspect ratio distribution, with an average value of 1.5, which proves that both
spherical and irregular nanoparticles are present in the film'’s surface.

The different microstructures achieved by the films with the thermal treatment originated different
optical transmittance responses, as shown in Figure 7. The high Au nanoparticles’ density at the surface
and their quasi-spherical shape, observed in the Au:CuO film (Figure 4), gave rise to a well-defined
and sharp transmittance LSPR (T-LSPR) band at ~719 nm (Figure 7a), with a high transmittance
amplitude, at about 15 percentage points (i.e., the difference between the maximum and the minimum
band’s peak).

On the other hand, a T-LSPR band was also observed for the Ag:CuO film (Figure 7b), appearing
at shorter wavelengths (~393 nm) as is typical of the Ag nanoparticles [3,28]. However, despite the
narrow shape, due to its slightly larger nanoparticle aspect ratio distribution, the LSPR band is also
less intense since the number of Ag nanoparticles at the surface is scarce, which presents only a
transmittance amplitude of ~10 percentage points.
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Figure 5. Ag nanoparticle distribution analysis, using a MATLAB algorithm: (a) top-view SEM
micrograph with atomic weight contrast and (b) processed and threshold micrograph showing the
exposed Ag nanoparticles, with 2% Ag coverage area. Distribution histograms are displayed in (c) for
nanoparticles Feret diameter, (d) for the nearest neighbor distance, and (e) for the aspect ratio.
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Figure 6. Au-Ag nanoparticle distribution analysis, using a MATLAB algorithm: (a) top-view SEM
micrograph with atomic weight contrast and (b) processed and threshold micrograph showing the
exposed Au-Ag nanoparticles, with 11% Au-Ag coverage area. Distribution histograms are displayed
in (c) for nanoparticles Feret diameter, (d) for the nearest neighbor distance, and (e) for the aspect ratio.
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Figure 7. Transmittance spectra of the Au:CuO (a), Ag:CuO (b), and Au-Ag:CuO (c) thin films after
in-air annealing.

Concerning the Au-Ag:CuO film, two shifted LSPR peaks are observed (~450 and 676 nm),
even though the second one is much more pronounced (Figure 7c). The presence of two peaks might
suggest the presence of separate phases of Ag and Au nanoparticles in these films, but since they are
shifted from their initial positions, the formation of an alloy of Au-Ag bimetallic nanoparticles cannot
be disregarded. Furthermore, as observed in Figure 6, the film presents both spherical and elongated
nanoparticles, which contribute to the LSPR band widening and, therefore, appears much less intense.

3.2. Sensitivity Tests Using Exposure to O,

In order to test the films’ sensitivity to refractive index changes promoted by the presence and/or
adsorption of gas molecules, they were exposed to a test gas (O,). Figure 8 presents the LSPR peak
position (transmittance) of the three systems, during five cycles under vacuum, and O, at atmospheric
pressure. As expected from this type of sensor, the transmittance shift due to a change in the refractive
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index is typically very short, in the order of tenths of percentage points [2,47]. Anyway, it is possible to
observe that the films responded consistently to the presence of the gas. The T-LSPR peak shifted to
lower transmittances when the O, was introduced, which decreases by 0.35, 0.11, and 0.43 percentage
points for the Au, Ag, and Au-Ag:CuO films, respectively. These results are consistent with what has
been already published for Au-TiO; films, but with slightly higher sensitivities [2]. The Ag:CuO sample
presents the lowest shift and, subsequently, the lowest signal-to-noise ratio (~3). This is believed to
result from the morphology achieved after the annealing process (Figure 5), where the presence of
Ag nanoparticles at the film’s surface is scarce, which might hinder the film’s sensitivity. Moreover,
the presence of Au in the Au:CuO film and both Ag and Au nanoparticles in Au-Ag:CuO film seems
to improve the film’s response since a higher transmittance shift is observed when the test gas is
introduced. In addition to show the highest transmittance shift, the Au-Ag:CuO film also presents
the best signal-to-noise ratio (~123) even though the Au:CuO film has also a reasonable value of ~59.
Furthermore, the peak shifts are reproducible every cycle when the test gas is introduced, which
suggests that the eventual gas adsorption is reversible.

Au:CuO’

[Vacuum

Transmittance (%)

0 200 400 600 800 1000 1200
Time (s)
Figure 8. Variation of the LSPR peak position (transmittance minimum) of the Au:CuO, Ag:CuO, and
Au-Ag:CuO films over time for five cycles of vacuum and O, atmosphere.

4. Conclusions

Au:CuO, Ag:CuO, and Au-Ag:CuO thin films with nanoplasmonic properties were produced in
this work. The films were first deposited by magnetron sputtering for 1 min, using a Cu target with
small metallic pellets (960 mm? pellet area) and a target potential limited to 500 V. Then, the different
films were annealed up to 700 °C in order to promote the nanoparticles” growth and structural changes.

The composition analysis revealed the presence of reasonable amounts of noble metals in a CuO
matrix, which becomes stoichiometric after a thermal treatment in air. Furthermore, the annealing
induced structural and morphological changes that influenced the LSPR responses of the thin films.
Due to the presence of spherical Au nanoparticles with high density at the surface, the Au:CuO film
presented the most well-defined and pronounced transmittance LSPR band at ~719 nm, while the
Ag:CuO film showed a narrower but less intense band at shorter wavelengths (~393 nm) due to the
scarce number of Ag nanoparticles at the surface. However, despite the fact that the Au-Ag:CuO
film has two T-LSPR peaks (~450 and 676 nm) with relatively low intensity, it showed to be the most
sensitive to the refractive index changes, such as to the O, gas presence, followed after by Au:CuO and
Ag:CuO films.
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In conclusion, this work proves that the sensitivity of Au-Ag:CuO thin films to the test gas (O,)
can be improved by preparing bimetallic noble nanoparticles embedded in the CuO matrix. Hence,
this configuration might be preferable to use for LSPR gas sensing.
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Abstract: Direct current (DC) magnetron sputtering deposited WOj films with different crystalline
qualities were synthesized by postannealing at various temperatures. The in-situ DC sputtering
deposited WOs3 thin film at 375 °C exhibited an amorphous structure. The as-grown WOj films
were crystallized after annealing at temperatures of 400-600 °C in ambient air. Structural analyses
revealed that the crystalline WO3 films have an orthorhombic structure. Moreover, the crystallite
size of the WOj film exhibited an explosive coarsening behavior at an annealing temperature above
600 °C. The density of oxygen vacancy of the WOj3 films was substantially lowered through a
high temperature annealing procedure. The optical bandgap values of the WO3 films are highly
associated with the degree of crystalline quality. The annealing-induced variation of microstructures,
crystallinity, and bandgap of the amorphous WOj3 thin films explained the various photoactivated
properties of the films in this study.

Keywords: sputtering; annealing; crystal quality; photoactivated properties

1. Introduction

Tungsten oxide (WO3), as a wide bandgap semiconductor, has been intensively investigated for
various uses in scientific devices [1,2]. Among various applications, the photocatalyst application
for degrading organic pollutants receives much attention as WOj3 has the advantages of low cost,
high chemical stability, and excellent process-dependent reproducibility. In general, pure WO; crystal
shows five phase transitions at temperatures ranging from —180 to 900 °C [3]. Among the five crystal
forms, a monoclinic I WOj3 phase is the stable phase at room temperature. However, the orthorhombic
WOj3 phase exists only in some WO3 nanostructures at room temperature, not frequently visible for
other morphologies such as a thin-film structure. This is attributable to the fact that the transition
temperature of the orthorhombic WO3 phase for WO3 nanostructures is generally at room temperature,
which is quite lower than that of bulk WOs3.

WO; in a thin-film structure is highly desirable for various device applications because thin
solid film can be integrated into various small devices or combined with other materials to form
composites for scientific applications. Several methods of manufacturing WOj thin films with various
microstructures for applications have been reported. For example, the pulsed-laser deposited WO3
thin films are integrated with TiO, thin films to form multilayer films and used for photodegradation of
methylene blue (MB) solution. The WOj3 layer in the multilayer structure enhances the photocatalytic
ability of the TiO; layer [4]. The spray pyrolysis synthesized WOj thin films have also been used for
photodegrading methyl orange (MO) [5]. The thermal evaporation deposited WOj thin films with
adequate postannealing procedures in an oxygen-rich environment at 500 °C for 1 h have been used
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to degrade MB under irradiation [6]. Radio-frequency (RF) sputtering deposited WO3/TiO, bilayer
thin films with various WOj3 content are used to enhance the photocatalytic activity of TiO,-based
materials [7]. However, most WOj3 thin films synthesized through various methods are in a monoclinic
structure; that is, the orthorhombic structure is limited in number.

Among various physical synthesis methods for WO3 thin films, sputtering has been widely used to
prepare oxide thin films with controllable microstructures and tunable physical properties. Moreover,
the DC sputtering deposited WOj3 thin films via a metallic tungsten target provide the advantages of
low cost and highly recycled usage of the target in comparison with those in WOj3 ceramic targeted
by radio-frequency sputtering. Although DC sputtering growth of monoclinic or amorphous WOj3
thin films have been investigated for applications in gas-sensing, photocatalytic, and electrochromic
devices, reports on the microstructure-dependent photodegradation properties of DC sputtering
deposited orthorhombic WO3 photocatalysts toward organic dyes are still lacking. Karuppasamy et al.
synthesized amorphous WOj3 thin films via DC sputtering under various oxygen pressures. This work
revealed that WO3 films deposited at a lower working pressure exhibit satisfactory electrochromic
properties. The variation of bulk density of the films prepared at various oxygen pressures affects the
efficiency of insertion and removal of protons and electrons [8]. Kim et al. used DC sputtering to deposit
monoclinic WO; films with various degrees of crystallinity by controlling the growth temperature
from 200-500 °C. Higher crystal quality of WOj films deposited at a higher temperature resulted in
better gas-sensing ability [9]. WO3 films consisting of nanostructured surface feature are prepared by
DC sputtering at various working pressures. The as-synthesized monoclinic WOj thin films are further
used to photodegrade stearic acid [10]. Moreover, Stolze et al. prepared amorphous WOs films via DC
sputtering under various O, percentages ranging from 0 to 20 vol.%; the effects of stoichiometry of WO3
films on electrochromic properties were discussed [11]. The aforementioned examples demonstrate
that most work on DC sputtering WOj3 films mainly focused on the monoclinic or amorphous phase.
Reports on in-situ DC sputtering growth of orthorhombic WOj3 thin films are limited in number;
this is associated with the fact that the orthorhombic structured WOj3 is unstable when the substrate
temperature of the sputtering process is cooled down to room temperature. Therefore, the strategy to
resolve this issue is to grow amorphous WOj films under a low oxygen content atmosphere, and then
conduct various annealing procedures to obtain the stable orthorhombic WO3 phase. Furthermore, the
microstructure-dependent photocatalytic properties of the orthorhombic WOj films are presented in
this study. The results herein might be useful for designing orthorhombic WOj3 thin-film photocatalysts
with a desirable photodegradation ability toward organic dyes.

2. Methods

In this study, the WOj3 thin films were grown on 300 nm-thick SiO,/Si and glass substrates
by reactive DC magnetron sputtering at 375 °C. The metallic tungsten (purity > 99.99%) target was
employed. The sputtering power of tungsten was kept at 40 W and the working pressure was
maintained at 1.33 Pa during sputtering. The ratio of Ar/O, was fixed at 6:1. The thin film thickness
was controlled to be 120 nm. The as-grown WOj films were subsequently annealed at 400-600 °C in
ambient air for 1 h.

Scanning electron microscopy (SEM; S-4800, Hitachi, Tokyo, Japan) was used to investigate
surface morphology of the WOj5 thin films. The surface roughness of various thin-film samples was
measured by atomic focus microscopy (AFM; D5000, Veeco Karlsruhe, Germany). Crystal structures
of the films were investigated by X-ray diffraction (XRD; D2 Phaser, Bruker, Karlsruhe, Germany).
The detailed microstructures of the films were studied by high-resolution transmission electron
microscopy (HRTEM; JEM-2100F, JEOL Tokyo, Japan). An X-ray photoelectron spectroscope (XPS; PHI
5000 VersaProbe, ULVAC-PHI, Chigasaki, Japan) was used to understand the chemical binding states
of the thin films’ elements. The transmittance spectra of the thin films were measured using a UV-Vis
spectrophotometer (V750, Jasco, Tokyo, Japan). Comparison of photocatalytic activity of various thin
films samples was performed using 10 mL methylene blue (MB; 10~ M) solution containing various
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WO3 thin films under various irradiation conditions. The change of MB solution concentration after
photodegradation tests was analyzed by measuring the intensity variation of absorbance spectra using
an UV-Vis spectrophotometer.

3. Result and Discussions

The change in crystal structure features of the WOj3 thin films with various thermal annealing
procedures is depicted in Figure 1. The as-grown WOj film shows an amorphous structure, as no
visible Bragg reflections are found. Figure 1 shows the XRD patterns of the WOj3 films with
thermal annealing procedures at 400-600 °C. The orthorhombic crystalline WO3 phase is formed
with distinguishable Bragg reflections (JCDPS. 20-1324). The more intense Bragg reflections associated
with a narrower full-width at half maximum were observed for the thin films annealed at a higher
annealing temperature, revealing a higher degree of crystalline quality of the film. Notably, no other
peaks of impurities were observed after thermal annealing procedures. The XRD results reveal that
the as-grown WOj3 thin films exhibited a polycrystalline feature after postannealing. The crystallite
sizes of the annealed WO; films were evaluated using the Scherrer formula [12]. The crystallite sizes
of the WOj5 films annealed at 400, 500, and 600 °C were approximately 24, 32, and 57 nm, respectively.
The (001)-oriented crystal dominated the crystal structure feature of the crystalline WO;3 thin films
annealed below 500 °C; moreover, the (111)-oriented crystal dominated the crystal structure feature
when the film was annealed at 600 °C. Notably, the change of the WOj3 crystal orientation from (001) to
(111) at the higher temperature annealing is associated with the surface binding energy among the low
index crystallographic planes [13].

= as-grown
= ——400°C
s ——500°C
= ——600°C

Intensity (a. u.)

M

20 30 40 50 60
2 Theta (degree)

Figure 1. XRD patterns of the WO3 films with and without thermal annealing procedures.

Surface morphologies of the WO; thin films with and without thermal annealing are shown
in Figure 2. No distinctly well surface grain features can be seen for the as-grown WOj3 (Figure 2a).
This might be associated with the amorphous nature of the sample as characterized by the XRD
measurement. When the film was annealed at 400 °C, a surface grain feature was visible and the
surface grains had an average size of approximately 32 nm (Figure 2b). Further increasing the annealing
temperature to 500 °C increased the size of surface grains, and the homogeneity of grain size improved
simultaneously. The average surface grain size was approximately 51 nm evaluated from Figure 2c.
Notably, the surface grain size was abnormally increased (average grain size of 102 nm) and an
uniformly cylindrical crystal feature was obtained when the film was annealed at 600 °C (Figure 2d).
The high annealing temperature provides sufficient energy, which might facilitate the coalescence of
the adjacent tiny crystals, and therefore large surface grains were formed.
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Figure 2. SEM images of the WOj3 thin films with and without annealing: (a) as-grown, (b) 400 °C,
(c) 500 °C, (d) 600 °C.

Furthermore, the surface roughness of the various WOj3 thin films was further characterized by
AFM. Figure 3a exhibits the surface of the as-grown WOj thin film. The root mean square (RMS)
roughness of the as-grown amorphous WOj3 thin film was evaluated to be approximately 3.55 nm.
Comparatively, the WO3 thin films annealed at 400-600 °C exhibited coarser surface morphology
(Figure 3b—d). The RMS roughness values of the WOj3 thin films were of approximately 4.02, 4.75,
and 9.28 nm corresponding to the annealing temperature of 400, 500, and 600 °C, respectively.
This result demonstrated that the surface roughness monotonically increases with increasing annealing
temperature because high annealing temperature facilitates the coalescence of the surface grains and
therefore rougher surface. The average surface grain sizes of the WO3 thin films annealed at 400, 500,
and 600 °C were approximately 26, 43, and 84 nm, respectively. Larger surface grains of the annealed
film engendered a rougher surface feature. Similarly, a substantially increased surface grain size,
as reported in the CuO film, annealed at the temperature higher than 700 °C [14].

