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ABSTRACT

The growth of GaOOH by chemical bath deposition has received a great attention over the past years as
a first step to form Ga,O; with the a- or B-phases by combining a wet chemical route with a thermal
annealing in air. By using gallium nitrate and sodium hydroxide in aqueous solution, we show that the
structural morphology of GaOOH deposits is thoroughly tunable both in terms of dimensions, density
and nature by varying the initial pH value from acidic to basic conditions. In the low-pH region
associated with a low supersaturation level and where Ga®" ions represent the dominant Ga(III) species,
GaOOH microrods with a low aspect ratio and low density prevail. In the intermediate-pH region
associated with a high supersaturation level and where GaOH*" ions represent the dominant Ga(IlI)
species, GaOOH prismatic nanorods with a high aspect ratio and high density are preferentially formed.
In the high-pH region where Ga(OH)s~ complexes are predominantly formed, the growth of partially
crystallized GaOOH thin films with a typical thickness of about 1 pm proceeds. These findings show
the correlation between the characteristics of the chemical bath and the resulting structural morphology
of GaOOH deposits. They further open great perspectives to grow GaOOH and hence Ga;O3-based

materials on silicon with a dedicated structural morphology using chemical bath deposition for



engineering devices in the fields of gas sensing, solar-blind UV-C photo-detection, and power

electronics.



1. INTRODUCTION

Gallium oxide (Ga»03) crystallizing into the B-phase has emerged as a promising ultra-wide band
gap semiconductor for gas sensing, solar blind UV-C photo-detection, and power electronics owing to
its long-term stability, its high melting point, its high breakdown electric field, and its relatively high
electron mobility."* The growth of B-Ga,Os thin films and nanostructures has been achieved by a wide
variety of physical and chemical vapor deposition techniques, such as molecular beam epitaxy,’ pulsed
laser deposition,® chemical vapor deposition,” metal-organic chemical vapor deposition,® and atomic
layer deposition.” Alternatively, several chemical deposition techniques in solution have been developed
to grow B-Ga;Oj3 thin films and nanostructures, including sol-gel process, hydrothermal synthesis, and
chemical bath deposition (CBD).'*"?

The CBD process using gallium nitrate (Ga(NOs)3) in an aqueous solution and working at low
temperature (< 100 °C) and at atmospheric pressure is considered as a low-cost, surface scalable, and
easily implemented process,'® which is in line with the development of green chemistry.!” The growth
of B-Ga,Os3 thin films and nanostructures relies on a double-step process, consisting in initially forming
Ga(Ill) oxide-hydroxide (GaOOH) thin films and nanostructures using CBD and subsequently
converting them into B-Ga,Os thin films and nanostructures using thermal annealing at high temperature
in air.'® The first step using CBD basically governs the shape and size of the resulting nanostructures,
while the second step using thermal annealing controls their crystalline phase. By using that double step-
process, a large number of nanostructures with different shapes and sizes has been formed using the
homogeneous growth in bulk solution. Recently, significant efforts have been devoted to optimizing the
heterogeneous growth on dedicated substrates to facilitate the integration of f-Ga,Os thin films and
nanostructures into engineering devices. Fujihara et al. reported the heterogeneous growth of GaOOH
particles on different oxide and fluoride substrates using Ga(NOs); as the chemical precursor, showing
that their formation is promoted on TiO», MgO, and SnO,/SnO»:F substrates.'® Liang et al. reported the
heterogeneous growth of GaOOH nanorods on SnO;:F substrates using Ga(NOs); and urea as the
chemical precursors under static and dynamic conditions, revealing that their formation may be driven
by screw dislocations.'” Alternatively, Hector et al. investigated the heterogeneous growth of GaOOH

microrods on silicon and showed the effects of the Ga(NOs); concentration on their shape and
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dimensions.?® The formation of GaOOH plate-layered rods, round-plate rods, and round-rods was shown
by increasing the Ga(NO3); concentration and their properties were correlated with the supersaturation
level in the chemical bath as deduced from thermodynamic computations. Although these GaOOH
microrods converted into f-Ga,O3; microrods are of interest, it is highly desirable to further optimize
their shape and dimensions on silicon during the CBD process. In that respect, the effects of the pH in
the chemical bath has never been explored despite its primary importance when using the CBD process
in aqueous solution.

