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ABSTRACT

The MOCVD growth of Ga and In microparticles was performed on graphene/
SiC substrates. The test of effectiveness of the microparticles grown for SERS
was based on the observation of H-Si vibrations on hydrogenated graphene
grown on SiC. It was shown by scanning electron microscopy that the Ga or In
microparticles grown were in the form of hemispheres with a flat side attached
to the substrate. Raman measurements have shown that the effective H-Si SERS
signal arises at the edges of the hemisphere microparticles. In addition, it was
found that Ga or In microparticles are covered by GaAs or InAs shells,
respectively. The presence of GaAs and InAs coverage of metallic microparticles
arises from the As contamination of the MOCVD system used for III-V com-
pound growth. However, these coverages do not significantly affect the surface
plasmons resonance in the metallic microparticles.

Received: 5 November 2020
Accepted: 16 February 2021
Published online:

9 March 2021

© The Author(s) 2021

1 Introduction

Raman probes or sensors that originated from sur-
face-enhanced Raman scattering (SERS) have attrac-
ted broad interest in the scientific community due to
their unique optical properties and wide applications.
Metal nanoparticles have unique optical properties
arising from their interaction with an incoming elec-
tromagnetic field. They are capable of concentrating
and amplifying the electric field in the vicinity of
their substrate surfaces. The electron oscillations
(plasmons) resonate with light at a certain frequency
that is commonly known as the localized surface
plasmon resonance (LSPR).

There is an extensive amount of literature devoted
to Surface Enhance Raman Scattering (SERS). Some
examples of early reviews and original publications
are given in Refs. [1-5]. This frequency of oscillations
strongly depends on the metal type, the nanoparticle
size and their shape [6]. The most commonly studied
metal nanoparticles such as silver (Ag) and gold (Au)
have their surface plasmon resonance restricted to
the visible range [7].

In addition to SERS in Au and Ag nanoparticles
there has been an effort to search for alternative
metals [8-12], in particular Al [13-16], Cu [17], Ni [18]
or In [19-21]. In addition to these metals gallium (Ga)
has emerged as an interesting plasmonic candidate
[22-26]. Gallium nanoparticles can be interesting

Address correspondence to E-mail: ewa.dumiszewska@itme.edu.pl

@ Springer

https:/ /doi.org/10.1007 /s10854-021-05566-6


http://orcid.org/0000-0003-2173-8752
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-021-05566-6&amp;domain=pdf

] Mater Sci: Mater Electron (2021) 32:8958-8964

since their localized surface plasmon resonances can
be tuned from UV to infrared due to the lack of any
strong inter-band transitions in this range.

Ga nanoparticles can be grown by Joule-effect
thermal evaporation [23, 27] or by the MOCVD
method [22]. Both growth methods produce hemi-
spherical nanoparticles in the form of a liquid Ga core
and an outer part composed of gallium oxide which
maintains the stability of the structure [28]. Ga
nanoparticles remain quite stable in the atmosphere
due to the existence of a thin native gallium trioxide
(GayO3) shell which does not significantly affect the
LSPRs [28]. Another intriguing characteristic of Ga
nanoparticles is the so-called supercooling phe-
nomenon. It means that liquid Ga nanoparticles are
transformed into solid ones at a temperature much
lower than the melting point of bulk Ga [28]. It has
also been discovered that the coupling of Ga-
nanoparticles deposited on a graphene/SiC substrate
makes it possible to tune SERS from the UV into the
near-IR range [25].

Epitaxially grown graphene on SiC(0001) hydro-
genated substrates were used. Epitaxial growth of
graphene on SiC(0001) is connected with the forma-
tion of a buffer layer underneath the graphene, which
is covalently bound to the underlying SiC(0001) sur-
face [29]. The electronically inactive buffer layer on
5iC(0001) may be converted into quasi-free-standing
monolayer graphene after hydrogen intercalation
leaving the SiC(0001) surface saturated with H-Si
bonds [29]. The hydrogenated graphene/SiC sub-
strates were used for the epitaxial growth of Ga and
In nanoparticles to disclose the H-Si bonds using
SERS.

