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INTRODUCTION 
 

Zinc Oxide and β-Gallium Oxide: Overview 
 

Metal oxides are binary compounds composed of metal cations and oxygen anions. They 

play an important role across a wide range of fields, including electronics and sensing 

technologies, energy production and conversion, environmental remediation, construction, 

photovoltaics, food and agriculture, as well as biomedicine and pharmaceuticals [1-2]. Metal 

oxides exhibit high biological and chemical stability, ease of synthesis, and strong sensitivity for 

detecting both oxidizing and reducing species [3]. The electrical, optical, and catalytic properties 

of metal oxides are strongly influenced by the type of metal cation, its oxidation state, 

coordination geometry, and the bonding between the metal and oxygen atoms. Variations in 

these factors determine key structural and electronic parameters such as lattice symmetry, band 

gap, and charge transport mechanisms [4-5]. 

As the size of these materials decreases, their optical, structural, and electrical properties 

undergo significant changes. Nano- and microscale materials exhibit distinct functionalities 

compared to their bulk counterparts due to their large surface area-to-volume ratio. This 

increased ratio enhances surface-related interactions, leading to greater chemical reactivity [1, 6]. 

Nanotechnology advancements have expanded applications of metal oxides across numerous 

fields, including electronics, aerospace, medicine, smart materials, pharmaceuticals, 

photography, and energy technologies [1,3]. 

Zinc oxide (ZnO) is an extensively used wide band gap semiconductor. It is a promising 

candidate for diverse applications in electronics, pharmaceuticals, sensors, and photovoltaics [7]. 

ZnO has a direct band gap of 3.37 eV at room temperature and a large exciton binding energy of 

60 meV [8]. As seen in Figure 1, it crystallizes in an anisotropic hexagonal wurtzite structure, 
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exhibiting primarily ionic bonding characteristics with partial covalent behavior [9-10]. ZnO  has 

two polar surfaces: (0001)-Zn and (0001ത)-O. It also has two non-polar surfaces: (101ത0) and 

(112ത0) [11]. Due to its anisotropic structure, there is a macroscopic dipole along the c-axis of the 

crystal lattice. This phenomenon influences surface stability, defect formation, and growth 

morphology, affecting the material’s electronic and optical properties. In addition to its 

advantageous optoelectronic properties, ZnO is chemically stable and biocompatible, broadening 

its potential areas of use. Its natural abundance and low-cost synthesis make it sustainable and 

suitable for mass production [1,6-7]. 

In micro- and nanoscale ZnO, the increased abundance of surface defects and altered 

surface chemistry can strongly influence properties of this material [13]. Furthermore, 

concentrations of surface defects are strongly influenced by the polar and non-polar nature of the 

surface [14-15]. In nano- and microparticles, the effects of surface defect traps and surface-surface 

interactions become significantly more pronounced due to the high surface-to-volume ratio [14]. 

This makes ZnO potent as an antibacterial material [6,16], yet the fundamental mechanisms 

Figure 1: (a) Crystal structure of ZnO exhibiting the hexagonal wurtzite lattice, highlighting the primitive cell configuration 
and identification of the polar (0001) and (0001̄) faces. (b) Top view along the c-axis illustrating the non-polar (101̄0) and 

(112̄0) surfaces [12]. 
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responsible for its antimicrobial activity remain unresolved and continue to be actively debated 

within the field [6, 14, 16-23].  

Gallium oxide exists in five known polymorphs: α-, β-, γ-, δ-, and ε. Among these, the α 

and β phases are the most common. β-Ga2O3 is the thermodynamically stable phase under 

standard conditions, whereas the other polymorphs can transform into this structure under 

suitable temperature and pressure conditions [25-26]. β-Ga2O3 is a wide-bandgap semiconductor 

that has recently attracted significant attention as an emerging material for next-generation high 

power electronic devices. It possesses an indirect bandgap of approximately 4.84 eV and a direct 

bandgap of 4.87 eV. The small energy difference between these two gaps, combined with weak 

indirect optical transitions, makes β-Ga2O3 effectively behave as a direct bandgap semiconductor 

[24]. Structurally, β-Ga2O3 crystallizes in a monoclinic lattice and contains two inequivalent Ga 

sites and three inequivalent O sites (Figure 3). The Ga(I) atoms are tetrahedrally coordinated, 

while the Ga(II) atoms are octahedrally coordinated. The oxygen atoms are differently 

coordinated: O(I) and O(II) are threefold coordinated, while O(III) is fourfold coordinated [24]. 

One of β-Ga2O3’s most attractive properties is its high breakdown field, estimated to be ~ 8 

MV/cm, which surpasses most semiconductor materials. Many of the attractive properties of β-

Figure 2: α-, β-, γ-, δ-, and ε-geometries of Ga2O3. These phases display rhombohedral, monoclinic, cubic, cubic, and 
hexagonal symmetries respectively [27]. α-, γ-, δ-, and ε-polymorphs are thermodynamically metastable because they 

transform to β-Ga2O3 at elevated temperatures of 700 °C. 
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Ga2O3 for electronics and high-voltage applications largely stem from its very wide bandgap. 

Beyond power electronics, β-Ga2O3 also shows promise in UV photodetectors, photocatalysts, 

flat-panel displays, UV filters, gas sensors, optoelectronic components, and biomedical devices 

[25-26, 28]. 

Similarly to ZnO, in 

micro- and nanoscale β-Ga2O3, 

both surface and bulk defects 

play crucial roles in 

determining the material’s 

optoelectronic, chemical, and 

structural properties. The 

presence of inequivalent Ga 

and O lattice sites enhances 

interest in defect formation, as 

these sites exhibit different 

formation energies (as shown by the density functional theory calculations) leading to distinct 

vacancy and interstitial defect behavior [30-32]. At the free surface, such defects critically 

influence adsorption behavior, band bending, surface charge transport, charge recombination 

dynamics, photocurrent responses, and chemical reactivity [33-34]. β-Ga2O3 nanoparticles attracted 

interest for both antibacterial applications [35-40] and high-power electronic devices [28, 34]. For 

example, β-Ga2O3 demonstrates biodegradable properties under weakly acidic conditions, 

alleviating the issue of toxic accumulation in the human body [41]. Similar to micro- and 

nanoscale ZnO, the fundamental reasons for 𝜷-Ga2O3’s antibacterial action mechanisms are 

unclear despite several studies on gallium-based antibacterials. 

Figure 3: β-Ga₂O₃ monoclinic crystal structure illustrating inequivalent atomic 
sites, color-coded for clarity. Gallium atoms occupy two distinct coordination 

environments: Ga(I) = Ga(1) (tetrahedral) and Ga(II) = Ga(2) (octahedral). 
Oxygen atoms occupy three inequivalent sites, denoted as O(I) = O(1), O(II) = 

O(2), and O(III) = O(3) [29]. 
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It is well known that β-Ga2O3 exhibits a persistent n-type conductivity [28, 30-31, 34, 42]. 

Understanding the fundamental mechanisms responsible for this behavior is essential to 

ultimately achieving a stable and reproducible p-type β-Ga2O3 material and thus a full 

utilization of this semiconductor in numerous potential applications [28,34,42]. 

 

Influence of Surface Stability of ZnO on its Antibacterial 
Properties 
 

Several primary mechanisms have been proposed to explain the antibacterial activity of 

nanoscale ZnO against both Gram-positive and Gram-negative bacteria: cation toxicity [6, 14, 19, 20-

21], generation of reactive oxygen species (ROS) [6, 14, 16, 20-22], direct cell rupture through surface-

surface interactions involving exposed crystalline surfaces of ZnO [6, 14, 16-18, 20-23] and intra-cell 

internalization [6, 20-21]. 

