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Abstract: Epitaxy is the process of crystallization of monocrystalline layers and nanostructures on
a crystalline substrate. It allows for the crystallization of various semiconductor layers on a finite
quantity of semiconductor substrates, like GaAs, InP, GaP, InGaP, GaP, and many others. The growth
of epitaxial heterostructures is very complicated and requires special conditions and the precise
control of the growth temperature, the pressure in the reactor, and the flow of the precursors. It
is used to grow epitaxial structures in lasers, diodes, detectors, photovoltaic structures, and so on.
Semiconductors themselves are not suitable materials for application in surface-enhanced Raman
spectroscopy (SERS) due to poor plasmonic properties in the UV /VIS range caused by missing free
electrons in the conduction band due to the existing band gap. A plasmonic material is added on
top of the nanostructured pattern, allowing for the formation of mixed photon—plasmon modes
called localized surface plasmon-polaritons which stand behind the SERS effect. Typically, gold and
silver are used as functional plasmonic layers. Such materials could be deposited via chemical or
physical process. Attention has also been devoted to other plasmonic materials, like ones based on
the nitrides of metals. The SERS performance of a functional surface depends both on the response
of the plasmonic material and the morphology of the underlying semiconductor epitaxial layer. In
the context of SERS, epitaxial growth allows for the fabrication of substrates with well-defined 3D
nanostructures and enhanced electromagnetic properties. In this work, we described the possible
potential plasmonic modification, composed of various coatings such as noble metals, TiN, and others,
of well-developed epitaxial nanostructures for the construction of a new type of highly active SERS
platforms. This abstract also highlights the role of epitaxial growth in advancing SERS, focusing on
its principles, methods, and impact. Furthermore, this work outlines the potential of epitaxial growth
to push the boundaries of SERS. The ability to design substrates with tailored plasmonic properties
opens avenues for ultralow concentration detection.

Keywords: SERS spectroscopy; epitaxial growth; plasmonic nanostructures; nanoplatform

1. Introduction
1.1. Epitaxial Growth of Semiconducting Nanostructures

Nanostructures are typically formed via epitaxy using the MOVPE and the MBE
methods. Depending on the precursors used, nanostructures with different elemental
compositions can be formed. The applied method also allows for the formation of non-
stoichiometric nanostructures. Depending on the reaction conditions, such as the temper-
ature in the reactor, the nature of the precursor, the flow rate of the precursor, and the
carrier gas used, nanostructures with different morphologies can be formed. Samples with
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a well-defined structure are manufactured and the technology is repeatable from point to
point and from sample to sample.

Nanowires are materials composed of one-dimensional nanostructures. They are
>100 nm wide and 1000 times as long as they are wide. Due to the high aspect ratio of the
nanowires, they have good thermal and electrical conductivity. The structure of nanowires
is mainly composed of semiconductors, conductive polymers, and metal oxide components
such as gold, copper, and silver [1].

During a typical vapor-liquid-solid (VLS) growth process, metal nanoparticles (NPs)
are deposited on the substrate, acting as physical and chemical catalysts. Nanoparticles
provide a physical location for incoming semiconductor reactants and facilitate their activa-
tion/decomposition. Gold is the most commonly used metal catalyst for VLS nanowire
(NW) growth due to its chemical inertness and ability to form eutectic alloys and important
semiconductor materials. The three main steps of VLS growth are I: metal alloying, II: nu-
cleation, and III: NW growth [2]. The gold catalyst method is the most popular technique
for growing semiconductor nanowires with the VLS method. It allows for fine control over
nanowire morphology, density, position, and crystal structure [3]. Unfortunately, the VLS
mechanism using Au catalysts may inadvertently incorporate impurities that affect the
electronic and optical properties of the semiconductor grown [4].

During the epitaxial growth of nanostructures like nanowires, as the total pressure
decreases, mass transport becomes faster and surface dynamics become dominant even in
the moderate temperature range. This is because the average time between gas phase colli-
sions increases with decreasing pressure, resulting in a diffusion coefficient that is inversely
proportional to pressure. In this case, the growth process is completely heterogeneous. In
the low temperature range, growth is limited by pyrolysis and the growth rate is lower. It
has been observed that the flux of precursors affects the growth rate and, thus, the quality
of nanostructures such as epitaxial nanowires. The precursor flow rate determines the
precursor concentration in the reaction chamber, which affects the crystalline quality of the
nanowires. When the precursor concentration is high, nanowires tend to have high defect
densities, which limit the performance of nanowire-based devices [5].