2.0
=50.0 nm

0.0 nm

]
0 1.0 20 ym 0 1.0 2.0 pm

Figure 3. AFM images of WOj3 thin films with and without annealing: (a) as-grown, (b) 400 °C,
(c) 500 °C, (d) 600 °C.
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The detailed microstructures of the WOj3 thin films with and without thermal annealing at 600 °C
were investigated by TEM. A low-magnification, cross-sectional TEM image of the as-grown WOj3 thin
film is shown in Figure 4a. The thickness of the WO; film was ~120 nm. The film surface is dense
and smooth, and no voids can be seen. A high-resolution TEM (HRTEM) micrograph of the as-grown
WO;3 thin film is depicted in Figure 4b. The random and chaotic lattice fringes with a short-range
order are distributed over the area of interest, revealing that the film is in the amorphous phase.
Moreover, the selected area electron diffraction (SAED) pattern in Figure 4c exhibits a faint ring-like
pattern, revealing that the film without heat treatment is uncrystallized. This is in agreement with
the XRD result. Figure 4d depicts the energy-dispersive X-ray spectroscopy (EDS) spectra of the film,
confirming that the film’s composition consisted of W and O. Moreover, the O/W composition ratio is
approximately 2.48, demonstrating oxygen deficiency in the WOj5 thin film. This is often observed
in oxide thin films prepared by sputtering because the thin film growth condition is in an oxygen
deficient environment during sputtering [15].

Intensity (a. u.)

0 5 10 15
Enerav (keV)

Figure 4. TEM analysis of the as-grown WOj film: (a) low-magnification image, (b) high-resolution
image, (c) SAED pattern, (d) EDS spectra.

Figure 5a depicts a low-magnification, cross-sectional image of the WOj3 film annealed at 600 °C.
The film thickness of the annealed WOj3 film is homogeneous throughout its cross section. Compared
to the as-grown film, the surface and root of the high-temperature-annealed film are more undulated.
Figure 5b,c demonstrate HRTEM images of the annealed WOj3 thin film. The appearance of visible
and ordered lattice fringes in the HREM images indicate that the WOj3 film after annealing had a
high degree of crystallinity. The atomic lattice fringes with intervals of approximately 0.39, 0.31, and
0.27 nm could be identified and were attributed to the interplanar distances of the WO5 (001), (111),
and (021) crystallographic planes, respectively. The boundaries between the adjacent grains were
visible. The polycrystalline nature and the orthorhombic structure of the WO; film were also confirmed
by the SAED measurements in Figure 5d. Distinct diffraction spots arranged in centric rings revealed
the crystalline WOj3 thin film was formed after the 600 °C annealing process. Figure 5e shows the EDS
spectra; the spectra revealed that the film mainly composed of W and O. No other impurity atoms
were detected.

107



Coatings 2019, 9, 90

(b) 0o1)

diopy = 0.39 nm

().
dgyy = 0.31 nm

e
s
=
2
g [© w
=
.. w
w
5 10 15
Energy (keV)

Figure 5. TEM analysis of the WOj3 film annealed at 600 °C: (a) low-magnification image, (b,c) HR
images, (d) SAED pattern, (e) EDS spectra.

XPS analysis was performed to reveal the elemental binding states of various WO3 thin films.
The annealing temperature-dependent W oxidation state change is shown in Figure 6a—d. From the
figures, the intense doublet with binding energies of approximately 35.0 eV (W4f7/,) and 37.2 eV
(W4f5,,) are associated with photoelectrons emitted from WO jons of the WO; films, while the
relatively small peaks at 34.0 and 36.2 eV can be assigned to W4f;,, and W4f5, of W>* oxidation state
in tungsten oxides [16]. The presence of W>* suggests the existence of crystal defects in the WOj3 film.
Comparatively, the area and the height of core level W3* decreased after annealing, which implied
increased oxidation states of W in the WO3 film. Notably, the WO; film annealed at 600 °C had the
smallest features of W>*, which indicates the surface tungsten in this film exhibited a larger degree of
oxidation state after annealing. No peaks attributed to metallic W were identified in the spectra of all
films. Notably, the W/O atomic ratio of the as-grown WOj film was approximately 0.4. Moreover,
the W/O atomic ratio of the WOj films decreased from 0.37 to 0.34 with the annealing temperature
increasing from 400 to 600 °C, respectively, evaluated from the XPS analyses. Figure 6e-h show that
the XPS spectra of Ols for various WOj3 thin films have an asymmetric curve feature. The Ols spectra
of the surface of various WOj3 thin films were fitted by two distributions, centered at approximately
529.3 and 530.8 eV, respectively. The relatively low binding energy peak is attributed to O?~ ions in
the oxide lattice. The higher binding energy peak is attributed to the oxygen vacancies in the WO3 [17].
The relative content of the oxygen vacancy for various WOj3 films was evaluated according to the area
ratio of these two deconvolution components: (red peak)/(red peak + blue peak). The relative area of
the higher energy binding component for the WO3 films decreased with the annealing temperature.
A great amount of vacancy existed in the surface of the as-grown WO film. After annealing, the surface
oxygen vacancy content markedly decreased from 34.4% to 25.3% with the annealing temperature
increasing from 400 to 600 °C, respectively.
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Figure 6. W4f XPS narrow scan spectra of the WOj3 thin films with and without annealing: (a) as-grown,
(b) 400 °C, (c) 500 °C, (d) 600 °C. O1s XPS narrow scan spectra of the WO; thin films with and without
annealing: (e) as-grown, (f) 400 °C, (g) 500 °C, (h) 600 °C.

The transmittance spectra of the WO3 thin films with and without annealing are demonstrated
in Figure 7a. The light was highly absorbed in the visible region with less than 40% transmittance
for the as-grown WOsj film, attributed to the presence of massive oxygen-related defects. Moreover,
the as-grown WOj3 film is seen in semi-transparent bluish color, which shows the amorphous and
highly non-stoichiometric natures of the film [18]. The highly transparent feature was observed for
the WO3 films conducted with annealing; moreover, no blue colouration appeared in the samples.
The enhancement in the transmittance degree of the annealed WOj films is due to the reduction of
oxygen-related crystal defects, which might play an important role in scattering the incident light.
Notably, a clear shoulder feature appeared at approximately 350 nm for the films annealed below
600 °C. That shoulder feature in the optical transmittance spectra is associated with the residual
crystal defects associated with oxygen deficiencies in the samples [19]. Notably, the shoulder feature
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completely vanished for the WOj3 film conducted with thermal annealing at 600 °C, indicating that
the oxygen-related crystal defects of the film were substantially removed in the annealing process.
The bandgap value of various thin-film samples is calculated by plotting (ehv)!/? vs. photon energy
using the following formula:

ohv = A(hv—Eg)" 1)

where « is the absorption coefficient, A is a constant, v is the energy of an incident photon, Eg is the
bandgap value. On extrapolating the linear portion of the curves (Figure 7b), the intercept on the
energy axis («hv)!/2 = 0 gives the value of the indirect bandgap energy. The bandgap values were
calculated as 2.48, 3.04, 3.04, and 2.78 eV for as-grown and annealed WOj3; samples at 400, 500, and
600 °C, respectively. The as-prepared WOj thin film exhibited the smallest bandgap value and may be
associated with a relatively large content of oxygen deficiencies in the film as compared to the annealed
ones. Due to the existence of a high density of oxygen-deficient crystal defects, they might form new
discrete energy bands below the conduction band, resulting in the relatively low band gap. After
annealing at 400 and 500 °C, the Eg of two WOj3 thin-film samples originates from the recombination
of free carriers from the bottom of the conduction band energy to the valence band energy with the
decreased discrete energy bands after thermal annealing. It was noticed that the bandgap value of
the WO; film further decreased at the highest annealing temperature of 600 °C, assigned to explosive
growth in grain size of the WOj3 film [20].
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Figure 7. (a) Optical transmittance spectra of various WOj films, (b) Tauc plot of various WO3 films.

Figure 8a—d show the absorbance spectra of the MB solution in the presence of various WO3
thin films at different irradiation times. After the MB solution was illuminated, the absorbance peak
intensity at ~663 nm was observed to gradually decrease with duration, implying that MB molecules
are photodegraded. The photodegradation degrees (C/Cy) of the MB solution containing various
WOj thin films are summarized in Figure 7e. The Cy is concentration MB solution without irradiation
and C is the residual concentration of the MB solution after irradiation at a given duration. Notably,
the C/Cy values of the MB solution containing various WOj thin films under various dark conditions
are demonstrated in Figure 7e. A slightly decrease of C/Cy value was observed for the dark balance
of 120 min; this is attributed to the fact that partial MB molecules were absorbed on the surface of
the WOj5 thin films under dark balance condition. By contrast, the photodegradation rates of the
MB solution with various WOs3 thin films are different. As demonstrated in Figure 8e, the WO3 film
conducted with thermal annealing at 600 °C was most catalytically efficient, giving a photodegradation
extent of approximately 45% in 30 min, while other annealed thin films photodegraded only 35% of
MB in the same time period. After 120 min irradiation, the WO; film annealed at 600 °C still displayed
the largest degree of photodegradation toward the MB solution. Notably, under irradiation, WO3
was photoexcited and the e /h* pairs were formed. The e~ can participate in organic pollutant
degradation reactions. The possible formations of the superoxide anion, hydroperoxyl, and hydrogen
peroxide (H,O,) species in the organic dye solution are advantageous for further degrading the MB
dyes [21]. However, it has been shown that the position of the conduction band of WO3 (+0.50 V
vs. NHE) was below the standard redox potential for the formation of superoxide anion (—0.33 V
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vs. NHE) and hydroperoxyl (—0.046 V vs. NHE) [22]. Based on the aforementioned, the following
reactions are therefore more likely to occur during the MB photodegradation process using WO3 thin
films as photocatalysts:

H;O; +e7 — ¢OH + OH™ 2
H,0, + h* — ¢OOH + H* 3)
H;0, + «OOH — ¢OH + H,O + O, 4)
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Figure 8. The intensity variation of absorbance spectra of the MB solution in presence of various WO3
thin films under different irradiation durations: (a) as-grown, (b) 400 °C, (c) 500 °C, (d) 600 °C, (e) Plot
of C/Cy vs. irradiation time.

Meanwhile, the photogenerated h* in the WO3 might involve the reactions and form eOH radicals

through the following equations:
H,O +h* — H" + «OH )

OH™ +h* — eOH (6)

The produced eOH radicals are efficiently degrading species for the MB dyes. Although the band
position of the WO3 is advantageous for the photodegradation mechanism, the microstructure and
optical properties should be considered for the final photodegradation efficiency. The WO3 film with
thermal annealing performed at 600 °C was the most active photocatalyst, and the films annealed at
lower temperatures were somewhat less active in this work. In contrast, the as-grown WOj film had a
lower photocatalytic activity. We assume that the deteriorated crystal quality of the WO3 with the lower
annealing temperatures or without annealing was the decisive factor in their inferior photodegradation

111



Coatings 2019, 9, 90

activity. Fewer oxygen-deficient-related defects in the lattice of the WO;3 film annealed at 600 °C
might result in fewer recombination centers in the film, which would be detrimental for the higher
photodegradation efficiency in this study. Moreover, the relative lower optical bandgap value of the
WO; film conducted with thermal annealing at 600 °C among different annealed thin films is another
advantageous factor to increase the light harvesting and enhance the degradation ability of crystalline
WO; film toward MB dyes under irradiation.

4. Conclusions

The WO; thin films were DC sputtering deposited at 375 °C; moreover, the as-grown films
exhibited an amorphous structure because of large composition deviation from the stoichiometric
value. The as-grown WOj thin films were further conducted by thermal annealing procedures at
400-600 °C in ambient air. Structural analyses revealed that the amorphous WOj thin films crystallized
after thermal annealing and demonstrated an orthorhombic structure. The surface grain size and
surface roughness of the WOj films increased with annealing temperature. Moreover, the density
of oxygen-deficiency-related crystal defects in the WO3 films decreased with annealing temperature.
The optical bandgap of WO3 thin films are highly associated with the crystal quality and this can be
controlled by conducting with different thermal annealing procedures. The as-grown WO3 thin film
annealed at 600 °C exhibited the highest photodegradation ability toward organic dyes in this study
because of its high crystallinity, low crystal defects, and low optical bandgap among the various WO3
thin films herein.
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Abstract: In this work, two different approaches were followed to obtain Cu-Al-Ni thin films
with shape memory potential. On the one hand, Cu-Ni/Al multilayers were grown by magnetron
sputtering at room temperature. To promote diffusion and martensitic/austenitic phase transformation,
the multilayers were subjected to subsequent heat treatment at 800 °C and quenched in iced water.
On the other hand, Cu, Al, and Ni were co-sputtered onto heated MgO (001) substrates held at
700 °C. Energy-dispersive X-ray spectroscopy, X-ray diffraction, and transmission electron microscopy
analyses were carried out to study the resulting microstructures. In the former method, with the aim
of tuning the thin film’s composition, and, consequently, the martensitic transformation temperature,
the sputtering time and applied power were adjusted. Accordingly, martensitic Cu-14Al-4Ni (wt.%)
and Cu-13A1-5Ni (wt.%) thin films and austenitic Cu-12Al-7Ni (wt.%) thin films were obtained. In the
latter, in situ heating during film growth led to austenitic Cu-12Al-7Ni (wt.%) thin films with a (200)
textured growth as a result of the epitaxial relationship MgO(001)[100]/Cu-Al-Ni(001)[110]. Resistance
versus temperature measurements were carried out to investigate the shape memory behavior of
the austenitic Cu-12Al-7Ni (wt.%) thin films produced from the two approaches. While no signs
of martensitic transformation were detected in the quenched multilayered thin films, a trend that
might be indicative of thermal hysteresis was encountered for the epitaxially grown thin films. In the
present work, the differences in the crystallographic structure and the shape memory behavior of the
Cu-Al-Ni thin films obtained by the two different preparation approaches are discussed.

Keywords: Cu-Al-Ni; shape memory alloys; thin film; sputtering; size effects

1. Introduction

Shape memory alloys (SMA) exhibit displacive and reversible deformation behavior due to
sensing thermodynamic and mechanical changes in their environment [1-7]. This plays a role in
the development of components that can be cycled between two macroscopic shapes depending on
temperature change. The fact that SMAs exhibit temperature-induced strain recovery makes them
a type of advanced engineering material. Typical application fields for these materials are encountered
in sensing-actuating systems in automotive, aerospace, robotics, and biomedical technologies [8].
Of the most functional shape memory alloys, Ni-Ti [9-11] Cu-Zn-Al [12], and Cu-Al-Ni [13,14] are some
of the most widely used. Even though the Ni-Ti SMA system is widely studied and commercialized on
account of its high percentage of shape recovery, Cu-based SMAs have become long-term proposed
substitutions for the Ni-Ti system due to the fact that they have lower production costs in addition
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to having desirable properties such as a large superelastic effect, wide transformation temperature
ranges, small hysteresis, and a high damping coefficient. Despite the fact that Fe-based SMAs, such as
Fe-Mn and Fe-Mn-Si, also appear as substitute candidates for Ni-Ti due to their good workability and
cost efficiency advantages, Fe-based SMAs undergo a large transformation hysteresis which limits
their area for shape memory applications compared to Cu-based SMAs [15].

Regardless of the alloy composition, because of possessing large amounts of thermal capacitance,
the application of shape memory behavior in bulk alloys is challenging. However, due to high actuation
outputs per unit volume, the response time can be reduced substantially and the speed of operation
may be increased sufficiently in shape memory thin films. As a consequence, these materials can be
utilized in micro/nanorobotic platforms [16].

Rather than conventional elastic or plastic dislocation glide, the behavior of shape memory depends
on displacive, diffusionless phase transformation, which takes place between a high temperature phase
(austenite) and a low temperature one (martensite). As a non-equilibrium phase, the most commonly
applied way to induce martensite in materials is to subject them to quenching after holding them
at high temperature in order for the atoms to become locked into position before they reach their
equilibrium states, with the lowest free energy [17]. Post-quenching is also convenient for introducing
the shape memory effect in films grown at room temperature. Investigations on the synthesis of
Fe-Pd [18], Ni-Ti [19], and Cu-Al-Ni [20] by sputter depositing and subsequent quenching have been
reported in the literature. In thin film studies, epitaxy may be induced via growth on a single-crystal
substrate, which dictates the crystal growth direction of the film. As a refractory, electrically insulating,
and transparent substrate, MgO offers a flat interface for epitaxial growth. It shows a convenient lattice
that matches many metals with face-centered cubic symmetry [21].

For thin film synthesis using in situ heating, epitaxial growth can be provided by techniques
such as laser ablation [22], molecular beam epitaxy [23,24], and electron beam evaporation [25].
Since preferential orientation is favored, the enhancement of shape memory properties can be achieved.
Among the sputtered shape memory alloys, Ni-Ti [26] and Ni;MnGa [27,28] are the systems for which
in-depth research on epitaxial growth is being carried out.

