RESEARCH ARTICLE

W) Check for updates

ADVANC .
MATERIALS
INTERFACES

Open Access,

www.advmatinterfaces.de

Effect of Thermal Oxidation on the Structure, Surface
Texturing, and Microstructure Evolution in Nanocrystalline

Ga—O—N Films

Debabrata Das, Francelia Sanchez, Paul Gaurav Nalam, Nolan Herbort,

Felicia S. Manciu, V. Shutthanandan, and C.V. Ramana*

An extensive examination of the nanoscale, crystallographic growth dynamics
of the system, which is impacted by the thermal energy given to the GaN, is
carried out to derive a deeper understanding of the growth kinetics,
morphology and microstructure evolution, chemical bonding, and optical
properties of Ga—O—N films. Thermal annealing of GaN films is performed in
the temperature range of 900-1200 °C. Crystal structure, phase formation,
chemical composition, surface morphology, and microstructure evolution of
Ga—O—N films are investigated as a function of temperature. Increasing
temperature induces surface oxidation, which results in the formation of
stable -Ga,O; phase in the GaN matrix, where the overall film composition
evolves from nitride (GaN) to oxynitride (Ga—O—N). While GaN surfaces are
smooth, planar, and featureless, oxidation induced granular-to-rod shaped
morphology evolution is seen with increasing temperature to 1200 °C. The
considerable texturing and stability of the nanocrystalline Ga—O—N on Si
substrates can be attributed to the surface and interface driven modification
because of thermal treatment. Corroborating with structure and chemical
changes, Raman spectroscopic analyses also indicate that the chemical
bonding evolution progresses from fully Ga—N bonds to Ga—O—N. While the
GaN oxidation process starts with the formation of §-Ga,O; at an annealing
temperature of 1000 °C, higher annealing temperatures induce structural
distortion with the potential formation of Ga—O—N bonds. The
structure-phase-chemical composition correlation, which will be useful for
nanocrystalline materials for selective optoelectronic applications, is
established in Ga—O—N films made by thermal treatment of GaN.

1. Introduction

Conceptualizing and creating innova-
tive materials that can exhibit better
performance, scalability, and durability
in challenging operational environments
is of utmost importance in facilitat-
ing progress in many of the present
and future technologies. The significance
of this strategy is particularly crucial
for developing technologies that oper-
ate at the intersection of several sec-
tors and/or disciplines. Examples in-
clude ultraviolet photodetectors, pho-
toelectrocatalysis, artificial photosynthe-
sis, and photo-batteries, among many
others.'5] In recent times, the scientific
and engineering research community di-
rected significant efforts into a range
of wide/ultrawide bandgap (UWBG) ma-
terial systems.*6-8] These materials in-
clude aluminum nitride (AIN), gallium
nitride (GaN), zinc oxide (ZnO), hafnium
oxide (HfO,), lanthanum oxide (La,0;),
germanium oxide (GeO,), magnesium
oxide (MgO), etc.*12] The primary ob-
jective of this exploration has been to
push the boundaries of existing techno-
logical limits. Without question, contem-
porary research efforts related to UWBG
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materials, and their alloys have showcased diverse methods
for synthesizing and fabricating materials, as well as inno-
vative designs. However, several inherent limitations exist in
the methods/materials, which are suboptimal in terms of
multifunctionality.

Unlike third-generation semiconductors, such as GaN and
silicon carbide (SiC), gallium oxide (8-Ga,0,) offers various
benefits, such as a broader bandgap, a stronger breakdown
field, and the capacity to readily produce large-sized single crys-
tals of superior quality.'*'8] Consequently, photodetectors based
on f-Ga,0, exhibit remarkable sensitivity and responsiveness
within the deep-ultraviolet (DUV) spectrum, rendering them
highly suitable for applications involving DUV sensing and
imaging."2?1 In addition, transistors based on f-Ga,0; have
demonstrated exceptional electron mobility, supporting them
well-suited for electronic applications requiring high frequen-
cies and high power.['>823] Nevertheless, Ga,0; unavoidably
creates oxygen vacancies (V) throughout the development pro-
cess, which provide substantial obstacles to intrinsic carrier man-
agement, p-type doping, and the establishment of stable Schot-
tky connections.!'*1824 For example, the existence of VO, gives
rise to persistent photoconductivity (PPC) phenomena, which
give rise to unforeseen increases in photoconductivity but are
accompanied by a sluggish reaction rate attributed to trapping
effects.®] In addition, the presence of V, defects on the surface
of Ga,0; leads to the transportation of electrons by tunneling
puncture effects, which in turn causes the transistors to experi-
ence a significant reverse leakage current.[1418:2>-26]