1.2. Current Application of Epitaxial Semiconducting Nanostructures

With the use of effective carrier confinement in semiconductor nanowires in two di-
mensions and the excitation of radial and longitudinal optical modes, a wide range of
applications and functions have been enabled [6]. Applications including sensing [7],
photovoltaics [8], photo-detection [9], etc., have been demonstrated.

Advances in the growth of semiconductor nanostructures over the past two decades
have stimulated tremendous scientific interest and research in the field of nanowire
lasers [10]. As a result, nanowire lasers have been implemented on many different material
platforms. The growth in nanowires has less stringent requirements for lattice matching
with the growth substrate, and, due to stress relaxation, nanowires can have lower defect
densities compared with bulk crystals [11-13]. The simple design is particularly notewor-
thy. Laser cavities using nanowires are compared with conventional planar semiconductor
lasers, which require a large number of manufacturing steps. Lasers can be demonstrated in
a variety of enhanced materials—such as metal oxides [14], chalcogenides [15], nitrides [16],
III-V semiconductors [17], and, most recently, perovskites [18]. Furthermore, nanowires
open up the possibility of three-dimensional architecture [19] and high-density integration
beyond the possibilities of planar or top-down lithography.

Since nanowires are comparable in size to various biological and chemical molecules,
they have been used as a means of sensitive and selective detection of biochemical re-
actions, including surface-bound reactions. In recent years, nanowires have been used
as biosensors for detecting viruses, where nanowire biosensors have been functionalized
with antibodies with high binding specificity to the target virus, affecting the conductivity
of the nanowires [20]. Silicon nanowires (5iNWs) were used as biosensors for the rapid
detection of dengue serotype 2 (DEN-2) by recognizing its reverse transcription polymerase
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chain product (RT-PCR). This is accomplished by covalently binding peptide nucleic acid
(PNA) to the SINW surface. The bonding is verified by measuring the resistance change in
the SiINWs before and after the bonding process. It was confirmed that the SINW-based
biosensor could detect amplicons at concentrations below 10 fM within 30 min [21].

2. Optical Properties of Chosen Semiconducting Nanostructures Formed
via Epitaxial Method

The SERS behavior of a functional surface is driven by both its plasmonic properties
and surface morphology. The plasmonic properties are well described by the spectral
dependence of its relative electrical permittivity e(A), which is called the dielectric function.
For a given wavelength A, the value of the dielectric function is a complex number, i.e.,

e(A) = e1(A) +ie2(A) ¢y

The dielectric functions of semiconductors in the UV/VIS region generally show
complicated structures involving specific peaks whose positions depend, among others,
on temperature, strain, grain size, and concentration of dopants. The structure reflects
transitions between the valence and conduction bands (direct or indirect) of a given semi-
conductor separated by band gaps. Figure 1 summarizes separately real (¢1) and imaginary
(e2) parts of the discussed semiconductor materials. The imaginary part is related to the
absorption of the material. Its decrease towards zero above a certain wavelength indicates
a transition via photon absorption is not allowed below the corresponding energy of such
photons due to the existing band gap.
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Figure 1. Typical dielectric functions (a) real part and (b) imaginary part of GaAs, GaP, and InP
materials. Plots are prepared based on the dielectric constants available on https:/ /refractiveindex.
info/ (accessed on 29 September 2023).

The dielectric function describes optical properties, and hence it allows us to predict
the possible SERS activity of various materials. One should note that the dielectric function
is related to the material itself. Any conclusions concerning possible additional effects of
the material morphology (texture and shape on the microscale and nanoscale) take optical
constants into account.

When electromagnetic field oscillations (photons) enter a medium, they excite the
internal states of that medium. The energy of these oscillations is shared between the
electromagnetic wave and the internal excitations in medium. Such mixed modes are
called polaritons (rather than photons). Depending on the photon energy, typically, lattice
vibrations (phonons) are excited in the mid-infrared region, and bound electrons or free-
plasma electrons are excited in the UV/VIS region. In the first case, mixed photon—phonon
modes exist called phonon-polaritons, and exciton—polariton modes exist in the second case.