In this work, we investigate the effect of the initial pH (pHo) value varying from acidic to basic
conditions on the growth of GaOOH by CBD on silicon using Ga(NOs)3 and sodium hydroxide (NaOH)
as chemical precursors in aqueous solution. The dimensions, density, and nature of GaOOH deposits are
found to strongly depend on the pHy value and to be correlated with the nature of the dominant Ga(IlI)
species in aqueous solution and the supersaturation level as determined from thermodynamic
computations.

2. EXPERIMENTAL DETAILS

2.1. Deposition Techniques. GaOOH deposits were grown on silicon by CBD using a pHy fixed
method. Prior to the process, the Si(001) substrates were cleaned with acetone (acetone > 99.8%, VWR,
CAS: 67-64-1) and isopropyl alcohol (isopropanol ACS reagent > 99.8%, Sigma-Aldrich, CAS: 67-63-
0) in a sonication bath to remove organic pollutants. The deposits were grown by CBD using an aqueous
solution containing gallium nitrate hydrate (Ga(NO3)3- xH>O, 99.9%, Sigma-Aldrich, CAS: 69365-72-
6) with x considered as 8,%' and using the addition of sodium hydroxide (NaOH, Sigma-Aldrich, CAS:
1310-73-2) to vary the pHy value in the range of 2.26-10.92. All chemical precursor solutions were
prepared by dissolving 16 mM of Ga(NOs); in ultrapure water. To ensure the complete dissolution of
Ga(NOs)s, the solutions were placed on a hot plate and magnetically stirred at 70 °C for 12 h. The
Si(001) substrates were then placed face down in a sealed reactor containing the Ga(NOs); solution and
the proper amount of NaOH to fix the pHy value. The NaOH concentration was set to 0, 20.6, 33.8, 38.5,
41.2,42.1,44.0,46.7,52.1 and 60.2 mM for a pHy value 0f 2.26,2.72, 3.00, 3.35, 3.79, 4.16, 6.29, 7.46,

9.15 and 10.92, respectively. The reactor was placed in a regular oven kept at 70 °C for 24 h. At the end



of the CBD process, the Si(001) substrates were washed with distilled water and dried under a flow of
nitrogen.

Characterization Techniques. The morphological properties of deposits were investigated using a
ZEISS Gemini 300 field-emission scanning electron microscopy (FESEM) instrument (Carl Zeiss,
Oberkochen, Germany). The dimensions of microrods and prismatic nanorods were measured on the
FESEM images by using Imagel software, where their diameter and length were determined over a
population of at least 50 objects. XRD patterns were collected with a BRUKER D8 Advance
diffractometer using Cu Ko, radiation according to the Bragg—Brentano configuration. Raman spectra
were acquired with a HORIBA/JOBIN YVON Labram spectrometer equipped with a liquid-nitrogen-
cooled CCD detector. A 488 nm Ar" laser line with a power on the surface of the sample around 1 mW
was used to collect the Raman spectra over the range of 2750-3500 cm . The laser was focused with a
100 x objective to obtain a spot size of about 1 um?. All the Raman spectra were calibrated with a silicon
reference sample considering the theoretical Raman line set to 520.7 cm™'. EDS spectra were recorded
with a BRUKER X-ray detector incorporated in the ZEISS Gemini 300 FESEM instrument operating at
5and 15 kV.

Thermodynamic Computations. Thermodynamic calculations were performed with Visual
MINTEQ software for the determination of the speciation diagrams of Ga(Ill) species as well as the
theoretical solubility plots of GaOOH at 70 °C for each growth condition (i.e., with varying pHy value
obtained by adding NaOH). The formation of hydroxide complexes between the single metallic cations
in aqueous solution (Ga®" ions), denoted as M*" and the single possible ligands (HO™ ions), denoted as
L, occurs according to the general reactions: nM*" + iL <> M,Li™",where M,Li™" is the complex
considered, i is the coordination number, and x is the cation charge. The related stability constants B;"

_ [MaLP

= -. These constants were taken at 25 °C from
[MX+]TI[L]I.

associated with each reaction are given by B]l“

NIST for Ga(Ill) species, as recapitulated in Ref. 20 . The constants at 70°C were deduced from the
Van’t Hoff relation. The calculation of the theoretical solubility plots for each growth condition was
achieved by taking into account the GaOOH(s) and Ga(OH); (am) solid phases using the solubility

constants presented in Ref. 20.