Reducing trapping states in Ga, O, is crucial for enhancing the
response speed of corresponding electronic and optoelectronic
devices. Previous research has commonly identified the V de-
fects situated near the bandgap as the primary cause of PPC ef-
fects, leading to the instability of oxide thin film transistors (TFTs)
when exposed to light.[?’! The use of nitrogen in oxides has been
demonstrated as a successful method for decreasing the V, den-
sity, resulting in significant enhancements in the electrical char-
acteristics and operational dependability of oxide TFTs. Addition-
ally, the use of anion engineering in oxynitrides presents a viable
approach to enable modification of the electronic structure and
electrical/optical properties.*3% The valence band maximum
(VBM) is elevated due to the hybridization of N 2p, O 2p, and p-d
repulsion induced by metal 3d orbitals.[242°-30] This phenomenon
effectively mitigates the PPC effect and reduces the bandgap of
oxide contacts. While previous studies have shown that amor-
phous nitrogen-doped oxides and oxynitrides may produce high-
performance TFTs and energy harvesting devices, there is a
scarcity of reports on high-speed photodetectors achieved by in-
cluding anion alloying in oxynitrides. Furthermore, the ability
to tailor the chemical-composition, which ultimately results in
chemical compounds with enhanced performance in various de-
vices in addition to their applicability in energy storage and con-
version technologies, generated strong interest in oxynitrides.

Gallium compounds, such as GaN, Ga,O;, and more recently,
gallium oxynitrides (GaON/Ga;0;N/Ga,O;N,), have been recog-
nized for their ability to exhibit semiconducting and optoelec-
tronic properties. Gallium-based compounds with different com-
position and materials in various morphologies have demon-
strated significant use in a wide range of applications, such as
high electron mobility transistors (HEMTs), UV-blue light emit-
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ting diodes and laser diodes, logic gates, field effect transis-
tors (FETs), and sensing devices.[!3-141619-21] Although gallium
oxynitride (Ga—O—N) compounds find application in numerous
technologies, there is a scarcity of reports on their synthesis,
structure-property correlation, and utilization. Studying the syn-
thesis of Ga—O—N is highly exciting, and it will give a deeper
understanding of the fundamental mechanisms, which in turn
influence the properties and performance of the resulting ma-
terials. This is the impetus for the present work on Ga—O—N
films resulting from GaN deposited on Si substrates. Further-
more, such fundamental studies are expected to create more op-
portunities to produce unique materials that can meet the re-
quirements of a given technological application in the context
of emerging electronics and optoelectronics. For instance, the
use of a Ga-oxide and Ga-nitride system has been documented
in the synthesis of a direct bandgap spinel structured gallium
oxynitride (Ga;O;N) material, which has promising electrical
characteristics.®"! In a similar vein, the creation of GaN thin
films using a chemical technique involves the utilization of a
metastable state for the cubic gallium oxynitride crystal phase
material with a composition of Ga, 4O, ;N 532!

The existing body of literature has demonstrated that
Ga—O—N may be synthesized by the processes of oxida-
tion, nitridation, and ammonolysis, utilizing both GaN and
Ga,0,.1242931-32] Several factors have not been fully understood
in the formation of Ga—O—N through ammonolysis despite the
observation of the complete growth of a Ga, O, layer over a GaN
crystal. The production of Ga—O—N poses a significant chal-
lenge because of several documented methods, including oxida-
tion or nitridation, hydrothermal synthesis, sol-gel spin coating,
and atomic layer deposition. However, it is important to note that
these synthetic procedures have some limitations.*'**] The hy-
drothermal and nitridation processes exhibit unpredictable com-
position, which poses challenges in optimizing performance and
achieving high crystallinity. Oxidation of GaN is a commonly uti-
lized method to demonstrate Ga—O—N thin films and nanostruc-
tures. This technique utilizes a reactive environment to facilitate
chemical reactions and facilitate the development of films. The
distinctive attribute of oxidation enables the application of films
with customized characteristics, rendering them highly attractive
to produce sophisticated semiconductor devices that possess spe-
cific performance criteria. Achieving the necessary features, such
as bandgap engineering, carrier mobility, and optical qualities, in
Ga—O—N films requires careful control over their composition,
thickness, and uniformity. Therefore, this study focuses on ex-
amining the development of Ga—O—N thin films through sys-
tematic oxidation of sputtered GaN on Si substrates. Figure 1 de-
picts the schematic of the specific approach and reaction mecha-
nism employed to achieve Ga—O—N films from GaN. A thorough
analysis of the crystallographic growth dynamics of the system,
which is influenced by the thermal energy applied to the GaN,
is conducted in order to provide insights into the growth kinet-
ics and performance of Ga—O—N. Most importantly, we probed
the chemical composition changes along with changes in the
electronic band structure so as to derive a structure-chemistry-
property correlation, which will facilitate the optimization of pro-
cessing conditions to produce materials with desired structure,
properties and performance. We observe an increased level of
thermal stability in the surface oxide with f-Ga,O, phase. This
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Figure 1. Schematic representation of Ga—O—N films’ synthesis approach. Two-step process involved in the preparation of Ga—O—N thin films on Si
substrates is schematically outlined. First, the deposition of 5 um thick GaN films on Si with a thin AIN buffer layer is made. The second step is dry

oxidation of GaN to synthesize Ga—O—N thin films.