For SERS studies, mixed modes between free-plasma electrons and photons called
plasmon-polaritons are the most relevant [22]. In the case of thin film surfaces (a metal film
on a dielectric substrate), plasmons exist only in the presence of transverse electromagnetic
waves (photons), resulting in the existence of propagating (or semi-propagating) surface
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plasmon-polaritons (SPPs) [22]. However, by nature, the wave vector (and momentum)
of propagating SPPs is always larger than that of the photon in the medium. Thus, the
photon cannot directly excite an SPP. There are several techniques devised to impart the
missing momentum, like Otto configuration [23] or Kretschmann configuration [24], on
planar surfaces. Adding a morphology (texture) to the surface is another way to allow for
the excitation of propagating SPPs. If the morphology is on the nanoscale (nanostructures)
comparable to the wavelength of impacting light, the SPPs can exist for discrete energies
(or wavelengths) only. These modes are then called localized surface plasmon-polaritons
(LSPs) [22]. Due to stringent coupling conditions (conservation of momentum and energy),
there are energies of incoming photons which are effectively transferred to the SPP or LSP
modes. These modes are called surface plasmon resonances, which are the base of the SERS
of the functional surface. Thus, the SERS activity for a given light wavelength is conditioned
both by the plasmonic characteristics of the surface and its nanostructured morphology.

The requirement of the presence of free-plasma electrons in the SERS active medium
implies metallic behavior for which £; < 0 depending on the wavelength of the impacting
light. Additionally, the optical absorption of the material must be small. As a rule of thumb,
20 < g < —1[22]and e; < 5. Looking at Figure 1a, one can expect plasmonic properties of
the presented semiconductors in the deep UV region (below 270 nm). There is, however, a
higher absorption coefficient (125 um~1! (1,250,000 cm 1) at 200 nm for InP) compared with
widely-used plasmonic metals like Ag (80 um ! (80,000 cm 1) at 633 nm) or Au (68 um !
(680,000 cm ™) at 633 nm).

Thus, the semiconductors are poor plasmonic materials. For SERS applications, they
are used for the production of nanostructured substrates. An appropriate plasmonic metallic
material is then deposited on top of them.

3. Plasmonic Functionalization

Because of the reason described in Section 3, pure epitaxial semiconducting nanos-
tructures cannot be used as SERS platforms. However, the latest literature reports showed
that such well-defined 3D nanostructures could be successfully used as patterns for modifi-
cation by plasmonic nanostructures based on noble metal nanostructures or some other
plasmonic materials, like TilN.

However, one should note that, at the moment, the application of semiconducting
materials formed using the epitaxial method is related to their shapes and geometry,
not to their chemical composition. The most important parameters are the homogenous
distribution of nanostructures with the desired shape and size on the whole sample surface.
Due to the fact that all the materials described do not possess plasmonic properties, the
chemical composition does not play any role and surface plasmonic modification is needed.

The main advantage of epitaxial-formed semiconducting nanostructures in compar-
ison with nanostructures formed via different chemical or physical methods is being
well-ordered, repeatable structures with high homogeneity of well-defined nanostructures.
Importantly, such nanostructures can be formed in reproducible ways in properly opti-
mized conditions in special reactors. Some reports also showed good time stability of
nanostructures after gold layer deposition. Therefore, one may believe that the develop-
ment of an efficient modification method for semiconducting nanostructures formed via
the epitaxial method with plasmonic nanostructures can play an important role in the
development of novel, highly active, and sensitive SERS platforms.

3.1. Modification by Plasmonic Noble Metals
3.1.1. Modification by Plasmonic Noble Metal Nanoparticle Deposition

It is well known since the 1980s that noble metal nanoparticles can effectively enhance
the Raman signal. The first reports about gold nanoparticle formation are related to the
work of Turkyevich [25,26], and those about silver nanoparticles are described by Lee [27].
Both methods rely on chemical reduction of the metallic precursor (HAuCly and AgNO;,
respectively) in a hot aqueous solution by an excess of citrate ions. The citrate ions play
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dual roles as reducing agent as well as stabilizing agents. Many modifications of this
method, like time, the temperature of the reaction, the reagent ratio, and so on, can lead
to changes in the size of the formed nanoparticles. Nevertheless, in all cases the formed
nanoparticles are spherical in shape.

