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Embedded gallium oxide-silica composites in silica matrix via sol-gel process
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This work reports the synthesis of a gallium oxide {Gg)-silica composite within a silica matrix via a modified sol-gel process, with

the novelty residing in the incorporation of @@; during the condensation stage. In conventional sol-gel synthesis of silica matrices or
nanoparticles, ethanol and tetraethyl orthosilicate (TEOS) are mixed prior to hydrolysis, followed by a distinct condensation step. Typically,
the incorporation of a second material into a silica matrix, such as micro- or nanopatrticles, is carried out in a separate step using technique:
like spray pyrolysis, chemical vapor deposition (CVD), or sputtering. In contrast, the present approach enables the formatie@of a Ga
-silica composite during the condensation step, thereby eliminating the need for post-synthesis deposition methods. This is achieved by
introducing a GaOs suspension into the TEOS solution prior to hydrolysis. Samples were fabricated by dropcasting both standard and
modified sols onto glass substrates, with each layer formed by three successive drops. The functionalization and structural characteristic
of the resulting materials were analyzed using X-ray diffraction (XRD), micro-Raman spectroscopy, scanning electron microscopy (SEM),
and electrostatic force microscopy (EFM). These characterization techniques confirmed the successful integrat@nwiti@a the silica

matrix. In particular, EFM measurements distinguished between silica as@;@mains based on surface charge amplitude. The results
demonstrate that both the @2 concentration in the colloidal suspension and the number of deposited layers significantly influence the
addition of the crystalline structure of @@s into the silica matrix and its morphology. This simple modification to the sol-gel method

is proposed as a general and scalable strategy for the synthesis of metal oxide-silica composites and the functionalization of silica-base
materials.
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1. Introduction from nanocomposite arrays to optical and electronic devices
[5,6]. The sol-gel (solution-gelation) process is commonly
Silica composites and related materials have been proposegnployed to synthesize silica and doped silica materials for
for applications such as catalysis, adsorption, sensing, healtbiverse applications, such as stabilizing natural pigments [7],
care, water treatment, and nanotechnology, due to the addiiding in semiconductor synthesis [8], serving as a matrix
tion of micro- or nanoparticles, combining the properties offor nanocomposites [9], creating coatings [10], enabling drug
silica and the other material, either organic or inorganic [1].delivery systems [11], and developing flexible supercapaci-
Usually, the fabrication of silica-based composites involvesors [12]. The synthesis and growth of silica particles using
two steps. First, the synthesis of silica using a method a¥EOS (Si(OC2H5)4) as a silica source involves the reactions
hydrothermal or sol-gel, then the material to be combinedn Egs. (1), (2), and B), hydrolysis and condensation [13].
is added in a second step through a second method of de-
position, such as spray-pyrolysis, CVD, or sputtering [2-4].  Sj(OC,H5)4 + 4H>O — Si(OH,) + 4C,H;0H, 1)
TEOS is a key precursor in silica formation and is widely . ) . ]
utilized in the fabrication of advanced materials, ranging  Si(OHu + Si(OGH;)s — Si-O-Si+4GH;0H,  (2)
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Si(OH), + Si(OH), — Si-O-Si + 4H,0. ©)) TABLE |. Suspensions of G&®s with different concentrations.
Through these reactions, silica particles are formed as the Label GaO; powder (g) Etanol (ml)
TEOS undergoes progressive polymerization, leading to the c1 0.1 30

formation of silica particles or a silica matrix. The control of
the reaction medium influences the relative rates of hydroly-
sis and condensation in the synthesis of silica-based materi-
als via the sol-gel method, where a solvent, such as ethanol, C4 04 30

can be used to facilitate the hydrolysis reaction [14]. On the

other hand, gallium oxide (G&®3) has emerged as a promis-

ing material in semiconductor technology due to its uniqueThe average particle size of the (& powder, deter-
electrical and physical properties. This polymorphic materiamined by dynamic light scattering (DLS), was approximately
crystallizes in various phases, includingGa, O3, 3-Ga,0s, 590 nm. The particles exhibited colloidal stability under
~v-Ga,03, §-Ga, 03, ande-Ga,03, each with distinct crys-  acidic conditions, as evidenced in Figs. 1a) and 1b). Suspen-
talline structures, electronic configurations, as well as catsions were prepared by dispersing,Ga powder in ethanol.
alytic and optical properties [15]. The3-Ga,O; phase is  For each suspension, the mass of powder (as listed in Table I)
the stable form and can be obtained from the other phasesas mixed with 30 ml of ethanol and stirred at 400 rpm for
or from gallium oxyhydroxide GaOOH through annealing 10 minutes. Four distinct colloidal concentrations were pre-
[16,17]. GaOs is highly suited for high-power and high- pared, as summarized in Table I.