may be attributed to the significant texturing and stabilization of
the Ga—O—N on Si substrates, which is likely driven by the inter-
face. The results obtained are presented and discussed in detail
in this paper.

2. Results and Discussion

2.1. Crystal Structure, Phase, and Chemical Bonding

Figure 2 displays the XRD patterns of GaN. The data shown are
for as grown, intrinsic GaN samples and GaN samples after un-
dergoing thermal oxidation at a temperature >1000 °C. The as-
deposited GaN/Si sample exhibits peaks corresponding to GaN
(0002) along with a shoulder peak at the higher angle correspond-
ing to the seed AIN (0002) layer.** This observation indicates
the formation of the c-plane-oriented hexagonal phase of GaN
films. The XRD peaks closely match the ones reported in the In-
ternational Conference for Diffraction Data (ICDD) file 00-050-
0792.3* The additional phases are not present due to the growth
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of GaN on Si at a sufficiently high temperature of 725 °C, with-
AIN serving as a buffer layer. More specifically, under the opti-
mum temperature (725 °C) of deposition hexagonal phase GaN
formation occurs without any other GaN polymorphs, which may
be induced or possible to grow at relatively lower or intermedi-
ate temperatures. The AIN buffer layer serves the objective of
enhancing the surface shape/morphology and addressing the is-
sue of significant lattice mismatch between GaN and Si. In ad-
dition, the samples exhibit Si (111) peak in the 20 = 25-30°
and peak corresponding 2nd harmonics at ~#58°.134 Furthermore,
when the GaN samples were subjected to thermal oxidation, evo-
lution of distinct peaks associated with monoclinic f-Ga,0, are
seen. The peaks observed correspond to the diffraction from the
(201), (402), (603), and (002) crystallographic planes, as compared
to the ICDD file 01-074-1776.1°1 The observed peaks exhibit a
greater degree of significance, characterized by a rise in inten-
sity when the oxidation temperature is increased. This suggests
that a greater amount of oxide is produced as the oxidation tem-
perature increases, and the thickness of the oxide grows as well.
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Figure 2. X-ray diffraction patterns of as-grown GaN (a) and oxidized Ga—O—N (b—d) thin films on Si substrate. Peaks correspond to Si, GaN, and
Ga—O—N (-Ga, (O,N1.)3) are shown in black, red, and blue color, respectively. Upon oxidation, the presence of monoclinic Ga—O—N is evidenced
by the evolution of new peaks. The changes in terms of intensity increase of the new peaks indicate the increasing amount of Ga, O3 in the matrix with
increasing temperature of oxidation. ICDD file numbers for GaN and Ga—O—N are 00-050-0792 and 01-074-1776.
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Figure 3. Raman spectra of Ga—O—N thin films. The data shown are
as-grown GaN films on Si substrate and those annealed at various
temperatures.

From 1100 °C onward, XRD results show additional peaks, such
as (111), (402), (203), and (113), among others. This observation
confirms that there is an extended probability of random orien-
tation upon annealing at higher temperatures.

It is widely accepted that the monoclinic f-Ga,0; has the
highest thermodynamic stability among various polymorphs of
Ga,0,.I"3] Moreover, the occurrence of monoclinic -Ga, 0, dur-
ing thermal oxidation aligns with prior findings on the wet and
dry oxidation of GaN in an air/oxygen environment. Neverthe-
less, several diffraction planes documented in previous research
in the literature exhibit dissimilarities compared to our findings.
For instance, Wolter et al. observed diffraction peaks in the (202)
and (311) planes when GaN underwent thermal oxidation in dry
air.*] Similarly, Kim et al. identified peaks due to diffraction
from (206) and (306) planes when GaN underwent thermal oxi-
dation in an oxygen-rich environment.[’! In contrast, Chen et al.
and Zhou et al. observed peaks due to diffraction from the (113),
(306), and (113), (306) planes, respectively, when GaN underwent
thermal oxidation in a wet oxygen environment.[383]