Cu-Al-Ni SMAs are known for their good thermal and electrical conductivity, broad interval
of transformation temperatures (between 70 and 470 K), good thermal stability of martensitic
transformation, and large recoverable strains [29-31]. They typically have Ni and Al contents
between 2-5 wt.% and 13-15 wt.%, respectively [32,33]. Cu-Al-Ni SMAs have some advantages over
the widely used Ni-Ti SMAs, such as a lower melting temperature, which facilitates composition
control [34]. The fact that they have better corrosion resistance and a lower cost compared to
Ni-Ti, which is prone to oxidation, makes Cu-Al-Ni components favorable choices [35] for certain
applications. Furthermore, it has been shown that achieving further enhancement in the microstructure
and mechanical properties of Cu-Al-Ni SMAs is possible via the minor addition of cobalt to its
composition [34]. The structural and mechanical properties of the Cu-Al-Ni system have been
studied both for bulk alloys, which are produced by methods such as rapid solidification, casting [36],
and powder metallurgy [37], and thin films, which are produced by methods including electron beam
evaporation [38], thermal evaporation [39], and sputtering [40,41].

Here, the dependence of the crystallographic phase structure on the chemical composition of
the Cu-Al-Ni shape memory system is reported for the first time for sputtered thin films. Different
compositions were synthesized by adjusting the Al and Ni content. Additionally, the crystallographic
differences due to the undertaken synthetic approach were investigated. Two methods were
implemented to produce the thin films. Firstly, free-standing films with varying compositions
were prepared by sputtering multilayers of Cu-Ni and Al. The as-grown films were conventionally
annealed at 800 °C and quenched in iced water, as would be done in a top-down approach, in order to
obtain a set of samples with different chemical compositions: Cu-14Al-4Ni (wt.%), Cu-13Al-5Ni (wt.%)
and Cu-12Al-7Ni (wt.%). Secondly, Cu-12Al1-7Ni (wt.%) thin films were grown on MgO(001) substrates
held at 700 °C, taking advantage of the epitaxial relationship between MgO(001) and austenitic
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-Cu-Al-Ni as a bottom-up approach. Unlike most of the previous studies for sputtered Cu-Al-Ni
samples, where a Cu-Al-Ni target was used for synthesis [16,27,34], in this work all depositions used
individual Cu, Al, and Ni targets (i.e., co-sputtering). Structural characterization studies were carried
out to investigate the crystallographic properties of the films. The martensitic phase transformation
behavior of the samples was also investigated.

2. Materials and Methods

Cu, Al and Ni targets of 99.95% purity were used to grow all samples. In order to produce
free-standing Cu-Al-Ni films, Si substrates were covered with resin by spin coating before sputtering.
The deposition of multilayers was carried out by DC sputtering from Cu and Al targets and RF
sputtering from a Ni target. Seven multilayers consisting of three Al films deposited between Cu-Ni
films were prepared (Figure 1a). After the deposition, the samples were rinsed first in acetone and
later in ethanol to dissolve the resin and to separate the film from the substrate. In order to promote
diffusion to obtain a homogeneous composition, the films, wrapped in Ta foils, were subjected to
annealing at 800 °C for 60 min in a sealed quartz tube and subsequently quenched in iced water.

(a) (b)
Al
A
Al : 650 nm [ \J : ‘ ’
XI
yI Al / MgO (001)

Figure 1. Sketch of the (a) prepared Cu-Ni/Al multilayers before quenching (for x and y values refer to
Table 1) and (b) Cu-Al-Ni film on (001) oriented MgO.

Table 1. Thickness values of the sputtered multilayers before quenching. The top and bottom Cu-Ni
layers have half the thickness of the layers in between.

C fee Layer Thickness (nm) Total Thin Film Thickness (nm)
omposition

Cu-Ni (x) Al (y) Cu-Al-Ni
Cu-14Al-4Ni (wt.%) 230 58 864
Cu-13AI-5Ni (wt.%) 242 63 915
Cu-12AI-7Ni (wt.%) 347 70 1250

The top and bottom Cu-Ni layers had half the thickness of the Cu-Ni layers in between (Figure 1a).
The details of the thickness values for each composition are given in Table 1, while sputtering conditions
are listed in Table 2.

Table 2. The power (W) and time (min) conditions applied for the sputtering of samples Cu-14Al-4Ni
(wt.%), Cu—13A1-5Ni (wt.%), and Cu—12A1-7Ni (wt.%).

Cu-Ni Al
Composition
PwW) t (min) P (W) t (min)
Cu Ni
Cu-14Al-4Ni (wt.%) 200 60 10 200 14
Cu-13AIl-5Ni (wt.%) 200 75 9 200 15.5
Cu-12A1-7Ni (wt.%) 200 85 10 200 17

The co-sputtered 650 nm thick Cu-12A1-7Ni (wt.%) thin film was deposited onto a 700 °C heated
MgO(001) substrate (Figure 1b) from individual Cu, Al, and Ni targets using powers of 22, 30, and 5 W,
respectively. The deposition pressure was set to 0.65 Ar, and the deposition rate was approximately
4.3 nm/min.
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Compositional analyses were performed with a field emission scanning electron microscope
(FE-SEM, Zeiss, Oberkochen, Germany) equipped with an energy dispersive X-ray spectroscopy
(EDX) detector operated at 15 kV. To confirm the homogeneity of the film along its thickness, EDX
analysis was also carried out on the film cross-section. Structural characterization was carried out
by X-ray diffraction (XRD, PANalytical, Royston, UK) (6/20 diffraction with Cu Ko radiation) and
transmission electron microscopy (TEM, JEOL 2011 200 KV, Peabody, MA, USA). For TEM observations,
the free-standing films were prepared with a GATAN polishing ion device (Pleasanton, CA, USA)
while the Cu-12A1-7Ni (wt.%) film grown on MgO was scratched from the substrate and milled with
an agate mortar. A Brucker D8 theta/theta four circle diffractometer (Billerica, MA, USA): ), 26, X, @,
graded mirror (GM; to give a nearly parallel beam) equipped with a scintillation counter detector was
used to study the epitaxial films grown on MgO. Coating thickness measurements were made using
the 3D optical surface metrology system, Leica DCM 3D (Leica Microsystems Inc., Buffalo Grove, IL,
USA). In order to investigate martensitic transformation behavior, electrical resistance measurements
were performed with a 2 K/min heating rate.

3. Results and Discussion

The XRD patterns of films synthesized by both routes are shown in Figure 2a. Among the
free-standing thin films produced by multilayer deposition, Cu-14Al-4Ni (wt.%) (Figure 2a) showed a
mixture of 3" martensite and pure Cu. 3’ martensite had a monoclinic structure (space group Cmcm),
whereas Cu had a cubic Fm-3m lattice. As the content of Ni increased at the expense of Al, traces
of 3 austenite (space group Fm-3m) along with 3" martensite were detected for Cu-13Al-5Ni (wt.%)
(Figure 2b), and only {3 austenite was seen in the XRD pattern of Cu-12A1-7Ni (wt.%) (Figure 2c).
In turn, the XRD pattern of the thin film co-sputtered at a high temperature on MgO mainly consisted of
textured (3 austenite, but the CugAly phase (space group P-43m) was also present (Figure 2d). Previous
studies on Cu-Al-Ni bulk shape memory alloys have reported that a slight change in composition
results in a shift in the transformation temperatures [33,41,42]. The studies carried out by Recarté et al.
revealed that, for a fixed aluminum content of 13.2 wt.%, a decrease in nickel from 5 wt.% to 3.5 wt.%
raised the austenite finish temperature from 10 to 80 °C [33]. Agafonov et al. showed that Al content
variation from 14.98 wt.% to 13.03 wt.% caused a change in the room temperature phase from austenite
to martensite for samples synthesized by casting and quenching in water [41]. Similar trends were
observed by Suresh and Ramamurty [42] where, at room temperature, a Cu-13.4Al-4Ni (wt.%) alloy
was in the martensite state, but a Cu-14.1Al-4Ni (wt.%) alloy was austenitic. In our work, we observed
that a change in Ni content followed the same trend in the transformation temperatures as the results
reported by Recarté et al. [33], but the opposite tendency than that reported in [33,41] was observed
when the aluminum content was modified. This may be because in our case, we were modifying Ni
and Al content simultaneously, and, consequently, our transformation temperatures were influenced
by both Al and Ni.

The film grown on MgO(001) showed a Cu-12Al-7Ni (wt.%) composition. The epitaxial relationship
MgO(001)[100]/Cu-Al-Ni(001)[110] was induced. The film grew with a 45° in-plane rotation on the
cubic cell of the substrate. The lattice mismatch (f) between the cubic lattices is shown in Equation (1):

f= (‘/EﬂMgo — AcuAINi B)/ACuAINi B 1)

where ﬂMgO =4.212 A, ACuAINi B = 5.836 A

The lattice mismatch between the film and the substrate was f = 2%, which was small enough to
favor epitaxy. The epitaxial film, grown at 700 °C, exhibited preferential (100) out-of-plane orientation.
This showed up as strong (200) and (400) peaks in the XRD pattern (Figure 2d). Peaks belonging to the
CugAly phase (i.e., (200), (421), (332), and (550) planes) were also present. The formation of a-Cu and
CugAly phases is typically observed in Cu-Al-Ni systems [43,44]. The 3 phase in the Cu-Al-Ni system
undergoes a eutectoid decomposition at ~840 K into o« (Cu) and y2 (CugAly), then, the stable phases at
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room temperature are Cu and CugAly. However, if the alloy is quenched at a sufficiently high cooling
rate from the 3 phase region to ambient temperature, the 3 phase may be retained or it may transform
martensitically. However, if the cooling rate is not high enough, traces of Cu or CugAl4 may be present
in the alloy.

() Cu-14A1-4Ni (Wt%) g (€) ¢ scan for the (220) peak of Cu-12AI-7Ni (Wi%)/MgO
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Figure 2. XRD patterns of the sputtered Cu—-Al-Ni thin films: (a) 6/26 scan for Cu-14A1-4Ni (wt.%);
(b) 8/26 scan for Cu-13Al-5Ni (wt.%); (c) 6/28 Cu-12A1-7Ni (wt.%) films obtained by multilayer sputter
deposition and subsequent heat treatment; (d) 6/26 scan for Cu-12A1-7Ni (wt.%) film prepared on
MgO substrate at 700 °C; and (e) ¢ scan for the (220) peak of the —Cu—Al-Ni film deposited at 700 °C
on MgO(001). # peak is unidentified. * peaks originate from the sample holder.

The phi scan carried out for the (220) peak of this film confirmed that the film lattice was rotated
45° in-plane, relative to the substrate (Figure 2e).

For the free-standing thin films produced by multilayer deposition, further evidence that the
compositional change from Cu-14Al-4Ni (wt.%) to Cu-12Al-7Ni (wt.%) resulted in a shift from
martensite to austenite was observed by TEM (Figure 3). Figure 3a,c shows TEM images of Cu-14A1-4Ni
(wt.%) and Cu-12A1-7Ni (wt.%) thin films, respectively. Typical martensitic plates were present in
Cu-14Al-4Ni, while a regular polycrystalline structure was observed in the Cu-12Al-7Ni (wt.%) alloy.
The Selected Area Electron Diffraction (SAED) pattern from Cu-14Al-4Ni (wt.%) thin film (Figure 3b)
consisted of diffraction spots that belong to 3" martensite corresponding to the (040), (202), (0018),
(202), and (122) planes and to Face-Centered Cubic (FCC) Cu (i.e., (220), (311), (311), and (033) planes).
Conversely, the SAED pattern of the Cu-12A1-7Ni (wt.%) thin film (Figure 3d) consisted of diffraction
spots characteristic of the austenitic phase (3) corresponding to (111), (511), (711), (622), (422), and (533)
planes. In Figure 4a, a high resolution TEM image of the epitaxial Cu-12A1-7Ni (wt.%) thin film
grown on MgO is shown. From the fast-Fourier transform (FFT) pattern of the selected zone shown
in Figure 4a, an interplanar distance value of 2.07 A (which belongs to 3 austenite (220)), as well as
a distance of 2.93 A (which belongs to 3 austenite (200)), was identified (Figure 4b).

In order to identify the transformation temperatures, electrical resistance measurements were
carried out as a function of temperature for both the quenched multilayered sample with the
composition Cu-12Al-7Ni (wt.%) and the sample with the same composition grown on MgO. Martensitic
transformation was not observed in the quenched multilayered Cu-12Al-7Ni (wt.%) (Figure 5a),
whereas a trend that might be indicative of transformation hysteresis was found for the epitaxially
grown Cu-12A1-7Ni (wt.%) sample (Figure 5b). The reason behind the fact that a transformation was
observed in the epitaxially grown (200) textured austenite thin film whereas no change was seen
in the randomly oriented polycrystalline one could be related to size effects. Size effects, such as
the volume of the material or structural components including precipitate particles and grains in
polycrystals, have a huge influence on the martensitic phase transformation [37]. Decreasing grain size
and decreasing twin separation cause an increase in strain energy and twin interfacial energy which, in
turn, increases the energy barrier [38]. For instance, Shi et al. [39] showed that for submicrometric NiTi
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particles (below 100 nm), the martensitic transformation was fully suppressed. Similarly, in our work,
no transformation was observed in the randomly oriented polycrystalline austenitic Cu-12Al1-7Ni
(wWt.%) film with a crystallite size of 95 nm according to Scherrer’s formula.

5 1/nm
—

. B(622)
WIII\
- .

10 1/nm

Figure 3. (a) Transmission electron microscopy (TEM) image of Cu-14A1-4Ni (wt.%) thin film produced
from multilayer deposition followed by annealing; (b) SAED pattern of (a,c) TEM image of Cu-12A1-7Ni
(wt.%) thin film; (d) SAED pattern of (c).

Figure 4. (a) HRTEM image of Cu-12A1-7Ni (wt.%) thin film grown on MgO; (b) FFT of the selected
zone (orange square) in (a).

Additionally, previous studies demonstrate that decreasing film thickness is also a reason for
the suppression of martensitic phase transformation [45-48]. Wan and Komvopoulos [48] showed
that for sputtered NiTi films with a thickness of less than 100 nm, no martensitic transformation
was observed. In the case of sputtered polycrystalline Cu-Al-Ni films, transformation temperatures
for films with 2 um thickness were reported by Moran and his co-workers [31]. To the best of our
knowledge, these are the sputtered Cu-Al-Ni SMA films with the lowest thickness values reported in
the literature. Torres et al. [20] also observed martensitic transformation for 5 pum thick films. In contrast,
no transformation was observed in the polycrystalline 1.25 pm Cu-12A1-7Ni (wt.%) sample prepared
in this work by post-treatment of the multilayers. It has been indicated by Chen and Schuh [49]
that as d(grain size)/D(sample thickness) decreases, the energy barrier for transformation increases.
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The interfacial energies depend on grain boundaries formed between martensite plates, the interfaces
between austenite and martensite plates, and the twin interfaces within martensite plates [48].

(b) Cu-Al2-Ni7 (Wt%)MgO

(a) 1.2

Cu-Al12-Ni7 (wt%) free-standing thin film

heating —=
o509 =— cooling
x 0.8
0.7
0.6
50 50 100 150 200 250 300

TK)

Figure 5. Resistance vs. temperature measurement of Cu-12Al-7Ni (wt.%) films prepared by (a) heat
treatment after sputtering and (b) in situ heating during growth.

The absence of phase transformation in films formed at low deposition temperatures could be
attributed to the small grain sizes causing a higher number of grain boundary interfaces and associated
excess free volume, and/or the thinner nature of the samples, as noted by Wan and Komvopoulos [48].

4. Conclusions

In this work, structural characterization studies were carried out to investigate the crystallographic
properties of Cu-Al-Ni films and their transformation temperatures.
The main conclusions from this work are as follows:

e The microstructure of Cu-Al-Ni sputtered films is found to depend both on the alloy composition
as well as the experimental procedure used to grow the films.

e A transition from martensite to austenite was observed as the Ni content increased and the Al
content decreased in samples prepared by multilayer sputtering followed by quenching.

e  Preferential growth along the (100) direction was observed in B-austenite Cu-12AI1-7Ni (wt.%)
grown on MgO at 700 °C due to the epitaxial relationship MgO(001)[100]/Cu-Al-Ni(001)[110].

e  Resistance change with respect to temperature, suggesting martensitic transformation hysteresis,
was observed in the preferentially oriented austenitic Cu-12Al-7Ni (wt.%) film, whereas martensitic
transformation was completely suppressed in the polycrystalline austenitic sample produced by
multilayer sputtering with the same composition.
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Abstract: It is expected that the applications of photocatalytic coatings will continue to extend into
many areas, so it is important to explore their potential for enhanced functionality and design flexibility.
In this study, we investigated the effect of a subwavelength surface structure in a TiO, coating on
its optical and superhydrophilic characteristics. Using submicron-scale spherical aggregates of
TiO; nanoparticles, we fabricated a TiO, film with a subwavelength surface structure. Optical
examination showed the enhanced transmittance of visible light compared to that of a plain surface.
This was considered to be a result of a graded refractive index at the air-TiO, interface. The effect
of the subwavelength surface structure on optical transmittance was also demonstrated by the
numerical simulation of visible light propagation in which Maxwell’s equations were solved using
the finite-difference time-domain method. In addition, superhydrophilic behavior without ultraviolet
light illumination was observed for the subwavelength-structure film via the measurement of the
contact angle of a water drop. Furthermore, it was confirmed that the photocatalytic activity of the
proposed film was comparable with that of a standard TiO, film. It was suggested that the control of
the subwavelength surface structure of a TiO, film could be utilized to achieve novel properties of
photocatalytic coatings.