The theoretical calculation supported by further experiments showed that the optical
properties of noble metal plasmonic nanoparticles are strongly connected with the shape
and size of nanostructures. Therefore, many chemical methods were reported to obtain
noble metal nanoparticles with various shapes.

One of the most common methods is the so-called seed-mediated growth method.
This method contains two parts. In the first part, small, spherical seeds are formed by
the chemical reduction of gold ion precursor (HAuCly) via a reductor, typically sodium
borohydride [28]. The formation of a red or brown solution after the addition of NaBH,
indicates the formation of Au seeds. Because of their nature and small size, such seeds
are unstable in time; however, a typical time before using a seed is in the range of 1-4 h.
During this time, the decomposition of excess of NaBH4 occurs. In the second step, a special
growth solution is prepared. The solution contains a surfactant, mainly CTAB, CTAC, or
a mixture, and the excess of the gold ion source. The influence of CTAB and CTAC on
the final shape of formed nanoparticles is presented in Figure 2. Commonly, AgNO3 and
HCl are also added to ensure the desired nanoparticle-shape formation. The process starts
after the addition of freshly prepared ascorbic acid (AA). The AA is too weak a reductor to
reduce HAuCly to its metallic form, but in the presence of Au seeds the reduction occurs
on Au nanoparticles, which act as seeds for reduction and further growth. The time of the
process depends on many factors, and it is in the range of 5 min even until overnight.

Concave Cube
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Figure 2. Diagram illustrating the seed-mediated growth method under specific conditions. De-
pending on the surfactant applied (CTAB or CTAC), gold nanoparticles of various geometries were
obtained. Reprinted with permission from ref. [28]. Copyright 2012 American Chemical Society.

Au nanoparticles with various shapes are possible through the seed-mediated growth
process, like stars [29], rods [30,31], triangles [32,33], bipyramids [29,34], cubes [35], or
concave cubes [36]. Other methods of synthesis of anisotropic noble metal nanoparticles
could be the polyol method (reduction of the metallic precursor in hot polyol organic
solvent) [37,38], the photochemical method (photo reduction of the metallic precursor
caused by light in excess of citrate ions) [39], the electrochemical method (reduction of the
metallic precursor by applied potential) [40,41], or laser ablation from a solid target [42,43].

Colloids with noble metal nanoparticles can be simply drop-casted on the desired
substrate. In the case of a flat unstructured surface, the so-called coffee ring effect could
be observed [44]. In such situations, most of the nanoparticles are localized in the ring
around the drop, while the drop interior is almost empty. This effect is undesirable due
to the non-homogenous distribution of plasmonic material on the sample surface, which
leads to a highly unstable measured Raman signal.

For this purpose, in some cases the sample or nanoparticle surface could be functional-
ized with special organic molecules called linkers. Linker molecules, due to their specific



Crystals 2023, 13, 1539

6 of 16

construction, exhibit affinity to metallic and sample surfaces. Typical linker molecules are
silans like (3-Aminopropyl)trimethoxysilane (APTMS) [45] and (3-Mercaptopropyl)trimetho-
xysilane (MPTMS) [46] or other organic molecules with various, specific functional groups
like polyethylenimine (PEI) [47], dopamine [48], or common carbohydrates like glucose [49].
As an effect, sample surfaces are covered by plasmonic nanoparticles in a more homogenous
way. However, in the case of a nanostructured surface, some literature reports showed that
nano-roughness present on the sample surface highly limited the undesired coffee ring effect.
The nanoparticles are “trapped” in the nano-roughness and do not migrate to the drop edge.
Such approaches were present for TiO, nanotubes [50] and WO3 nanopore arrays [51].