We relied on Raman spectroscopy to further probe the chem-
ical bonding changes in GaN under thermal oxidation. Raman
spectroscopy has shown to be highly helpful in examining sim-
ple as well as complex materials, as it is a sensitive, productive,
and nondestructive technique for examining a material’s struc-
ture and chemical bonding over different length scales.**! The
Raman spectra of as-grown GaN film and GaN films annealed at
various temperatures are presented in Figure 3. The spectra are
translated vertically for easier comparison of potential changes
induced by oxygen incorporation during the high-temperature
annealing and oxidation process of GaN films. The strongest fea-
ture in the Raman spectrum of GaN is the peak at 567 cm™ (E,),
followed by the 735 cm™! (A,) vibrational line that is associated
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with the longitudinal optical mode.l*?] Besides a dominant sig-
nature of the Si substrate (as labeled), the peak at 303 cm™' in
this spectrum shows the presence of a thin SiO, layer. Other fea-
tures, such as the weak shoulder at 232 cm™! and the broad bands
at 435 and 625 cm™!, could also arise from the oxidation of the
substrate. Another vibrational line at 657 cm™ (E,) is attributed
to the AIN thin buffer layer used during the deposition of GaN.[*2!

The annealing of the GaN film to 1000 °C induces significant
modification in the film’s structure. For example, a dramatic de-
crease in the GaN signature at 567 cm™! and the disappearance
of the 735 cm™! line are observed. The new presence of a sharp
peak at 200 cm™~! and three bands in the mid- and high-frequency
region at 347, 415, and 767 cm™! implies the formation of §-
Ga,0,.[%%] The intensity increase and slight blue shift by a few
wavenumbers of the vibrational line at 657 cm™ suggests a po-
tential association of this feature with both AIN and gallium oxi-
dation. Furthermore, its skewed shape toward the high-frequency
side infers contribution from another weak and broad feature at
~678 cm™!, which can be better seen in the spectra of GaN film
annealed at 1100 and 1200 °C. This latter remark indicates the
potential formation of Ga—O—N bonds. While the GaN oxida-
tion process starts with the formation of #-Ga,0; at an anneal-
ing temperature of 1000 °C, higher annealing temperatures in-
duce structure distortion and disorder, with potential formation
of Ga—O—N bonds. This statement corroborates with the Raman
bands seen in the 600-700 cm™ region in the spectra of GaN an-
nealed at 1100 and 1200 °C. The chemical bonding changes as a
function of thermal oxidation temperature are further validated
both qualitatively and quantitatively using XPS analyses.

2.2. Chemical Composition and Electronic Structure

Using XPS, we investigated the chemical and electronic structure
changes as a function of temperature. The survey XPS spectra
(Figure 4a) confirms the presence of Ga, N, and O by means of
the respective peaks, which are exclusively due to these elements.
Additionally, the C 1s peaks were also identified. These peaks are
due to the absorption of carbon from the air exposure during the
transfer of the samples to the XPS instrument. The adventitious
C—C/C—H peak (284.8 V) was used as a charge reference to cal-
ibrate the binding energy scale of the scans.[*¢]

The core level of spectra of Ga 3d, N 1s, and O 1s were an-
alyzed in depth in order to probe the chemical changes on the
GaN surface as a function of increasing temperature of oxida-
tion. The asymmetric Ga 3d core level spectra shown in Figure 4b
were conveniently deconvoluted into three 3ds,, and 3d;;, dou-
blet components, which correspond to Ga—Ga, Ga—N, and Ga—O
bonds.[247-53] The doublet peaks are constrained to have a 3:2
peak area ratio, equal full width half maxima (FWHM), and
a fixed peak separation of 0.5 eV. In the as-grown GaN sam-
ple, the major component of the Ga 3d spectra is attributed to
Ga—N bonds. Minor contributions of Ga—O and Ga—Ga are also
observed. The metallic Ga—Ga bonds might be a result of N-
vacancies on the surface, and the Ga—O can result from the ox-
idation of the metallic Ga.l264%5*55] An additional peak at lower
binding energy (BE) is assigned to the emission of N 2s photo-
electrons. Noticeably, with annealing, the gallium peaks shift to
higher BE values as the spectra get dominated by Ga—O bonds.
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Figure 4. XPS data of thermally oxidized GaN samples. The data of as-deposited GaN are also shown for comparison. The data shown is: a) survey XPS
spectra; b) the high-resolution Ga 3d core level spectra; c) the high-resolution N 1s core level spectra; and d) the high-resolution O Ts core level spectra.

Due to the higher oxygen incorporation, the N 2s region is sup-
pressed, whereas the area of the O 2s peak increases with the
annealing temperature. Moreover, oxygen annealing effectively
removes any traces of metallic Ga—Ga bonds on the surface of
the films.