3. RESULTS AND DISCUSSION

3.1. Effects of the pHo on the Morphological and Structural Properties of Deposits. The
morphological properties of deposits grown by CBD with a pHy value ranging from 2.26 to 10.92 are

presented in Figure 1 using FESEM imaging.

Figure 1. Top-view FESEM images of deposits grown by CBD with a pHy value of 2.26, 2.72, 3.00,
3.35,3.79,4.16, 6.29, 7.46, 9.15, and 10.92.

Depending on the pHy value, the structural morphology of deposits changes from microrods through
prismatic nanorods to thin films. When no NaOH is added to the chemical bath, a pHy value of 2.26 was
measured and microrods as plate-layered rods are formed, as reported in Ref. 20. These microrods are
composed of the stack of thin, round plates with the possible occurrence of few secondary nucleation
places at their base and are inclined according to a random tilt angle, as shown in Figure 2a,b. The
formation of prismatic nanorods lying horizontally on the surface occurs as the pHy value is increased
to 2.72, as presented in Figure 2¢,d. Here, two populations of objects are detected, typically microrods
and prismatic nanorods. In the pHy value range of 3.00-6.29, the formation of prismatic nanorods
prevails over the formation of microrods. This type of prismatic nanorods has also been reported during
the homogeneous growth of GaOOH by CBD.'"' In contrast, the formation of continuous thin films
composed of coalesced spherical nanoparticles is revealed as the pHo value is further increased to 7.46,
9.15, and 10.92. In summary, the acidic domain of pHy leads to the formation of microrods and prismatic
nanorods, while the basic domain of pHy results in the formation of coalesced spherical nanoparticle

thin films.



Figure 2. Cross-sectional view FESEM images of (a,b) microrods, and (c,d) prismatic nanorods grown

by CBD. (a,c) and (b,d) correspond to high and low magnification images, respectively.

The mean length, mean diameter, aspect ratio, and apparent density of microrods and prismatic
nanorods are presented in Figure 3a-d and strongly depend on the pHy value. When no NaOH is added
to the chemical bath, the microrods exhibit a mean length of about 5.40 pm and a mean diameter of
about 1.70 um, leading to an aspect ratio of around 3.25. The apparent density of microrods is very low,
on average less than one object per 100 um?. In contrast, when NaOH is added to the chemical bath to
adjust the pHy value, the prismatic nanorods starts to form and the resulting mean dimensions are much
smaller, while the density of objects is much higher. For a pHy value of 2.72, the microrods have a
decreased mean length of about 856 nm and a decreased mean diameter of about 285 nm, resulting in
an aspect ratio of around 3.07. The prismatic nanorods exhibit a mean length of about 556 nm and a
mean diameter of about 92 nm, leading to a higher aspect ratio of about 6.35. The density of mirorods
and prismatic nanorods jumps to a value of around 100 objects per 100 pm?. As the pHo value is
increased to 4.16, the mean length of prismatic nanorods significantly increases to reach the value of
about 2.18 um. In contrast, the mean diameter of prismatic nanorods only increases slightly to reach the
value of about 196 nm. The increase in the mean length is thus more pronounced than the increase in
the mean diameter, such that the aspect ratio initially increases strongly to the value of 13.0 at the pHo
value of 3.00 and then saturates to the present value. However, for a pHy value of 6.29, the mean length
and mean diameter of prismatic nanorods significantly decrease and reach the values of 390 nm and 99
nm, respectively, resulting in a decrease in the aspect ratio to around 5.57. Eventually, the apparent
density of prismatic nanorods follows a particular evolution. It first increases strongly to the value of

255 objects per 100 pm? as the pHy value reaches 3.00, and second decreases drastically to the value of



45 objects per 100 um? as the pHy value reaches 3.79. Finally, it drastically increases to a mean value

of 366 objects per 100 um? as the pHy value reaches 6.29.
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Figure 3. Evolutions of the (a) mean length, (b) mean diameter, (c) aspect ratio and (d) apparent density
of microrods and prismatic nanorods grown by CBD as a function of the pHy value. The first population
(open symbols) corresponds to microrods, while the second population (full symbols) corresponds to

prismatic nanorods.

