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ABSTRACT

Self-trap holes (STHs) in β-Ga2O3 prohibit p-type conduction in this material, severely limiting 

the homojunction-based optoelectronic applications. Here, we report that the presence of 

cadmium (Cd) impurity in β-Ga2O3 (CdGa2O3) drastically quenches STHs and significantly 

increases p-type conductivity in this material, making it promising for optoelectronics. 

Photoluminescence experiments show that Cd-induced defects in β-Ga2O3 significantly 

suppress the characteristic ultraviolet luminescence, indicating the reduction of STHs.  The 

CdGa2O3 film shows the distinct recombination channels of green and blue emissions attributed 

to CdGa and VGa defects, which exhibit slow decay time constants of 38.45 and 13.31µs, 

respectively. Density functional calculations reveal that a few atom% of Cd in β-Ga2O3 induces 

an intermediate valence band state due to the formation of CdGa and VGa defects in the 

octahedral sites. The calculated energy levels of CdGa and VGa defects are 0.72 and 0.18 eV, 

respectively, which are significantly lower than the energy levels of 0.99 eV for STHs, resulting 

in the destabilization of STHs and promoting p-type conductivity. The Mott-Schottky 

measurement confirms the p-type conductivity in CdGa2O3 film with an acceptor concentration 

of 3.65×1017 cm-3. This p-type CdGa2O3 film is used in fabricating Ag/p-CdGa2O3 Schottky 

diodes, which operate as high-performance self-powered ultraviolet photodetectors possessing 

a high responsivity of 164 mA/W and specific detectivity of 7.5×1011Jones. This p-type 
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CdGa2O3 film could provide better flexibility in designing efficient homojunction-based 

optoelectronic devices.

Keywords: p-type CdGa2O3, Cd-induced defects, Self-trap holes, Schottky diodes, 

Photodetectors, 

1. Introduction 

Gallium oxide (Ga2O3) crystallizes in various phases such as α, β, γ, δ, and ε.1 Among all 

phases, monoclinic β-Ga2O3 is the most stable phase, and it has an ultra-wide optical bandgap 

of 4.8 eV and a high breakdown electric field of 13 MV cm−1, which are promising for power 

electronics.2, 3 However, these applications are restricted owing to the poor understanding of 

acceptor impurities and the lack of a highly conductive p-type β-Ga2O3 layer. β-Ga2O3 is an 

inherently n-type semiconducting material, but recently, Chikoidze et al. reported p-type 

conductivity in this material.4 Moreover, oxygen vacancy has a lower formation energy in β-

Ga2O3 and is present in a significant concentration, compensating for the acceptor density.5 

Moreover, the self-trapped holes are easily formed in β-Ga2O3 and act as polaronic acceptors, 

prohibiting p-type conductivity.6 First-principle calculations have shown that Cd, Cu, N, and 

Zn are promising acceptor impurities for achieving p-type β-Ga2O3.7 Experimental studies 

reported that N- and Zn-doped β-Ga2O3 have shown a low free hole density in the range of 

1014-1015 cm-3, which is insufficient to fabricate efficient power electronic devices.8, 9 Density 

functional calculations have shown that Cd preferably occupies the Ga site (CdGa), acting as an 

acceptor in β-Ga2O3, and this defect is effective in modifying the near valence-band structure 

and optoelectrical properties of this material,10 however, experimental studies of the Cd-

induced defects on the optoelectrical properties of β-Ga2O3 have not been conducted. 

Monoclinic β-Ga2O3 typically shows blue emission in the 2.8-3.0 eV energy range and 

ultraviolet emission in the 3.3-3.4 eV energy range.11 The ultraviolet emissions are attributed 

to the self-trap hole, while the blue emission is attributed to gallium vacancy (VGa).11 The 
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presence of a significant amount of VGa in β-Ga2O3 contributes to p-type conductivity in this 

material.12 Moreover, the optical bandgap and electrical properties of β-Ga2O3 can be 

modulated significantly by alloying with CdO.13, 14  However, the effect of Cd-induced defects 

on the luminescence properties of β-Ga2O3 and their recombination kinetics has not yet been 

studied. 