The analysis of the N 1s spectra in Figure 4c is complex be-
cause of the overlapping position with the Ga Auger peaks (LMM
region). The spectra were deconvoluted into Ga—N, N—O, and
Ga Auger components.[#7#951-53:5556 The N 1s spectrum from as
synthesized sample is dominated by Ga—N bonds. This observa-
tion is consistent with the fact that the initial set of samples are
only GaN, which is expected to have the presence of only Ga—N
bonds. However, the N—O bond in the non-treated sample is at-
tributed to the oxygen adsorption onto the sample surface from
air exposure. With annealing, the intensity of the N—O peak in-
creases due to higher oxidation of the films. Further, the main
Ga—N peak shifted to higher BE side as a result of the greater
electronegativity of the oxygen atom (compared to the nitrogen
atom) is attached.[*’]

The high-resolution O 1s core level spectra in Figure 4d con-
firm the presence of oxides in the sample. The spectra are decon-
voluted into C—0O, C=0, Ga—O0, and N—O components.[*’] In the
GaN sample, the O 1s region is dominated by carbon and oxy-
gen bonds in the hydroxyl (C—0O) and carbonyl (C=0 groups that
originate from adventitious carbon on the surface. After anneal-
ing, a strong peak centered at 531.1 eV is attributed to the Ga—O
bonds of Ga,0;. The shoulder peak at 532.2 eV corresponds to
N—O bonds. The origin of the additional peak at 533.8 eV from
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the sample annealed at 1200 °C is unknown, but it has been at-
tributed to complex intermediate bonds between Ga—N—0.[>3
Thus, the XPS studies reveal the most important aspect of GaN
thermal oxidation, which always proceeds from surface of the
GaN film and induces changes in Ga, O, and N concentration.
The atomic concentration data of Ga, N, and O as a function
of thermal oxidation temperature are shown in Figure S1 (Sup-
porting Information), where it is evident that the surface oxygen
concentration increases with increasing temperature. The rela-
tive changes in the concentration of these elements in their re-
spective chemical bonds is presented in Figure S2 (Supporting
Information). Again, it is evident that the surface Ga—N chemical
bonds decrease while the Ga—0O chemical bonds increase as ther-
mal oxidation temperature increases. These results are in good
agreement with the recent reports on GaN oxidation although
the treatment procedures and range of temperatures are slightly
varied.[288]

Detailed valence band spectrum (VBS) demonstrates the den-
sity of electronic states in the lowest BE region, and it provides
the Fermi-level position relative to the VBM. We used the VB
spectra of the as-deposited and thermally oxidized GaN samples
in order to understand the electronic structure changes and to
correlate the same with processing conditions. Specifically, we
envision a drastic change in the VBS and VBM as the material
progresses from GaN to Ga—O—N under thermal oxidation as
seen in the aforementioned XRD and XPS analyses. As expected,
upon thermal annealing, significant changes in the VBS can be
noted as shown in Figure 5. The changes, which corroborate with
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Figure 5. a—e) VBS of as-grown GaN and oxidized Ga—O—N thin films on Si substrate. f) Comparison of VBM values. It is evident from these plots
that the samples exhibit a significant shift in VBM with increasing temperature. Also, the trend can be noted in (f) as the sample progress from GaN to

Ga—O—N.

surface analysis by XPS, also suggest the formation of metal ox-
ide at the surface of the GaN films. The position and shape of the
VBS for the non-treated GaN (Figure 5b) are comparable to pre-
vious reports.[*’] The VBS for GaN consists of Ga 4p to N 2p and
Ga 4sto N 2p hybridized orbitals.l?>*>° Nonetheless, thermally
annealed GaN samples exhibit a characteristic VB spectrum of
Ga,0; which is dominated by Ga 4p and O 2p hybridized states
(Figure 5c—e).120°51 The VBM of the films was calculated from the
linear extrapolation of the leading edge to the background line at
zero counts in the VBS. The VBM of the films changes drastically
with annealing due to the incorporation of oxygen. The changes
in VBM can be understood as follows.

First, in intrinsic GaN, there is no effect of oxygen. The
reported VBM values of GaN and Ga,0, compounds are 2.27
and 4.05 eV, respectively.[?!) The valance band maximum of
non-annealed GaN film is 2.24 eV while annealed films have a
VBM of ~3.8-4.2 eV. The position and shape of the VBS for the
as-grown GaN film are comparable to previous reports where
the VBS consists of Ga 4p to N 2p and Ga 4s to N 2p hybridized
orbitals.[**>¢>°] However, the valence band spectra show noto-
rious changes after annealing because of oxygen incorporation,
and thus, the VBS is primarily composed of oxygen 2p orbitals.
The drastic changes in VBM correlate with electronic structure
changes with thermal oxidation. This is due to the fact that,
the N 2p orbitals are typically at higher energy level than O
2p orbitals. The hybridization of higher energy N 2p orbitals
with lower energy O 2p orbitals creates electronic states above
the valence band and, hence, the consequence is the bandgap
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narrowing. Therefore, the strategy of nitridation is generally
adopted in many of the oxide materials to introduce bandgap
narrowing. However, the reverse effect is seen in GaN due to
oxidation, where the O 2p orbitals hybridize with N 2p orbitals
and increase bandgap. Perhaps, the effective hybridization of O
2p orbitals, which eventually span the entire valance band upon
Ga, 0, formation, maybe the reason for the observed shift in
VBM in Ga—O—N films under thermal annealing.