frequency electronic applications, particularly in demanding  Sjlica was synthesized by mixing 3.3 ml of tetraethyl or-
environments where thermal stability and high breakdownhosilicate (TEOS, Aldrich, 98%) with 3.28 ml of ethanol
voltages are required [18,19]. 3 is especially notable for (EtOH, Fermont, 99.9%), followed by stirring at 650 rpm
gas sensing, ultraviolet (UV) photodetection, catalysis, andor 20 minutes to initiate the hydrolysis step. Subsequently,
power electronics [20-23]. The interaction between galliump.53 m| of deionized water (DI) and 0.001 ml of hydrochlo-
oxide and silica has been studied for various catalytic appliric acid (HCI, Meyer, 36.5-38%) were added, and the mixture
cations, including the removal of malachite green dye [24]as stirred at the same speed for an additional 45 minutes to
propane dehydrogenation [25], high methane conversion, anghtain a homogeneous, transparent sol. The final molar ratio
enhanced ethane selectivity in hydrocarbon products [26)bf precursors was 1:2:3.8:360~3 (TEOS:DI:EtOH:HCI).
This work presents the fabrication of silica matrices WIthA silica matrix was fabricated by drop-casting the solution
gallium oxide-silica embedded composite through a simplento glass substrates without thermal treatment. A layer
modification of the sol-gel method. A G@; suspension is was formed using three drops (0.135 ml) then condensa-
mixed with TEOS before the hydrolysis process; the modifition occurred naturally at room temperature. These exper-
cation could be extended to study the use of different types dfnental conditions were used to fabricate a reference sam-
inorganic or organic materials in suspension to obtain silicgle, labeled as R, formed with three layers. The modifi-
composites. We aimed to determine whether gallium oxideation of the silica matrices was made by replacing EtOH
can be embedded into a silica matrix during the condensatiofith 3.28 ml of a GaO; suspension before the condensa-
reaction via the sol-gel method, and we propose this approagfpn reaction (TEOS:DI:EtOH+G#®;:HCI), which caused

as a cost-effective and efficient strategy for producing newhe resulting sol to become whitish and turbid. Four differ-
hybrid silica-based materials using TEOS. This approach hagnt colloidal suspensions (C1, C2, C3, and C4) were used
potential applications in electronics, catalysis, sensors, angh separate experiments to observe the effect of the sus-
optoelectronics. The results obtained in this study demonpension concentration. The modified suspensions were de-
strate how the amount of G&; and the number of deposited posited onto glass substrates by drop-casting, with 1, 2, 3,
layers allow the addition of the G@; crystalline structure or 4 |ayers each consisting of three drops in 20-second in-
into the amorphous silica matrix, influencing the morphol-tervals ¢ 0.135 ml per layer). After deposition, the films

c2 0.2 30
C3 0.3 30

0gy. were left to dry to complete the condensation stage. This
deposition method was chosen due to its minimal experimen-
2. Materials and methods tal requirements and compatibility with the sol-gel process

for studying GaO3; embedding during the condensation re-
Gallium oxide (GaO;) was obtained by thermal conver- action. No thermal treatment was applied after deposition.
sion of gallium arsenide (GaAs) (111) wafers, approximatelySamples with a single layer were translucent, while those
2.5 x 2.5 cm in size and 30@:m thick, using the annealing with multiple layers exhibited a progressively more intense
process described in reference [27]. The wafers were thewhitish stain. In thicker films, slight cracking was observed
mally treated at 800C and subsequently ground manually after 12 hours of drying; these culd be attributed to the con-
using an agate mortar to obtain a powder. A second anneaflensation step, which was made without temperature control.
ing cycle was applied to remove residual traces of GaAs. Each sample was labeled using the prefix “M” followed by
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two digits: the first indicates the number of deposited lay-3. Results and discussion