This research focuses on the combined experimental and theoretical analysis of the influence 

of Cd-induced defects on the optical, electronic, and electrical properties of β-Ga2O3 thin films 

and utilizes this material in power electronic and photodetector devices. The current work also 

examines the simulation of steady-state and transient luminescence spectral line shapes to 

determine the energy position of Cd dopants-induced defects, the zero-phonon line energy, 

electron-phonon coupling strength, and carrier dynamics in β-Ga2O3 films. 

2. Experimental Section

2.1 Material and Synthesis 

Pristine and CdGa2O3 films were synthesized on glass substrates and indium tin oxide (ITO)-

coated glass using an atomizing spray pyrolysis technique. Highly pure (99.9% Sigma Aldrich) 

Ga(NO3)3. xH2O and Cd(CH3COO)2·2H2O were mixed in the deionized water to obtain a 

solution of 0.05 M, containing Cd concentrations of up to 15 atom%. The film thickness (200 

± 20) nm was kept constant by adjusting the deposition time and the spray rate.  The structure, 

morphology, and chemical analysis of the films were investigated using an X-ray 

diffractometer (XRD), scanning electron microscope (SEM), an energy-dispersive X-ray 

spectrometer (EDS), and X-ray photoelectron spectra (XPS). Optical properties of the films 

were studied by UV-VIS and FS5 photoluminescence spectrometers. The carrier type and 

concentration were measured using an electrochemical workstation.
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2.2 Device Fabrication

For the fabrication of Ag/CdGa2O3 Schottky diodes, a 200 nm thick layer of CdGa2O3 was 

deposited on a glass substrate using a shadow mask of 5x5 mm2.  The silver was used as an 

electrode material for the Schottky contact on CdGa2O3 films. A thin layer of Ag was deposited 

on CdGa2O3 films to fabricate the Ag/CdGa2O3 Schottky diodes. The current-voltage (I-V) 

characteristics of power devices were analyzed using a Keithley source measuring unit. The 

photodetection properties of the Ag/CdGa2O3 Schottky photodiodes were measured using a 

UV light source of wavelength 365 nm and power 500µW/cm2.

2.3 Theoretical details

First-principles calculations were performed to investigate the Cd-induced defects in β-Ga2O3.  

A 1 x 1 x 2 supercell of β-Ga2O3, consisting of 16 gallium and 24 oxygen atoms, was 

investigated. The CdGa and VGa defects structure was introduced by substituting or removing a 

Cd atom in the same structure. The substitution of two Cd atoms leads to a defect density of 

(2/16) ~12 atom%. The DFT + U method was applied for this investigation,  with a Ud value 

of 7 eV for Cd-4d orbitals and the Up value of 7 eV for O-2p orbitals.15 A Hubbard U value of 

7 was considered to align the theoretical bandgap with the experimental data, addressing the 

underestimation issue of the standard GGA-PBE methods. All computations were done in this 

investigation, applying the CASTEP.16 The energy positions of luminescence centers are 

estimated using the configuration coordinate model and Franck-Condon approximation.17 The 

luminescence centers in wide bandgap materials typically act as electron-phonon (e-p) 

coupling. This e-p coupling strength redshifts the defect luminescence band corresponding to 

the localized states. The e-p coupling strength (S) for wide band gap semiconducting material 

is high. For the semiconducting materials with high e-p coupling (S >>1), the spectral line 
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shape of the steady-state photoluminescence (𝐼𝑃𝐿) can be calculated by the following 

equation.18 

𝐼𝑃𝐿(ℏ𝜔)~∑𝑛 𝑒𝑥𝑝( ―𝑆) 𝑆𝑛

𝑛!
× 𝑒𝑥𝑝 1

2𝜎
× (𝐸𝑍𝑃𝐿 ― 𝑛ℏ𝜔𝐿𝑂 ― ℏ𝜔)2 …………………………(1) where, 

ℏ𝜔 is the photon energy, n is the number of phonons, and 𝜔𝐿𝑂 longitudinal optics phonon 

frequency. The key parameters in expression (1) that generate the PL spectral line shape  are: 