Chemical vapour deposition (CVD) is a technique
that consists in depositing a solid material from a
gaseous phase on a substrate when a chemical reac-
tion occurs between the gases and the heated sub-
strates. Precursor gases are transported into the
reaction chamber at low temperatures. When they
come into contact with a heated substrate, they react
or decompose forming a solid phase which is
deposited onto the substrate [30]. The substrate
temperature, the gas flows and the pressure in the
reactor are critical parameters and can determine
what reactions will take place. MOCVD is the tech-
nique mentioned above that uses metalorganic sour-
ces as precursors.
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2 Experiment

Gallium and indium microparticles for SERS were
grown on an AIX 200/4 system by metalorganic
chemical vapour deposition (MOCVD). 10 x 10 mm
CVD graphene layers on 4H and 6H SiC were used as
substrates. Trimethyl gallium and trimethyl indium
were used as gallium and indium precursors,
respectively. Nitrogen and hydrogen were used as
the carrier gases. The influence of temperature in the
reactor and the flow of precursors on the dimension
and density of both indium and gallium microparti-
cles was studied. The temperature was varied from
550 to 750 °C. The flow of indium and gallium was
kept in the range from 50 to 500 ml/min. and 1 to
10 ml/min. respectively. Indium and gallium
microparticles with various dimensions and densities
were formed.

The Raman measurements were performed in a
backscattering geometry using a Via Renishaw con-
focal microscope powered by a 532 nm (2.33 eV)
continuous-wave Nd:YAG laser and an x 100 objec-
tive. The dimension and density of the microoparti-
cles formed on graphene on SiC substrates were
studied by means of a scanning electron microscope
(SEM) technique using the secondary-electron detec-
tor of a Hitachi SU8230 high resolution SEM.

3 Results and discussion

The Ga and In microparticles grown by MOCVD
were investigated with Scanning Electron Micro-
scopy. Figure 1a and b show the surface topography
SEM images of graphene on SiC substrates covered
with indium and gallium microparticles. The parti-
cles are distributed randomly but evenly all over the
surface of the substrate. The set of data obtained
shows that the distribution and density of
microparticles is flow-of-precursors dependent and
their density becomes smaller for a lower flow of
precursors. The radius of In and Ga microparticles
grown on graphene/SiC substrates ranges from
500 nm to 3 pum. It was possible to deposit
microparticles over the whole range of temperatures
from 550° to 750° degrees.

Figure 2 shows the SEM images of gallium and
indium microparticles taken on graphene/SiC sub-
strates at an angle of 54°. The radius of the
microparticles is 5 to 10 times longer than that of
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Fig. 1 a SEM image of
graphene layer on SiC
substrate covered with gallium
(a) and indium

(b) microparticles

nanoparticles for SERS applications manufactured by
other techniques. It is seen that Ga and In micropar-
ticles are in the form of hemispheres with a flat side
attached to the surface of the graphene layer. One
may expect that the roughness of the edges of the
hemispheres is responsible for the SERS effect
observed.

It is known that in the case of graphene on an SiC
substrate, hydrogen penetrates the buffer layer and
the substrate surface and breaks the sp® bonds
between the carbon buffer and the silicon substrate
atoms. The presence of hydrogen covalently bonded
to the Si substrate atoms was discovered by ATR
experiments, in which case Si-H vibrations at
2128 cm™' appear [29]. This line becomes much
stronger when gold nanoparticles are evaporated and
create conditions for SERS observation [31]. The
growth of graphene on 4H and 6H SiC(0001) sub-
strates was performed along lines previously devel-
oped by us [32]

The SEM image shown in Fig. 2 indicates that the
surface of the In hemispheres is covered by some
kind of structures. It is possible to identify the
chemical composition of the layer covering the

Fig. 2 SEM images of
gallium (left image) and
indium (right image)
microparticles on graphene/
SiC substrates taken at a 54°
angle
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surface of metallic Ga and In microparticles by
Raman measurements. The Raman results shown in
Fig. 3 show characteristic lines due to TO (268 cm™")
and LO (291 cm™') phonons of GaAs [33]. The for-
mation of a thin layer of GaAs on the surface of Ga
microparticles is due to the residual amount of As in
our MOCVD system. Indeed in this MOCVD system
about a month ago we performed a process of
growing GaAs. This shows that the As memory in the
MOCVD system has a very long lifetime. Raman
measurements performed on Ga microparticles
grown on sapphire gave the same characteristic
phonon lines due to GaAs. It was claimed that Ga
microparticles consist of a liquid Ga core and the
outer part is composed of gallium oxide which
maintains the structure stability [28]. In our case it
was found that instead of a native gallium trioxide
(Gay0O3) shell, the layer of GaAs is on the surface of
the Ga microparticles. The presence of a thin layer of
GaAs most likely protects the Ga microparticles
against any future oxidation. The contamination of
the MOCVD system used for the growth of III-V
compounds may leave some amount of As on the
walls of the MOCVD system. During the cooling of
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Fig. 3 Raman spectrum of GaAs observed on gallium

microparticles grown on graphene/4HSiC and spectrum of InAs
observed on indium microparticles grown on graphene/6H-SiC
substrate

the Ga microparticles grown, the As from the
MOCVD wall system may be transferred into the
microparticles forming the GaAs shell.