Toxic cation ion release from the crystal free surface is one of the main mechanisms of 

ZnO’s antibacterial action proposed by many sources [14, 18-19, 21, 43-47]. This mechanism occurs 

because Zn2+ has similar properties to Fe2+, specifically the ionic 2+ charges and ionic radii of 74 

pm and 76 pm respectively [35]. This gives Zn2+ ions biomimetic properties with well-established 

intra-cell penetration pathways [14, 43]. Zn2+ can appropriate the Fe2+ ion channels and 

subsequently replace Fe2+ during DNA transcription [14]. Zn2+ can interrupt not only the DNA 

transcription, but cellular functions associated with metabolic processes and enzymatic activities 

[18, 21, 44]. Johnson et. al. [48] reported on the influence of bacterial growth media on the 

antibacterial activity of Zn ions, indicating that cation ion release could become less effective 

over time during the interaction with media and bacteria. 
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ROS generation is suggested as another mechanism for ZnO’s inhibition of bacterial 

growth, but this mechanism is still not fully agreed upon as mixed results have been observed. 

For ROS to occur, the ZnO surface would act as a catalytic interface, initiating a cascade of 

oxidation reactions that ultimately generate hydrogen peroxide (H2O2). It is still up for debate 

whether ultraviolet (UV) illumination must interact with the ZnO crystal for the reaction to occur 

[44]. The ROS generation (Figure 4) begins when dissolved oxygen molecules are reduced to 

superoxide radical anions (O2⁻•) via interactions with conduction electrons at the ZnO surfaces. 

These then react with protons (H⁺) to form hydroperoxyl radicals (HO2•). These intermediates 

can accept electrons to form hydroperoxide anions (HO2⁻), which are inherently unstable and 

subsequently react with protons to yield H2O2 [51-52]. Numerous reports addressed the role of 

ROS generation in the antibacterial action of ZnO micro-/nanocrystals. For example, in [53] the 

authors using gene expression from polymerase chain reactions (PCR) studied oxidative stress 

and changes in the relative fluorescence intensities of 2′,7′-dichlorodihydrofluorescein vs. H2O2 

concentration [47]. On the other hand, in Caron et. al. [19], exposure of nanoscale ZnO crystal to S. 

aureus revealed that ROS generation – specifically H2O2 formation – did not contribute 

meaningfully to the observed antibacterial effects. 

There have been experiments 

addressing the influence of surface-surface 

interactions between the ZnO crystalline 

surface and the bacterial cell wall. Xie et. 

al. [53] worked, using PCR testing, with the 

Campylobacter jejuni bacteria on ZnO to 

demonstrate nanoparticles’ cell membrane 

permeability and damages to membrane 

Figure 4: Schematic representation of reactive oxygen species 
(ROS) generation. More detail can be found in Refs. 51 and 52. 
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integrity. Furthermore, ZnO nanoparticles have been suggested [22] to create an electrostatic 

gradient difference across the negative membrane and the positive charges of the Zn2+ ions. On 

the other hand, Caron et. al. [19] achieved inhibition of S. aureus without any contact with ZnO 

nanoparticles, just through Zn2+ ion surface-defect mediated release from the ZnO surface. In 

this work it was shown that S. aureus inhibition increased with longer conditioning times, 

indicating that ZnO releases Zn2+ ions in a time-dependent manner that contributes to bacterial 

growth inhibition without direct contact. There were other studies of ZnO nanoparticles showing 

that cell membrane disruption is not necessary but quite impactful when allowable [22]. 

Cell internalization of nanoscale ZnO is an important antibacterial mechanism, as it 

entails interaction with the bacterial cell’s internal components – DNA, lipids, proteins [21, 44], 

and metabolic pathways [21, 43]. E.g., Staphylococcus aureus cells are ~ 1 μm in size [49], making 

nanoparticle uptake possible. Adsorption of particles onto bacterial cell wall allows their 

internalization, which ultimately disrupts cell integrity by rupturing the cell wall or membrane [21, 

44]. Particles with sizes <10 nm can pass through the cell plasma membrane and even transported 

into the cytoplasm of the bacteria [43]. To eliminate the impact of this phenomenon, in the earlier 

work of our group, Reeks et al. and Johnson et al. investigated microscale ZnO and still 

observed antibacterial activity, indicating that internalization is not a prerequisite for bacterial 

inhibition [14, 17-18, 50]. The enhanced toxicity of nanoscale ZnO relative to microscale forms has 

been consistently attributed to its higher surface area and reactivity rather than its capacity for 

internalization [45-46]. Consequently, the extent to which nanoparticle internalization contributes 

directly to antibacterial action remains uncertain. 

It is necessary to further evaluate whether Zn2+ release promoted by surface defect serves 

as the primary antibacterial mechanism at the microscale. It was suggested in Ref. 54 that Fe, as 

a substitutional dopant in ZnO, may stabilize crystalline surfaces and thus affect Zn2+ release 
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behavior. Although the mechanisms by which Fe stabilizes ZnO surfaces remain unresolved, Fe 

doping has been theorized to suppress the internal dipole of ZnO and saturate dangling bonds on 

both polar and non-polar facets [54]. This stabilization is expected to limit the number of active 

sites available for Zn2+ leaching into the surrounding media. Conversely, Fe incorporation may 

introduce or enhance alternative antibacterial pathways, such as the Fenton reaction.  

Our working hypothesis is that introducing an Fe dopant into ZnO will saturate 

surface defect sites – particularly on polar surfaces – thereby reducing Zn2+ release due to 

surface defect-mediated interactions and consequently decreasing bacterial inhibition relative 

to undoped polar ZnO. We will investigate microscale Fe-doped ZnO to be able to retrieve the 

particles and to compare pre- and post-assay properties of Fe:ZnO samples, thus excluding 

internalization as a mechanism. 

 

Antibacterial Properties of Microscale β-Ga2O3 and GaOOH 
 

β-Ga2O3 nanoparticles have garnered considerable attention for their antibacterial 

potential [35-38, 41, 56]. The predominant antibacterial mechanisms are generally attributed to toxic 

cationic (Ga3+) release [38, 41, 55-56, 58], ROS generation [38, 55-57], and physical disruption of 

bacterial cell walls resulting from surface-surface interactions with the crystalline material [41, 56-

57]. Additionally, nanoparticle internalization has been proposed as a contributing mechanism [35, 

37-38, 56]. Gallium ions can also form complexes with organic compounds to generate hybrid 

antimicrobial materials, enhancing broad-spectrum efficacy, cellular targeting, and penetrability 

[41].  

It has been reported that trivalent gallium ions (Ga3+) can competitively substitute 

trivalent iron ions (Fe3+), thereby disrupting essential biological processes. These include 
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metabolic pathways [38, 41, 56], DNA replication [55], and various enzymatic reactions – particularly 

those involved in bacterial resistance to ROS [38, 41]. This biomimetic behavior arises from the 

close similarity between Ga3+ and Fe3+ in terms of octahedral and tetrahedral ionic radii, as well 

as ionization potential [38, 41, 55, 58]. However, unlike Fe3+, Ga3+ cannot be reduced under 

physiological conditions, leading to the interruption of redox-dependent bacterial processes and 

ultimately inhibiting cellular function [41, 55].  

β-Ga2O3 has been hypothesized to generate ROS due to dissolved oxygen reacting with 

the surface of these nanoparticles. The ROS generated from the surfaces of these extracellular 

nanoparticles have been suggested to create superoxide radicals that can induce oxidative stress 

and compromise bacterial cell membranes [57]. Additionally, internalized nanoparticles of gallium 

have been shown to elevate intracellular ROS concentrations, causing damage to critical cellular 

components [56]. Compounding this effect, gallium ions have been demonstrated to disrupt 

bacterial ROS defense pathways, thereby amplifying oxidative damage. This dual-action 

mechanism – simultaneous ROS generation and inhibition of antioxidant defenses – likely 

contributes to the pronounced antibacterial potency of Ga-based nanomaterials. 