2.3. Morphology and Microstructure

After the detailed chemical and electronic structure analyses
made using XPS and VBS, the microstructure and chemical com-
position evolution of the Ga—O—N samples was further probed
by scanning electron microscopy (SEM) and energy dispersive X-
ray spectrometry (EDS). It can be noted that the surface morphol-
ogy of intrinsic GaN films prior to oxidation is fairly smooth with-
out any indication of surface granular characteristics. However,
with increasing temperature, the overall morphology (Figure 6)
of the Ga—O—N samples demonstrates significant variation. The
very first observation that can be made from SEM images is the
emergence of the granular surface morphology upon thermal ox-
idation. Such surface morphology is clearly evident in Ga—O—N
samples subjected to thermal oxidation at 1000 °C. Further in-
crease in temperature causes the fully transformed rod-like mor-
phology. This morphology of Ga—O—N films can be compared
with bulk, polycrystalline Ga,O, morphology (see, Figure S3,
Supporting Information). Obviously, by comparing the SEM
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900 °C

Figure 6. SEM images of as-grown GaN and oxidized Ga—O—N thin films on Si substrate. The emergence of granular morphology with thermal oxidation

induced Ga—Oxide formation on the surfaces can be noted.

images of oxidized GaN samples with the bulk Ga,O, polycrys-
talline sample, the morphology of the oxidized samples repre-
sents the characteristic of the emergence of the Ga-oxide phase
on the GaN surface. Furthermore, quantitative analysis (using
image] software) of the SEM data indicates that the granular size
increases from ~#190 nm to ~420 nm in diameter with increas-
ing temperature. The EDS data (see Figure S4, Supporting Infor-
mation) also confirms the chemical changes upon thermal oxi-
dation. The chemical quality of the samples can be qualitatively
discussed based on the EDS data since the chemical composi-
tion is reflected in the energy of the X-rays emitted. The X-ray
energy is the characteristic of the atom from which the emission
occurs.[®*61] The EDS data of GaN and Ga—O—N samples are
presented in Figure S4 (Supporting Information). The elemen-
tal analysis exhibits the X-ray peaks due to Ga and N indicating
the GaN prior to thermal oxidation. While the broad range EDS
data are shown in Figure S4 (Supporting Information), the low-
energy region, where the evolution of nitrogen and oxygen peaks
are clearly seen is presented in Figure 7. It can be seen (Figure 7)
that, upon oxidation, the nitrogen peak reduction occurs while
the oxygen peak emerges. No presence of oxygen peak is seen in
the EDS spectrum of the GaN sample prior to thermal oxidation.
The oxygen peak evolves at 1000 °C while the presence of nitro-
gen is still seen. Finally, at 1200 °C, the nitrogen peak completely
disappears while the oxygen peak intensifies. Thus, corroborat-
ing with XPS analyses, EDS data also confirms the formation of
Ga-oxide on the surface upon thermal oxidation of GaN samples.
Although the quantitative analysis of the EDS data may not be
accurate for lighter elements, the details revealed by EDS for the
chemical composition in atomic percentage are as follows. GaN
films exhibit Ga:54.51; N:43.49; and 0:2.10. While the nominal
composition estimated is GaN, the minor concentration of oxy-
gen is due to sample exposure to the environment. This obser-
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vation is in good agreement with XPS results and analyses. At
900 °C, the EDS data indicate N:26.37 and 0:12.57. At highest
annealing temperature of 1200 °C, the EDS data show: N: 5.94
and 0:34.65. Thus, the progressive changes seen in EDS are in
good agreement with XPS results in terms of varying composi-
tion from GaN to Ga—O—N.