(i) 𝜎 stand for the emission bandwidth (𝐹𝑊𝐻𝑀 = 8𝑙𝑛2 𝜎), (ii) 𝑆 is the Huang-Rhys factor, 

which calculates the PL peak energy, and (iii) 𝐸𝑍𝑃𝐿 estimates the energy position of defects in 

the bandgap.

3. Results and Discussion 

3.1 Structural, Morphological, and Electronic Properties

Figure (a)-(b) shows the SEM images of Ga2O3 and CdGa2O3 films. Both films show smooth 

surfaces containing a uniform distribution of spherical grains. The grain size of pristine Ga2O3 

is in the range of 15-30 nm, and slightly increases for CdGa2O3 film, resulting from the higher 

atomic size of Cd2+ (95 pm) than that of Ga3+ (62 pm). The Cd concentration in CdGa2O3 is 

confirmed by an EDS spectrometer and found to be 9.95 (~10) atom% [Figure S1 and Table 

S1]. XRD patterns of pristine and CdGa2O3 films with various Cd concentrations are displayed 

in Figure 1(c). XRD patterns confirm the formation of a monoclinic structure for both the 

pristine and CdGa2O3 films.  At higher doping levels of Cd (>10 atom%), the film becomes an 

alloy structure of CdO-Ga2O3. The β-Ga2O3 film with 10 atom% Cd was selected for this 

investigation to limit this study to a pure monoclinic structure of β-Ga2O3. The monoclinic 

structure of CdGa2O3 film remains unchanged when the film is annealed at 900 ºC under a 

vacuum environment [Figure S2]. All XRD orientations are explored from the JCPDS card no. 

75-0592 for β-Ga2O3 and identified as (110) crystallographic orientation for the pristine β-

Ga2O3 and (002), (110) orientations for CdGa2O3 films. The observed (111), (200), and (220)  
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crystallographic orientations in the film with the high doping level of Cd are for cubic CdO. 

The Cd in β-Ga2O3 causes significant modification of the structural properties of the β-Ga2O3 

film. The (111) crystallographic orientation of the pristine β-Ga2O3 film shifts to lower Bragg 

angles in the CdGa2O3 film. This shifting of the XRD peak position is due to the incorporation 

of Cd2+, which has a larger ionic radius (0.092 nm) than that of Ga3+(0.062 nm). 
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Figure 1. (a) and (b) show SEM images of Ga2O3 and CdGa2O3 films. The films show spherical 

grains uniformly distributed throughout the film. (c) The XRD pattern of pristine and CdGa2O3 

thin films confirms the formation of a monoclinic structure in both films.  (d) Tauc’s plot for 

the determination of the optical band gap of Ga2O3 and CdGa2O3 films. The pristine films show 

a band gap of 4.8 eV, which is reduced to 3.68 eV for the CdGa2O3 film. (e) Ga 2p doublets 

are separated by a binding energy difference of 27 eV. (f) Cd 3d doublets are separated by an 

energy interval of 6.7 eV.  The peak nature and energy position of the Ga 2p peak demonstrate 

that the valence state of Ga is Ga3+, without any intermediate valence states. (g)The O 1s peak 

of pristine and CdGa2O3 films and the deconvolution of the O 1s peak gives two components 

100 nm

(a) (b)

100 nm
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at 530.48 eV and 531.68 eV. (h) Near valence band XPS spectra of pristine and CdGa2O3 thin 

films. The valence band maxima for Ga2O3  and CdGa2O3  films are  2.4 and 1.6 eV, 

respectively [Figure S2].