For a pHy value of 7.46, the film thickness is close to 400 nm and the nanoparticle size is estimated
below 10 nm. The film becomes micrometer-thick with the increase of the concentration of NaOH. The
film thickness at the pHo values of 9.15 and 10.92 was measured between 1 and 1.5 pm, while the
nanoparticle size lies in the ranges of 20-35 and 30—120 nm, respectively. The crystallographic structure
of deposits grown by CBD with a pHy value ranging from 2.26 to 10.92 was analyzed by XRD
measurements, as presented in Figure 4a. On the one hand, the XRD patterns show that both microrods
and prismatic nanorods crystallize into the a-GaOOH orthorhombic phase belonging to the Pnma space
group and corresponding to the calculated ICDD 04-010-9861 file. The XRD patterns of microrods are

marked by the presence of (200), (101), (201), (301), (210), (400), (111), (211), (401), (202), (311),



(501), (112), (212), (402), (600), (312), (511), and (020) diffraction peaks pointing at 18.11, 21.65,
26.83, 33.86, 35.29, 36.69, 37.32, 40.70, 41.95, 44.12, 45.88, 50.78, 51.63, 54.29, 55.30, 56.33, 58.55,
60.12, and 62.42°. In order to assess the growth texture of microrods, the texture coefficients for each
plane (Cuw) and the degree of preferred orientation (o) were estimated from the XRD patterns using the
Harris method®® and are recapitulated in Table S1 of Supporting Information. The intensity of each
diffraction peak was determined after subtracting the background. The preferential growth directions of
microrods correspond to the directions normal to the (200) and (101) planes with related texture
coefficients of around 2.19 and 6.98, respectively (Chumax = 15). A proportion of about 15 and 47% of
microrods is thus grown with the directions normal to the (200) and (101) planes, respectively. The
degree of preferred orientation of microrods is medium with a value of about 1.68 (omax = 3.74). This
indicates that the microrods have an intermediate growth texture, which is in agreement with the
structural morphology as presented in Figure 1. In contrast, the XRD patterns of prismatic nanorods are
exclusively dominated by the (101) and (202) diffraction peaks pointing at 21.65 and 44.12 °. This
shows that prismatic nanorods grow with the (101) plane parallel to the surface, likely according to the
growth axis aligned along the b-axis in the plane. The a-GaOOH orthorhombic phase of microrods and
prismatic nanorods is further supported in Figure 4b through the related Raman spectra, revealing the
occurrence of several lines pointed at 2848, 2890, 2922, and 2957 cm ' and assigned to the
corresponding OH stretching vibrations.?? On the other hand, the XRD signal is much weaker, when the
deposits form coalesced spherical nanoparticle thin films. The occurrence of the broad band at around
22.5° in the deposit grown with a pHy value of 9.15 indicates the formation of a partially crystallized
thin film. The chemical composition of the partially crystallized thin films reveals the presence of Ga
through the detection of the Ga L, and K, lines at 1.1 and 9.25 keV, respectively, as presented in Figure
S1 of Supporting Information. Interestingly, the occurrence of several Raman lines pointed at 2848,
2890, 2922, and 2957 cm™ and assigned to the corresponding OH stretching vibrations again supports
that the thin films are partially crystallized into the a-GaOOH orthorhombic phase.* It is worth noticing
here that no Raman lines corresponding to the Ga(OH); phase in microrods, prismatic nanorods, and
partially crystallized thin films are detected.”® This shows that the a-GaOOH orthorhombic phase is
preferentially formed in the present CBD conditions and is relatively pure with no trace of the crystalline
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Ga(OH)s phase. Nevertheless, the presence of the amorphous Ga(OH); phase as residues cannot be

excluded, specifically when the partially crystallized a-GaOOH thin films are deposited.
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Figure 4. (a) XRD patterns of deposits grown by CBD with a pHy value of 2.26, 3.00, and 9.15,
corresponding to microrods, prismatic nanorods, and thin films, respectively. The orange dashed lines
correspond to the diffraction peaks of the a-GaOOH phase according to the ICDD 04-010-9861 file.
The star symbol denotes for an artifact coming from the holder and superimposing to the diffraction
peak. (b) Raman spectra of deposits grown by CBD with a pHy value of 2.26, 3.00, and 9.15,
corresponding to microrods, prismatic nanorods, and thin films, respectively. The orange and purple
dashed lines correspond to the phonon modes of the a-GaOOH and Ga(OH); phases according to Ref.
22 and 23, respectively.