Gallium ions can also combine with organic molecules to enhance broad-spectrum 

antibacterial performance. For instance, Xie et al. [41] synthesized indocyanine green-gallium 

(ICG-Ga) nanoparticles by mixing GaCl3 with indocyanine green (ICG). Due to the 

incorporation of ICG, the resulting nanoparticles exhibited enhanced ROS generation under near-

infrared (NIR) laser irradiation. Owing to their size, these nanoparticles were readily cleared by 

the kidneys, while biodistribution measurements revealed preferential accumulation in the liver 

of treated mice. This suggests the potential therapeutic applicability for hepatic bacterial 

infections [41, 58]. This integration of gallium ions with organic photoactive materials highlights a 
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promising strategy for engineering multifunctional antimicrobial nanoplatforms capable of 

combating multidrug-resistant bacteria in in vivo settings. [41, 59]. 

Gallium-based nanoparticles have been reported to interact with bacterial cell walls 

through surface–surface interactions involving their exposed crystalline surfaces. It has also been 

proposed that these nanoparticles can physically disrupt or tear bacterial membranes, with the 

extent of damage depending on their morphology. While β-Ga2O3 has previously demonstrated 

to have a strong correlation between particle morphology and antibacterial potency [35,41], gallium 

oxyhydroxide (GaOOH), a common precursor for β-Ga2O3 synthesis, has not been explored as 

an antibacterial agent. GaOOH is an inexpensive and well-defined crystalline product that can be 

synthesized hydrothermally and subsequently calcinated into β-Ga₂O₃ [61-62].  

In our studies, we plan to establish a systematic framework for enhancing the 

antibacterial efficacy of β-Ga2O3 through controlled manipulation of its GaOOH precursor. 

Additionally, deeper investigation into the nature and dynamics of surface defect states in both 

GaOOH and β-Ga2O3 could provide critical insight into this lesser-recognized yet potentially 

significant antibacterial mechanisms. We will employ microscale particles to avoid 

internalization as an antibacterial mechanism and to have the ability to run comparative 

studies of pre- and post-assay samples. 

 

The Role of Hydrogen Impurity in the Conductivity of β-Ga2O3 
 

As an ultra-wide bandgap, the material β-Ga2O3 holds a strong potential as a reliable 

component in high-power electronic devices [28, 34, 42, 64]. However, achieving a β-Ga2O3-based 

homojunction, i.e., generating both an n-type and p-type material remains a significant challenge, 

limiting its applicability in devices [38, 64-65]. Consequently, the ability to precisely tailor electrical 
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and optical properties through a detailed understanding of the dominant electrically active point 

defects is crucial for advancing future electronic applications [64, 66]. As grown, β-Ga2O3 typically 

forms an unintentionally doped n-type semiconductor [67]. Moreover, β-Ga2O3 has the inherently 

flat valence band maximum (VBM) in momentum space for oxygen 2p states, which results in 

large effective hole masses and correspondingly low hole mobilities when p-type doping is 

attempted [42, 65, 67]. When β-Ga2O3 is scaled down to the micro- and nanoscale, surface defects 

start playing an increasingly dominant role in the electronic and structural properties of the 

material [68-69].  

When examining the common non-impurity defects in β-Ga2O3, the primary intrinsic 

defects include gallium vacancies (VGa), oxygen vacancies (VO), and Ga-O divacancies (VGa + 

VO) [67]. In previous decades, the n-type conductivity of β-Ga2O3 has been attributed to the 

presence of VO, largely based on the correlation between conductivity and oxygen partial 

pressure in annealing environments. However, Varley et al. performed theoretical calculations 

showing that VO are deep donors in β-Ga2O3, resulting in ineffective contributions to free carrier 

generation [70]. 

Van de Walle employed DFT to model hydrogen-related defect states in ZnO, revealing 

that hydrogen acts as a nonamphoteric shallow donor stable across the entire Fermi energy range 

within the ZnO bandgap [71]. This theoretical prediction was later corroborated experimentally by 

Strzhemechny et al. confirming hydrogen’s role as a pervasive shallow donor in ZnO [72]. The 

presence of such interstitial hydrogen complexes has since been recently proposed as a possible 

explanation for the intrinsic n-type conductivity observed in β-Ga2O3.  

Hydrogen incorporation has been theorized and experimentally shown to affect the β-

Ga2O3 electronic and charge carrier dynamics [73]. It particular, the theory predicts that both 
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interstitial and substitutional hydrogen forms shallow donors [74]. Specifically, interstitial 

hydrogen behaves exclusively as a shallow donor for any Fermi level within the band gap of β-

Ga2O3 while substitutional hydrogen, HO, has a low formation energy only under oxygen-poor 

conditions [70]. This leads to a high probability of H-decorated VGa formation that can be 

achieved after incorporating hydrogen into the crystal [65]. While cation vacancies typically 

exhibit high formation energies in many oxide semiconductors such as SnO2, In2O3, first-

principles DFT calculations have shown that formation energies of VGa are comparatively low in 

β-Ga2O3 [65]. Additionally, it has been calculated theoretically that the VGa-nH defect is 

energetically favorable compared to its VGa counterpart, along with its strong bonding that can 

resist temperatures as high as 1000 K [72]. In our studies, we plan to implement remote 

hydrogen plasma treatment to investigate primary mechanisms of n-type conductivity in β-

Ga2O3 micro- and nanoparticles to evaluate potentially nonamphoteric behavior of hydrogen 

impurities. 
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EXPERIMENTAL METHODS 
 

Experimental techniques employed in this study range from microbiological to surface 

defect characterization. One of our goals is to focus on the surface-defect mediated release of Zn 

and Ga ions into solution to provide further clarity behind ZnO and β-Ga2O3’s antibacterial 

mechanisms. In this regard, it is essential to monitor changes of both the bacterial growth 

dynamics and the impact on the crystalline surfaces, as both should elucidate each mechanism 

studied.  

To quantify antibacterial action, we are using minimum inhibition concentration (MIC) 

assays. To synthesize ZnO and β-Ga2O3 microparticles, we are employing a bottom-up one-step 

hydrothermal method. To characterize our ZnO and β-Ga2O3 specimens, we use a variety of 

techniques as follows. The field-emission scanning electron microscope (FE-SEM) images the 

samples’ morphology, which is then correlated with surface defect concentrations [17], 

optoelectronic processes [14], and inhibition of bacteria [46, 75]. Energy dispersive X-ray 

spectroscopy (EDXS) and inductively-coupled plasma – optical emission spectroscopy (ICP-

OES) are used to identify bulk atomic stoichiometry. X-ray photoelectron spectroscopy (XPS) 

helps to identify surface composition and chemical bonding along with argon beam surface 

cleaning, a tilt-analysis method, and multiple anodes for depth-resolved studies [76]. Temperature-

dependent Raman spectroscopy (T-Raman) and Fourier-transform infrared spectroscopy – 

attenuated total reflectance (FTIR-ATR) study vibrational modes to monitor quality of the 

samples and changes to surface and bulk structure. X-ray diffraction spectroscopy (XRDS) 

provides crystal lattice symmetry information and helps determine crystalline quality. To study 

optoelectronic properties of crystal defects, we utilize a combination of photoluminescence 

spectroscopy (PLS), energy-dependent surface photovoltage (ED-SPV) spectroscopy, and 
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thermoluminescence spectroscopy (TLS). We can additionally determine the bandgap energy of 

our materials via optical absorption spectroscopy. We use transient surface photovoltage (T-

SPV) and impedance spectroscopy (IS) to study surface charge transport properties.  

Our second goal is to investigate the role of H-doping in the persistent n-type 

conductivity of β-Ga2O3. For the synthesis of β-Ga2O3, we use a bottom-up hydrothermal 

synthesis for GaOOH production and furnace calcination to convert GaOOH into β-Ga2O3. To 

characterize the obtained materials, SEM, XPS, XRDS, T-Raman, and FTIR-ATR are employed. 