The optical bandgap of β-Ga2O3 films has been estimated from Tauc’s plot [Figure 1 (d)] and 

found to be 4.8 eV, which decreased to 3.68 eV for the CdGa2O3 film. This decrease in the 

optical bandgap is associated with Cd-induced defects, where the Cd occupying a Ga site 

(CdGa) acts as an acceptor in the film. The formation of CdGa acceptors forms a defect state 

above the valence band. At a high level of Cd, the wavefunctions of CdGa acceptors induce an 

impurity band that subsequently merges with the valence band, decreasing the band gap. 

Figure 1(e) displays the core-level photoelectron spectra of the Ga 2p doublet for both Ga2O3 

and CdGa2O3 films. The binding energy values of the Ga 2p3/2 and Ga 2p1/2 peaks are found to 

be at 1120.0 and 1145.0 eV, respectively, and show no significant change with the 

incorporation of Cd dopant. The analysis of the Ga 2p peak provided insights into the Ga 

valence state. The energy position and nature of the Ga 2p peak indicate that Ga exists in its 

highest valence state, Ga3+, without any intermediate valence states. The peak-to-peak 

difference between the Ga 2p doublet is 27 eV, consistent with the previously reported data for 

Ga 2p.19  Figure 1 (f) shows the Cd 3d core-level spectra of the CdGa2O3 film. The Cd 3d5/2 

and Cd 3d3/2 doublet peaks are observed at 405.48 and 412.18 eV binding energy, respectively. 

The double is separated by 6.7 eV. This result indicates the presence of Cd2+ state in CdGa2O3 

films.20 The X-ray photoelectron spectra of the high-resolution O 1s of the pristine and 

CdGa2O3 films are shown in Figure 1 (g). The Gaussian function was employed to deconvolute 

the O 1s core level, which shows two peaks at 530.48 and 531.68 eV. The 530.48 eV peak is 

related to lattice oxygen (Ga-O), while the peak at 531.68 eV is associated with oxygen 

vacancies (Vo).19 The high binding energy peak at 531.5 eV of the O 1s spectra is almost 
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identical for pristine and CdGa2O3 films, indicating the oxygen vacancy concentration remains 

unchanged in both films. The Oxygen vacancy level has not significantly changed in the Cd-

doped  Ga2O3 film. In Cd-doped Ga2O3 film, the CdGa and VGa acceptor concentrations increase. 

The oxygen vacancy gets a chance to recombine with CdGa and VGa acceptors, resulting in the 

intense blue and green emissions. The oxygen vacancy concentration has not significantly 

changed because the formation of more CdGa and VGa acceptors creates an opportunity for 

oxygen vacancies to recombine with these acceptor defects.  While oxygen vacancies induce 

n-type conductivity, CdGa and VGa acceptor dopants can compensate for these defects and 

potentially lead to p-type conductivity. The potential limit of compensation depends on the 

energy levels at which the acceptor dopants introduce holes, affecting their potential to 

compensate for electrons from oxygen vacancies. From the photoluminescence analysis, it is 

observed that the CdGa is a deep-type acceptor, while the VGa is a shallow-type acceptor in Cd-

doped Ga2O3 films. The potential compensation of the oxygen vacancy is caused by the VGa 

and CdGa defecta. The near valence band XPS spectra of pristine and CdGa2O3 films are 

displayed in Figure 1 (h).  Three distinct core levels of O 2s, O 2p, and Ga 3d are observed in 

the near valence band spectra of both the pristine and CdGa2O3 films. The broad peak at 20.8 

is due to the superposition of O 2s at 24.0 eV and Ga 3d at 20.8 eV.  A small shoulder is found 

at 19.0 eV (indicated by the red arrow symbol), which is attributed to the hybridization of O 2s  

and Ga 3d.21 The broad O 2p core-level peak with a full-width half maxima (FWHM) of 7.9 

eV owing to the contribution of the three oxygen sites of β-Ga2O3.21 The valence band maxima 

of pristine and CdGa2O3 films have been determined from the linear extrapolation method and 

found to be 2.4 and 1.6 eV for the pristine and CdGa2O3 films, respectively [Figure S3 (a) and 

