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Abstract: The present study executes a comprehensive evaluation of functional behaviour 

through detailed optical, dielectric, electrical and mechanical analyses which used to be a 

follow-up of our previous research work based on structural, thermal & micros-structural 

features of ball-milled CuAlO2 samples. UV-Vis spectroscopy reveals a direct band gap of 

3.82 eV, while photoluminescence exhibits strong blue emission centred at 433 nm, attributed 

to shallow defect states such as oxygen vacancies and Cu+/Cu2+ centres. Dielectric 

measurements show high permittivity at low frequencies, driven by defect-mediated 

polarization mechanisms, while I-V characteristics display space-charge-limited conduction 

governed by trap-assisted hopping. Microhardness testing yields a value of 2.84 GPa, 

indicating enhanced mechanical stability linked to grain refinement and defect distribution 

induced by ball milling. The strong correlation between defect states and multifunctional 

properties-including optical emission, dielectric response, charge transport and mechanical 

integrity-highlights the role of mechanical activation in tuning CuAlO2 for advanced 

applications like UV optoelectronics, transparent electronics, and ceramic-based energy 

devices. 
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1. Introduction 

Copper-based delafossite oxides particularly CuAlO2, have emerged as promising materials 

owing to their distinctive combination of wide band gap semi-conductivity, optical 

transparency, and p-type conductivity. The following functionalities attribute CuAlO2 as a 

viable candidate for applications in optoelectronic devices, transparent electronics, 

thermoelectric systems, and photocatalytic platforms [1-3]. Structurally, CuAlO2 crystallizes 

in a rhombohedral lattice (space group R3m), characterized by linearly coordinated Cu+ ions 

and edge-sharing AlO6 octahedra. This layered configuration facilitates anisotropic transport 

and accommodates a range of intrinsic and extrinsic defects, which can significantly 

influence the material’s functional behaviour [4,5]. 
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While different synthesis methods such as sol-gel, hydrothermal and combustion techniques 

have been employed to prepare CuAlO2 [6-9], mechanical activation via ball-milling offers 

distinct advantages in terms of particle refinement, defect generation, and phase control. 

Defect states, particularly oxygen vacancies and mixed-valence copper centres (Cu+/Cu2+) 

play a pivotal role in modulating the material’s optical absorption, photoluminescence, 

dielectric response, and charge transport mechanisms [10,11]. In our preceding investigation 

[12], delafossite CuAlO2 is synthesized via a ball milling-assisted solid-state reaction route. 

The structural phase is confirmed through X-ray diffraction (XRD), revealing the formation 

of the delafossite phase with high crystallinity. Complementary analyses, including Fourier-

transform infrared (FTIR) spectroscopy and scanning electron microscopy (SEM), provided 

insights into bonding environments and particle morphology, while thermogravimetric 

analysis (TGA) affirmed the thermal stability of the synthesized material. These 

characterizations established a robust foundation for further exploration of CuAlO2’s 

functional properties. 

The present study is an extension of our previous investigation by focusing on the optical, 

dielectric, mechanical, and electrical characteristics of ball-milled CuAlO2 sample. 

Ultraviolet–visible (UV-Vis) spectroscopy is employed to determine the optical band gap and 

assess electronic transitions, while photoluminescence (PL) spectroscopy is used to probe 

defect-related emissions and recombination dynamics. Dielectric measurements across 

varying frequencies elucidate polarization mechanisms and relaxation behaviour, which are 

critical for understanding charge storage and transport phenomena. Mechanical integrity is 

evaluated through Vickers microhardness testing, offering insights into the material’s 

resistance to localized deformation. Additionally, current–voltage (I-V) analysis provides 

information on charge conduction pathways and defect-mediated transport, enabling a 

comprehensive understanding of the material’s electronic response. 

 

2. Experimental section 

2.1 Materials and Methods 

The synthesis of CuAlO2 sample from CuO and Al2O3 powders via ball milling-assisted 

solid-state reaction, along with preliminary structural and morphological characterizations 

(XRD, FTIR, SEM, and EDS), has been comprehensively described in our previous report 

[12]. In the present study, we extend the characterization to include optical, dielectric, 

mechanical, and electrical analyses to further elucidate the functional properties of the 

material. 

2.2 Optical characterization 

 UV-Vis Spectroscopy: The optical absorption spectra were recorded using a UV-Vis 

spectrophotometer (Agilent Cary 5000 UV-Vis NIR spectrometer) in the wavelength range of 

200–800 nm. The absorption edge was analysed using Tauc plot to estimate the optical band 

gap. 
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 Photoluminescence (PL) Spectroscopy: PL measurement was carried out at room 

temperature using a fluorescence spectrometer (Horiba FluoroMax 4 Spectrofluorometer) 

with an excitation wavelength of 330 nm. Emission spectra were recorded in the range of 

350-600 nm to investigate defect-related transitions and recombination behaviour. 