To dope β-Ga2O3 microparticles with hydrogen, we use inductively-coupled remote hydrogen 

plasma treatment. To study surface and bulk optoelectronic properties, we utilize optical 

absorption spectroscopy, PLS, TLS, radioluminescence (RL) spectroscopy and ED-SPV 

spectroscopy. To study charge transport, IS and T-SPV are employed. 

 

Sample Synthesis 
 

To synthesize ZnO and GaOOH, we utilize the same technique with certain modifications 

of reagents and growth parameters. β-Ga2O3 is obtained then through calcination of the GaOOH 

specimens. 

ZnO and ZnO:Fe MPs are synthesized using the hydrothermal growth method. These 

microcrystals are grown from a 99.999% ethanol solvent with varied concentrations of 

Zn(CH3CO2)2 ∙ 2H2O (zinc acetate dihydrate), C19H42BrN (CTAB), and Fe(NO3)3 ∙ 9H2O (iron 

nitrate nonahydrate) depending on the targeted Fe doping concentration and crystal morphology 

required. These precursors are all mixed in the ethanol solvent, stirred until homogenous and 

fully dissolved into the solution. Because some of these reagents are not readily dissolved in a 

high-purity ethanol solvent, D.I. water is added until full dissolution. Following that, the wet 
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precursors are transferred into a Teflon tube container, which is then sealed within a stainless-

steel autoclave reactor and placed into an AI Stabletemp forced air-drying oven. There the 

solution is subject to temperatures above 160°C for the reaction energy to be sufficient to 

crystallize ZnO. The reaction time varies depending on the desired morphology, generally 

between 18 hours and 26 hours. After this heat treatment, the resulting solution undergoes 

centrifugation and removal of the supernatant. The remaining solid is then washed and dried with 

D.I. water, acetone, and methanol. Adjustment of such parameters as relative precursor 

concentrations, temperature, reaction time, and pressure for synthesis of ZnO MPs are necessary 

for tunable size/morphology. 

GaOOH MPs are synthesized similarly to ZnO and ZnO:Fe MPs via hydrothermal 

growth from a 60°C D.I. water solution containing 60 millimolar concentration of Ga(NO3)3 ∙

 9H2O (gallium nitrate nonahydrate). The initial pH of the solution is measured, then 1M 

NH4NO3 (ammonium nitrate) is added until the desired pH is reached. The homogenized solution 

is transferred into a Teflon tube container, sealed within a stainless-steel autoclave reactor and 

placed into an AI Stabletemp forced air-drying oven. There the solution is subject to a 

temperature of 140°C. The reaction in the oven proceeds for 10 hours. After this, the resulting 

solution undergoes centrifugation and removal of the supernatant. The remaining solid is then 

washed and dried with D.I. water, acetone, and methanol. 

β-Ga2O3 is obtained from the synthesized and cleaned GaOOH product as follows. 

GaOOH is placed in an Al2O3 (aluminum oxide) open container crucible and transferred into a 

furnace preheated to temperatures between 800°C and 900°C. Calcination runs for 5 hours, after 

which the product is taken out of the furnace and allowed to cool. 
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Characterization Techniques 
 

In the JEOL field-emission scanning electron microscope operating at 15 kV under a 

vacuum lower than 10⁻⁴ Pa (7.5 × 10⁻⁷ Torr), a collimated electron beam, emitted from a heated 

tungsten filament, is accelerated and focused onto the sample surface through a series of 

electrostatic and magnetic lenses. Upon interaction with the specimen, high-energy primary 

electrons penetrate the surface and generate a collision cascade, forming the characteristic 

teardrop-shaped interaction volume shown in Figure 5. The FE-SEM is equipped with a 

secondary electron detector that captures low-energy, inelastically scattered electrons originating 

from the surface and near-surface regions of the sample. The signal intensity is proportional to 

the number of detected secondary electrons, producing an SEM image that reveals surface 

morphology at magnifications down to the nanoscale. 

Using the same JEOL FE-SEM instrument, energy dispersive X-ray spectroscopy 

(EDXS) measurements can be performed since the collision cascade produced by the high-

energy incident electron beam can generate characteristic X-rays. These arise because of the 

electronic transitions between element-specific 

energy levels, providing unique spectral 

“fingerprints.” By analyzing the energies and 

relative intensities of these emitted X-rays, both 

qualitative and quantitative compositional 

information can be obtained. Furthermore, by 

detecting backscattered electrons from the 

collision cascade we can correlate 

compositional data with surface morphology. Figure 5: Schematic of electron beam producing a 
teardrop-shaped electron collision cascade [77]. 
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This enables elemental mapping, where X-ray data are spatially overlaid on SEM micrographs, 

and allows for targeted compositional analysis of specific surface features or regions of interest. 

X-ray diffraction spectroscopy (XRDS) is used to determine the crystallographic lattice 

structure of materials. In this technique, X-rays generated by high-energy electrons bombarding a 

metal anode are directed onto the sample. When these X-rays interact with the crystal lattice, 

they elastically scatter from it and produce diffraction patterns that follow Bragg’s law of 

reflection. Constructive interference occurs at specific angles corresponding to particular 

crystallographic planes, resulting in characteristic diffraction peaks. By analyzing these peaks, 

the lattice structure and phase composition (amorphous, single-crystal, micro- or nanocrystal 

powders, etc.) of the material can be identified [78]. 

X-ray photoelectron spectroscopy (XPS) employs X-rays generated from a metal anode 

as the excitation source. When these X-rays irradiate the sample surface, they eject core-level 

electrons whose kinetic energies exceed the work function, allowing them to escape into the 

vacuum. Some of these electrons enter the hemispherical analyzer, where their kinetic energies 

are measured to produce an XPS spectrum. The spectral features include photoelectron lines, 

Auger peaks, and shake-up satellites. Because XPS is inherently surface-sensitive due to the 

limited escape depth of photoemitted electrons, it provides valuable information on the elemental 

composition and chemical states of atoms within the top few nanometers of the free surface [76, 

79]. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an analytical 

technique used to determine the elemental composition of a sample with high sensitivity. In this 

method, the sample—typically in a liquid form—is introduced into a high-temperature argon 

plasma, where it is atomized and excited. The excited atoms and ions emit light at characteristic 

wavelengths as they return to lower energy states. This emitted light is dispersed radially and 
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axially and measured by a spectrometer, producing an emission spectrum where the intensity of 

each wavelength corresponds to the concentration of a specific element. ICP-OES is capable of 

detecting multiple elements at trace levels, making it a powerful tool for quantitative 

compositional analysis for detecting impurities. 

Raman spectroscopy is an optical characterization technique that uses light scattering to 

study the vibrational modes and chemical bonds of a material. When monochromatic light 

interacts with a studied specimen, the scattered light can be divided into three main components: 

Rayleigh, Stokes, and anti-Stokes peaks. Rayleigh peaks correspond to elastically scattered 

photons with unchanged energy. Stokes peaks arise from inelastic scattering, where part of the 

photon’s energy is transferred to lattice (or chemical bond) vibrations, producing scattered 

photons of lower energy. Conversely, anti-Stokes peaks occur when the lattice (or a chemical 

bond) is already in an excited vibrational state, resulting in scattered photons of higher energy 

than the incident light. The positions and intensities of the Stokes and anti-Stokes peaks reveal 

information about bond types and vibrational states within the material. In crystalline solids, 

these vibrational modes extend beyond individual bonds and are described as collective lattice 

vibrations, including both longitudinal and transverse optical and acoustic modes. Because 

Raman spectroscopy measures inelastically scattered light rather than absorbed light, only bonds 

capable of being polarized are Raman-active. 