At the moment, the number of published manuscripts describing the application of
epitaxially formed materials are highly limited. One of the most promising papers described
the formation of GaP nanocones on a Zn-dopped GaP (111) substrate in the presence of Au
nanoparticles [52]. The particle concentrations were described on 10® particles in 1 cm?. The
growth was carried out in an AIXTRON AIX 200 MOVPE reactor (Herzogenrath, Germany).
First, the substrate was heated up to 650 °C for 13 min under a PH3 and H; flow and
total chamber pressure of 20 mbar. Due to the use of Au colloids, each nanocone has a
Au nanoparticle sitting on the top. The nanocones were approximately 2.5 um in height,
and their average diameter dimensions were 600 nm at the base and 30 nm under the Au
seed particle. The silver nanoparticles were deposited via the electroless metal deposition
method based on the chemical reduction of silver nitrate by hydrofluoric acid. The reaction
was carried out at 25 °C in 3, 5, and 7 min. It was observed that with increasing reaction
times the average sizes of nanoparticles are bigger, but the number of nanoparticles is lower.
Due to the fact that the electric potential was higher close to the tops of the nanocones,
nanoparticles grew preferentially on the upper part of the nanocones, and their formation
was less likely towards the substrate. Figure 3 shows SEM images of formed nanocones
after the deposition of silver nanoparticles. The described system was applied to the
sensing of a typical Raman reporter molecule, rhodamine 6G, but the authors do not refer
to any EF or detection limit. In the next paper, a similar system was examined, and EF was
determined on 10° towards R6G molecules [53]. The highest SERS activity was detected on
the samples covered by the smallest Ag nanoparticles, due to fact of “hot-spot” formation
in the gap between nanoparticles. In another paper, similar GaP nanostructures were
decorated with a MoS; nanolayer via chemical and physical vapor deposition [54]. The
Raman spectrum revealed the characteristic peaks for both the GaP and MoS; structures.
These results indicate the fact that semiconducting, non-metallic materials could also be
applied for the construction of optical sensor devices.

The nanopyramidal InGaN/GaN nanostructures were also tested as a template for
SERS measurements [55]. The structures were grown on a (001) Si surface in an AIXTRON
200/4 RF reactor. Ammonia (NHj), trimethylgallium, triethylgallium, and trimethylindium
were used as the gas precursors. The reaction conditions varied in the range 580-1000 °C.
The 7 nm Au nanoparticles were deposited on the surface using an e-beam evaporator.
The R6 G dye molecules could still be detected even at a concentration of 10-10 M. The
authors stated that such high enhancement occurred due to the fact that 2D nitride layers
effectively concentrate electrons towards the SERS-active surface. Additionally, such a
surface provides adjustable quantized energy levels, universally channeling resonance
charges for CT and LSPR at the molecule/metal interface.

Also, the epitaxially formed semiconducting nanostructures could be modified by
plasmonic noble metal nanoparticles using a simple drop-casting technique. One can
assume that the presence of nanostructures can significantly decrease the coffee ring
effect. Because of the well-defined shape of the nanostructures, the number of attached
nanoparticles can be significant. This will lead to the formation of an SERS platform
with high EF and good stability in point to point analysis. Unattached nanoparticles in
aqueous or non-aqueous solvents could be prevented by the surface functionalization of
semiconducting surfaces or noble metal plasmonic nanoparticles.
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Figure 3. SEM images of GaP nanocones decorated with Ag nanoparticles via electroless chemical
method from a AgNOj solution: (a) 3 min, (b) 5 min, and (c¢) 7 min of deposition. Reprinted with
permission from ref. [52]. Copyright 2018 Elsevier.

3.1.2. Modification by Plasmonic Noble Metal Thin Film Deposition

There are several methods to coat substrates with plasmonic materials, and the choice
of method depends on the specific application and the material being used. One of them is
the modification of plasmonic metal deposition via Physical Vapor Deposition (PVD) [56].
There are various techniques in this method, such as sputtering, where a high-energy
plasma is used to eject atoms or molecules from a plasmonic target material (typically Ag or
Au), which are then deposited onto a substrate. The other variant of sputtering is magnetron
sputtering, which uses a magnetic field to enhance the efficiency of ionization and improve
film properties [57]. There is also evaporation-based PVD, where the plasmonic material
is heated in a vacuum to create a vapor, and then condenses onto the substrate, forming
a thin film [58]. The PVD method offers excellent control over the deposition process,
which makes it valuable for applications where precise film properties are required. Due
to the increased energy involved in sputtering, the obtained layers exhibit high packing
density and good adhesion to the substrates [59]. On the other hand, there are limits in
the homogeneity of such layers over the requested dimensions of the active surface areas
which must be addressed, and their shape must be flat enough to avoid the existence of
shaded areas on the surface.
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Currently, there are a variety of metal targets, including Ag, Au, Cu, Ti, and others,
allowing for the production of corresponding types of layers or their modifications, like
TiN [55]. Above that, specialized geometric arrangements were studied for the direct
production of nanostructured layers [59].