Keywords: photocatalyst; TiO,; nanoparticle; subwavelength surface structure; superhydrophilicity

1. Introduction

Titanium dioxide (TiO,) has been widely used to decompose pollutants via photocatalytic
reactions [1,2] and to control surface wettability for self-cleaning coatings [3]. Because TiO, has a high
refractive index (1 ~ 2.6 [4]) and no absorption band in the visible wavelengths, surface coatings of
TiO, appear white. This intrinsic property limits the color design flexibility of TiO, coatings. Moreover,
although TiO; is known to exhibit superhydrophilicity when illuminated with ultra-violet (UV) light,
an external source of UV light is necessary to utilize its superhydrophilic function [3,5]. Therefore, it is
desirable to develop TiO, films that provide enhanced transparency and superhydrophilicity without
the need for UV-light irradiation.

To improve visible-light transmission at optical interfaces, one possible approach is to fabricate
anti-reflection surface structures. A subwavelength surface pattern that enables an optical interface to
have a graded refractive index which reduces light reflection [6]. Such surfaces are called moth-eye
anti-reflective structures [7]. Considering this anti-reflection mechanism, it should be possible to
increase the transparency of a TiO, film by fabricating a film with such subwavelength surface structures
(i.e., structures having characteristic dimensions less than visible-light wavelengths).

Furthermore, the surface roughness of a hydrophilic material is known to enhance its apparent
hydrophilicity [8]. Because TiO; is intrinsically hydrophilic, a textured surface on the TiO; film has the
potential to provide increased hydrophilicity.
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Coatings 2019, 9, 547

On the basis of the above considerations, it is expected to control the microscale surface structure
of the TiO, film to achieve favorable optical and wetting characteristics. Recently, TiO, spherical
nanoparticle aggregate (NSA) was developed [9]. The diameter of NSA is 100-200 nm, and, therefore,
the top layer of a packed NSA film cannot be a plain surface but has an intrinsic subwavelength
surface structure (Figure 1). Because such films consist of TiO, nanoparticles, they also have porous
structures. A porous TiO, structure allows gas molecules to diffuse into the film, which results in the
effective production of radicals before photo-excited carriers are lost [1]. Consequently, an NSA film
is considered to show improved optical and wetting characteristics without the degradation of its
photocatalytic function.

T1i0, nanoparticle Nanoparticle spherical aggregate
(NSA)

Coating @

7 (air) 1 (air)

n — >N

Plain surface Subwavelength structured surface

Figure 1. Illustration of a graded refractive index at the air-TiO, interface using a spherical nanoparticle
aggregate (NSA) film.

In this work, we investigated the effect of the subwavelength surface structure of a TiO, coating
on its optical and superhydrophilic characteristics. Using submicron-scale TiO, NSAs, we fabricated
a TiO; film with a subwavelength surface structure. Visible-light transmittance was measured to
examine the optical property resulting from the graded refractive index at the air-TiO, interface.
The effect of the surface structure on the visible-light transmittance was also demonstrated by
the numerical simulation of light propagation in which Maxwell’s equations were solved using
the finite-difference time-domain method. In addition, we performed water-drop contact-angle
measurements to demonstrate superhydrophilic behavior without UV-light illumination. Finally, we
confirmed the photocatalytic activity of an NSA film.

2. Experimental

2.1. TiO, Film Samples

We prepared TiO, aqueous dispersions using two kinds of TiO, particles: NSA (Ujiden Chemical,
Kochi, Japan) and AEROXIDE® P25 (Evonik Industries, Essen, Germany). P25 is a fine powder of
nanoparticles with mean diameter of about 21 nm. It was used as a standard TiO, material to evaluate
the properties of NSA. To break large agglomerates in each dispersion, ultrasonication was performed
using an UH-50 ultrasonic homogenizer (SMT, Kanagawa, Japan). A glass substrate was treated with
Ar plasma to clean the surface and enhance its wettability. A specified amount of dispersion was
dropped on the glass substrate and spontaneously spread over the surface. We managed to apply it to
uniformly cover the substrate surface. After being dried at room temperature, samples were heated at
600 °C for 20 min to sinter the particles [10].
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The prepared samples were observed using a scanning electron microscope (SEM) S-4700 (Hitachi,
Tokyo, Japan). The glass plate caused surface charging during SEM observation; therefore, we coated
the samples with osmium using a Neoc coater (Meiwafosis, Tokyo, Japan).

2.2. Optical Measurement

The optical transmittance of each sample was measured using a flame spectrometer with a halogen
light source (Ocean Optics, Dunedin, FL, USA). A diffraction grating was used to split the light, and the
intensity of each component was detected by a silicon CCD array. The measurement was performed
for wavelengths in the range of 0.4-0.9 um. The normal spectral transmittance was determined.

2.3. Water Contact Angle Measurement

To evaluate the wetting behavior, we measured the water contact angle at the surface. A water
droplet (5 pL) was applied to the sample surface, and a side-view photo image was captured using a
CMOS camera (3R-MSUSB401, 3R Solution, Fukuoka, Japan). Then, the obtained imaged was analyzed
to determine the contact angle [11].

2.4. Photocatalytic Performance Evaluation

Methylene blue (MB) decomposition was used to evaluate the photocatalytic activity of prepared
samples. We deposited an aqueous solution of MB on a TiO, film samples. We used a near-ultra-violet
(NUV) lamp (FPL27BLB, Sankyo Denki, Kanagawa, Japan). The light intensity was about 4 mW/cm?,
which was measured using a UV light meter (UV-340C, Custom, Tokyo, Japan). Because MB has an
optical absorption band in visible wavelengths, the change of optical transmittance was measured for
three hours to evaluate the progress of MB decomposition.

3. Numerical Simulation

To investigate the effects of the surface subwavelength microstructure of a TiO, coating on the
transmittance of visible light, we performed a numerical simulation of visible-light propagation
through a textured surface. Maxwell’s equations were solved using the finite-difference time-domain
(FDTD) method [12]. We assumed optical properties and geometry to model the air-TiO, interface of
the NSA film, as described below.

Because NSA consists of sintered nanoparticles, it has a fine porous structure. To evaluate the
refractive index of the porous medium, we introduced the effective refractive index 7., calculated from
the Bruggeman effective medium approximation [13]:

(nj —n2) (n;—n2)

(n} +202) 7 (3 + 2n2)

f =0 €]

where f is the volume fraction and the subscripts 1 and 2 refer to air and TiO,, respectively, in the
present case. For the substrates before sintering, we assumed that the porosity was 0.4 (random
packing of spheres [1]), so f1 = 0.4 and f, = 0.6. When we considered n; = 1 and n, = 2.6 [4], we
obtained 71 = 1.93. Therefore, we used 1. = 1.93 as the effective refractive index of NSA in the present
numerical simulation.

Then we modeled the subwavelength surface structure of the NSA film. The model geometry
for the simulation is schematically shown in Figure 2a. Because of the spherical structure of each
NSA, we assumed a convex surface pattern. The volume fraction of NSA at the air-TiO, interface
varied along the surface-normal direction (i.e., the x direction); hence, a graded refractive index was
achieved as illustrated in Figure 1. To examine the influence of the graded refractive index on the
visible light transmission, we made several geometries, as shown in Figure 2b. We defined the aspect
ratio of each convex structure as the height / divided by the width w. A parabolic function was used to
create convex interface patterns with various aspect ratios. Because our NSA sample had a range of
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diameters, we used w = 0.1 and 0.2 um, and the aspect ratio was varied from 0 to 0.5. Hence the height
h of each convex structure is equal to the peak x value appearing at z = 0.05 and 0.1 um for w = 0.1 and
0.2 um, respsectively. The aspect ratio of 0 corresponds to a plain interface.

Because we used a periodic concave pattern to model the air-TiO, interface, the periodic boundary
condition was used in the z direction (Figure 2a). For the x direction, we used the anisotropic
perfectly matched layer (APML) absorbing boundary conditions [12]. The simulation region (x X z)
was 6 pm X 0.2 um with the mesh size Ax = Az = 5 nm. A monochromatic plane wave of 0.55 pm
wavelength, which is in the middle of visible range, was used to evaluate the transmittance of visible
light. We investigated the influence of aspect ratio on the transmittance. As a solver, we used the
commercial software OptiFDTD version 12 (Optiwave Systems) [14].

To confirm the validity of our simulation and subsequent data processing, we numerically
calculated the normal transmittance of visible light (A = 0.55 um) regarding a plain TiO, layer and
compared the result with the analytical solution of Maxwell’s equations. The transmission coefficient T
at the air-TiO, interface is given as [15]:

4 nine
tT (ny + ne)? @

It should be noted that the transmittance T determined in the optical measurement has physical
meaning different from the transmission coefficient 7; T includes the effect of multiple reflections at
several interfaces in the sample, while 7 is determined only by the phenomenon at the air-TiO, interface.

@ b . 4
) (b) R — m Aspect ratio
— 0.5
Incident visible light g 8.431
o = .
. - @ A=0.55um 02
Analysis region . —\|" 0,
Air w=0.2 um
N n=1) N Aspect ratio
L [ 0.5
d /Y\ m /—\ 0
; El 03
TiO, w 2 01 r 02
(n,=1.93) = o1
. __h
Aspect ratio = w
0 . . .
0 0.1 0.2

z [pm]
Figure 2. Numerical simulation model: (a) Analysis region. (b) Model geometries with various

aspect ratios.

4. Results and Discussion

4.1. Visible-Light Transmittance

First, we visually examined the NSA film by comparing it with the P25 film. We prepared the
dispersions of NSA and P25 with 30 wt % solid content, and each dispersion was coated onto black
paper (Figure 3a). It is clear that the color change (i.e., black to white) observed in the P25-coated area
was greater than that in the NSA-coated area. This result suggests that the visible light scattering by
the NSA-coated surface was weaker than that from the P25-coated surface.
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To confirm quantitatively the difference between the NSA and P25 films in terms of optical
property, we measured the transmittance of TiO,-coated samples in the visible wavelength range.
The dispersion of NSA or P25 with 5 wt % solid content was used to make film on a glass substrate
for each sample. Then, the normal spectral transmittance of each sample was measured. The results
are shown in Figure 3b. The transmittance of the NSA film is higher than that of P25 in the visible
wavelengths. For example, the result at the wavelength of 0.55 um showed T = 62% and 51% for NSA
and P25, respectively, so the difference between these films was significant. The obtained results are in
accordance with the above-mentioned visual examination using black paper.

(a) () 100

25 mm

Black paper 0.4 0.5 0.6 0.7 0.8 0.9

Wavelength [pum]

Figure 3. (a) Photograph of a coating surface on black paper. (b) Spectral transmittance in the visible
wavelength range.

4.2. SEM Observation

The TiO; film samples used in the optical transmission measurement were observed using SEM.
The obtained top-view images are shown in Figure 4. The P25 film had no unique geometrical features
(Figure 4a), and the surface roughness that existed was possibly due to the agglomeration of particles
during the process of drying the dispersion [16]. Concerning the NSA film (Figure 4b), the spherical
shape of NSA remained even after the sintering process. As expected, the surface structure of each film
reflected the basic-unit size of particles, i.e., the primary-particle diameter of about 21 nm for P25 and
the aggregate diameter of 100-200 nm for NSA. We confirmed a remarkable difference in the qualitative
characteristics of surface structures between the two samples. Hence, we proceeded to the numerical
simulation of visible light transmission to explain the observed difference in the transmittance.

&

i o )

3
SHYY

Figure 4. Top-view SEM images: (a) P25 and (b) NSA.
4.3. Numerical Simulation of Visible-Light Transmission
The transmission coefficient 7 at the air-TiO, interface was numerically calculated for each

geometry described in Section 2 (Figure 2b). The simulation results are summarized in Figure 5.
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The transmission coefficients 7 are plotted against the aspect ratio of a concave surface structure.
The circle and triangle symbols show results of w = 0.1 and 0.2 pm, respectively.

0.96
w=0.2pm A
0.94 | A
]
o A
o092 b °
IN o B
o w=0.1 pm
090 & & o S
. Plain interface
(for reference)
088 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5
Aspect ratio [-]

Figure 5. Simulated transmission coefficient as a function of aspect ratio (circles: w = 0.1 um, and
triangles: w = 0.2 um). A value corresponding to the transmission coefficient of a plain interface is
indicated by the horizontal dashed line for reference.

The case in which the aspect ratio was zero corresponds to a plain interface, so the predicted
T values for two results (w = 0.1 and 0.2 um) should be the same value. Using Equation (2), the
transmission coefficient obtained for a plain interface was 0.899. Therefore, the validity of our numerical
simulation model and subsequent data processing was confirmed.

As the aspect ratio increased, the transmission coefficient showed higher values. This trend is in
accordance with our expectation because the effect of a graded refractive index at the air-TiO, interface
is emphasized at higher aspect ratios.

The difference between the cases of w = 0.1 and 0.2 pm can be also interpreted as indicating spatial
variation of the refractive index. The volume fraction of a convex structure for the aspect ratio of 0.5 is
plotted against the x coordinate (i.e., surface normal direction) in Figure 6. We found that the gradient
of the curve for w = 0.2 pm was lower than that for w = 0.1 um. The lower gradient of the curve means
spatially broader distribution of the refractive index, which results in transmission enhancement.

1 Aspect ratio: 0.5
0.8 r
0.6 r
04 r

02

0 0.05 0.1
x [pm]

Volume fraction of convex structure [-]

Figure 6. Volume fraction of a convex structure with surface normal (x-axis) direction.

On the basis of these simulation results, we expect an NSA film with a subwavelength surface
structure should show improved transparency. Considering the increasing transmission coefficient
with the aspect ratio, there is potential for improvement by modifying the surface structure of the
NSA film.
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4.4. Wetting

Wettability is an important property of coatings intended to achieve a self-cleaning surface.
To evaluate the water wettability of our TiO, samples, we performed contact angle measurement.
The photo images taken to determine the contact angle 0. are shown in Figure 7. To emphasize the
change in the contact angle for the TiO, coating, we also used a glass slide that was exposed to air
and not coated with TiO,. The uncoated glass had 6. = 34°, which is not an ideal result for a clean
glass surface but a practical result for a glass surface exposed to airborne contaminants (Figure 7a).
For the P25-coated surface, a drop of water readily spread over the surface and eventually showed
6. < 10°, which is a characteristic of superhydrophilic surfaces (Figure 7b). The NSA-coated surface
also exhibited superhydrophilic behavior (Figure 7c). Additionally, a sessile-drop technique is often
used to distinguish advancing and receding contact angles [17,18]. Because a water drop was simply
deposited on each sample in the present experiments, the results are close to advancing contact angles.

Even though we did not use UV light irradiation in these experiments, we observed
superhydrophilic behavior for both the P25 and NSA coatings. We consider that the surface roughness
influenced the small contact angle. The TiO, coatings, not only with NSA, but also with P25, exhibited
surface roughness. Even though their scales and features were totally different, it is considered that the
roughness of both films was sufficient to enhance their water wetting property; this consideration can
be supported by the observation indicating that nanoscale roughness affects surface wetting [19].

Because it is difficult to accurately measure very small contact angles (0. < 10°), we were not able
to determine the difference in wettability of the P25 and NSA coatings in the present experiments.
To quantitatively investigate the difference in the degree of superhydrophilicity, a special experimental
setup is needed [20]. Future work is necessary to optimize the surface microstructure proposed here.

(@) (b) ©
2 10"
e (7), = 21 Water A Water ¢
A b
1225 NSA

Figure 7. Contact angle measurement: (a) Uncoated glass, (b) P25 film, and (c) NSA film.

4.5. Photocatalytic Decomposition of MB

To demonstrate the photocatalytic performance of the NSA-coated film, we conducted MB
decomposition experiments. After depositing MB on the NSA and P25 films, we measured their
visible-light transmittance to evaluate the amount of MB on the samples. Then, we started to irradiate
them with UV light to enhance the photocatalytic decomposition of MB. We measured the visible-light
transmittance every hour.