(b)]. 
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3.2 Cadmium-Induced Defect Luminescence 

Figure 2(a) shows photoluminescence (PL) spectra (open circles) of pristine and CdGa2O3 

films at room temperature. The PL bands in the pristine and CdGa2O3 films are broad, resulting 

from strong electron-phonon coupling.22 The deconvolution of PL spectra is required to 

understand the luminescence properties of these films. The PL spectra were deconvoluted using 

the Gaussian fitting methods as previously described in β-Ga2O3 films.23 The Gaussian fitting 

spectra (solid lines) for pristine and CdGa2O3 films are also shown in Figure 2 (a).  Using this 

method, the PL spectra of the pristine β-Ga2O3 films are deconvoluted with two emission bands 

peaking at 3.30 ± 0.02 and 2.98 ± 0.02 eV with a corresponding full width at half maximum of 

0.55 ± 0.03 and 0.58 ± 0.03 eV, respectively. The 2.98 and 3.30 eV emission bands have been 

assigned as blue luminescence (BL) and ultraviolet luminescence (UVL), respectively. For 

CdGa2O3 films, the PL spectrum is deconvoluted with an intense BL band with the same 

FWHM and peak position of the pristine β-Ga2O3 film and a green luminescence (GL) band at 

2.38 eV with an FWHM of 0.56 ± 0.05. As the BL band is observed in both pristine and 

CdGa2O3 films, the peak parameter of the BL band was kept constant for pristine and CdGa2O3 

films to avoid uncertainty in fitting. These BL and UVL bands are the intrinsic property of 

pristine β-Ga2O3 films and are attributed to gallium vacancy (VGa) and STHs, respectively.11 

The broadening of PL spectral lineshape and significant quenching of the UVL band are 

observed in CdGa2O3 film, resulting in the reduction of STHs and introducing a new 

recombination channel of GL along with the intrinsic BL bands of the pristine film.  This result 

indicates that the Cd-induced defects play a crucial role in rebating the STHs and generating 

GL bands in CdGa2O3 film. We proposed that this GL band in the CdGa2O3 film is attributed 

to the recombination of the CdGa acceptor with a conduction band electron or oxygen vacancy 

defects in this material. The presence of strong BL and GL in CdGa2O3 films indicates a high 

concentration of CdGa and VGa acceptor defects in this film. To obtain further information on 
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these defects in CdGa2O3 films, the steady-state PL spectral line shape of BL and GL was 

simulated within the framework of the configuration coordinate model. 18      

1.5 2.0 2.5 3.0 3.5 4.0

Ga2O3

PL
 in

te
ns

ity
 (a

.u
.)

Energy (eV)

(a)

-2000

0

2000

4000CdGa2O3

  Gaussian fit

L
1.6 2.4 3.2 4.0

Normalize to [0, 1] of B

In
te

ns
ity

 (a
.u

.)

Energy (eV)

UV

BL

GL

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

N
or

m
al

iz
ed

1

-2

0

N
or

m
al

iz
ed

1

(b)

0 30 60 90 120

102

104

106

108

1010

 GL 
 BL 
 Fit

In
te

ns
ity

 (a
.u

.)

Decay time (s)

(c)

0 30 60 90

In
te

ns
ity

 (a
.u

.)

 Time (ns)

UVL
Fit

Figure 2. (a) Photoluminescence spectra (open circles) of pristine and CdGa2O3 thin films at 

room temperature, and the deconvoluted PL spectra (solid lines) using the Gaussian peak fitting 

method. Ultraviolet and blue emission bands are observed at 3.30 and 2.98 eV for pristine and 

CdGa2O3 film showing the green and blue emission bands at 2.38 and 2.98 eV, respectively. 