The emergence of granular type morphology seems to be a
natural trend seen on the surfaces once the formation Ga-oxide
proceeds onto the GaN upon thermal treatment. Liu et al. re-
ported the granular structure formation on the GaN surfaces
upon thermal oxidation.[?®! The granular particle diameter in-
creases with increasing temperature and finally transforms to
the nanorod morphology. Similarly, most recently, Shi et al also
reported the emergence of granular particles on the GaN sur-
faces upon thermal oxidation at 900 °C.I®) They observed that
a further increase in oxidation temperature induces the incre-
ment in diameter, height, and density of granular particles. In-
creasing temperature to the higher end (1400 °C) induces sig-
nificant changes in the surface morphology, where the rod-like
structures continuously elongate, forming longer and more pro-
nounced columns. These columns exhibit distinct edges and cor-
ners, indicating a monomorphic or polycrystalline structure, with
a disordered growth direction. We also noted in our study on
Sn-incorporated Ga—Sn—O samples that the increasing Sn con-
centration induces a significant shift in the samples’ morphol-
ogy. The surfaces are covered with deformed and shattered gran-
ules when Sn is incorporated. Thus, based on these observa-
tions and comparison with the literature, we propose that the
surface oxidation of GaN proceeds with surface layers changing
the chemical composition and morphology, where the predomi-
nantly observed morphology is the characteristic of the Ga-oxide
formation. Furthermore, the XRD and XPS results, which are in
good agreement with the SEM and EDS results, also support the
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Figure 7. EDS data of GaN samples subjected the thermal oxidation. The
low-energy region EDS spectra indicate the evolution of oxygen coupled
with nitrogen peak reduction with thermal oxidation. Nitrogen peak almost
disappears at the highest temperature (1200 °C) oxidation.

proposed mechanism, where gallium oxide formation occurs on
the surface with the thermal oxidation process and when suffi-
cient thermal energy is supplied by means of temperature.

3. Conclusion

We have conducted a comprehensive investigation on the oxi-
dation of GaN films, formation of nanostructures, morphology
of the surface/interface, electronic structure, and chemical com-
position. We have successfully shown that Ga—O—N thin films
can be produced using a low-cost dry oxidation technique, with
the ability to control their structural, chemical, and morpho-
logical characteristics. The studies reveal that, as the tempera-
ture rises, surface oxidation occurs, leading to the formation of
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a stable f-Ga,0, phase in the GaN matrix. This is the transi-
tional phase when the composition of the film changes from ni-
tride (GaN) to oxynitride (Ga—O—N). Although GaN surfaces are
smooth, planar, and featureless, oxidation-induced granular-to-
rod-shaped morphological progression is seen when the temper-
ature increases to 1200 °C. Heat treatment drives surface and in-
terface transformation, which is responsible for the significant
texturing and stability of the nanocrystalline Ga—O—N on Si sub-
strates. In correlation with structure and morphology changes,
the valence band structure also changes with thermal annealing
due to the hybridization of the orbitals from nitrogen and oxy-
gen. The valence band maximum shifts from 2.24 eV (GaN) to
4.24 eV (Ga—O—N) upon thermal oxidation accounting for the
significant electronic structure modification upon Ga-oxide for-
mation on the GaN surface. Raman spectroscopic studies also
demonstrate that the chemical bonding development progresses
from entirely Ga—N bonds to Ga—O—N bonds, which is consis-
tent with structural and chemical modifications. While the GaN
oxidation process begins with the creation of §-Ga,0;, higher an-
nealing temperatures cause structural deformation induced by
the formation of Ga—O—N bonds. The structure-phase-chemical
composition correlation established in Ga—O—N films produced
from thermal annealing of GaN will be helpful in tailoring the
materials for optoelectronic applications.

4. Experimental Section

Synthesis of Nanostructured Ga—O—N Thin Films: A hybrid synthesis
method (Figure 1) was introduced to produce nanostructured Ga—O—N
films that can be controlled in their phase at the site. The method started
with the deposition of GaN thin film onto Si(111) substrates, followed by
further post-deposition processing in a controlled thermo-chemical envi-
ronment. In post-deposition processing, the primary objective was to fa-
cilitate thermal oxidation and crystallization at varying temperatures.