The results are shown in Figure 8. At the beginning (the time was 0 h), the transmittance of the NSA
film was higher than that of the P25 film because of the difference in their clean conditions (shown in
Figure 3b). As the reaction proceeded, the transmittance of each sample increased due to decomposition
of light-absorbing MB. The temporal change of transmittance indicates the photocatalytic reaction rate
of MB decomposition. Because the slope of transmittance was similar for each sample, we can assume
there was no remarkable difference in the MB decomposition rates. In this way, we confirmed that the
NSA film had photocatalytic performance comparable to that of a typical film with the TiO, coating
using P25. Therefore, we expect to be able to utilize the useful features of NSA films without reducing
their photocatalytic activity.
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Figure 8. Transmittance variation with time during photocatalytic methylene blue (MB) decomposition.
5. Conclusions

We investigated the effect of a subwavelength surface structure of a TiO, coating on its optical
and superhydrophilic characteristics. Using submicron-scale TiO, NSA, we fabricated a TiO; film with
a subwavelength surface structure. Optical examination showed an enhanced transmittance of visible
light compared to that of a plain surface, which was considered to be a result of a graded refractive
index at the air-TiO, interface. The numerical simulation supported the improved transparency.
In addition, superhydrophilic behavior without ultraviolet-light illumination was observed for the
subwavelength-structured film via the contact angle measurement of a water drop. It is suggested
that we can utilize the favorable features of an NSA film, such as greater visible-light transmission
and superhydrophilicity, without degrading its photocatalytic performance. Using a subwavelength
surface structure on a photocatalytic film appears to influence its useful features, so it is hoped to
further investigate the potential for surface design of photocatalytic coatings.
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Abstract: Copper and gold films with thicknesses between approximately 10 and 60 nm have been
prepared by electron beam evaporation and characterized by spectrophotometry from the near
infrared up to the near ultraviolet spectral regions. From near normal incidence transmission and
reflection spectra, dispersion of optical constants have been determined by means of spectra fits
utilizing a merger of the Drude model and the beta-distributed oscillator model. All spectra could
be fitted in the full spectral region with a total of seven dispersion parameters. The obtained Drude
damping parameters shows a clear trend to increase with decreasing film thickness. This behavior
is discussed in the context of additional non-optical characterization results and turned out to be
consistent with a simple mean-free path theory.

Keywords: copper; gold; ultrathin metal films; optical constants; thickness dependence

1. Introduction

In thin film characterization and design practice, numerous dispersion models exist that may
be used for reliable modelling of the optical constants of dielectric films, regardless of whether they
are transparent or absorbing. Examples of suitable models are provided by the oscillator model [1,2],
Tauc-Lorentz [3] and Cody Lorentz [4] models, Gaussian-like broadened oscillators [5,6], or the f_do
model [7]. On the other hand, there is still uncertainty among optical coating practitioners concerning
a realistic treatment of the optical constants of metal films, and in particular of ultrathin metal films.
This is irritating, as thin metal films are widely used in optical transmission filters [8] and architectural
glass coatings [9], just to give two examples.

In fact, it was already shown in 1984 in a famous round robin experiment [10] that the
determination of thickness and optical constants of two (ultra-)thin rhodium films (thicknesses around
15 and 30 nm) turned out to be much more challenging than the analysis of sufficiently thick dielectric
(in this case Sc;O3) coatings. Differing results have been obtained by means of different optical
characterization techniques applied by the participating research groups. Since 1984 much work was
done, nevertheless the uncertainty among practitioners in managing ultrathin metal film properties
cannot be eliminated.

In May 2018 at the SPIE conference “Advances in Optical Coatings VI” (SPIE conference 10691),
some of speakers’ time slots turned out to be unexpectedly vacated because of speakers missing due to
airline strikes. These time slots were filled ad hoc with a standby discussion on current problems in the
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theoretical description of ultrathin metal film optical properties. Here, the authors of the present study
developed their point of view that it would be useful to adopt the mean free path theory successfully
applied in solid state physics [11,12] and cluster physics [13] to the modelling of thin metal film optical
constants. It is the purpose of this paper to re-examine this idea and to demonstrate experimental
examples on the use of this treatment.

The general idea is rather simple. One may start from the classical Drude function [2] in order
to model the dielectric response of the free carrier fraction in metals. The bound electron response
may be modeled in terms of some derivative of the multioscillator model [1-7]. For smooth closed
films, such a treatment leads to satisfactory spectra fits corresponding to thickness-independent optical
constants, as long as the film thickness is large enough (as a rule of thumb, the films should be thicker
than approximately 50 nm).

However, when the film thickness d becomes smaller than approximately twice the mean free
path of the conduction electrons in the bulk, the picture may change. Then, collisions of conduction
electrons with the film surface lead to a decrease in the mean free path, which may result in an increase
in the damping parameter I'p of the Drude function. In smooth closed thin films, this effect is expressed
in terms of the parameter deT b [11,12]. Here, vg is the Fermi velocity, and T, the average time between
two collisions suffered by a free charge carrier in the bulk.

Note that an analogous approach is in use in small metal cluster optics [13]. Here the parameter
is A% with R—cluster radius, and A is a constant in the range of one.

In the following, we will demonstrate the validity of such an approach to the optical properties of
thin copper and gold films.

2. Theory

2.1. Dispersion Model

In order to account for both the free and bound electrons fractions in a metal film, we make use of
the following writing of the metal’s dielectric function ¢ (n-refractive index; k—extinction coefficient):

e=1+ Xfree TXbound = (n + Zk)z (1)

where X, is the susceptibility characterizing the free electron fraction (corresponding to intraband
transitions), and Xpounq describes the contribution of interband transitions, i.e., the response of the
bound electrons.

For the free electrons, we will use the classical Drude function [2]:

v
— 2
Xfree V2 ¥ oiv p ( )

Here v is the wavenumber (e.g., the reciprocal value of the vacuum wavelength), and v}, the free

electrons plasma frequency in wavenumber units:
P 2nc  2mhe

©)

where (c is velocity of light in the vacuum, E;, is bulk plasmon energy, and wy, is bulk plasma (angular)
frequency) I'p is the Drude damping parameter, again in wavenumber units. For the bulk material

we have: .
I'pp = —— 4
Db 4mceTy, @
Particularly, for the “perfect” bulk crystal, Equation (4) reads as:
1
Tppo = ——
) ®)
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Theoretical values on the bulk collision time Ty, in the perfect crystal and the Fermi velocity vg
are given in Table 1 together with selected other parameters known for bulk copper and gold from
the literature.

Table 1. Theoretical data (E,o: photon energy corresponding to the onset of absorption features caused
by interband transitions in the optical spectra of the perfect crystal, v, is the corresponding onset

wavenumber).
Tpo/fs  VpTpo/nm 3 EqoleV l"D,bO/crn’1 I/P/v:m’1 _1
Metal ), [14] e/g em EpleV [15]  (Equation (5) (Equation (3) 2™
Cu 36 39.9 8.92 9.3 [16] 2.09 74 75,004 16,856
Au 27.3 37.7 19.32 8.83 [15] 2.35 97 71,214 18,953

Different sets of copper and gold Drude parameters (Table 2) are obtained or used in studies
published in the last decades. The reported data scatter strongly, but are of the same order of magnitude
as the values presented in Table 1.

Table 2. Survey of literature data on gold and copper Drude parameters. Numerical values have been
adopted to the writing of the Drude function given in Equation (2).

Metal Reference vplem ™1 I'p/em~1
Cu [17] 59600 36
[18] 70660 385
[17] 72800 112
[18] 71710 285
Au [19] 72200 279
120] 72590 282
[21] 69000 74

It is worth noting that in reference [20], Mie resonances in nanosized gold clusters with different
diameters have been studied, and the increase in the Drude damping parameter with decreasing cluster
diameter could be directly observed. In the smallest clusters with diameters of 5 nm, I'p reached values
up to approximately 650 cm ™.

According to Equation (1), a realistic description of the metal’s optical properties must also contain
the response of the bound electrons. In this study, in order to quantify xpounq, We make use of the
beta-distributed oscillator (3_do) dispersion model [7]. In the 3_do model, the susceptibility Xpound iS
given by:

s (5= + worvr)

M=

N

B

7

Xbound (V) = % N
L ws
=1

s=

- ©)
ws = (559)" (M) G s=123.. N

N+T TNFT
Vs = Vo + s

In fact, Equation (6) describes inhomogeneous broadening of an absorption feature with a shape
described in terms of the beta-function, with exponents defined by « and . N is the number of
equidistant Lorentzian oscillators (with homogeneous linewidth I') considered in numerical modelling,
while v, and v}, mark onset and cutoff wavenumbers of the inhomogeneously broadened absorption
feature. | is an intensity factor proportional to the oscillator strength. The mentioned parameters form
the set of 3_do dispersion model parameters. The optical constants of the films, as well as the Drude
and p_do dispersion parameters, may then be obtained from fitting experimental transmission and
reflection spectra of the real films in terms of Equations (1), (2), and (6). The optical constants in this
study have been determined in this way.
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2.2. Film Thickness Estimation

In order to determine the metal film thickness, three different approaches have found
an application:

e Thicknesses have been determined from fitting experimental transmission and reflection spectra
in terms of Equations (1), (2), and (6), taking the film thickness as a further fitting parameter.

e Thicknesses have been determined from X-ray reflection (XRR) analysis.

e  Thicknesses have been estimated from measured transmission and reflection spectra without
assuming a specific dispersion law, but on the basis of a sum-rule-based theoretical approach
using potential absorptance [22,23].

In point iii, thickness determination was achieved by first calculating the experimental value Qe
defined by

2000nm
_ Texp<)‘) dA
{1- '}

7\2
357nm (7)
2000nm
dA

Qexp =
J 2

357nm A
for each sample from the measured near normal incidence transmission (T') and reflection (R) spectra.
That value was compared to a theoretical value calculated based on tabulated optical constants [24] as

a function of film thickness d:

ZOOQnm{ 1 Tmzu(?\,d) }@
357nm [17R641u<7\/d)] A2
Qcalc (d) = 2000nm (8)
df)z\
357nm A
Then, d was estimated from setting:
Qcale (d) = Qexp )

As it will be seen later in Section 4, the film thicknesses obtained by these three methods are in
good agreement, except metal films with a thickness of more than 50 nm.

2.3. Mean Free Path Effects

As has already been shown in earlier work [11,12], in ultrathin metal or semiconductor films,
a drop in static electric conductivity occurs in ultrathin metal films when the film thickness becomes
smaller than a value of approximately 20T, (for gold and copper, according to Table 1, this thickness
corresponds to approximately 75 nm). The point is that in ultrathin films, collisions between
charge carriers and the film surface may dominate over bulk collision effects, and this may lead
to a significant reduction in the average collision time. According to the classical Drude theory, this will
be accompanied by a decrease in the static electric conductivity, and an increase in the Drude damping
parameter according to Equation (4).

As is shown in an earlier study [11], the simplest model treatment of this reduction in the mean
free path of the charge carriers results in a thickness-dependent average collision time given by:
Tb

T(d) = (10)

1 + 2 (17psl;cc)lfree

Here, pspec is the relative amount of charge carriers that is specularly reflected at the film surface,
and I5,, the mean free path in the bulk material. Note that in this approach, only charge carriers
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reflected diffusely from the surface contribute to the mentioned thickness dependence. When setting
e = UFTp [11,12] and making use of Equation (4), we obtain a manageable expression for the
thickness-dependent Drude damping parameters in thin films according to:

2 (1 - pspec) UFTp

] an

FD(d) = rD,b 1+

This expression will be in the basis of our discussion of thickness-dependent Drude parameters in
the ultrathin copper and gold films.

3. Experimental

3.1. Layer Deposition

The metal layers have been prepared in a Biihler Syrus pro 1110 coating machine (Alzenau,
Germany) by e-beam evaporation using a tungsten liner. The Au-material was Au 5N+ from SAXONIA
Technical Materials (Hanau, Germany) and the Cu material 5N grade supplied from Umicore Company
(Balzers, Liechtenstein). Fused silica Q1 as well as silicon wafers have been used as substrates.
No substrate preconditioning by plasma etching has been applied, and no adhesion layers have
been deposited. The evaporation geometry was optimized with respect to the specific demands of
metal coating, so the distance from evaporation surface to the substrate was only 32 cm, while the
substrates were held at fixed positions without any rotation of the substrate holder. The pressure
was 4.7 x 1077 mbar prior to deposition start. The substrate temperature during evaporation was
about 30 °C. The evaporation rate of 0.5 nm/s and the thicknesses have been controlled by quartz
crystal monitoring.

3.2. Layer Characterization

3.2.1. Spectrophotometry

T- and R- spectra in the range of 350-2000 nm of all samples have been measured at near normal
incidence in a Perkin Elmer Lambda 950 scanning spectrophotometer (Rodgau, Germany) equipped
with absolute T- and R measurement attachments. From these spectra, film thickness d as well as
optical constants n and k have been deduced from spectra fits in terms of Equations (1), (2), and (6),
using a Matlab environment. In all spectra fits, the parameter N in Equation (6) was set to N = 1000.
Generally, spectra from samples deposited onto both types of substrates (silicon and fused silica) have
been included into the fitting procedure. In more detail, the fitting procedure is described in a previous
study [7].

3.2.2. X-ray Reflection XRR

All samples were characterized with grazing incidence X-ray reflectivity (XRR) using a Bruker
(Karlsruhe, Germany) D5005 diffractometer operated with Cu-K« radiation (A = 0.154 nm) in
symmetrical 026 geometry. The film thickness, material density, and surface roughness were extracted
from simulation of the reflective curves by the commercial program “Leptos” (version 7.8).

3.2.3. Scanning Electron Microscopy SEM

The layer surfaces were investigated using a Carl Zeiss Sigma scanning electron microscope
(SEM, Jena, Germany). The applied acceleration voltage was 5 kV and an InLens-Detector was used to
detect the secondary electrons. To get a good overview, images were made in different magnifications.
The presented results were made with a magnification of 80.00 Kx.

139



Coatings 2019, 9, 181

4. Results

Concerning non-optical properties of the metal layers, we start with a short survey of the XRR
and SEM results. For all copper layers on fused silica, an identical rms surface roughness of 1.0 nm
has been found by XRR. The density values were scattered in the region (8.6 & 0.2) g-cm 3 without
a clear thickness dependence. Concerning the gold layers, the rms surface roughness data were
scattered in the region (1.1 & 0.2) nm, while the density was about (19.1 £ 0.1) g‘cm_?’. All films have
approximately the same surface roughness around 1 nm rms, while the average density turned out to
be marginally smaller than typical bulk densities (96.5% for Cu, and 98.9% for gold—compare with
Table 1).

In qualitative agreement with the rather thickness-independent surface roughness, all SEM
pictures of copper films on fused silica show practically identical granular surface morphologies
with grain sizes in the region of 20 nm (Figure 1a—c). The corresponding pictures of gold surfaces
(Figure 1d—f) show different behavior. Again, granular areas are observed, but the dominating features
are given by large material slabs with diameters up to several 100 nm that appear rather smooth.
Furthermore, these material slabs show a trend of growing in size with increasing layer thickness.
It may be expected that the large gold slabs result in optical properties of gold films that are much
closer to the “perfect” bulk references, as would be expected in the case of copper films.

Cu on fused silica Au on fused silica

(a) layer thickness 26 nm

1100 nm
[ |

=

(c) layer thickness 61 nm (f) layer thickness 55 nm

Figure 1. Selected SEM images of the metal films surface morphology. The mentioned thicknesses
correspond to those obtained from the spectra fits.
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Concerning the optical properties, let us first mention that all spectra could be well fitted by
means of the chosen dispersion approach in Equations (1), (2), and (6), assuming & = {3, such that a total
of only seven independent dispersion parameters (two Drude parameters and five 3_do parameters)
were necessary to model the optical constants. The film thicknesses of the films on fused silica and
silicon appear as additional parameters for the spectra fits. Figure 2 demonstrates the achieved fit
quality for a gold (Figure 2a) a copper (Figure 2b) sample. The chosen dispersion approach obviously

results in excellent spectra fits.

0.2+

0.0 ket
5000 10000 15000 20000

v/cm?

(a)

25000

TorRg

0.8
0.6
04

0
02+

0.0 b
5000 10000 15000 20000 25000

v/em™

(b)

Figure 2. (a): experimental spectra (triangles) and fit (lines) of a gold film on Q1 (navy) and Si (black).
On Q1, a thickness of 36.9 nm was found, on Si, the thickness was 41.1 nm; (b): experimental spectra
(triangles) and fit (lines) of a copper film on Q1 (navy) and Si (black). On Q1, a thickness of 39.3 nm
was found, on Si, the thickness was 42.9 nm.