3.2. Effects of the pHy on the Nature of Ga(III) Species and Supersaturation. In order to
show the physicochemical processes in the chemical bath driving the formation of a-GaOOH microrods,

a-GaOOH prismatic nanorods and partially crystallized a-GaOOH thin films during the CBD process,
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the speciation diagram of Ga(Ill) species along with the theoretical solubility plot are presented in
Figure 5a,b. The curves were deduced from the equilibrium calculation for each pH value at 70 °C
ranging from 1 to 12 with a 0.001 incremental step and by considering the following Ga(III) species and

solid phases: Ga’", GaOH*", Ga(OH),", Ga(OH)4~, Ga(OH)3(am), and GaOOHs).**

NENE R & = - S NENEEL & = = o
o ™ o) = w0 M~ @ -~ o N o < © ~ (o2 -
oo mwn n n 1 ] wonon Inmn 1] 1 1 n
e o e o o T T T r ol o e o bl bl bl bl
107 c oo o oo o o o o -1 c ogocoog [+ o G
II || III T II T i T Gas_ I\ 10 II‘II 'III T T III T l' T T \I' T 'II
T O T Y S ———=tc s I NN I l 1 1
102 1 1 Ga(OH 1 |
—_ I I ——Ca(OHY, | —_ I
2 e ! ! l 12
£ | 1 1 £
3 I I 1 3
—_ f—
8 10 I I I 4 8
5 ! ! El
o . | o
3 10% ! R
..a | | ] -—
= [ I I =
= qp® | | 14 =
T ! ! ! T
S o7 ' ! 48
| 1 1
5 | | 1
10 I | 1 3
| | ]
109 | | I I |
3 1

Figure 5. (a) Speciation diagram of Ga(III) species and (b) theoretical solubility plot of Ga(IIl) species
at 70 °C as a function of pH, as computed by Visual MINTEQ software. The initial concentration of
Ga(NOs); was set to 16 mM and is represented with the horizontal black dashed line.

The predominant Ga(IlI) species in the chemical bath are found to strongly depend on the pH as seen
in Figure 5a and to affect the structural morphology of deposits. In the acidic domain of pH ranging
from 1 to 2.75, Ga®" ions are largely prevalent. However, in the acidic domain of pH ranging from 2.75
to 4.55, GaOH?" complexes get predominant. As the pH is further increased from 4.55 to 4.95, Ga(OH),"
complexes are preferentially formed. Eventually, Ga(OH)s complexes are largely prevalent in the
neutral and basic domains of pH ranging from 4.95 to 12. Very interestingly, each deposit with a
different structural morphology thus proceeds in a pH value range where the predominant Ga(IlI) species
differ. A schematic diagram recapitulating the structural morphology and dimensions of deposits as a

function of the pHy value is presented in Figure 6.
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Figure 6. Schematic diagram showing the structural morphology and dimensions of deposits as a
function of the pHoy value and their relationship with the predominant Ga(Ill) species in the chemical
bath.

The 0-GaOOH microrods and a-GaOOH prismatic nanorods are preferentially formed when Ga**
ions and GaOH?*" complexes predominate in the chemical bath, respectively. The precipitation

mechanism of GaOOH in aqueous solution in the acidic domain of pH below a pHy value of 4.55 may

be driven by the forced hydrolysis of Ga’" ions as proposed by Tas et al.'' and of GaOH?** complexes as

follows:**
Ga*" + 2H,0 — GaOOH) + 3H" (1)
GaOH?*" + H,0 — GaOOHy) + 2H" ()