Radio frequency magnetron sputtering was employed to deposit GaN
films onto Si (117) substrates. The thin films were deposited using the
DCSS12 radio frequency magnetron sputter system. Figure 1 displays a
schematic diagram illustrating the deposition mechanism utilized for the
production of GaN films. Prior to being introduced into the sputter cham-
ber, the substrates underwent a meticulous cleaning process using ace-
tone, methanol, and deionized water in a sequential manner, followed by
dipping into buffered hydrofluoric acid and finally cleaning with deion-
ized water. The deposition was conducted using 2” pure GaN and AIN
targets (Plasmaterial Inc.) with a purity of 99.999%. The base pressure of
the sputter-deposition chamber was reduced to 1.5 X 1077 mTorr prior to
deposition by the exertion of a roughing pump and a turbo pump in series.
The deposition process in the sputtering chamber involved the incorpora-
tion of Arand N gas mixture (10:1) with a high purity level of 99.999%. The
regulation of the gas flow rate was achieved by the utilization of MKS multi-
gas controllers. Both the targets were ablated for 15 min each to remove
any unwanted contamination. The substrate was heated up to 800 °C for
30 min to get rid of the oxide layer on top of the substrate. The actual depo-
sition was done at 725 °C, which is well-established for the growth of GaN
thin film. The deposition process was started with 50 nm thin AIN on Si to
compensate for the overall strain further. After that, 5 pm thick GaN was
deposited at the same substrate temperature. The plasma source power
was regulated at 150 W. The deposition process was improved by main-
taining a pressure of 1 X 1072 mTorr and a substrate temperature of 725
°C. Prior to thermal oxidation, the GaN Film on a Si substrate with a thick-
ness of 5 um underwent RCA cleaning. The horizontal quartz tube furnace
was utilized to conduct the thermal oxidation process. The temperature
for oxidation is varied in the range of 900-1200 °C. To reach the oxida-
tion temperature >1000 °C, a heating rate of 10 °C min~! was employed
in an ambient gas environment. The oxidation process was conducted in
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an oxygen-ambient environment for a given duration of oxidation ranging
from 120 min. Following the oxidation process, the samples were then
cooled to ambient room temperature with a cooling rate of 10 °C min~'.

Characterization—X-Ray Diffraction (XRD): The Ga—O—N thin films
were subjected to X-ray diffraction studies using the Malvern Panalyti-
cal Empyrean Nano edition multifunctional X-ray diffractometer. The X-
ray diffractometer was employed in the Bragg-Brentano reflection geom-
etry. In order to achieve a distinct resolution of each peak observed in
the diffraction pattern, ©/20 scans were performed on the thin films at
room temperature. The scans were done with a step size of 0.01° and an
integration duration of 0.6 seconds per step. The observations were ac-
quired using a copper potassium (Cu Ka) X-ray source with a wavelength
of 0.154 nm. Prominent peaks originating from the silicon substrate were
noticed. However, they have been omitted from the figures for the sake of
convenience.

Characterization—Scanning Electron Microscopy (SEM): The surface
morphology of the Ga—O—N samples was also probed using scanning
electron microscopy (SEM). SEM measurements were conducted at room
temperature using a Hitachi S-4800 (field emission) scanning electron mi-
croscope using an accelerating voltage of 15 kV.

Characterization—Energy Dispersive X-Ray Spectrometry (EDS):  Energy
dispersive X-ray spectrometry (EDS) was employed in order to compre-
hend the composition evolution in GaN samples as a function of oxi-
dation. The backscattered electron mode was used for measurements,
and scanning electron microscopy (SEM, Hitachi High-Tech America, Inc.,
USA) was used for the EDS measurements. Using x-ray color mapping in
conjunction with elemental composition analysis, an approximate identifi-
cation of the elements present and their distribution properties was made
possible through the use of EDS.

Characterization—X-Ray Photoelectron Spectroscopy (XPS): The sur-
face composition and chemical state of elements in the GaN and
Ga—O—N films were measured using X-ray photoelectron spectroscopy
(XPS). The XPS analyses were made on GaN/Ga—O—N films as a func-
tion of post-processing temperature. The measurements were conducted
with a Thermo Fisher Scientific Nexsa spectrometer. The spectrometer was
equipped with a focused Al Ka monochromatic x-ray source with a wave-
length of 1486.6 eV. The spectrometer worked at a power of 72 W and
had a high-resolution spherical mirror analyzer. The photoelectrons that
were emitted were gathered at the entry slit of the analyzer, which was
positioned perpendicular to the surface of the sample. The pressure in
the analyzer chamber was consistently maintained at a value of 5 x 1072
Torr. The spectral data for the survey was obtained by measuring the pass
energy at 160 eV with a step size of 0.5 eV. Additionally, high-resolution
spectra were obtained by measuring the pass energy at 50 eV with a step
size of 0.1 eV. The Casa XPS program!®2] was used to analyze the XPS data.

Characterization—Raman Spectroscopy: An alpha 300RAS WITec con-
focal Raman system (WITec GmbH, Ulm, Germany), using the 532 nm
excitation of a Nd:YAG laser and a 20x objective (Nikon, Japan) with a nu-
merical aperture NA = 0.4 was used for performing the Raman measure-
ments. The microscope of the system was coupled via an optical fiber of
50 um core diameter with a triple grating monochromator/spectrograph
and a thermoelectrically cooled Marconi CCD camera. Accumulations of
20 spectra, with 500 ms acquisition time each, were co-added to improve
the signal-to-noise ratio of every Raman spectrum recorded. A linear back-
ground subtraction and normalization to the Si peak intensity were ap-
plied. The latter was to account for potential variations in the laser power
output, which was maintained at ~5 mW.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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