An optimal thickness of the metal layer depends on the dimensions of the nanostruc-
tures on the surface. For instance, a 70-120 nm thick Au layer was used for pyramidal
silicon nanostructures a few micrometers in size in [22]. Very thin metal layers in order of a
few tens of nanometers exhibit low SERS activity due to the low packing density of such
thin layers. On the other side, thick layers tend to smooth sharp edges, corners, and tips of
the nanostructure elements where the SERS activity is the most pronounced (hot-spots).

So far, authors have presented InP nanowires in only one report, formed using the epi-
taxial growth method and decorated by Au thin film with various thicknesses as the SERS
active platform [60]. Nanowires were grown on an AIX 200/4 system using the MOCVD
method on 20 x 20 mm InP (111) substrates with TMIn and PHj3 as indium and phosphorus
precursors. Hydrogen was used as the carrier gas. The SEM and Raman analysis confirmed
the formation of homogenously distributed InP nanowires. The average diameter of the
InP nanowires was estimated to be 189.3 + 9.3 nm for the top and 544.2 & 45.9 nm for
the base, while the length of the nanowires was ca. 800 nm. Such microstructures were
covered by Au via magnetron sputtering under a constant current equal to 20 mA. The
film thicknesses were controlled by the time. SEM cross-sectional images showed that the
average thickness of the deposited Au film was 82.7 + 7.0 nm for 3 min, 184.1 = 7.7 nm
for 5 min, and 221.4 £+ 7.7 nm for 7 min. The described nanostructures are presented in
Figure 4. Such a system was tested as an SERS platform for para-mercaptobenzoic acid
(p-MBA). The recorded SERS exhibits two strong peaks located at 1077 cm ! and 1587 cm ™!,
which are due to the vy and vg, vibrations of the aromatic ring, respectively [61]. Based on
the recorded spectra, the enhancement factor (EF) was calculated. It was found that the EF
increased with the increasing thickness of the deposited Au film. For the thickest layer, the
EF reached 2.26 x 10°. Such a high EF is, to the best of our knowledge, one of the highest
SERS enhancement factors for gold-based SERS platforms so far.

e TP TP LU £

Figure 4. (a-c) SEM images of the InP nanowires under (a) 0° and (b) 54°, (c) a cross-section image of
the InP nanowires. (d,e) FIB cross-sectional images of the Au@InP nanowires coated by Au thickness
of 82 £ 7 nm. Reprinted with permission from ref. [61]. Copyright 2023 Elsevier.

Plasmonic materials can also be deposited using Chemical Vapor Deposition (CVD)
techniques. The principle of this method is to control the chemical reactions between
gaseous precursors in a high-temperature environment, in this case, noble metals. As
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plasmonic precursors are introduced into a reaction chamber and exposed to heat, they
decompose. Subsequently, the resultant species adsorb into the substrate surface, where
they react and form a solid film [62,63].

Sometimes, in order to improve the solid properties of the sputtered plasmonic layer,
obtained using the methods described above, the post-fabrication optimization of a sub-
strate with film is applied. One of the methods used for this purpose is Rapid Thermal
Annealing (RTA). The RTA process involves the rapid heating of the plasmonic thin-film
metal layer to specific temperatures, typically in the range of 100 °C to 1000 °C, and for a
short time, often from seconds to minutes [64,65]. After this process, cracked plasmonic
films are obtained or, often, circular nanoparticles are formed; a scheme of this process and
SEM images are presented in Figure 5. The key principle behind RTA is to induce structural
and compositional changes in the plasmonic materials by exploiting the thermal energy to
improve their optical properties.

Glass

Figure 5. SEM micrograph and schematic illustration of rapid thermal annealing process. Reprinted
with permission from ref. [65]. Copyright 2016 American Chemical Society.

A method that does not require post-fabrication optimization and immediately allows
the formation of rough coatings is thermal spraying [66]. The process involves the depo-
sition of a plasmonic material onto a substrate by heating it to a molten or semi-molten
state and propelling it onto a surface, where rough surfaces, porous structures, and mi-
cro/nanoparticles can form. Thermal spraying can provide good reproducibility with
proper process control of an SERS substrate with layers deposited in such a way.