(b) Theoretically obtained PL spectra (solid red lines) for ultraviolet, blue, and green emission 

bands using the configuration coordinate model are consistent with the experimentally 

observed PL (open circles). (c) Transient PL decay curves were measured for the 2.38 eV green 

and 3.0 eV blue bands. The inset of (c) displays the transient PL spectrum for the ultraviolet 

emission band measured at the central wavelength of 3.30 eV.  

The energy position of the blue luminescence center, VGa, and the green luminescence centers, 

CdGa, have been determined using the configuration coordinate model.18  The PL spectral line 

shape of the blue and green emission bands has been calculated theoretically using the 

configuration coordinate equation (1) and is displayed in Figure 2(b), indicated by the solid 

line. The experimental photoluminescence spectra are also shown in Figure 2(b) and are 

indicated by an open circle. The theoretical PL spectra agree with the experimental spectra for 
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the following parameters:  𝜔𝐿𝑂 = 71 meV, 𝐸𝑍𝑃𝐿 = 3.9 eV, 𝜎 = 0.15 𝑒𝑉 eV, and S = 8.5 for 

the UVL band; ℏ𝜔𝐿𝑂 = 71 meV, 𝐸𝑍𝑃𝐿 = 3.5 eV, 𝜎 = 0.15 𝑒𝑉 eV, and S = 8.5 for the BL band 

and ℏ𝜔𝐿𝑂 = 71 meV, 𝐸𝑍𝑃𝐿 = 2.96 eV, 𝜎 = 0.18 𝑒𝑉 eV, and S = 8.3 for the GL band. The 

energy position of the VGa and CdGa luminescence centers involved in the recombination 

mechanism of blue and green emission bands can be estimated using the following equation 

as: 𝐸𝐴 = 𝐸𝑔 ― 𝐸𝑍𝑃𝐿, where 𝐸𝐴 is the acceptor state involved in this recombination channel, 

and 𝐸𝑔 is the optical bandgap of the corresponding material.24 The Huang-Rhys factors for the 

BL and GL agree with the literature value of pristine β-Ga2O3 films.25, 26 The high value of S 

in CdGa2O3 film indicates strong electron-phonon coupling at the deep centers, leading to the 

significant broadening of the BL emission band.  Considering 3.68 eV, the optical band gap of 

CdGa2O3 film at room temperature, the energy levels of the blue luminescence centers VGa and 

green luminescence centers CdGa are estimated and found to be 0.18 and 0.72 eV, respectively, 

above the valence band maximum. These defects act as acceptor defects in CdGa2O3 films. The 

energy position of STHs in CdGa2O3 is found to be 0.9 eV.

The recombination dynamics of UVL, BL, and GL have been investigated by time-resolved 

PL (TRPL). Figure 2 (c) displays the room temperature TRPL spectra measured at central 

wavelengths of 376 nm (UVL), 416 nm (BL), and 521 nm (GL) to investigate the decay time 

of UVL, BL, and GL color centers. The TRPL spectra are best fitted with triexponential decay 

time and can be expressed as: 𝐼(𝑡) = 𝐵1exp (𝑡/𝜏1) + 𝐵2exp (𝑡/𝜏2) + 𝐵1exp (𝑡/𝜏3), where I 

indicates the TRPL intensity, 𝐵1,2,3 are the constant and 𝜏1,2,3 are the decay life times.27 The 

mean decay time constants have been calculated using the equation; 〈𝜏〉=∑𝑖 𝐴𝑖𝜏2
𝑖 /∑𝑖 𝐴𝑖𝜏𝑖.27 The 

transient PL is well-fitted with triexponential decay constants as:  𝜏1 = 2.55 𝜇𝑠, 𝜏2 = 8.75 𝜇𝑠, 

and 𝜏3 = 64.68 𝜇𝑠, 〈𝜏〉 = 38.45 𝜇𝑠  for BL; 𝜏1 = 4.65 𝜇𝑠, 𝜏2 = 18.52 𝜇𝑠, and 〈𝜏〉 = 13.31 𝜇