ers (1, 2, 3, or 4), and the second denotes the type of col-

loidal suspension used (C1-C4). For example, sample M3®LS was used to obtain the average particle size and zeta
corresponds to a sample fabricated with three layers usingotential of the GaOs powder. Figure 1a) shows an average
the suspension C3. The hydrodynamic size was measured Iparticle size 0f-590 nm; it was assumed that the suspensions
Dynamic Light Scattering (DLS) using an Anton Paar Lite- have a similar average particle size. The stability of the par-
sizer 500 equipment with a resolution range from 0.3 nm tdicles is observed in Fig. 1b), indicating that the particles are
10 pm. X-ray measurements were performed using an ULstable (low coalescence) in an acidic environment. The struc-
TIMA IV-RIGAKU diffractometer equipped with a Cu anode ture of the samples was analyzed by XRD, shown in Fig. 2.
as a light source (K) with A\ = 1.546 Aoperating at 44 kv  The pattern of the G®; powder is shown at the bottom of
and 20 mA. 2 scans were carried out using Bragg-Brentanothe figures, labeled as P. The powder exhibits a mixed-phase
geometry from 20 to J0with steps of 0.01. XRD peak composition, predominantly monoclinj¢-Ga, O3, with mi-
identification was carried out with the Rigaku X-ray Powder nor contributions from orthorhombic GaOOH. These phases
Diffraction Software PDXL. The morphology was examined were indexed using PDF cards 00-043-10%£23a,0s) and
through cross-sectional images obtained with a JEOL JSM0-006-0180 (GaOOH), respectively. A sample of silica
6010LA Scanning Electron Microscope. Micro-Raman meawithout GaOs is used as a reference whose XRD pattern
surements were conducted using a Horiba Jobin HR 800 Ras labeled ad; the pattern is consistent with an amorphous
man system, with a HeNe excitation source at 632 nm angilica structure.

50 mW power. Surface charge maps were acquired via EFM The XRD peaks corresponding t8Ga, O3, observed at
using a Park Systems Atomic Force Microscope (AFM) X7,30.06 (400), 31.7 (002), 35.18 (111), and 64.48(-221),
equipped with a Cr-Au-coated tip. Line scan measurementare shown in the samples fabricated with colloidal suspen-
were analyzed using Smart Analysis version 1.4.3 software.sions C3 [Fig. 2a)] and C4 [Fig. 2b)], both with four layers.
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FIGURE 1. Characterization of the G&®s powder. a) Average particle size, and b) zeta potential.
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FIGURE 2. XRD patterns of the samples fabricated with colloidal suspensions: a) C3, and b) C4. The labels P and R refer40ihe Ga
powder and the silica reference sample, respectively.
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FIGURE 3. Micro-Raman spectra. a) Reference silica sample (bottom) and silig@&amples (middle and top), b) Deconvoluted spectrum
of reference silica, and c) Deconvoluted spectrum of silicad@zawith C3.

The peaks at 21°5and 26.4, corresponding to the (110) and hand, 3-G& O3 exhibits an optical branchgy = 1049 +
(120) planes of GaOOH (denoted asl10 anda-120, re- 44, + 5BY9 + 8B, of which only the4, and B, modes are
spectively), were also detected. The presence of these diffraBRaman active [31]. Table Il summarizes the&sa,03 vibra-
tion signals indicates successful incorporation 0§ Gainto  tion modes, including those related to GaOOH [32].
the amorphous silica matrix. In contrast, samples fabricated The positions of the vibrational peaks are labeled in
with only one or two layers show significantly weakér  Fig. 3a) for the Raman spectra of TEOS hydrolysis modified
Ga0s diffraction signals, close to the background noisewith C3 and C4 suspensions. It is observed that the GaOOH
level. Furthermore, for samples prepared using colloidaphase increases with the concentration of the colloidal sus-
suspensions C1 and C2, the XRD signals corresponding tgension. This result is consistent with the XRD measure-
Ga03 were too weak to be distinguished from the amor-ments, where the intensity of the (100) GaOOH peak is more
phous silica background and are therefore not shown. Thpronounced in sample M44 than in sample M43. We assume
degree of incorporation of the @@s-silica composite is re- that during the condensation step, the nucleation GaOOH
flected in the progressive appearance and intensification @farticles is favored due to the hydroxyl groups promoting the
GaO3-related diffraction peaks within the otherwise amor-formation of metal-oxygen bonds, allowing the agglomera-
phous silica pattern. Among all samples, those preparetion of GaOOH particles because it is a metastable phase. On
with colloidal suspension C4 exhibit the most intense peaksthe contrary3-Ga,Os is a stable phase whose agglomeration
consistent with the higher G@3 content in this suspension rate is lower in the condensation step. A deconvolution of the
[Fig. 2b)]. Additionally, an increase in the number of de- Raman spectrum of TEOS+C3, in the 380-540¢mange,
posited layers correlates with greater peak intensity, furtheis shown in Fig. 3c). The obtained vibrational modes have
supporting successful incorporation. These results suggest
that the extent of G5 incorporation can be tuned by ad-
justing either the colloidal concentration or the number of TagLE I1. Vibrational modes foB-Ga, O3 and GaOOH taken from
deposited layers during the sol-gel process. [31], and [32].