Fourier-transform infrared spectroscopy (FTIR) employs an infrared (IR) illumination 

source to excite vibrational modes within a sample. The IR spectral range is particularly 

significant because vibrational energy levels of chemical bonds fall within this region. Among 

the various modes of data collection, attenuated total reflectance (ATR) is commonly used to 

obtain FTIR spectra for surface and near-surface bonding information. In ATR-FTIR, the non-

monochromatic source generates an evanescent wave that penetrates slightly into the sample 
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surface, allowing measurement of absorbance at different wavenumbers. The resulting maxima 

or minima in the spectra (depending on whether transmission or absorbance is recorded) 

correspond to the vibrational energies of specific bonds. Since IR absorption requires an 

interaction between the electric field and a changing dipole moment, only bonds that exhibit a 

dipole moment are FTIR-active. These vibrational energy levels provide valuable insight into the 

sample’s composition, bonding environment, and structural purity. Raman and FTIR-ATR 

spectroscopy are considered complementary because they probe different types of vibrations: 

FTIR detects vibrations that involve a change in dipole moment, while Raman detects those that 

involve a change in polarizability. As a result, some vibrational modes may be active in one 

technique but not the other, allowing the two methods together to provide a more comprehensive 

understanding of molecular structure, bonding, and environmental interactions. Some vibrational 

modes can be active in both FTIR and Raman when they involve simultaneous changes in dipole 

moment and polarizability, whereas others may be inactive in both if they produce neither 

change, making them undetectable using these techniques. 

Photoluminescence spectroscopy (PLS) is a technique for detecting optoelectronic 

signatures of crystal defects and other features of the electronic structure. In a PLS experiment, 

the sample is illuminated with light, inducing electronic excitations and subsequent radiative 

recombinations. In an ideal bulk semiconductor, emission arises only from band-to-band 

transitions at the bandgap energy. However, real crystals contain defects with electronic levels 

within the bandgap, leading to additional recombination events at lower energies. Thus, PLS 

reveals information about a material’s electronic energy structure, including bandgap energy and 

the relative positions of defect states. Performing PLS as a function of temperature provides 

further insight, as variations in peak position, intensity, and linewidth reflect fundamental 

interactions and defect dynamics within the lattice. 
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Thermoluminescence spectroscopy (TLS) operates on a similar principle but uses heat 

instead of light to stimulate recombination. As the temperature increases, trapped charge carriers 

are thermally released and recombine radiatively, producing luminescence over time. The 

thermal excitation modifies carrier distributions according to the Fermi-Dirac function, enabling 

analysis of recombination kinetics and defect energetics. By examining the evolution of 

luminescence intensity and photon energy with temperature, TLS provides complementary 

insight into the electronic structure and defect-related processes of the material. 

Surface photovoltage (SPV) is a contactless technique used to study how the material’s 

surface work function and surface potential respond to illumination. Specifically, the response 

can be measured as a function of time (T-SPV) or as a function of the wavelength or photon 

energy of the incident light (ED-SPV spectroscopy). The measurement employs a non-contact, 

oscillating electrode known as a Kelvin probe, positioned near the sample surface. A small 

current is established between the probe and the sample, and variations in surface charge 

distribution or band bending induced by illumination alter the contact potential difference 

between them. These changes in potential provide information about charge separation, surface 

states, and carrier dynamics at or near the surface of the material. 

Impedance spectroscopy (IS) is a technique in which an alternating current is applied 

across a sample over a range of frequencies to measure its complex impedance. The resulting 

phase difference between the applied current and the measured voltage allows the material to be 

modeled as a combination of resistive and capacitive components. This frequency-dependent 

response allows modelling of charge transport and relaxation dynamics within the material. It is 

particularly useful for studies of pelletized micro- and nanopowders because the interactions 

between surfaces become dominant, altering the mechanisms of conduction. Performing IS 

measurements as a function of temperature further reveals how charge transport mechanisms 
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evolve with temperature, specifically the influence of such factors as carrier mobility and trap 

states. 

Minimum Inhibition Concentration Assays 
 

We evaluate the antimicrobial activity of our oxide specimens in a controlled 

environment to assess their ability to kill or inhibit growth of bacteria. The bacteria are exposed 

to oxides during the logarithmic growth phase (the period of maximum population increase) to 

assess whether the presence of the micro- and nanoparticles inhibits bacterial proliferation. The 

bacterial cultures and oxide samples are co-incubated under standard conditions for 18-22 hours 

using a vertically rotating holder to maintain uniform suspension. 

Following incubation, the mixture of bacteria, growth medium, and oxide particles are 

analyzed spectroscopically by measuring the optical density at 600 nm (OD600). A higher 

absorbance value corresponds to greater bacterial growth. By comparing OD600 values across 

varying oxide concentrations, one constructs a dose-response curve to determine the relationship 

between particle concentration and bacterial inhibition or killing efficiency. 
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RESULTS AND DISCUSSION 
Results for ZnO and ZnO:Fe 
 

The previously described hydrothermal synthesis yields micro- and nanoscale ZnO 

particles. SEM images in Figure 6 show submicron undoped ZnO particles. Figures 7 and 8 

provide both quantitative confirmation and qualitative evidence of successful Fe incorporation 

into the ZnO lattice. In particular, ICP-OES results (Figure 8) show that the measured Fe content 

falls somewhat below the theoretical targets but shows an intended trend of increasing 

concentrations. The tendency for lower experimental values would require further investigation 

and optimization of reagent concentrations to achieve the desired doping levels. Nevertheless, 

the current data demonstrates a positive outcome for a consistent increase in Fe incorporation 

within ZnO during synthesis.  

b) 

c) d) 

a) 

Figure 6: SEM images of hydrothermally-grown ZnO parƟcles: (a) undoped, (b) 1% Fe-doped ZnO, (c) 2% 
Fe-doped, and (d) 3% Fe-doped ZnO. 
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Figure 8: ICP-OES data showing the experimentally measured Fe-doping concentraƟons in ZnO compared 
to the theoreƟcal target values. Error bars represent the percentage error determined from the 

calibraƟon step of the ICP-OES measurement. 

a) 

b) 

Figure 7: EDXS elemental maps showing qualitaƟve differences between (a) 9% Fe-doped ZnO and (b) 2% Fe-doped ZnO 
samples. Based on intensity mapping, a general increase in Fe incorporaƟon within the ZnO crystals is observed with 

higher Fe(NO3)3 concentraƟons during synthesis. 
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The literature commonly reports a reduction in particle size of the Fe-doped ZnO 

particles relative to undoped ZnO. In contrast, our results (Figures 6 and 9) indicate that 

increasing Fe doping leads to either a comparable or slightly larger average particle size. This 

was observed in SEM images via ImageJ analysis of long-axis and short-axis measurements 

across 100+ particles for average length and width respectively. Additional synthesis iterations 

under controlled conditions will be necessary to confirm this trend. We suggest that this happens 

due to the use of a pure ethanol solvent rather than a pure D.I. water solvent during synthesis. 

Figure 6 reveals that the current synthesis produces a mixed particle morphology, which at 

present limits our ability to isolate the effects of polar versus non-polar surface contributions. To 

better investigate these surface-dependent effects, syntheses will need to be tailored in the future 

to yield samples with distinct polar/non-polar surface abundances.  

The crystalline quality of our samples is illustrated in Figures 10 and 11. The XRDS and 

T-Raman spectra provide information on the lattice structure and phonon modes of the material, 

respectively. These spectra confirm that our synthesis yields high-quality ZnO crystals, despite 

Figure 9: ImageJ-based size analysis performed using SEM images of Fe-doped ZnO samples. Average parƟcle lengths 
and widths were measured. Error bars represent the smallest and largest parƟcle dimensions observed within each 

sample. 



  
  25 

the somewhat irregular morphology observed in Figure 6a. Upon introducing Fe dopants, the 

XRDS patterns (Figure 10) indicate that the wurtzite lattice structure is maintained up to 10% Fe 

incorporation. In contrast, the T-Raman spectra (Figure 11) reveal a decrease in the intensity of 

the 𝐸ଶ
ு௜௚௛ phonon mode. Since Fe is slightly less massive than Zn, substitution of Zn2+ ions with 

Fe2+ ions introduces mass irregularities that dampen some lattice vibrations.  