𝑠 for GL and 𝜏1 = 0.60 𝑛𝑠, 𝜏2 = 2.90 𝑛𝑠, 𝜏3 = 10.60 𝑛𝑠, and 〈𝜏〉 = 4.5 ns for UVL. The fast 

decay time constant for UVL emission is found to be 4.5 ns, consistent with the previous 
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report.28  The GL component CdGa2O3 films show a faster decay time constant of 13.31 𝜇𝑠 

than the BL component of 38.45 𝜇𝑠, suggesting a different recombination channel involved in 

the GL band. Incorporating Cd into β-Ga2O3 boosts the transfer of energy to the luminescence 

centers responsible for the green emission band, leading to the fast decay time constant of the 

GL centers and a much more intense visible luminescence compared to the BL band. The 

slower decay lifetimes for BL and GL bands reveal that these luminescence bands are attributed 

to the recombination of a conduction band electron and defect levels formed above the valence 

band. 

3.3 Electrical Properties of CdGa2O3-Based Heterojunction

The electrochemical impedance spectroscopic technique is employed to identify the carrier 

type and estimate the carrier concentration of the pristine and CdGa2O3 films from the Mott-

Schottky measurement. Before the Mott-Schottky analysis, cyclic voltammetry (C-V) 

measurement was performed to identify the suitable voltage range for the electrochemical 

reactions. Figure 4 (a) and (b) show C-V plots for Ga2O3 and CdGa2O3 films. The C-V analysis 

indicates that the curves remain undistorted within the -0.5 to 1.0 voltage range for pristine and 

-1.3 to -0.9 voltage range for CdGa2O3 films, which is considered the working window for the 

Mott-Schottky analysis. The Mott-Schottky expression can be expressed as:29

1
𝐶2

𝑠𝑐
=

2
𝜀𝜀𝑜𝑒𝐴2𝑁𝑎

𝑉 ― 𝑉𝑓𝑏 ―
𝑘𝑇
𝑒 ………………………………………………(2)

where, C stands for the capacitance of the space charge layer, A indicates the active area of the 

film, Na stands for the acceptor density, 𝑉𝑓𝑏 is the flat band potential, V is the applied potential, 

T is the temperature, and k is the Boltzmann constant. The ε and ε₀ are the relative permittivity 

and the free space permittivity of β-Ga2O3, respectively. The relative permittivity for β-Ga2O3 

is 12.4 used for this calculation.30
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Figure 3. Cyclic voltammetry plots for (a) Ga2O3 and (b) CdGa2O3 films. These narrow voltage 

windows were considered because the films show more stability under the reaction mechanism 

at this potential range. Mott-Schottky plot for (c) Ga2O3  and (d) CdGa2O3 films. 

Figures 3 (c) and (d) show the Mott-Schottky plot of the Ga2O3 and CdGa2O3 thin films. The 

positive slopes of pristine β-Ga2O3 films indicate that this film has an n-type semiconductor 

nature. The negative slopes of CdGa2O3 reveal that this film represents p-type conductivity. 

The electron density in the pristine and hole density in CdGa2O3 can be achieved from the slope 

of the Mott-Schottky plot, where 𝑁𝑎(𝑛) = 2
𝜀𝜀𝑜𝑒𝐴2(𝑠𝑙𝑜𝑝𝑒). The electron density is 7.4 x 1014 cm-

3 for the pristine β-Ga2O3 film. The hole density is 3.65 x1017 cm-3 for CdGa2O3 films. The flat 

band potential (𝑉𝑓𝑏) was determined from the intercept on the voltage axis of the Mott-