Micro-Raman spectroscopy in the range of 200-

900 cnt!, was used to observe the vibrational modes of ﬂ'G?QO3 om”? GaOOH cnr*
Ga0; in the samples. The results are presented in Fig. 3, Ay -104.7 201
where the label “TEOS” corresponds to the reference sam- A7 -1635 261
ple, whose hydrolysis was performed without modification, A} -202.3 275
while "“TEOS+C3” and “TEOS-C4" refer to the samples fab- Ay -315.8 320
ricated by modifying the TEOS hydrolysis with the C3 and Aj -339.7 346
C4 suspensions, respectively. The Raman spectrum of the AS-420.2 418
reference sample is shown at the bottom of Fig. 3a). The vi- A7 -459.4 433
brations at 485 cm! and 780 cr! are associated with OH- Ag 6071 475
Si0; and Si-O bonds, respectively [27, 28]. A deconvolu- Ag 6561 529
tion of the reference sample (silica) spectrum, from 320-720 o '

cm™1, is shown in Fig. 3b), revealing the vibrational modes Agl - I57.7 628
at 417, 485, 574, and 653 crh. These peaks have been at- By -1121 653
tributed to Si-H (200-500 cmt), O-C-C (417 cmt), Si-O- Bj-141.3 764
Si (485 cnT!), and O-C2H5 (653 cmt') bonds related to sil- B; -348.31

ica, in addition to B-O and B-O-B bonds (574 ch) related Bj -472.8

to the substrate material (borosilicate) [29, 30]. On the other Bj -627.1

Rev. Mex. Fis72041008
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kU X1, 888 18xm

FIGURE 4. SEM micrographs of silica-G&®3 samples. a) M13, one layer with suspension C3, b) M14, one layer with suspension C4, c)
M43, four layers with suspension C3, and d) M44, four layers with colloidal suspension C4.

have been attributed to Ga-OH bonds at 400, 433, 479, 49&|ectrostatic amplitude image. During the measurements, an
and 517 crmr! [33]. The morphology of the samples was ana-AC modulation bias of 17 kHz with 1 V amplitude was ap-
lyzed by SEM, as shown in Fig. 4. Samples with one and fouplied between the cantilever and the sample. Topography and
layers were selected to illustrate the effects of layer stackingmplitude images were acquired in non-contact mode with an
and colloidal concentration on the resulting morphology. Inadditional DC bias of 5 V. The EFM amplitude images (mV)
samples with a single layer [Figs. 4a) and 4b)], isolated agwere generated by applying a bias voltage at each pixel, en-
glomerates are observed for both colloidal suspensions.  abling the detection of electric potential gradients across the
Cracking observed in sample M14 [Fig. 4b)] can be at-scanned area.