3.2. Modification by Plasmonic Non-Metallic Nanostructures

Traditional plasmonic materials like gold and silver are well known for the ability to
support surface plasmon resonances, which amplify interactions between light and matter,
but non-metallic nanostructures also present unique benefits and are garnering interest in
the context of surface-enhanced Raman spectroscopy (SERS) applications.

One of the most typical non-metallic plasmonic materials is titanium nitride (TiN),
which is becoming more and more widely used for SERS [22,67-70]; currently, TiN nanos-
tructures are mainly applied in photocatalysis. The high photocatalytic activity comes from
the specific optical properties. The same optical properties could be responsible for SERS
signal amplification.

TiN layers are prepared using various techniques, such as with metallic plasmonic
films, usually physical vapor deposition, and especially magnetron sputtering [22,69,71].
Nanoparticles are also made of titanium nitride and the plasmonic properties of TiN
nanoparticles can be tailored by adjusting their size, shape, and composition [72].

One possible way is using the so-called glancing angle deposition (GLAD) [64]. In
this process, the substrate is not placed horizontally but at a certain angle relative to this
orientation. As a result, nanostructures of various morphologies can be obtained. Figure 6
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shows SEM images of the nanostructures formed. Most of the proposed syntheses of
TiN nanostructures are based on physical process like sputtering or direct nitrification of
previously obtained TiO, nanostructures [73,74]. But there is still a lack of rapid, efficient,
and simple chemical methods for TiN nanostructure formation. Titanium nitride is known
for its chemical stability, as it is resistant to oxidation and corrosion, which means that an
SERS substrate with a TiN layer remains effective over extended periods, compared with,
for example, a silver substrate [75,76]. This is significant because stability plays a critical
role in ensuring consistent and reliable SERS measurements. It is believed that other metals
belonging to the titanium group, like zirconium (ZrN) and hafnium (HfN) nitride, could
also been used as highly efficient nanostructures for SERS.

A0
PN

>, a ‘\ N
R

Figure 6. SEM images of Si pyramids: (A) unmodified Si pyramids formed via chemical etching in
specific alkaline conditions under proper time and temperature; (B) covered with 80 nm of Au layer,
0 and 54° stage tilt; and (C) covered with 80 nm of TiN layer, 0 and 54° stage tilt. Reprinted with
permission from ref. [22]. Copyright 2023 Elsevier.

As described above, many scientific groups all around the world are looking for
effective preparation methods of XN nanostructures with various shapes. So far, there
is only one report in which TiN and Au film deposited on nanostructures with the same
morphology were compared in the field of optical properties and SERS activity. SEM images
of Si nanopyramids and Si nanopyramids coated with Au and TiN layers with the same
thicknesses are presented in Figure 7. The data analysis showed big similarities between
the optical response of both material in the visible range. In the case of TiN thin film, an
additional peak related in the UV range could be observed, which could be assigned to a
band gap transition typical for semiconducting materials. The SERS analysis showed that
both materials exhibit similar SERS activity with the limit of detection (LOD) in the range
10~2 M for the common dye molecule of tartazine.

Among various materials used for SERS substrates, molybdenum trioxide (MoOs3)
and other MoOs_ structures found potential applications in SERS [77-79]. MoOQjs is a
transition metal oxide with a layered crystal structure, it exhibits interesting electronic
and optical properties, and it can be synthesized in various nanostructured forms, such
as nanowires, nanosheets, or nanoparticles [79-81]. As with other structures, the optical
properties of molybdenum oxide structures can be tuned by controlling the morphology
and size. It is proved that the localized surface plasmon resonance of molybdenum oxide
structure nanostructures can significantly amplify Raman scattering signals from nearby
molecules. For example, promising materials based on molybdenum oxides, MoS; /MoO3_y
nanosheets, exhibit an EF estimated at 10°, which allows for the detection of molecules
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even in 1072 M concentrations [78], while MoOj3_, microrods and nanobelts give EFs equal
t0 6.99 x 10° [79].