The Gibbs free energy of reaction at 25°C and 1 atm was estimated to ArG = -789.57 kcal.mol ™' and
ArG =-529.57 kcal.mol ™' for Eq. 1 and Eq. 2, respectively.? In that sense, the physicochemical process
of forced hydrolysis in the chemical bath is favorable for the formation of a-GaOOH microrods and
prismatic nanorods on silicon. The two different shapes obtained when using Ga®" ions and GaOH*"
complexes as the predominant Ga(Ill) species may come from the distinct chemical and electrostatic
interactions occurring with the different growing planes. This type of physicochemical processes has
largely been documented in the case of ZnO nanostructures,” where their shape and aspect ratio can
finely be tuned depending on the additives and their concentration in the chemical bath.?** It should be
noted here that the transition from microrods to prismatic nanorods is not abrupt because both Ga** ions
and GaOH?** complexes coexist in the chemical bath for a pHo value of around 2.72. Moreover, the a-
GaOOH prismatic nanorods also form when Ga(OH)," and Ga(OH)s  complexes predominate in the

chemical bath. The precipitation mechanism of GaOOH in aqueous solution in the acidic and neutral
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domains of pH for a pHy value ranging from 4.55 to about 7 may proceed through additional
dehydroxylation and dehydration processes. In contrast, the partially crystallized a-GaOOH thin films
are preferentially formed in the basic domain of pH for a pHy value ranging from about 7 to 10.92, where
Ga(OH)s™ complexes exclusively predominate in the chemical bath. The partially crystallized thin films
are expected to form following a double step process, consisting in preferentially growing i) amorphous
Ga(OH); in a first step through a dehydroxylation process (Eq. 3), and ii) GaOOH in a second step
through a dehydration process (Eq. 4):**3%3!

Ga(OH)s™ — Ga(OH);3 (am) + HO™ 3)
Ga(OH)3 (@am) — GaOOH,) + H,0O 4)
It is worth noticing that the CBD conditions in terms of temperature, pH and time are liable to promote
the formation of either the Ga(OH); or GaOOH phases, or both of them.?' In the present conditions using
a relatively high temperature of 70 °C, a relatively high pHy value above 7, and a long time of 24 h, only

the a-GaOOH phase is partially crystallized to form coalesced spherical nanoparticle thin films.

The use of classical nucleation and growth theory’* to account for the dimensions and density of
GaOOH microrods and prismatic nanorods and their evolution as a function of the pHy value requires
the determination of a certain number of thermodynamic quantities. As discussed in Ref. 20, the
dimensions (i.e., diameter and length) of GaOOH microrods and prismatic nanorods are dependent upon

the crystal growth rate G, which is directly related to the absolute supersaturation (Sa) as follows:*?
G(Sa) = kySJ (5)

where &, and g are kinetic parameters such that g = / and k, follows an Arrhenius law for a stoichiometric
solution and a high supersaturation ratio (Sg) value. In contrast, the density of GaOOH microrods and
prismatic nanorods depends on the heterogeneous nucleation rate (Juzv), which is also directly related

to Sk as follows:*?

-B

Juen(Sg) = ASge™ R (6)
where 4 is a kinetic parameter and B is a dimensionless thermodynamic parameter. Jyey thus varies very

strongly with Skz. For example, in the case of oxide precipitation in aqueous solution, a value of Sg =10
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typically leads to the formation of one nucleus per cm® in 107 seconds, while a value of Sz = 100
typically leads to the formation of 10° nuclei per cm® in one second.’” The values of the concentration
of Ga(Ill) species at equilibrium (C*), Sa, and Sk for pHo values ranging from 2.26 to 6.29 were
estimated from Figure 5b and are reported in Table 1.

Table 1. Concentration of Ga(IIl) species at equilibrium C*, Sy, and Sk for pHy values ranging from

2.26 to 4.16.

pHo C* (mM) S (mM) Sk
2.26 8.50-10" 15.150 18.82
2.72 476107 15.952 336.4
3.00 9.95-10°° 15.990 1608
3.35 1.65-107° 15.998 9712
3.79 2.11-10* 16.000 75938
4.16 4.45-10° 16.000 359829
6.29 4.60-107 16.000 347716

The concentration of Ga(Ill) species at equilibrium is low in the range of pHy values investigated and
falls from 8.50-10"" to 4.45-10° mM as the pHy value is increased from 2.26 to 4.16. As a result, Sy
approaches the value of the initial concentration of Ga(NO3); of 16 mM and slightly increases from
15.150 to 16.000 mM. Correlatively following Eq. 5, the mean diameter and length of GaOOH prismatic
nanorods as presented in Figure 3a,b continuously increase from 92 to 196 nm and from 556 nm to 2.18
um, respectively. In contrast, Sk drastically increases from 18.82 to nearly 360000 as the pHy value is
increased from 2.26 to 4.16. Correlatively following Eq. 6, the density of GaOOH microrods and
prismatic nanorods as presented in Figure 3d jumps from an extremely low value of 0.5 objects per 100
um? to 255 objects per 100 pm? as the pHy value is increased from 2.26 to 3.00. Nevertheless, the density
of GaOOH prismatic nanorods decreases for pHo values greater than 3.00 owing to the competition
between the heterogeneous nucleation and homogeneous nucleation processes in aqueous solution.
When the value of Sk is very high, the homogeneous nucleation rate Juon approaches Jugn such that Juon
=~ Juen. In that case, the nucleation process takes place in the whole volume of the solution in a quasi-
equivalent manner. The volume around the substrate being much lower than the volume of the reactor,