2.3 Dielectric measurements 

Dielectric constant (ε′) was measured using an impedance analyser (Agilent 4294A Precision 

Impedance Analyzer, Agilent Technologies, Inc. USA) across 100 Hz to 1 MHz. Silver 

electrodes were applied to sintered pellet for accurate impedance measurements. 

2.4 Micro-hardness testing 

Vickers microhardness measurements were performed using a microhardness tester (MHT-

Smart, Metatech Industries, Pune, India) with a load of 2 N and a dwell time of 10 s. Multiple 

indentations were made on polished pellet surfaces, and the average diagonal length was used 

to calculate hardness values using the standard Vickers formula. 

2.5 Current-Voltage (I-V) measurements 

I-V characteristics were recorded using an electrometer (Keithley 6514) in a two-probe 

configuration. Silver electrodes were applied to the sintered pellets, and measurements were 

conducted at room temperature under ambient conditions. The voltage was swept from -15 V 

to +15 V to evaluate the conduction behaviour and symmetry of the response. 

 

3. Results and discussion 

The functional properties of ball-milled CuAlO2 sample were systematically investigated 

through optical, dielectric, mechanical and electrical analyses. The results reveal strong 

interdependence between defect states, microstructure and charge transport mechanisms, 

which collectively govern the material’s performance in optoelectronic and energy-related 

applications. 

3.1 Optical properties 

3.1.1 UV-Vis reflectance and Band Gap estimation 

Fig.1 illustrates the UV-Vis reflectance spectrum obtained for the ball-milled CuAlO2 sample, 

highlighting its optical response across the measured wavelength range. It exhibits a 

prominent peak near 350 nm, followed by a gradual decline across the visible region. This 

behaviour is typical of wide band gap semiconductors, where strong UV absorption arises 

from electronic transitions between the O-2p dominated valence band and the Cu/Al-derived 

conduction band [2,4,13]. The sharp reflectance drop beyond the UV region suggests minimal 

visible light interaction, reinforcing the material’s transparency and suitability for 

optoelectronic applications, including transparent electronics and UV-sensitive devices 

[1,14]. 
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Fig.1. UV-Vis reflectance spectrum of ball-milled CuAlO2 sample showing a sharp absorption edge near 

350 nm. The inset displays the Tauc plot used to estimate the direct band gap. 

 

To quantify the optical band gap, a Tauc plot as shown in inset of Fig.1, was constructed 

using the relation (αhν)2 vs hν, assuming a direct allowed transition. The extrapolation of the 

linear region to the energy axis yields a band gap (Eg) of 3.82 eV. This value is slightly higher 

than typical reports for CuAlO2, which generally range between 3.5-3.7 eV [15,16]. This 

enhancement is primarily attributed to quantum confinement arising from nanoscale particle 

dimensions [17], strain-induced band widening due to lattice distortion during high-energy 

milling [18,19], and a reduced density of structural defects that typically introduce sub-band-

gap states [20]. Collectively, these effects contribute to a cleaner absorption edge and 

improved optical transparency, reinforcing CuAlO2’s potential for UV optoelectronic and 

transparent thin-film applications. 

3.1.2 Photoluminescence (PL) spectroscopy 

PL spectrum of CuAlO2 at room temperature is shown in Fig. 2, reveals a sharp emission 

peak centred at 433 nm with an intensity of approximately 6x106 in a.u. This emission is 

attributed to radiative recombination involving shallow defect states, primarily oxygen 

vacancies and Cu+/Cu2+ centres, which introduce localized energy levels near the conduction 

band edge [10,21]. The absence of broad or red-shifted emissions indicates a low density of 

deep-level defects, suggesting high crystallinity and minimal non-radiative recombination 

pathways [4,11]. 

The sharp PL response reflects efficient band-edge transitions, which are essential for 

optoelectronic devices such as UV photodetectors and transparent conductors. Similar defect-
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mediated luminescence has been reported in other delafossite-type oxides, where controlled 

defect chemistry plays a pivotal role in tuning optical properties and enhancement of device 

performance [22-24]. 

 

Fig. 2. Photoluminescence spectrum of CuAlO2 sample recorded at room temperature. 

 

3.2 Dielectric analysis 

The frequency-dependent dielectric constant (ɛ’) of CuAlO2, as illustrated in Fig. 3, exhibits 

pronounced dispersion, decreasing from approximately 700 at low frequencies (Log₁₀(f) ≈ 

2 Hz) to around 200 at higher frequencies (Log₁₀(f) ≈ 3 Hz), beyond which it stabilizes. This 

behaviour reflects the influence of multiple polarization mechanisms, notably space charge, 

dipolar, and interfacial polarization, which are active at low frequencies and progressively 

diminish with increasing frequency [25]. 