Optical absorption measurements (Figure 12) show the emergence of a new absorption 

band in the near-infrared (NIR) region with Fe doping, consistent with increased Fe 

incorporation into the ZnO lattice. No such absorption is observed for the undoped ZnO sample. 

Optical absorption measurements in the UV region (Figure 13a) show that increasing Fe 

doping concentration results in a consistent redshift of the bandgap energy. Taking the derivative 

of Figure 13a leads to Figure 13b, associating peak position with energy values. Figure 14  

emphasizes how this peak position from Figure 13b changes due to doping concentration of Fe. 

The ZnO bandgap transitions arise between the valence band maximum (VBM), primarily 

Figure 10: XRD spectra of ZnO parƟcles with varying Fe doping concentraƟons. These results show a hexagonal 
wurtzite paƩern for all doping levels up to 10%. There was no presence of secondary phases. 
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composed of O 2p orbitals, and the conduction band minimum (CBM), dominated by Zn 4s 

orbitals, as discussed in the Introduction. Theoretically, substitution of Zn2+ ions with Fe3+ ions 

disrupts this electronic configuration, which in return could result in narrowing the bandgap and 

shifting the optical absorption edge toward lower energies. 

To further probe the impact of Fe doping on surface defect states, PLS was employed. PL 

spectra in Figure 15 indicate that the primary recombination mechanisms associated with trap-

state transitions and direct CBM-VBM transitions remain largely unchanged with the 

introduction of 2% Fe. Here, in the normalized PL curves both the defect-related and near-band-

edge emissions exhibit comparable relative intensities. However, the increased noise observed 

for the 2% Fe-doped indicates a reduced intensity of the signal compared to the 0% Fe-doped 

sample, implying a reduction in radiative recombination efficiency because of the increased 

probability of non-radiative mechanisms. 

Antibacterial assays are still ongoing to fully evaluate the antibacterial activity of the 

synthesized particles; however, preliminary data are presented in Figures 16 and 17 indicating 

that both undoped ZnO and 3% Fe-doped ZnO crystals exhibit inhibitory effects against S. 

aureus at a concentration of 5 mg/mL. It should be noted, however, that these findings lack 

reproducibility across trials, as displayed in Figure 17a, suggesting that surface or morphology 

characteristics of the particles may play a role in diminishing antibacterial efficacy. While this 

variability in MICs does not invalidate the results shown in Figure 16, it emphasizes the need for 

further investigation into the factors influencing this variability. Establishing a reproducible 

antibacterial baseline for undoped ZnO is essential before determining whether Fe incorporation 

amplifies or suppresses antibacterial activity through modifications of surface chemistry or bulk 

properties.  
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a) 

b) 

Figure 11: T-Raman spectra for (a) undoped ZnO sample and (b) 2% Fe-doped ZnO sample. 𝐸ଶ
ு௜௚௛ relaƟve peak intensity at ~437 

cm-1 changes with Fe concentraƟon. 

 



  
  28 

            

 

 

Figure 12: NIR opƟcal absorpƟon spectra of ZnO microcrystals with varying Fe doping concentraƟons. 
This band forms due to the incorporaƟon of Fe into the ZnO laƫce. Gray area emphasizes areas 

including peak maxima from all doped samples. 

Figure 13: (a) UV opƟcal absorpƟon spectra of ZnO microcrystals varying Fe doping concentraƟons. (b) DerivaƟve of the 
spectra in (a) indicaƟng change of the bandgap energy with Fe doping levels. 

a) b) 
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Figure 14: Peak posiƟons extracted from Figure 8b), highlighƟng the funcƟonal dependence of the bandgap 
energy vs. Fe doping concentraƟon in ZnO. The upper and lower error bars represent the range between the 

highest and lowest credible peak posiƟons determined from the same dataset. 

Figure 15: Normalized PL spectra comparing undoped ZnO and 2% Fe-doped ZnO samples. The 2% Fe-doped ZnO 
sample exhibits a lower overall emission intensity relaƟve to the undoped ZnO, indicaƟng reduced radiaƟve 

recombinaƟon efficiency. The raƟo between the near-band-edge and defect-related emission peaks remains consistent 
between the two samples. 
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Figure 16: Minimum inhibitory concentraƟon (MIC) assays against S. aureus for (a) undoped ZnO and (b) 3% Fe-doped ZnO 
samples. Both samples exhibit an MIC of 5 mg/mL, indicaƟng minimal change in anƟbacterial acƟvity with light Fe doping. 

b) a) 

Figure 17: (a) Minimum inhibitory concentraƟon (MIC) assay against S. aureus of an n=3 data set for the lab-grown 0% 
Fe-doped ZnO displayed in on the right. (b) lab-grown 0% Fe-doped ZnO samples in pure ethanol soluƟon at 0.10M 

ZnAc2∙2H2O and 0.01g CTAB. Sample was placed in oven at 180°C for 24 hours and cleaned with methanol, D.I. water, 
and Acetone. 

a) b
) 
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Results for GaOOH 
 

In [60] we investigated GaOOH microparticles to address the relationship between surface 

defects, morphology, and bacterial inhibition against S. aureus and Escherichia coli (E. coli). In 

this study, variation of the synthesis pH was found to modulate both the morphology and the 

abundance of surface defect sites on GaOOH microparticles. We found a relationship between 

antibacterial inhibition and the concentration of surface defects in the GaOOH microparticles. 

Our findings, discussed in this section, underscore the role of surface-defect-mediated 

interactions in governing the antibacterial behavior of gallium-based oxide materials. 

GaOOH microparticles were synthesized via the hydrothermal growth method described 

above, with the pH of the precursor solution at  6, 7, 8, 9, 9.5, and 10. SEM imaging (Figure 18) 

was used to examine morphological changes as a function of pH. As the solution pH increases 

from 6 to 10, the morphology transitions from well-defined rhombohedral microrods to more 

layered structures. This evolution is attributed to the increasing concentration of hydroxyl ions in 

the growth environment, coupled with the action of NH4OH generated during synthesis, which 

functions both as a reducing agent and a capping ligand [77]. 

Figure 19 highlights the strong dependence of microrod length on synthesis pH, 

demonstrating a clear trend of increasing particle length with increasing pH. Specifically, 

samples synthesized at pH 10 exhibit microrods nearly four times longer than those produced at 

pH 6. This behavior likely arises from preferential adsorption of hydroxyl groups on crystal 

Figure 18: SEM images of GaOOH grown with a varying pH of synthesis soluƟon (a) pH 5, (b) pH 8, and (c) pH 10. 
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facets along the c-axis, promoting anisotropic growth [81]. The nonlinear relationship between 

particle length and pH can further be explained by the logarithmic dependence of pH on the 

concentration of OH⁻ species in solutions. 

XRDS was used to investigate crystallinity and confirmation of lattice structure. The 

intensity and sharpness of the peaks in Figure 20 indicates the presence of highly ordered (110) 

and (111) lattice planes characteristic of good-quality GaOOH crystals [78, 82]. 

To evaluate the antibacterial efficacy of GaOOH microparticles, inhibition assays were 

conducted using S. aureus and E. coli (Figure 21). Despite previous reports suggesting that 

GaOOH can reduce the antibacterial efficacy of other compounds [38,83], our results reveal that 

GaOOH microparticles possess a direct antimicrobial effect. This finding is particularly 

noteworthy as it represents the first direct demonstration of such behavior in microscale GaOOH 

particles, which are too large to be internalized by bacterial cells, implying that the mechanism 

Figure 19: Average length of hydrothermally grown GaOOH microparƟcles as a funcƟon of synthesis pH. Data represents 
the mean standard deviaƟon (SD) calculated from measurements of more than 35 parƟcles per sample. 
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likely involves either surface interactions or the release/generation of bactericidal molecular or 

ionic species. 