Figure 3 shows the obtained optical constants for all samples. From the figures, we recognize

the typical dispersion of metal optical constants in the spectral region from the near infrared to the
visible. The comparison with literature data from an earlier study [24] (green circles) confirms the
physical relevance of the obtained data. Generally, thinner layers tend to have slightly larger refractive
indices in the near infrared, and slightly smaller extinction coefficients. The corresponding dispersion

parameters are collected in the Tables 3 and 4.

Au Cu
n k n k
14 14tk
12 12
10 10
8 8
6 6
4 4
2 o-gzEzETsgene 2n <
J00 10000 15000 20000 25000 00 10000 15000 20000 25000
v/cm?t v/cm?
(a) (b)

Figure 3. Optical constants of the gold (a) and copper (b) films. Curves that appear darker in color
correspond to thicker films. Green circles represent literature data [24].

141



Coatings 2019, 9, 181

Table 3. Thickness and dispersion parameters of the gold films. Thickness data correspond to the
samples on fused silica (Q1).

dgu/nm valem™  vi/em™  Jlem™  r/em~1 a=p  vplem™ Tplem~!
Fit XRR Equation (9)
20.7  19.0 20.0 20,740 83,340 399,370 2010 0.85 71,530 270
363 348 34.0 20,730 86,610 439,750 1760 0.87 74,000 200
549 53.6 53.2 20,730 87,740 445,170 1720 0.87 74,260 190
S5f— 0.0004 0.05 0.11 0.16 0.02 0.04 0.36

Table 4. Thickness and dispersion parameters of the copper films. Thickness data correspond to the
samples on fused silica (Q1).

dgu/nm valem™  viy/em™  Jlem™  [/em~1 a=p  vplem™! Tp/em~!

Fit XRR Equation (9)
123 103 11.8 17,770 81,870 312,610 1020 091 64,400 460
201 17.0 184 17,850 86,900 326,510 820 0.88 68,310 360
262 217 23.9 17,840 86,790 325,930 770 0.88 69,090 340
393 343 35.3 17,840 86,350 310,050 720 0.87 69,270 280
61.3 50.0 52.7 17,820 85,820 274,490 710 0.87 66,450 240

Sf— 0.005 0.06 0.17 0.38 0.05 0.07 0.64

In order to identify relevant thickness-dependent trends in the parameters given in Tables 3 and 4,
for each dispersion parameter f, a relative dynamic range §f has been calculated as the difference
between its maximum and minimum values in the corresponding column of the table, divided by the
average of all data in the column. Hence, 5f is given by:

|:fmax_fmin:|

()

The spectra fit for the thickest copper layer was numerically instable, most probably because of the
strong damping within the layer, indicated by the weak transmission signal. As a result we recognize
the large mismatch between the thickness values obtained by the different methods. In Table 4, a set of
dispersion parameters is included as obtained from a fit attempt when the difference v;,-v, was kept
close to what is known from the bulk material. Table 5 shows average values and standard deviations
of the fitting parameters obtained from different fit attempts of the spectra of the problematic thickest
copper film. Fortunately, the obtained damping parameters that are in the focus of our study scatter
with a relative standard deviation of no more than 12%. Thus, regardless of the principal numerical
instability of the spectra fits, the data range for the damping parameters reported in Table 5 does
not violate the thickness-dependent trends, which follow from Table 4. Moreover, all dispersion
data presented in Table 4 for this copper sample fall into the ranges presented in Table 5. Therefore,
we assume that the data of the thickest film, as included in Table 4, are consistent with the spectra and
are physically meaningful, regardless of the numerical problems with that fit.

Yy (12)

column

Table 5. Average values and standard deviations of the parameters of the thickest copper layer,
as obtained from different fitting attempts.

dgi/nm Valem™ vplem™ Jlem™
59+7 17,800 + 40 87,000 £ 15,000 330,000 + 130,000
I/em™ x=p vplem~1 I'p/em 1!

680 + 40 0.89 + 0.03 69,000 £ 7,000 250 £ 30
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A comparison of the 5f values from Tables 3 and 4 shows that in both metals, strongest relative
changes from sample to sample (highest 5f) are observed for the Drude damping parameter I'p,
followed by the homogeneous linewidth of the 3_do oscillators I', which also essentially represents
a damping parameter. Moreover, for both of these parameters, a clear trend is observed in the sense
that a decrease in thickness is accompanied by an increase in the damping parameter, in agreement to
the predictions of the mean free path theory. Therefore, the further discussion will mainly focus on
the Drude damping parameter and its thickness dependence. Note further that in the case of gold,
plasma frequencies obtained from our fits appear to be somewhat higher than the theoretical value
from a previous study [15], but corresponding data reported in other studies [25] also tend to exceed
that value (see also Table 2 in this regard). In that connection, it is worth noting the large scatter in
reported effective mass values of conduction electrons in gold [25]. For copper, the v, - data obtained
from our study are well below the theoretical value, in agreement with the lower density of the films.

5. Discussion

In Figure 4, the obtained model parameters A, /, = 1/v,p, are visualized in relation to characteristic
features in the gold and copper bulk reflection spectra (Figure 4a) and in the imaginary part of the
dielectric function (Figure 4b) [24]. Obviously, the parameters A, mark the onset wavelength of strong
interband absorption structures in the spectra, while Ap-A; gives some effective width (in wavelength
units) of the modeled interband absorption structure. Note that the v, values as obtained from our
fits (Tables 3 and 4) are consistent with the theoretical v, data (Table 1) in the sense that vog ~ v4 — T’
is fulfilled.

Based on Equation (11) the thickness dependence of the obtained damping parameters is fitted by
the simple law:

5
Ip(d) =Tpy {1 + E] (13)
R Ime
7L
0.8}
6l
0.6} 5r
41
04 3t
' 2
0.2¢ Ay 482nm  561nm 1l
300 400 500 600 700 800 100 200 300 400 500 600
A /mm A/ nm
() (b)

Figure 4. (a): Bulk reflectance of copper and gold. The corresponding A, values are indicated by
vertical lines; (b): Imaginary parts of the dielectric function of gold and copper. The corresponding
Aa,b values are indicated by vertical lines.

Here I'p, and 6 are fitting parameters and the obtained values are given in Table 6. Figure 5
shows the obtained thickness dependence of Drude damping parameters together with the fit in terms
of (Equation (13)). Note that our I'p data are principally consistent with the experimental data given in
Table 2, but show a clear dependence on the film thickness.
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Figure 5. Thickness dependence of the Drude damping parameter I'p. Symbols represent data from
Tables 3 and 4, while lines represent the fit in terms of Equation (13).

When now combining Equations (4), (5), (11), and (13), the following data may be calculated from
the fit of I'p(d):
Ippo . 5

Tpb= Tpo rDb ; (1 — Pspec) = m (14)

The results are presented in Table 6. Also included are relaxation times Ty.c obtained in previous
studies [19,26].

Table 6. Parameters in the mean free path theory (Equation (11)).

Metal Tho/fs TIppolem™ TIpplem™! tp/fs Tj_c/fs[26]  vpTpp/mm vpTp/mm S/mm (1 — peped)  Pspec

Cu 36 74 197.4 135 6.9 39.9 15.0 16.5 0.55 0.45
Au 27.3 97 135.5 195 9.3 37.7 26.9 20.3 0.38 0.62

Our experimental data are, thus, consistent with Equation (11) when assuming that in the Cu
films, a larger amount of electrons (55%) is diffusely scattered at the film surface than in the case of
gold films (38%). This result is at least in a qualitative agreement with the SEM characterization result
(Figure 1), where the Cu films show a rather granular surface morphology, while in the gold films,
large slabs have been found that appear rather smooth in the SEM image. Also, in the gold films,
obtained damping parameters and plasma frequencies are generally closer to the theoretical values of
the perfect crystal (Table 1) than in the case of copper films.

In a more refined treatment, the parameter pspec could also be treated as a function of the thickness,
in order to account for the larger slabs in thicker gold films, as obtained from the SEM images,
but in our study the number of available experimental points is by far too small for justifying such
a model extension.

Obviously, the extrapolation of our data to large thicknesses does not result in damping parameters
that converge to the “perfect” values summarized in Table 1. Therefore, we have to recognize that in
our films, there are at least two effects that make the Drude damping parameter different from the
“perfect” values presented in Table 1:

e A thickness dependence that may obviously be described by means of the free path theory
(Equation (11))

e A complicated microstructure of the film materials that results in 1, < T,. This is also clearly
evident from the data 1;_c from a previous study [26]

The complicated film microstructure as it may be guessed from the SEM images raises the question
of how far simulations of charge transport in three-dimensional (3D) random microstructures (compare
with Stenzel et al. [27]) may provide a theoretical access to the bulk collision times T, < T,9 we expect
from our treatment. Although such a simulation is beyond the scope of the present study, it makes
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sense to compare our results, at least qualitatively, to what is obtained from such simulations. Indeed,
the classical (Drude) expression for the static electric conductivity of a continuous medium may be

written as:
- NOeZTbO

0o o (15)

Here Ny is the free electron concentration in the perfect crystal, e the elementary charge, and m*
the optical mass (compare with Ehrenreich and Philipp [15]). On the other hand, from the numerical
analysis of random 3D microstructures, it turns out that their electric conductivity is determined by
three crucial factors characterizing the geometry of the random network, namely:

e  The filling factor p < 1;
e The constrictivity ¢; < 1;
e  The tortuosity t, > 1.

Then, according to an earlier study [27], the effective conductivity of the 3D microstructure can be
expressed in equations of the type:

106
Oeff =~ Oop t;"l7 (16)
with exponents that originate from a fit and vary from source to source. From oy = %
then have: 036 5 036 )
oy ~ oop e = D Nerr €Ty 17)
517 mr 7 mw

When assuming identical optical masses at both sides of the above equation, the latter allows the
empirical introduction of effective carrier concentrations N,g and collision times T, according to:

0.36
c
Nesr = Nop < No; Tepf = t;:"TThO < Ty becauset, > landc, <1 (18)

When finally associating Teff with the bulk relaxation time in the non-perfect film 7;, we have

1
Teff AT < Tpo = I'pp = yre— > Tpo 19

Therefore, the bulk Drude damping parameter in a real film shall exceed that in the perfect crystal,
in agreement with our findings.

6. Summary and Outlook

We have demonstrated that the optical spectra of rather thin metal films may be reliably fitted
in terms of a dispersion approach that combines the classical Drude function with the _do model.
The number of fitting parameters is given by seven dispersion model parameters plus the film thickness
(es). This has allowed fitting of the metal film spectra in the wavelength range from 350 to 2000 nm.
Nevertheless, inclusion of additional measurement data (e.g., ellipsometry and photometry at different
angles) is known to be useful for characterization of thin metal films [28], but was not available for
this study.

The fits result in a clear thickness dependence of the Drude damping parameters, which is
consistent with the predictions of the mean free path theory.

In addition to the obtained thickness dependence of the Drude damping parameters, our results
indicate a larger bulk value of the damping parameter than in the perfect crystal. This is consistent with
earlier reports and clearly a result of the complicated microstructure of real evaporated metal films.
In that connection, recent reports on the simulation of charge transport in random microstructures
indicates that such simulations might give access to a numerical modeling of the complex of electrical
and optical properties of real metal films of different thickness.
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When returning to the application questions raised in the introduction of this paper, we conclude
that a systematic increase in the Drude damping parameters with decreasing film thickness is clearly
observed in our coatings and may be modeled by means of the mean free path theory, at least in the
thickness range between 10 and 50 nm. However, as is evident from Figure 3, the thickness effect on
the optical constants is nevertheless smaller than the range of bulk metal optical constants reported in
a previous study [24], at least in the near infrared. As such, the limited reproducibility of the optical
properties of copper and gold samples and the limited relevance of applied characterization methods
and underlying dispersion models seems to be another important source of uncertainty in defining
suitable optical constants of thin metal films in optical coating practice. In our opinion, the application
of robust Kramers-Kronig consistent dispersion models with a minimum number of free parameters
is important for reliable modeling of the optical constants of thin metal films. Combined with the
mean free path approach, this could be an important step for modeling thickness-dependent optical
constants of ultrathin metal films in optical coating practice.
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Abstract: Absolute measurement of residual absorption in optical coatings is steadily becoming more
important in thin film characterization, in particular with respect to high power laser applications.
A summary is given on the current ability of the laser induced deflection (LID) technique to serve
sensitive photo-thermal absorption measurements combined with reliable absolute calibration based
on an electrical heater approach. To account for different measurement requirements, several concepts
have been derived to accordingly adapt the original LID concept. Experimental results are presented
for prominent UV and deep UV laser wavelengths, covering a variety of factors that critically can
influence the absorption properties in optical coatings e.g., deposition process, defects and impurities,
intense laser irradiation and surface/interface engineering. The experimental findings demonstrate
that by combining high sensitivity with absolute calibration, photo-thermal absorption measurements
are able to be a valuable supplement for the characterization of optical thin films and coatings.

Keywords: absorption; thin films; photo-thermal technique

1. Introduction

Steadily raising power in laser material processing, finer and finer structures in semiconductor
lithography and state-of-the-art optical components are faced with increasing demands and
requirements. Absorption, being one of the key parameters in high-end laser applications, is gaining
more and more attention due to the undesired effects resulting from thermal lensing like focus shifting,
wave front deformation and depolarization. In order to take these critical issues into account in
modern optic design, highly sensitive absorption measurement techniques in combination with reliable
absolute calibration are required.

Commonly, measuring spectral reflectance and transmittances is the method of choice to investigate
optical losses of thin films, followed by a calculation of the optical constants e.g., the refractive index
n and extinction coefficient k. However, extinction coefficients obtained by that procedure contain
both scatter and absorption contributions because it is not feasible to separate these parts by simply
measuring transmission and reflection spectra. For particular applications, however, individual
absorption and scattering data are strongly required due to their different potential interferences
on the optical system performance. Further, bulk and coating/surface effects need to be separated
to discriminate between different origins of absorption and scattering, respectively. Consequently,
direct absorption measuring in optical thin films and bulk materials have gained more and more
attention in optics qualification to ensure or improve stabile production processes, to prepare particular
optical functionalities and to identify potential show stoppers upon use in high-end laser applications.
Following this increasing demand, a variety of direct absorption measurement techniques have been
developed recently featuring—despite particular pros and cons—a high sensitivity [1-5]. Providing
not only relative but absolute absorption data has recently become more and more important e.g.,
in order to quantitatively simulate complex optical systems. However, with respect to an absolute
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calibration, the various direct absorption measurement techniques show remarkable differences when
it comes to a universal and efficient procedure.

This paper will give an introduction of the laser induced deflection (LID) technique and its
independent absolute calibration for the characterization of optical thin films. Further, particular LID
measurement concepts are presented together with experimental results.

2. Materials and Methods

2.1. Laser Induced Deflection (LID) Technique

The laser induced deflection (LID) technique belongs to an ensemble of photo-thermal techniques
with a pump-probe-configuration [6]. When the pump laser hits the sample under investigation, the
absorbed pump laser power forms a temperature profile (Figure 1). The latter is turned into a refractive
index profile (= thermal lens) by both the thermal expansion and the temperature dependent refractive
index, respectively. The refractive index gradient accounts for a deflection of the probe beams (from
the same laser source), that is proportional to the absorbed pump laser power.

Pump beam

Probe beams

S

Temperature dependent
refractive index profile
_ (thermal lens) .

Figure 1. Sketch of the laser induced deflection (LID) measuring concept.

In the case of the LID technique, the deflection for each probe beam is detected separately by
two-dimensional position sensitive detectors (PSD). The total measuring signal comprises of the
sum of both PSD signals. Since the deflection directions on the PSDs have opposite signs for the
two probe beams (Figure 1), the two signals are mathematically subtracted from each other. As a
result, any measurement perturbations resulting from the probe laser source are strongly reduced for
signal-to-noise enhancement. In combination with high averaging and the subsequent electronics,
probe beam deflections in the range of some tens of Nanometers are detectable. Contrary to the
majority of applied photo-thermal techniques, the LID technique uses a transversal configuration
between pump and probe beam, i.e., the probe beam passes the sample under 90° to the pump beam.
Thereby, in most cases crossing pump and probe beams is avoided. Instead the probe beam passes
the sample outside the pump beam area. Since the refractive index profile outside the pump beam
area is a function of the absorbed pump laser power only, the LID measuring signal is independent on
the geometry of the pump laser beam. As another different feature compared to other photo-thermal
techniques, the pump beam is not focused into the sample and typically has a larger beam size than
the probe beam.