At low frequencies, the elevated ɛ’ values are attributed to defect-related polarization, where 

mobile charge carriers and localized defect states interact with the applied electric field. At 

higher frequencies, inertial impact due to effective higher masses of electron cloud, coupled 

with intrinsic dipolar polarization impact with frequency application leads to slower response. 

The high dielectric constant at low frequencies also suggests potential for energy storage and 

capacitive applications, where interfacial polarization enhances charge accumulation [26]. 
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Fig. 3. Frequency dependent dielectric constant (ɛ’) of as-synthesized CuAlO2 sample at room temperature. 

 

These findings complement the PL results, as both suggest the presence of shallow defect 

states that influence polarization dynamics. The correlation between optical and dielectric 

behaviour legitimised the multifunctional nature of CuAlO2. 

3.3 Mechanical properties 

Microhardness testing is obtained from the Vickers indentation method which yields a 

hardness value of 2.84 GPa for the ball-milled CuAlO2 sample. This value reflects moderate 

mechanical strength, suitable for integration into thin-film devices and layered 

heterostructures, where mechanical resilience and dimensional stability are critical [8]. The 

corresponding microstructural image, as shown in inset in Fig.4, reveals dense and uniform 

grain morphology with minimal porosity and well-defined grain boundaries. Such features 

enhance mechanical integrity by improving load distribution and inhibiting crack 

propagation, thereby improving the material’s resistance to localized deformation and 

fracture [27,28]. 
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Fig.4. Vickers microhardness profile of ball-milled CuAlO2 pellets, with an average hardness value of 2.84 GPa. 

The inset shows the indentation pattern confirming uniform load distribution and mechanical integrity. 

 

Grain refinement induced by ball milling contributes to the observed hardness, as smaller 

grains increase the number of grain boundaries, which act as barriers to dislocation motion, a 

phenomenon consistent with the Hall-Petch effect [29]. The mechanical robustness of 

CuAlO2 is particularly advantageous for applications requiring structural stability under 

thermal and electrical stress, such as transparent electrodes and thermoelectric modules. 

3.4 Electrical Properties (I-V characteristics) 

The current-voltage (I-V) characteristics of CuAlO2, measured over a voltage range of -15 V 

to +15 V, as illustrated in Fig. 5, exhibit a symmetric and non-linear profile. At voltages 

below -10 V and above +10 V, the current saturates at approximately ±0.010 µA, while within 

the intermediate range (-10 V to +10 V), the current increases gradually. This behaviour is 

indicative of space-charge-limited conduction (SCLC), where charge transport is governed by 

trap-assisted hopping and defect-mediated pathways [30]. 
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Fig.5. Current-voltage (I-V) characteristics of CuAlO2 sample measured over ±15 V, showing symmetric and 
non-linear behaviour consistent with space-charge-limited conduction and trap-assisted transport. 

 

At low voltages, injected carriers are captured by trap states, leading to a sub-linear increase 

in current. As the voltage increases, these traps become filled, and the current approaches a 

steady-state regime. The symmetric nature of the curve suggests ohmic contact behaviour, 

with minimal barrier formation at the electrode-sample interface. 

The low current magnitude, in the microampere range, is consistent with the wide band gap 

and low intrinsic carrier concentration of CuAlO2. The correlation between PL emissions and 

I-V behaviour reinforces the role of shallow defect states in facilitating charge transport. 

Additionally, the dielectric analysis supports this interpretation, as polarization mechanisms 

can influence carrier mobility and trap dynamics. 

Collectively, these results highlight the potential of CuAlO2 for low-power electronic and 

optoelectronic applications, where defect engineering can be strategically employed to tailor 

conductivity and switching behaviour. 

4. Conclusions 

The present article provides investigation into ball-milled CuAlO2 nanoparticles in terms of 

functional properties, complementing earlier structural and thermal analyses. The material 

demonstrates a wide optical band gap of 3.82 eV and distinct blue photoluminescence around 

433 nm, both arising from intrinsic defect states such as oxygen vacancies and mixed-valence 

copper centres. Dielectric studies reveal elevated permittivity at low frequencies, attributed to 

defect-induced polarization effects, while electrical measurements show non-linear, 

symmetric I-V behaviour consistent with space-charge-limited conduction. Additionally, 

microhardness testing indicates a value of 2.84 GPa, suggesting improved mechanical 

resilience linked to grain refinement and defect distribution from the ball milling process. By 
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integrating these functional characterizations, the study provide a holistic assessment of 

CuAlO2 synthesized via ball milling, underscoring the role of defect engineering for property 

manifestation. The material demonstrates promising potential for integration into UV 

optoelectronic devices, transparent conductors, and ceramic-based energy applications future 

work. 
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