Furthermore, the assays revealed differential bacterial inhibition, with GaOOH exhibiting 

greater activity against the Gram-positive S. aureus than the Gram-negative E. coli. This 

disparity may arise from structural differences in the cell walls; Gram-negative bacteria possess 

an outer membrane that limits the penetration of external agents, unlike Gram-positive bacteria, 

which lack this additional barrier [84]. For S. aureus, strong cytotoxic effects were observed 

across all GaOOH morphologies, making it difficult to distinguish between shape-dependent 

behaviors as seen in Figure 21b. In contrast, the E. coli assays seen in Figure 21a demonstrated 

enhanced inhibition by GaOOH microparticles synthesized at higher pH values, suggesting that 

synthesis conditions play a key role in modulating antibacterial performance. 

Figure 20: XRD spectrum of GaOOH microparƟcles synthesized with pH 7 of the precursors. 
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We conducted PL experiments to elucidate how synthesis pH influences optoelectronic 

properties of GaOOH microparticles. It has been proposed that surface defects can lead to 

leeching of Ga3+ ions into media, allowing for biomimicry of Fe3+ as described earlier in the 

Introduction. This mechanism, along with increased vulnerability to ROS generation and 

enhanced surface-surface interactions, could be driven by surface defects, which have been 

shown to play key roles in the antibacterial performance of other oxides [14]. It is well established 

that both the intensity and position of PL peaks in GaOOH vary with synthesis conditions, 

including pH, as these parameters influence defect density and distribution [85]. Typically, 

GaOOH exhibits broad PL emission bands spanning the visible to near-UV range, corresponding 

to various radiative recombination processes within the material. The lower-energy emissions are 

generally associated with intrinsic defects such as oxygen vacancies, gallium interstitials, and 

hydroxyl-related states [82, 86]. The PLS of GaOOH microparticles synthesized at different pH 

values (Figure 22a) were normalized using the maximum of the near band-edge (NBE) peak at 

approximately 3 eV. 

Figure 21: OpƟcal density measurements from bacterial inhibiƟon assays performed with 5 mg/ml concentraƟon of 
GaOOH soluƟons against (a) E. coli and (b) S. aureus. Data are presented as mean standard deviaƟon (SD) from three 

independent trials. StaƟsƟcal significance was determined using one-way analysis of variance (ANOVA) followed by 
Tukey’s Honestly Significant Difference (HSD) post hoc test (p < 0.05). DisƟnct staƟsƟcal groups are indicated by (a) 

asterisks (*) and (b) number signs (#), respecƟvely. 
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In Figure 22b we present the ratio of the intensities of the defect-related emission band at 

approximately 2.4 eV to that of the NBE peak, plotted as a function of synthesis pH. One can see 

that the synthesis pH of GaOOH microparticles strongly influences their PL characteristics, with 

higher pH values promoting enhanced defect-related emission. The increase in defect band 

relative intensity corresponds to a higher defect density in samples grown under more basic 

conditions. This finding provides context for the observed antibacterial behavior, as more 

defective crystals likely offer a greater number of interaction sites for bacterial contact or 

medium components and may exhibit reduced structural stability, potentially facilitating the 

release of Ga3+ ions with known toxic and biomimetic activity. 

FTIR-ATR results presented by Figure 23 show the vibration absorption in the GaOOH 

microcrystals. These sharp minima near 1000 cm⁻¹ are attributed to Ga-O (lower frequency) and 

Ga-OH (higher frequency) bending vibrations, characteristic of the GaOOH crystal structure. 

From Figure 23c and Figure 23d one can see that the synthesis pH selectively influences the Ga-

OH bending frequency, and not the Ga-O bending mode, with the latter originating from the 

more stable core structure of GaOOH. The Ga-OH vibrations are more sensitive to surface-

specific modifications, such as increased hydroxyl incorporation, hydroxyl deprotonation, or the 

Figure 22: (a) PL spectra of hydrothermally grown GaOOH microparƟcles synthesized with varying pH values, normalized to 
the near band-edge (NBE) emission peak maximum. (b) RaƟo of the defect-related peak (~ 2.4 eV) intensity to the NBE 

emission band ploƩed as a funcƟon of synthesis pH. 
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formation of defect sites that introduce local strain and structural distortion. The increased 

likelihood of defect formation aligns well with the observed changes in SEM morphology, the 

trends in PL defect emission, and the results of the antibacterial assays [60]. 

To further quantify contributions of defects in GaOOH microparticles to antibacterial 

action, future work should employ surface photovoltage (SPV) and high-resolution PL analyses. 

These techniques would enable identification of the surface states in relation to synthesis pH. 

Beyond characterization of GaOOH, the same particles can be calcinated into β-Ga2O3 and 

examined under equivalent conditions to study defect-related antibacterial mechanisms.  

 

 

 

Figure 23: (a, b) FTIR spectra showing (a) Ga–O and (b) Ga–OH bending modes for hydrothermally grown GaOOH 
microcrystals synthesized at varying pH values. (c, d) Corresponding peak center frequencies of (c) Ga–O and (d) Ga–OH 
bending modes ploƩed as a funcƟon of synthesis pH. Error bars represent the uncertainty from the best-fit Voigt profiles. 



  
  37 

Results for β-Ga2O3 
 

The GaOOH precursor particles characterized and discussed above, were subjected to 

calcination in a furnace to form β-Ga2O3. Initial characterization focused on morphological 

comparison of the specimens before and after calcination, as shown in Figure 24, where it was 

observed that the particle shape and morphology remain largely unchanged. XRDS analysis of 

the calcinated GaOOH (Figure 25) reveals diffraction peaks consistent with a monoclinic β-

Ga2O3 phase, matching literature reports [87, 88] and exhibiting no evidence of secondary phases 

due to the presence of other polymorphs of Ga2O3. 

Temperature-dependent Raman spectroscopy measurements (Figures 26 and 27) were 

performed to probe the vibrational properties and thermal stability of the microcrystals. The 

observed Raman peak frequencies align well with values reported in the literature (e.g., Ref. 89). 

7pH GaOOH 
After Calcination 

10pH GaOOH After Calcination 

Figure 24: SEM images of GaOOH parƟcles before and aŌer calcinaƟon. There is no significant change in 
morphology aŌer calcinaƟon at ~900°C for 5 hours. 
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The persistence of well-defined phononic modes up to 580 K demonstrates the high crystallinity 

and thermal stability of the synthesized β-Ga2O3. This structural integrity is further corroborated 

by XRDS data (Figure 25), which display intense and narrow diffraction peaks indicative of a 

highly ordered lattice. These results confirm the successful synthesis and excellent crystalline 

quality of the synthesized β-Ga2O3 microparticles. Studies of defect-related are needed to 

elucidate their optoelectronic behavior. Due to the exceptionally wide bandgap of β-Ga₂O₃, 

future optical characterization will require instrumentation capable of accessing higher-energy 

(deep-UV) spectral regions to investigate potential variations between near-band-edge and 

defect-mediated emission mechanisms. 

At the proof-of-concept stage of our studies of hydrogenation effects, we used 

commercially available (MSE Supplies) micro-crystalline β-Ga2O3 powders. A 30 minute remote 

hydrogen plasma treatment of the samples was performed in a high-vacuum environment. 
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Figure 25: XRD paƩern of the calcined sample synthesized at an iniƟal pH of 8. Using Refs. 87 and 88 to assign Miller indices 
to the construcƟve diffracƟon peaks, we observe that most of the major reflecƟons correspond to the 𝛽-Ga2O3 phase—

specifically the (402), (111), and (311) crystallographic planes. The (202) plane, however, is not clearly disƟnguishable. This 
absence may be aƩributed to the proximity of the (202) and (111) peaks, combined with the limited resoluƟon of the wide-

angle scan (at approximately 30.4° and 31.7°, respecƟvely). 
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 Optical absorption spectroscopy was run on the samples to investigate changes in optical 

processes due to hydrogenation. Figure 28 shows the UV/Vis region of the spectra, indicating 

altered electronic structure due to hydrogenation, which also explains the sample’s subtle 

red/orange tint. The point of the greatest increase of absorption occurs at ~ 4.71 eV, the bandgap 

energy, which does not change after hydrogenation, as seen in Figure 29. 