Sample-11
d=110nm

Ry;=1.5 scem
Cross section

Sample-12
d=183nm

Iy

Ry;=1.5 scem
Cross section

Sample-13
d=297nm

Ry;=1.5 scem
Cross section

Sample-14
d=246nm

4

7 Y

Ry,=1.5 scem

Cross section

Figure 7. Cross-section and top view of SEM images of TiN nanorod arrays with different thicknesses
(a) 110 nm, (b) 183 nm, (c) 297 nm, and (d) 246 nm. Reprinted with permission from ref. [68]. Creative
Commons Attribution (CC BY) license.

Another non-metallic material showing plasmonic properties and potential application
in the SERS technique is tungsten(VI) oxide (WO3;/ WO3_). WO3 thin films on a solid
template or formed nanostructure exhibit promising optical properties [82]. Although WO3
does not possess the typical noble metal characteristics and strong plasmonic properties
like gold or silver nanostructures, it can exhibit localized surface plasmon resonances
(LSPRs) when engineered into specific nanostructures [83-85], and can be optimized by
controlling its morphology, size, and crystal structure. This material is characterized by
its electrochromic behavior, which means its optical properties change in response to an
applied electric field; so, to enhance the signal in SERS, it can be obtained by changing the
material’s optical properties upon excitation with a Raman laser. The surface chemistry
of WO3 can perform strong adsorption and chemical interactions with analyte molecules
which also lead to enhanced SERS signals. Just as importantly, tungsten trioxide is stable
under various environmental conditions, which makes it possible to be used as a long-
term SERS surface. To conclude, tungsten(VI) oxide-based nanostructures are a promising
alternative for Raman signal amplification and could contribute to the development of
more versatile SERS substrates. However, so far, SERS measurements are usually made
using combinations of this oxide with silver or gold nanoparticles [51,86-88]. Hollow
WO; nanospheres showed high SERS activity; the EF was estimated to be 1.6 x 10° [83],
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while decorating WO3 nanoflakes with silver nanoparticles allows for the increase in EF to
3.9 x 108, which corresponds to a 1010 M detection limit [86].

In conclusion, one can assume that all of the semiconducting nanomaterials listed
above could be deposited on epitaxial nanostructures for the construction of a novel class
of SERS platform. Soon, this will allow for the rise of a new class of metal-free and efficient
surfaces for SERS analysis. The main challenge to overcome is the development of a
repeatable method of synthesis of both materials, homogenous distribution all around the
surface, as well as time and chemical stability.

4. Conclusions

To fabricate highly effective SERS substrates, various methods and materials can be
employed and some advice for the fabrication of such templates is universal and versatile.
The size and shape of nanomaterials have a profound impact on the amplification in
SERS; those structures with sharp edges clearly provide higher enhancement factors in
measurements. Concerning the plasmonic properties of a material, it is necessary to ensure
that the plasmonic resonance of the substrate matches the excitation laser wavelength used
in Raman spectroscopy. For better results, one can combine noble metal nanoparticles
with semiconducting materials and achieve synergistic effects. The choice of a substrate
for SERS measurements depends on its ability to generate strong electromagnetic field
enhancements and chemical interactions with the target molecules. Therefore, it is essential
for SERS experiments to characterize and refine the fabrication methods to achieve the best
results for a particular application. For instance, gold-modified structures are preferred in
biochemical and biomedical analysis due to their better biocompatibility with good time
stability. On the other hand, silver structures typically offer higher EFs. It is believed that
in the future non-metallic plasmonic nanomaterials will also be widely used due to their
promising optical properties. SERS is the one of the fastest developed analytical techniques
based on plasmonic nanomaterials. Current achievements allow for the detection of trace
amounts of organic molecules and, in some cases, even for single-molecule detection.
Further development of the SERS method is possibly connected with the construction of
novel plasmonic nanomaterials with improved properties. The epitaxial growth method
allows for the formation of a well-defined structure on the nanoscale which is repeatable
from point to point and from sample to sample. Due to their optical properties, such
materials are so far mainly used in photovoltaic and related fields. However, we strongly
believe that the surface modification of semiconducting nanostructures formed using
the epitaxial method can offer a new class of nanomaterials with improved optical and
structural properties. Such refinement will be associated with the formation of a novel
class of SERS platform with extremely high EFs with good time and chemical stability. To
date, most manuscripts report on plasmonic metal modification. It is strongly believed that,
presently, non-metallic plasmonic structures obtained using the epitaxial growth method
will ensure the development of a widely used SERS platform with improved properties.
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