The LID measurement data is not obtained on a laser pulse-by-pulse basis. Instead, the probe
beam position change with irradiation time is steadily registered with high sampling rate (16 kHz
range) until it reaches its steady-state, i.e., the absorption induced refractive index gradient stays
constant. To obtain a high accuracy, averaging is applied resulting in one data point every half a
second. Due to the rather long data acquisition (0.5 s) and total measurement time (tens to hundreds of
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seconds), the deflection signal is only a function of the average absorbed pump laser power. Therefore,
the actual operation mode (pulsed or continuous wave) of the pump laser does not affect the outcome
of the measurement as long as the sample absorption and mean pump laser power is identical. In
addition, lamps instead of laser sources can be applied as pump light source as long as the light can be
shaped to an mm-size spot on the sample. Compared to alternative photo-thermal techniques, it is not
required to temporally shape a pump laser operating in continuous wave mode. Furthermore, the
pump laser pulse duration is not of importance for the LID measurement itself. However, the pump
laser operation mode can strongly influence the sample absorption e.g., due to nonlinear absorption.
This of course needs to be taken into account when choosing the pump laser source.

The LID technique itself is not limited by the pump laser wavelength as long as the average power
of the pumping light is sufficient to detect the sample’s absorption. A limiting factor is the wavelength
of the probe laser if the investigated sample/substrate is not transparent. Here, a change of the probe
beam wavelength or the use of a particular LID measuring concept (see Section 2.3.3) is required.

2.2. Absolute Calibration

Absolute calibration is a key figure of merit in photo-thermal absorption measurement techniques.
For the LID technique, the approach of the calorimetry—electrical calibration—has been transferred
for the first time to photo-thermal techniques. To obtain the absolute absorption value out of the LID
measurement data, the thermal lens is generated by particular electric heaters. Since the shape of the
thermal lens is different for bulk and coating (surface) absorption, both need to be calibrated separately
for each combination of sample material and geometry [7]. In case of coating/surface absorption, small
surface-mount-device (SMD) elements—fixed onto a very thin copper plate (thickness ~200 jum)—are
placed centrally onto the sample surface (Figure 2). The copper plate allows for the required high
thermal conduction to the sample. This calibration procedure can only be applied to transversal
pump-probe configurations where the probe beam is not guided through the irradiated/heated
sample part.

Figure 2. Samples of different materials for surface/coating absorption calibration.

The calibration procedure itself is composed of measuring the probe beam deflection as a function
of the electric power (Figure 3a). Plotting the deflection signals versus electrical power gives a linear
function (Figure 3b) which spans over several orders of magnitude for the electric power [8].

The calibration coefficient Fcay, is defined by the slope of the linear function including the
zero-point, i.e., no electrical power means no probe beam deflection. It is valid for the applied
combination of sample material and geometry. The unique feature and key advantage of this
electric heating approach is the ability to calibrate the measurement setup without knowledge of the
thermo-optical parameters of the sample. To verify the calibration procedure, separate reflectance,
transmission, absorption and scattering measurements have been performed for different materials and
coatings to proof the energy balance. The results have confirmed that within measurement accuracy, a
value of 1 has been obtained for the energy balance in each of the investigations [9].
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Figure 3. (a) Signal from position sensitive detector (PSD) during electrical calibration procedure
for surface absorption measurement on fused silica samples of geometry @ = 17, thickness 1 mm.
(b) Deflection signal as function of the electrical power for the calibration procedure in Figure 3a. The
slope of the linear fitting defines the calibration coefficient Fcay..

After completing the electrical calibration, the sample(s) of investigation are characterized. Figure 4
gives a measurement example for an HfO, single layer upon 266 nm laser irradiation.
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Figure 4. Experimental results for the measurement of a single HfO, layer onto a fused silica substrate
at the laser wavelength of 266 nm.

The measurement consists of three individual cycles comprising of the time between laser
irradiation “on” and “off” events. Before the first cycle of the sample irradiation starts, the “base line”
of the LID signal needs to be constant or show a constant drift (Figure 4). This drift behavior is due
to environmental changes like temperature in the setup surroundings. Small temperature variations
already affect optic mountings within the setup by thermal expansion. As a result, small changes in
the probe beam path and thus its location on the position sensitive detectors are detected.

Constant drifts during a measurement cycle are taken into account during data analysis. Here, the
LID deflection signal is defined as the difference between the “base line” signal and the steady-state
signal for the constant thermal lens upon irradiation. Once the LID deflection signals for all
measurement cycles are obtained, their mean value is defined as the LID intensity Iy jp. Together with
the corresponding mean pump laser power Py, for all cycles and the calibration coefficient Fcay, the
coating absorption A is calculated by

A =Ipp/(FcaL X PL) (€]
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2.3. LID Measurement Concepts

In order to account for the variety of measurement tasks, different concepts based on the LID
technique have been developed (Figure 5). For the different concepts, it was investigated whether to
pass two probe beams through the sample outside the irradiated area or just one probe beam inside the
irradiated area. Further, the two-dimensional PSD allows detecting both, the probe beam deflection
in direction of the pump laser (= horizontal) or perpendicular to it (= vertical). Due to the general
scheme in Figure 1 it was tested how the LID technique can be adapted to round sample geometries
without side-face polishing, which is a preferred geometry in coating manufacturing. Finally, particular
attention is paid to increasing the sensitivity of substrates that are disadvantageous for photo-thermal
measurements (e.g., Sapphire, CaF; ... ). However, all the different concepts have been considered
with respect to maintaining the electrical calibration procedure.

Horizontal concept
(b)

Classic vertical concept

Sandwich vertical concept
(0) (d)

Figure 5. Different measurement concepts based on the LID technique: (a) Classic vertical concept,
(b) horizontal concept, (c) Sandwich vertical concept and (d) Thin disc vertical concept. In all schemes,
the green beam assigns the pump beam whereas the red beam(s) represent the probe beam(s).

2.3.1. Classic Vertical Concept

The classic vertical concept (Figure 5a) applies two probe beams above/beneath the irradiated
spot and utilizes the probe beam deflection perpendicular to the pump beam direction. A high
signal-to-noise ratio makes the vertical concept the best option for absorption measurements in bulk
and highly reflective coatings if the required sample geometry can be supplied. The position of the
probe beam can be changed with respect to the sample length. Consequently, for measuring coatings
the probe beams pass the sample close to the coated surface while for bulk absorption measurement
the probe beams pass the sample in the middle of the sample length where influences of the front/rear
surfaces are minimal. In the case of transparent coatings, the deflection always comprises of both, the
coating and substrate absorption. For separation, there are two approaches. For the first, an uncoated
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reference substrate of same geometry/material is measured additionally, and the difference in the
deflection signals is assigned to the coating absorption. In case of double-side coated surfaces, however,
only the sum of both coating absorptions is accessible. In order to avoid systematic errors, it is essential
that the coated and uncoated substrates feature identical bulk and surface absorption properties. For a
second approach, the deflection signals are measured at different positions along the sample length. In
case of a single-side coated sample (neglecting the absorption of the uncoated surface), two different
positions are required. Together with the corresponding bulk and surface absorption calibrations, the
bulk and coating absorptions can be calculated. In contrast to the first approach, the individual coating
absorptions of a double-side coated substrate are detectable by using three different measurement
positions along the sample length.

2.3.2. Horizontal Concept

The only concept that breaks with the general LID scheme is the horizontal concept for coating
measurements only. Here, in contrast, only one probe beam is guided centrally through the middle
of the irradiated area at a position closest to the coated sample surface (Figure 5b). The resulting
deflection in the direction of the pump beam allows for detecting the surface absorption virtually
free of the sample’s bulk absorption [9]. Therefore, the horizontal concept is an alternative choice in
particular for investigating anti-reflecting or partially reflecting coatings, where typically both bulk and
coating absorption are present in the measurement signal for the classic vertical concept. Using only
one probe beam instead of two reduces the signal-to-noise ratio compared to the classic vertical concept.
However, no separation between bulk and coating absorption is required which yields an overall
improvement for the measurement accuracy. A limitation for absolute absorption measurements is
given by guiding the probe beam through the pump laser volume. The use of the electrical calibration
now requires virtually identical areas for electrical and laser heating. This limits the concept to top-hat
shaped pump laser beams.

2.3.3. Sandwich Vertical Concept

The sensitivity of photo-thermal absorption measurement techniques depends on the
thermo-optical properties of the investigated material. For a variety of interesting materials, e.g.,
crystals like Sapphire or CaF,, this results in very small thermal lenses. While this is favorable in the
application, the measurement sensitivity easily gets insufficient for very low absorption detection.

The recently demonstrated sandwich vertical concept (Figure 5c) solves this issue [10]. The basic
principle consists of a small sample of investigation that is placed between two larger tiles of an
appropriate optical material (— sandwich). The pump laser still hits the sample of investigation and
generates the absorption induced heat. The probe beams, however, are passing the sandwich tiles
instead of the sample. The probe beams are now deflected by the thermal lens that is generated in the
optical tiles after the absorption induced heat in the sample is transferred into the tiles.

There are a few prominent features related to this concept. Compared to the LID vertical concept,
it enables a strong increase in measurement sensitivity for materials with a low photo-thermal response
by choosing appropriate optical tile materials, e.g., fused silica [10]. The reason is that now the probe
beams use the thermo-optical properties of the sandwich tile material instead of those of the sample
material. Strictly speaking, the low sensitivity materials like Sapphire or CaF, are now measured with
the sensitivity for fused silica. Separating the sites of pump beam absorption (sample of investigation)
and probe beam deflection (optical tiles) allows a sensitivity increase for many optical materials by
more than an order of magnitude.

Apart from the sensitivity increase, the Sandwich vertical concept also overcomes another
drawback of the LID technique. As a result of the transversal pump-probe configuration, not only
two, but in total four polished side-faces are required in order to allow both pump and probe beam
guiding through the sample. Recently, it was proven by electrical calibration and real measurements
that the amount of heat transferred into the optical tiles until stationary thermal lens condition is the
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same whether the contact surfaces are polished or not [11]. Therefore, the requirement for additional
side-face polishing is omitted. Moreover, the investigated material does not need to be transparent for
the probe beam anymore. This clears the way for potential investigations of infrared optical materials
or metallic substrates.

2.3.4. Thin Disc Vertical Concept

Commonly in optical coating manufacturing, round shaped substrates are standard for thin
film investigations. In particular, substrates of 1” diameter and 1mm thickness are used as reference
samples for post-coating characterizations. In order to match this geometry to the LID concept, the
thin disc vertical concept has been developed (Figure 5d). Using a particularly designed holder, a thin
round sample (1-2” diameter, thickness: 1-2 mm) is pressed against a rectangular (cubic) substrate.
The latter possesses at least four polished side-faces to allow for a measurement similar to the classic
vertical concept. Similar to the Sandwich vertical concept, the probe beams are guided through the
rectangular substrate—instead of using the actual sample of investigation—and use the thermal lens
that is generated by heat conduction from the absorption in the coated thin sample. For transparent
coating investigations, the LID measuring signal is composed of three absorptions originating from the
coating itself, the thin round sample substrate and the rectangular substrate. To identify the coating
absorption, it is required to perform a reference measurement using an uncoated thin substrate of
same geometry/material attached to the rectangular substrate. In case of double-side coated surfaces,
however, only the sum of both coating absorptions is accessible. It is essential that the thin substrates
feature identical bulk and surface absorption properties in order to avoid systematic errors.

3. Results and Discussion

This section contains a variety of experimental results in order to show the benefit of using direct
absorption measurements for optical coating characterization. The scope ranges from influences of
deposition parameters or impurities to laser irradiation induced effect, nonlinear absorption and
separation between thin film and interface absorption.

3.1. Absorption vs. Coating Deposition Temperature (Thin Disc Vertical Concept)

One of the critical parameters in optical coating manufacturing is the deposition temperature.
It has, for example, an impact on the thin film structure (— refractive index, scattering) or the
stoichiometry (— defects). Nonstoichiometric films often give rise to increased absorption due to
the formation of intrinsic defects. For oxide coatings these are preferable oxygen vacancies [12-14]
whereas for fluorides the formation of color centers or even localized metallic clusters is critical [15,16].
For our studies, high-reflecting (HR) mirrors (MgF,/LaF3) for 193 nm and AOI = 45° have been
deposited onto CaF; substrates (1” diameter, thickness 2 mm) by thermal evaporation using deposition
temperatures in the range 250-370 °C. Absorption measurements have been carried out by means
of the thin disc vertical concept using an ArF excimer laser (ExciStar S Industrial, Coherent GmbH,
Goettingen, Germany) with a repetition rate f = 1 kHz. Upon laser irradiation, all samples showed
an initial absorption decrease related to laser induced desorption of hydrocarbons (Figure 6a) [17].
Figure 6b displays the absorption data after initial decrease as function of the deposition temperature.
The data show a linear increase in the HR coating absorption with deposition temperature.
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Figure 6. (a) Laser induced absorption decrease in HR coatings (MgF,/LaF3) upon initial ArF laser
irradiation due to hydrocarbon desorption, (b) Increasing HR coating absorption with deposition
temperature. Absorption data are obtained after complete hydrocarbon desorption. (Adapted from [18].
Copyright 2008 SPIE International.)

However, it cannot be distinguished whether both materials contribute to the raising absorption.
The finding of an absorption increase is somewhat unexpected, since often higher temperature
(annealing) yields absorption improvement in optical thin films like LaF5 [19]. However, interface or
structural properties (layer growth) may strongly depend on the deposition process and temperature
and affect the overall absorption. Further, temperature related changes may be advantageous or
disadvantageous, respectively, for the individual coating materials.

3.2. Absorption vs. Impurities (Thin Disc Vertical Concept)

Besides intrinsic defects, impurities play a large role for the absorption properties of optical
coatings. However, they are caused by other sources like insufficiently pure raw materials or inner parts
of the deposition chamber, e.g., crucibles. We compared different HfO, single layers (optical thickness:
4M\/4 @266 nm) on fused silica substrates (1” diameter, thickness 1mm), made by ion-assisted deposition
(IAD) from different raw materials. Since HfO, is the most preferred high-index material in the UV
range, we tested the absorption at the prominent laser wavelengths 355 nm (Spruce-355/5, Huaray
Precision Lasers, Wuhan, China) and 266 nm (NANIO 266-2-V-development, InnoLas Photonics GmbH,
Krailling, Germany), respectively. All thin films have been characterized by TOF-SIMS analysis. It
was found, that in particular the iron content strongly varies amongst the raw materials. Figure 7
shows the HfO, layer absorption as a function of the iron content. It is seen that the HfO, absorption
at 355 nm is significantly lower than at 266 nm which is attributed to the cumulative influence of the
HfO, band edge. For both wavelengths, the absorption increases linearly with the iron concentration
which coincides with the common very broad absorption bands of metallic impurities.
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Figure 7. Absorption in HfO, single layers as a function of the iron concentration for the wavelengths
266 and 355 nm, respectively.

3.3. Absorption Change upon Initial Laser Irradiation (Thin Disc Vertical + Sandwich Concept)

Providing invariant laser operation requires optical components that do not alter upon laser
irradiation. However, it is well-known that under exposure to UV or DUV laser light, even intrinsic
defects in highly transparent optical materials can alter. A prominentexample is fused silica where defect
generation, defect annealing and defect transformation can occur upon initial ArF laser irradiation [20].
Hence it is worth looking to the absorption properties of optical coatings with respect to their changes
under intense UV or DUV laser irradiation. An AR coating based on MgF,/LaF; has been deposited
by thermal evaporation onto a CaF, substrate (1” diameter, thickness 1 mm). In addition, each of the
coating materials has been deposited individually on separate substrates within the coating runs. The
CaF, substrates have been attached to a fused silica cube for measurement (see Figure 5d). Combining
the thin vertical concept with the idea of the sandwich concept allows for a strong sensitivity increase
(~factor of 10) by using the photo-thermal properties of fused silica instead of CaF,. The three samples
(AR, LaF3, and MgF,) have been irradiated at 266 nm (NANIO 266-2-V-development, InnoLas Photonics
GmbH) with intermediate absorption measurements. Figure 8a shows that during 10 minutes of laser
irradiation, the absorption of the AR coating roughly has doubled before reaching a stationary value.
The results of the individual coating materials give proof that while the LaFj thin film does not show
any irradiation induced absorption change, the MgF, thin film nearly tripled its absorption during
initial irradiation (Figure 8b).
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Figure 8. Absorption vs. laser irradiation time at 266 nm for (a) an AR-0° coating based on MgF,/LaF3
thin films, (b) an MgF, single layer deposited identically to the MgF, part of the AR coating.