tributed to dry conditions and mechanical handling during Itis important to observe that the EFM images are blurred
sample preparation. With the increasing number of layerbecause the superficial charge is mapped (mV) instead of
[Figs. 4c) and 4d)], the surface exhibits two types of ran-the morphology (nm). In EFM, the brighter points regard
domly distributed particles, attributed to silica and gallium a higher superficial charge. Meanwhile, the topographic im-
oxide. EFM was used to map surface charge, leading to thages (AFM) are clear; in this case, the brighter points cor-
assumption that the brighter particles correspond tf3z@r  respond to the top of the surface. Topography and charge
GaOOH rather than silica, since its charge has been reportatistribution images were measured under standard ambient
to be around zero. Then, the brighter particles (charged rezonditions (temperature and pressure) with a scan area of
gions), distributed throughout and between the silica domain80 x 20 um. The EFM-AFM images are arranged to show
(charge around zero regions), are assigned tg0zawhile first lineal scans of superficial charge, then, the topography
the darker regions correspond to silica. These assignmenf8FM), and superficial charge areas. Figure 5b) shows the
were correlated with DLS (particle size) and z-potential (partopography of the M14 sample, where some bright particles
ticle stability) measurements. EFM, which is an electricalare visible on the surface top. The corresponding amplitude
imaging mode of the AFM, was employed to map local sur-of the charge distribution is presented in the EFM image of
face charge distribution. In this technique, the electrostati¢-ig. 5c); the scanned area looks blurry because the superfi-
interaction between a biased conductive cantilever and theial charge is shown in morphology instead. EFM images
sample surface induces variations in the cantilever's oscillaallow us to distinguish between silica and gallium oxide par-
tion amplitude and phase, which are recorded to construct aticles by charge difference. Some particles are brighter in the

Rev. Mex. Fis72041008
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FIGURE 5. EFM (mV) and AFM (hm) obtained on M14 sample. a) Linear scans of charge, b) Topography, and c) EFM amplitude (charge
distribution).
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FIGURE 6. EFM (mV) and AFM (hm) obtained on M44 sample. a) Linear scans of charge, b) Topography, and c) EFM amplitude (charge
distribution).

topography but not in the EFM, indicating that these parti-4. Conclusions

cles have a low charge due to the electrical material proper-

ties. Silica particles exhibit a surface charge close to zero,

depending on their size and roughness, either oxygen or hythe use of a G#; suspension along the TEOS hydroly-
drogen, leading to a depletion or accumulation layer on théis reaction successfully leads to the embed gallium oxide
surface [33,34]. This suggests that the brighter points in EFMparticles into silica by Sol-gel, resulting in a silica-&x»
correspond to gallium oxide, whose superficial charge is ovegomposite. The functionalization does not require thermal
20 mV, as observed in Fig. 5a), where several lineal scangeatment, but its effect on the structure could be studied.
were taken on the surface to observe the charge distributiohhe GaO; incorporation is evident through the addition of
along the scanned line. The topography (AFM) of the M44diffraction peaks corresponding to the crystalline gallium ox-
sample is shown in Fig. 6b), where semispherical particleéde, superimposed on the amorphous silica pattern. The re-
are visible. Smaller particles are deposited on and betweestlts indicate that both the amount of mass in the colloidal
them, with the brighter particles positioned at the surfacesuspension and the stacking of deposited layers enhance the
Besides, the EFM image [Fig. 6¢)] shows brighter points ranintensity of the XRD peaks associated with the crystalline
domly distributed among dark spots (more obervable at th&aterial. Raman characterization further confirms the pres-
bottom left). By comparing EFM and AFM it is proposed ence of 3-Ga03 and Ga-OH vibrational modes. We pro-
that the majority of the smaller particles are gallium oxide,Pose that during the condensation step, the nucleation rate
while the semispherical particles are silica, on the basis 0®f GaOOH particles is higher than that 6fGa0; parti-

the observed charge distribution. Lineal scans of charge ar@es, as the hydroxyl groups promote the formation of metal-
presented in Fig. 6a), where charge spots around 300 mV afxygen bonds, influencing agglomeration. The functionaliza-
observed. We assume that this is an effect of stacking layei#n process was also characterized by EFM, which revealed
due to a higher coverage of gallium oxide on the silica parhigher surface charge distribution, related to gallium oxide or
ticles. In general, the charge amplitude, obtained via EFMgallium oxyhydroxide particles, compared to the silica par-
is higher on gallium oxide than on silica particles. The dif-ticles. The difference in charge, observable in the EFM im-
ference on charge allows us to distinguish between the twages, allows us to distinguish silica across the measured ar-

types of particles. The EFM image mapps only the charge ogas from the particles added during the hydrolysis reaction in
Ga,05 not the phase. the Sol-gel method, which constitutes a useful application of

the AFM. We propose that this work paves the way for func-
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