Time-resolved radioluminescence (RL) spectroscopy (400–800 nm) and 

thermoluminescence spectroscopy (25–300 °C) measurements were performed to investigate 

changes in defect-related properties induced by hydrogenation. Figure 30 compares the emission 

intensity across photon energies associated with recombination centers in β-Ga2O3 before and 

after hydrogenation. The RL spectra reveal that hydrogenation does not modify the inherent 

recombination mechanisms, with emission energies ranging from 1.46 eV to 3.10 eV 

corresponding to mid-gap recombination centers. Figure 31 shows that hydrogenation markedly 

decreases the thermoluminescence intensity while preserving the peak positions. These results 

strongly support the interpretation that hydrogen primarily passivates existing traps rather than 

generating new defect states. 
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Raman Shift (cm-1) 
Figure 26: T-Raman spectra of the β-Ga2O3 (5 pH) sample collected over a temperature range of 80 K to 580 K, with 

the corresponding vibrational frequencies assigned to their respective symmetries (Ref. 89). 

Raman Shift (cm-1) 
Figure 27: Temperature-dependent Raman spectra demonstrate the thermal stability of the β-Ga2O3 (5 

pH) microcrystals, showing a decrease in peak intensity with increasing temperature. Despite the 
expected reduction in signal magnitude, the phononic modes corresponding to each vibrational 

symmetry remain identifiable and stable up to 580 K, indicating the structural resilience and high quality 
of the material under elevated thermal conditions. 
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Figure 28: Juxtaposed absorption spectra of the as-received MSE supplies commercial microcrystalline β-Ga2O3 
sample and the remote hydrogen plasma treated one. The visible spectrum is overlaid as a rectangular rainbow 

gradient to provide energy context across the measured range. The hydrogenated sample exhibits enhanced 
absorption in both the UV and visible regions. 

Figure 29: First derivative of the optical absorption spectra in the deep-UV region for the as-received 
commercial microcrystalline β-Ga₂O₃ sample and the remote hydrogen plasma treated one. The 

vertical line denotes the approximate energy of near-band-edge (NBE) transition. This comparison 
shows that hydrogenation does not significantly alter the NBE absorption. 
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Figure 30: Time-resolved radioluminescence spectra under X-ray excitaƟon measured from 0 to 5 minutes at 25 °C for (a) as-
received and (b) hydrogenated 𝛽-Ga₂O₃ samples. Following hydrogenaƟon, overall luminescence intensity is reduced while the 
spectral shape and peak posiƟon remain unchanged, indicaƟng defect passivaƟon without alteraƟon of intrinsic luminescent. 

Figure 31: TL spectra of 𝛽-Ga₂O₃ recorded aŌer 5 minutes of X-ray irradiaƟon for commercial (blue) and hydrogenated (red) 
samples. Following hydrogenaƟon, overall TL intensity decreases markedly while the peak posiƟon remains constant, indicaƟng 

effecƟve passivaƟon of naƟve traps without introducing new defect states or altering trap depth energeƟcs. 

b) a) 
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CONCLUSIONS 
In our ZnO microparticles, high-quality crystalline structures appear with mixed surface 

abundances and morphology. Average sizes for the undoped ZnO particles were measured to be 

on the order of a micron. However, contrary to literature, it was observed for the Fe-doped 

particles that the size either increases or remains largely the same.  

For systematic studies of ZnO bacterial inhibition via surface interactions, better control 

over polar and non-polar surface abundances is necessary because Fe contributions depend on 

the existing defect concentrations and defect types on polar and non-polar surfaces. Our doping 

procedure is reliable and predictable. 

A bandgap redshift was observed at an increasing amount of Fe incorporated into the 

ZnO lattice, along with a lower intensity of luminescence without changes in relative defect/NBE 

intensities. Rather, an overall reduction of luminescence intensity was observed. Increase in the 

disorder in the ZnO lattice could be attributed to the Fe doping, which would increase non-

radiative pathways. 

In antibacterial testing of the synthesized ZnO crystals, the majority of undoped particles 

have shown little to no inhibition to log phase S. Aureus bacteria, contrary to a majority of the 

literature, and this warrants further investigation. Bacterial inhibition has been observed in some 

samples, thus further analysis and characterization of the particles are necessary to identify 

plausible reasons for these inconsistencies.  

High-crystallinity microscale GaOOH has been obtained. Morphology of microcrystals 

was controlled via pH of the reaction environment (between 6pH and 10pH). Specifically, the 

long-axis dimensions consistently increased with the pH levels. 

GaOOH particles demonstrated a substantial inhibition of the Gram-positive bacteria S. 

aureus and moderate inhibition of the Gram-negative bacteria E. coli. We attribute this 
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discrepancy to the difference between the bacterial envelopes, as Gram-negative bacteria have 

two membranes separated by a peptidoglycan wall rather than a thicker peptidoglycan wall 

surrounding one membrane, as seen in Gram-positive bacteria. 

A relationship was established between the concentration of optically-active defects, the 

pH of the reaction precursors, morphology of the microparticles, and their ability to inhibit 

bacteria. Also, a blueshift in FTIR-ATR spectra with pH of synthesis solution was observed for 

the Ga-OH vibrational mode. This is important because the Ga-OH bending modes are 

susceptible to surface-specific changes such as increased incorporation and deprotonation of 

hydroxyl groups, and/or formation of defect sites that introduce local strain and distortion around 

these groups. It would be important to study surface defects present in the GaOOH microcrystals 

via SPV and PLS. 

We demonstrated a procedure resulting in high-quality thermally resistant crystalline 

structures of β-Ga2O3 to be used for studies of antibacterial action. 

Using commercial microscale powders of β-Ga2O3, we observed that remote hydrogen 

plasma altered electronic transitions and optically-active defect states related to middle-bandgap 

energies. These results show a quenching of deep-bandgap defect states without alteration of 

luminescent centers present in the material. The effect of remote hydrogen plasma did not affect 

the energy of the bandgap in β-Ga2O3. To use PLS on these microparticles, a deeper UV source 

is needed to generate NBE excitonic activity. Specifically, cryogenic PLS studies (~ 10 K) would 

be necessary for identification of shallow donor behavior due to hydrogenation of β-Ga2O3. 
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Zinc oxide (ZnO) and beta-gallium oxide (β-Ga2O3) are semiconductors with bandgap 
energies of approximately 3.4 eV and 4.8 eV, respectively. These materials are utilized across 
diverse applications, including pharmaceuticals, radiation shielding, etc. Our investigation 
addresses: (1) antimicrobial properties of Zn- and Ga-containing metal oxides, and (2) studies of 
the role of hydrogen in the persistent n-type conductivity of β-Ga2O3. Ga- and Zn-containing 
metal oxides present alternative antibacterial pathways mediated by surface chemistry and defect 
states that are not fully understood. β-Ga2O3 is promising for high-power electronics, but its 
persistent n-type behavior restricts applications. Iron doping of ZnO is used to possibly reduce 
Zn-cation release from surface, a suggested driver of ZnO’s antibacterial activity. GaOOH 
particles with different defect levels and morphologies show varied antibacterial efficacy against 
S. aureus and E. coli. β-Ga2O3 microcrystals are treated with remote hydrogen plasma to 
elucidate hydrogen’s behavior as a contributor to persistent n-type conductivity. 