3.4. Separation between Thin Film and Interface Absorption (Thin Disc Vertical + Sandwich Concept)

For transparent optical thin films like AR coatings, interface engineering i.e., surface polishing
and cleaning, is the key to low absorption and corresponding to high resistance against very intense
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laser irradiation (LID—laser induced damage threshold). Inadequate surface preparation before the
coating process may result in surface absorption not caused by the thin film itself. Consequently,
strongly varying interface/surface absorption is likely to occur by different polishing/cleaning/coating
technologies. Further, in order to simulate a total absorption of HR coatings, the absorption of the
individual layer materials is required without contributions related to the substrate surface. Hence,
separating between interface and thin film absorption by appropriate experiment design is highly
required. One way to solve that issue is measuring a series of samples with different optical film
thicknesses butidentical surface preparation. Figure 9 gives the results for LID absorption measurements
at 266 nm (NANIO 266-2-V-development, InnoLas Photonics GmbH, Krailling, Germany) of single
MgF, and LaFj3 single layers (thermal evaporation) on CaF2 substrates (1” diameter, thickness 1 mm)
which have been attached to a fused silica cube for sensitivity enhancement.
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Figure 9. Absorption at 266 nm vs. thin film layer thickness and calculated interface and layer
absorption k, respectively, of (a) LaF3 thin films and (b) MgF, thin films.

The different layer thicknesses are matched to allow for optical thickness of multiple of A/4
in order to generate identical surface reflectance. The results in Figure 9 prove that the interface
absorption contributes significantly to the total surface absorption. In particular for the thinnest layer
of A/4 thickness, the interface contribution can reach up to 50% and higher of the overall absorption.
Consequently, the simulation for an HR mirror based on the investigated MgF, and LaF; materials
would considerably overestimate its absorption and underestimate the achievable reflectivity. The k
values, calculated by

k = (X N)/4m ()

with o being the absorption coefficient per Nanometer and A the wavelength, are in the 107> range.
These are reasonable data compared to commonly published data for the deep UV range [15,21].

3.5. Nonlinear Thin Film Absorption (Horizontal Concept)

For high laser intensities and/or short laser wavelengths, not only the linear but also a potential
nonlinear absorption in the coatings need to be considered.

In the case of bulk materials, optical materials like SiO; or metal fluorides show very small intrinsic
absorption due to their large bandgaps. High laser intensities, however, enables intrinsic or defect
related nonlinear absorption, which is not accessible to common transmission measurements using
spectrophotometers. Consequently, direct absorption measurement techniques combined with intense
laser light have been applied to investigate the nonlinear absorption behavior in DUV bulk materials,
mainly at the wavelengths 193, 248 and 266 nm. In contrast, very few experimental results exist with
respect to the nonlinear absorption of the common thin film materials for the DUV wavelength region.
This might originate from the linear absorption coefficients of coatings, which are significantly higher
than for the corresponding bulk materials. Typically, any optical coating of a thickness of 10 mm
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would be completely opaque. Therefore, small nonlinear absorption might be hidden by a strong
linear absorption background. However, recent experiments using direct absorption measurements
have revealed measurable nonlinear absorption even in thin single layers [22-24]. Similar to the linear
absorption, it was demonstrated that two-photon absorption (TPA) coefficients in optical coatings
remarkably exceed those for the corresponding bulk materials. To a certain extent, these enlarged
nonlinear absorption values are referred to sequential two-step absorption processes via intermediate
defect energy levels [22].

For investigating nonlinear absorption properties, two different MgF, thin films (thermal
evaporation, Table 1) on CaF, substrates (15 X 15 x 10 mm?) have been measured at 193nm (ExciStar S
Industrial, Coherent GmbH, Goettingen, Germany) as a function of the laser intensity. For very weak
absorption values, i.e., ol < 1 and BIph < 1, the light absorption A in a thin film of a thickness / as a
function of the incident laser intensity I can be simplified to

A=(+pxIp)xh 3)

where oc and (3 denote the one- and two-photon absorption coefficient, respectively. Therefore, using
Equation (3) for the results of thin film absorption measurements as function of the laser intensity (or
fluence) allow for a calculation of the two-photon absorption coefficient 3. Figure 10 shows the results
for the two MgF, thin films.

Table 1. Linear absorption k and two-photon absorption coefficient § of the investigated MgF,
single layers.

Sample Physical Thickness (nm) k (H—0) [1074] B [10-5 cm/W]
MgF; (1) 200 6.9 £0.35 5.1+38
MgF; (2) 134 1.8 +0.06 1.8+0.6
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) Not considered
a MgF,(1) b) i ;nalysis MgF,(2)
0.011
[ 1. I 0.0018 Tl I
c .4 s T
50.0104 bt e f S ]
=4 Iyl L a +
g Tt [ls
80.009+--=] Lol 2
< 1 0.0015+ -
0.008 J
0.007 0.0012
0 3 6 9 12 15 18 21 0 5 10 15 20
Fluence (mJicm?) Fluence (mJ/cm?)

Figure 10. Absorption at 193 nm vs. laser fluence for two different MgF, thin films (see Table 1)
(Adapted from [25]. Copyright 2009 The Optical Society).

Table 1 summarizes the calculated extinction coefficients and two-photon absorption coefficients
for the investigated MgF, thin films. The k values in the low to medium 10-4 range are very
comparable to extinction coefficients obtained recently by spectral reflectance and transmission
measurements [15,16,21,26,27]. As in recently published investigations, the obtained two-photon
absorption coefficients in this work are several orders of magnitude higher than those obtained for
fluoride single crystals [28-31]. This might be explained in two ways. First, due to the typically low
crystalline order of the thin films, their bandgaps are supposed to be lower than for the corresponding
single crystal which can result in a higher nonlinear absorption coefficient. Second, a larger number of
real defect states (extrinsic or intrinsic nature) are responsible for the high single photon absorption
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coefficient in thin films compared to the single crystals. Therefore, bridging the bandgap is likely to
occur by sequential two-step absorption using intermediate defect energy levels. For such a scenario,
the defect related, effective two-photon absorption can substantially exceed the intrinsic two-photon
absorption via virtual energy states [31].

4. Summary and Outlook

We have demonstrated that the combination of photo-thermal absorption measurement and
reliable absolute calibration via electrical heaters allow for enhanced characterization of optical coatings.
Based on the general idea of the laser induced deflection (LID) technique, a variety of concepts have
been derived and presented to allow for different measurement requirements. Here, particular attention
has been paid to realize the measurement of round sample geometries commonly used in coating
characterization. Further, measuring transparent optical coatings with negligible contribution from the
underlying substrate has been demonstrated. Finally, a concept is depicted to overcome the drawback
of photo-thermally insensitive substrate materials like CaF; or Sapphire.

Reliable absolute calibration is one of the most important issues for photo-thermal absorption
measurements. In contrast to common simulation procedures or use of samples with known absorption
properties, an electrical calibration adapted from the calorimetric absorption measurement is applied.
Hereby, an absolute calibration of the setup is carried out without any knowledge of the substrate’s
material parameters. However, it is required to use a calibration substrate of same geometry and
material as the sample of investigation.

Experimental results have been presented for prominent UV and deep UV laser wavelengths (355,
266 and 193 nm), covering a variety of factors that critically can influence the absorption properties
in optical coatings e.g., the deposition process, defects and impurities, intense laser irradiation and
surface/interface engineering. The UV and deep UV wavelength region has been chosen because here,
the combination of high laser intensity and high photon energy gives rise to enhanced interaction
between the laser light and the optical coating. Further, prominent absorption bands of defects and
impurities are located in the considered spectral region, e.g., color centers or oxygen deficiency centers.

With respect to round substrate geometries, current activities are ongoing to adapt the LID
technique also to thick round standard substrates (e.g., thickness ;”). Applying the thin round vertical
concept would result in too low a sensitivity due to the large distance between the coating and the probe
beams. The thick substrates are in particular applied for mirrors of highest reflectance (>99.99%). The
ability to use the LID technique would give an additional advantage to optical coating characterization
in combination with the cavity ring-down (CRD) technique that is used to precisely determine the
mirror’s reflectance. Thereby it would be possible to separate between absorption and scattering loss
contributions allowing a defined improvement of highly reflecting mirrors.

Author Contributions: Conceptualization, C.M.; Validation, S.B. and C.M.; Formal Analysis, S.B. and C.M.;
Investigation, S.B and C.M; Data Curation, C.M.; Writing—Original Draft Preparation, C.M.; Writing—Review
and Editing, S.B.; Visualization, C.M.; Supervision, C.M.; Project Administration, C.M.; Funding Acquisition, C.M.

Funding: This research was funded by GERMAN FEDERAL MINISTRY OF ECONOMICS AND TECHNOLOGY
within the framework of the Confederation of Industrial Research Associations, grant numbers KF2206909UW2
and ZF4006807RE5.

Acknowledgments: The authors are grateful to company Layertec GmbH for providing the majority of the coated
samples as well as for the TOF-SIMS investigations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, B,; Blaschke, H.; Ristau, D. Combined laser calorimetry and photothermal technique for absorption
measurement of optical coatings. Appl. Opt. 2006, 45, 5827-5831. [CrossRef] [PubMed]

2. Leonid, S. Light-induced absorption in materials studied by photothermal methods. Recent Pat. Eng. 2009, 3,
129-145. [CrossRef]

160



Coatings 2019, 9, 473

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Alexandrovski, A.; Fejer, M.; Markosian, A.; Route, R. Photothermal common-path interferometry (PCI):
New developments. Proc. SPIE 2009, 7193, 71930D.

Yoshida, S.; Reitze, D.H.; Tanner, D.B.; Mansell, ].D. Method for measuring small optical absorption
coefficients with use of a Shack-Hartmann wave-front detector. Appl. Opt. 2003, 42, 4835-4840. [CrossRef]
[PubMed]

Waasem, N.; Fieberg, S.; Hauser, J.; Gomes, G.; Haertle, D.; Kithnemann, E; Buse, K. Photoacustic absorption
spectrometer for highly transparent dielectrics with parts-per-million sensitivity. Rev. Sci. Instrum. 2013, 84,
23109. [CrossRef] [PubMed]

Guntau, M.; Triebel, W. A Novel method to measure bulk absorption in optically transparent materials. Rev.
Sci. Instr. 2000, 71, 2279-2282. [CrossRef]

Miihlig, C.; Triebel, W.; Kufert, S.; Bublitz, S. Characterization of low losses in optical thin films and materials.
Appl. Opt. 2008, 47, C135-C142. [CrossRef]

Miihlig, C.; Kufert, S.; Bublitz, S.; Speck, U. Laser induced deflection technique for absolute thin film
absorption measurement: Optimized concepts and experimental results. Appl. Opt. 2011, 50, C449-C456.
[CrossRef]

Miihlig, C.; Bublitz, S. Sensitive and absolute absorption measurements in optical materials and coatings by
laser induced deflection (LID) technique. Opt. Eng. 2012, 51, 121812. [CrossRef]

Miihlig, C.; Bublitz, S.; Paa, W. Enhanced laser-induced deflection measurements for low absorbing highly
reflecting mirrors. Appl. Opt. 2014, 53, A16—-A20. [CrossRef]

Miihlig, C.; Bublitz, S.; Paa, W. Sandwich concept: Enhancement for direct absorption measurements by
laser induced deflection (LID) technique. In Proceedings of the Laser-Induced Damage in Optical Materials,
Boulder, CO, USA, 23-26 September 2012.

Heber, J.; Miihlig, C.; Triebel, W.; Danz, N.; Thielsch, R.; Kaiser, N. Deep UV laser induced luminescence in
oxide thin films. Appl. Phys. A 2002, 75, 637-640. [CrossRef]

Papernov, S.; Brunsman, M.D.; Oliver, ].B.; Hoffman, B.N.; Kozlov, A.A.; Demos, S.G.; Shvydky, A.;
Cavalcante, FH.; Yang, L.; Menoni, C.S.; et al. Optical properties of oxygen vacancies in HfO, thin films
studied by absorption and luminescence spectroscopy. Opt. Exp. 2018, 26, 17608-17623. [CrossRef] [PubMed]
Ivanova, E.V.; Zamoryanskaya, M.V.; Rustovarov, V.A.; Aliev, V.S, Gritsenko, V.A.; Yelisseyev, A.P.
Cathodo-and photoluminescence increase in amorphous hafnium oxide under annealing in oxygen. J. Exp.
Theor. Phys. 2015, 120, 710-715. [CrossRef]

Dumas, L.; Quesnel, E.; Pierre, E; Bertin, F. Optical properties of magnesium fluoride thin films produced by
argon ion-beam assisted deposition. J. Vac. Sci. Technol. A 2002, 20, 102-106. [CrossRef]

Larruquert, J.I; Keski-Kuha, R.A.M. Far ultraviolet optical properties of MgF, films deposited by ion-beam
sputtering and their application as protective coatings for Al. Opt. Commun. 2003, 215, 93-99. [CrossRef]
Heber, J.; Miihlig, C.; Triebel, W.; Danz, N.; Thielsch, R.; Kaiser, N. Deep UV laser induced luminescence in
fluoride thin films. Appl. Phys. A 2003, 76, 123-128. [CrossRef]

Miihlig, C.; Triebel, W.; Kufert, S.; Bublitz, S. Laser induced fluorescence and absorption measurements for
DUV optical thin film characterization. In Proceedings of the Advances in Optical Thin Films III, Scotland,
UK, 2-5 September 2008.

Miihlig, C. Absorption and fluorescence measurements in optical coatings. In Optical Characterization of Thin
Solid Films, 1st ed.; Stenzel, O., Ohlidal, M., Eds.; Springer International Publishing AG: Cham, Switzerland,
2018; Volume 64, pp. 407-432.

Miihlig, C.; Stafast, H.; Triebel, W. Generation and annealing of defects in virgin fused silica (type III) upon
ArF laser irradiation: Transmission measurements and kinetic model. J. Non-Cryst. Solids 2008, 354, 25-31.
[CrossRef]

Bischoff, M.; Gabler, D.; Kaiser, N.; Chuvilin, A.; Kaiser, U.; Tiinnermann, A. Optical and structural properties
of LaF; thin films. Appl. Opt. 2008, 47, C157-C161. [CrossRef]

Apel, O.; Mann, K.; Zoellner, A.; Goetzelmann, R.; Eva, E. Nonlinear absorption of thin Al,Oj3 films at 193
nm. Appl. Opt. 2000, 39, 3165-3169. [CrossRef]

Li, B.; Xiong, S.; Zhang, Y.; Martin, S.; Welsch, E. Nonlinear absorption measurement of UV dielectric
components by pulsed top-hat beam thermal lens. Opt. Commun. 2005, 244, 367-376. [CrossRef]

Jensen, L.; Mende, M.; Schrameyer, S.; Jupé, M.; Ristau, D. Role of two-photon absorption in TayOs thin films
in nanosecond laser-induced damage. Opt. Exp. 2012, 37, 4329-4331.

161



Coatings 2019, 9, 473

25.

26.

27.

28.

29.

30.

31.

Miihlig, C.; Bublitz, S.; Kufert, S. Nonlinear absorption in single LaF; and MgF; layers at 193 nm measured
by surface sensitive laser induced deflection technique. Appl. Opt. 2009, 48, 6781-6787. [CrossRef] [PubMed]
Taki, Y. Film structure and optical constants of magnetron-sputtered fluoridic films for deep ultraviolet
lithography. Vacuum 2004, 74, 431-435. [CrossRef]

Shuzhen, S.; Jianda, S.; Chunyan, L.; Kui, Y.; Zhengxiu, F.; Lei, C. High-reflectance 193 nm Al,O5/MgF,
mirrors. Appl. Surf. Sci. 2005, 249, 157-161. [CrossRef]

Gorling, C. Wechselwirkungsmechanismen Von DUV- und VUV-Laserstrahlung Mit Fluoridischen
Einkristallen. Ph.D. Thesis, Georg-August-University, Gottingen, Germany, 2003.

Taylor, A.J.; Gibson, R.B.; Roberts, ].P. Two-photon absorption at 248 nm in ultraviolet window materials.
Opt. Lett. 1988, 13, 814-816. [CrossRef] [PubMed]

Kittelmann, O.; Ringling, J. Intensity-dependent transmission properties of window materials at 193 nm
irradiation. Opt. Lett. 1994, 19, 2053-2055. [CrossRef] [PubMed]

Miihlig, C.; Triebel, W.; Stafast, H.; Letz, M. Influence of Na-related defects on ArF laser absorption in CaF,.
Appl. Phys. B 2010, 99, 525-533. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

162



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

MDPI Books Editorial Office
E-mail: books@mdpi.com
www.mdpi.com/books







MDPI Tel: +41 61 683 77 34

=
St.Alban-Anlage 66  Fax:+41 613028918 ISENSTS I A m\DPL

4052 Basel
Switzerland www.mdpi.com




	Blank Page