Similar Raman measurements have been done on
In microparticles. In this case a line which is charac-
teristic for InAs due to TO (220 cm™") phonon and
LO phonon in the form of a shoulder has been
observed [34]. The InAs TO line has been observed in
In microparticles grown on graphene/SiC and sap-
phire substrates as well. The formation of InAs out-
side In microparticles has not been observed.

In order to study the influence of the microparticles
deposited on the Si-H line, Raman spectroscopy
measurements were performed on hydrogenated
graphene layers with Ga and In microparticles. The
comparison of the spectra is presented in Fig. 4.

The investigations conducted show that H-5i
vibrations can be observed when either Ga or In
microparticles are present on the graphene/SiC sur-
face, creating suitable conditions for the SERS effect.
The line at 2128 cm ™' (H-Si) appears in the spectra in
the vicinity of either Ga or In microparticles on the
graphene surface. The magnification of the H-Si line
by plasmonic effect indicates that Ga and In
microparticles are indeed metallic and the presence
of GaAs and InAs layers on them does not signifi-
cantly affect the LSPRs. It should be noted that only
H-6i vibrations, which are perpendicular to the gra-
phene surface, are SERS active. On the contrary, the
graphene G and 2D modes, which are extended and
lie in the graphene plane are not SERS magnified.
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Fig. 4 Raman spectra taken in vicinity of Ga and In microparticle
on graphene/SiC substrates and between microparticles (red line).
2D peak of graphene is indicated (Color figure online)

The intensity of the 2128 cm™' peak (H-Si vibra-
tions) dependence on the beam position in respect of
the microparticle (optical image in Fig. 5a) is pre-
sented in Fig. 5b It clearly confirms that the SERS
effect is observable only in the close proximity of Ga
or In microparticles.

This conclusion is supported by Raman measure-
ments in polarized light as shown in Fig. 6.

The SERS measurements on the isolated
microparticle in polarized light show that the central
part of the microparticle is not active. The polariza-
tion results presented in Fig. 6 show that H-Si SERS
occur on the edges of the microparticle and in areas
where the polarization of the laser beam is perpen-
dicular to the edge of the hemisphere. This suggests
that plasmons in the hemisphere are generated along
the polarization of the light. The asymmetry of the
SERS H-5i signal on the edges of the Ga microparticle
visible in Fig. 6 suggest that either the roughness on
the edges of the microparticle or the density of the H-
Si on the graphene/SiC is not uniform.

4 Summary

The MOCVD growth of Ga and In microparticles on
graphene/SiC substrates is presented. The SERS
measurements connected with the Ga and In
microparticles grown by the MOCVD on graphene/
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H-Si mode

Fig. 5 a The optical
microscope image of
microparticles on graphene/
SiC, b map of intensity of
Raman H-Si 2128 cm™"
registered in the same area as
shown in the image a
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Fig. 6 Optical image of isolated Ga microparticle on graphene/SiC and Raman measurements of intensity of H-Si line taken in polarized

light. Polarization of light is indicated by arrow

SiC substrates reveal H-Si vibrations. The micropar-
ticles grown are hemispheres with their flat side
attached to the graphene/SiC substrate. The most
important conclusion of these investigations is con-
nected with the demonstration that relatively large
microparticles of sizes of about 0.5-3 um can be used
for SERS measurements. The coverage of Ga or In
microparticles by GaAs or InAs shells does not sig-
nificantly affect the surface plasmon resonance. The
presence of As most likely originates from the
memory effect of the MOCVD system. It should be
noticed that the growth of Ga or In microparticles on
sapphire can be used as a test for the purity of the
MOCVD system.

The investigation presented shows that indium
and gallium microparticles deposited on various
substrates by means of MOCVD may be good can-
didates for SERS substrates.
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