for an equivalent nucleation rate, the number of nuclei formed is therefore lower. Consequently, the
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density of GaOOH prismatic nanorods observed on the substrate following the heterogeneous nucleation
process is lower. This phenomenon has commonly been observed during the heterogeneous nucleation
process of other oxides including ZnO nanostructures.*®> From the experimental point of view, the first
decrease in the density of GaOOH prismatic nanorods occurs when the value of Sz = 10* and the further
decrease proceeds when the value of Sg~ 7.5-10. Importantly, the purely thermodynamic considerations
cannot account for the mean diameter, mean length, and apparent density of GaOOH prismatic nanorods
grown for a pHy value of 6.29, which is close to the transition towards the formation of partially
crystallized GaOOH thin films. Kinetic considerations along with the change of the predominant Ga(III)
species inducing a differential reactivity originating from distinct chemical and electrostatic interactions
may also affect the nucleation and growth of GaOOH prismatic nanorods. For instance, the high density
of GaOOH prismatic nanorods correlated with their low mean diameter and length indicate that the
elongation process is limited by the diffusive transport of chemical reactants.>* The present findings
reveal that controlling the characteristics of the chemical bath in terms of the nature of the dominant
Ga(III) species and of the supersaturation level is a powerful tool to tune the structural morphology of
GaOOH deposits on silicon from microrods through prismatic nanorods to partially crystallized thin
films. The control of the morphology of GaOOH deposits is of particular interest, since their structural
conversion into B-Ga,Os deposits readily operates at high temperature.”’ This opens great perspectives
for the further integration of GaOOH and hence Ga;O3-based materials into engineering devices in the
fields of gas sensing, solar-blind UV-C photo-detection, and power electronics.

4. CONCLUSIONS

In summary, we have developed the growth of GaOOH deposits by CBD on silicon using Ga(NOs3)3
and NaOH as chemical precursors in aqueous solution and specifically investigated the effect of the pHo
value varying from acidic to basic conditions. In the low-pH region where the supersaturation level is
low and Ga*" ions constitute the dominant Ga(III) species, a-GaOOH microrods with the orthorhombic
phase exhibiting a low aspect ratio and low density are preferentially formed. In the intermediate-pH
region where the supersaturation level is high and GaOH?" complexes constitute the dominant Ga(III)
species, a-GaOOH prismatic nanorods with the orthorhombic phase and exhibiting a high aspect ratio

and high density prevail. These a-GaOOH prismatic nanorods develop with the (101) plane parallel to
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the surface according to the growth axis aligned along the b-axis in the plane. The formation of both
GaOOH microrods and prismatic nanorods is expected to proceed through a forced hydrolysis process
of Ga®* ions and GaOH?** complexes. In the high-pH region where Ga(OH)s~ complexes constitute the
dominant Ga(IIl) species, the growth of partially crystallized GaOOH thin films with a typical thickness
of about 1 um proceeds. These findings show the correlation between the characteristics of the chemical
bath and the resulting structural morphology of GaOOH deposits. They further open great perspectives
to grow GaOOH and hence Ga;O3-based materials on silicon with a dedicated structural morphology
using chemical bath deposition for engineering devices in the fields of gas sensing, solar-blind UV-C

photo-detection, and power electronics.
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Synopsis

We show that the structural morphology of GaOOH deposits using chemical bath deposition on silicon
is tunable from microrods through prismatic nanorods to partially crystallized thin film by adjusting the
pH value. The formation process is correlated with the nature of dominant Ga(Ill) species and the
supersaturation level in the chemical bath. These findings open great perspectives to fabricate

engineering devices made of GaOOH and Ga,0Os-based materials using wet chemical route.
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