Schottky plot. The calculated value of 𝑉𝑓𝑏 is 0.88 eV. The resistance and mobility of CdGa2O3 

film were determined from the Nyquist plot [Figure S4]. The conductivity ( 𝜎) can be estimated 

using the following equation: 𝜎 = 1
𝑅𝑝

× 𝑡
𝐴, where, 𝑅𝑝 is the parallel resistance modelled with 

the constant phase element (CPE), 𝑡 is the film thickness (200 nm) and A (2.3 × 10―7 𝑚2)  is 

the cross sectional area of the deposited electrode.  Employing the Zview software, the Nyquist 

plot was fitted according to the provided circuit diagram (inset of Figure S4), and the values 

for the 𝑅𝑝 for CdGa2O3 film is 10500 ohms. The carrier mobility (𝜇) is associated to 𝜎 by the 

following equation: 𝜎 = 𝑁𝐴𝑞𝜇, where 𝑁𝐴 is the acceptor density, q is the magnitude of charge 
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and 𝜇 is the hole mobility. Using the hole density estimated from Mott-Schottky plot, the value 

of the hole mobility for CdGa2O3 film is found to be 14.13 𝑐𝑚2/ Vs. The p-type conductivity 

is also examined by fabricating the Ga2O3 film-based homojunction devices. A 200 nm layer 

of vanadium (V)-doped Ga2O3 (VGa2O3) film on an ITO-coated glass substrate, followed by 

the deposition of CdGa2O3 film on the V-doped Ga2O3 film. The forward current-voltage 

characteristic of n-type VGa2O3/p-type CdGa2O3 homojunction diodes [Figure S5], which 

exhibits the rectifying characteristics of the semiconducting diode.  

3.4 Performance of CdGa2O3 as a Self-powered Photodetector.

The p-type CdGa2O3 films with an optical bandgap of 3.68 are sensitive to ultraviolet light.  

The inset of Figure 4(a) shows the schematic diagram of Ag/CdGa2O3 Schottky photodiodes. 

Figure 4 (a) shows the current-voltage characteristics of a typical Ag/CdGa2O3 Schottky 

photodiode under dark and illumination. The current-voltage curve of the Ag/CdGa2O3 

Schottky diode shows a typical rectifying behavior, stipulating the development of the Schottky 

barrier at the interface of the Ag/CdGa2O3 junction.  The device current increases significantly 

under illumination of 365 nm, indicating that the fabricated Schottky diodes are sensitive to 

ultraviolet light.  The UV photoelectric properties of Ag/CdGa2O3 Schottky photodiode are 

investigated by ultraviolet light of wavelength 365 nm with an optical power of 500 µW/cm2. 

Figure 4 (b) shows the time-dependent photo response behavior by periodically switching on 

and off the source with an optical power of 500 µW/cm2 under an external applied voltage of 

0 volts. The dark current is found to be approximately 0.88 µA. When the UV light source was 

switched on, the photocurrent instantaneously increased to 10.74 µA under zero bias voltage. 

The current intensity ratio of 𝐼𝑝ℎ𝑜𝑡𝑜/𝐼𝑑𝑎𝑟𝑘 is roughly 10 times the value of the dark current. 

The photocurrent is decreased to the initial dark current when the light source is switched off. 

The result indicates that the Ag/CdGa2O3 Schottky photodetector operates without any bias 

voltage, indicating the self-powered characteristics of photodiodes.
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The sensitivity of the photodetector has been calculated by measuring the responsivity (R) and 

the value of R can be expressed by the following equation:31 𝑅 = 𝐼𝑝ℎ𝑜𝑡𝑜 ― 𝐼𝑑𝑎𝑟𝑘 /𝑃𝑆, 𝐼𝑝ℎ𝑜𝑡𝑜 

is the current under illumination, 𝐼𝑑𝑎𝑟𝑘 stands for the current under dark condition, 𝑃 indicates 

the intensity of the UV light source, and 𝑆 is the operative illuminated zone of the detector. 32 

Under 365 nm illumination, the responsivity was found to be 164 mA/W obtained for the 

Ag/Ga2O3 photodetector. This increased photoresponsivity resulted from enhanced light 

absorption efficiency and increased collection of electron-hole pairs within the device. A 

significant concentration of oxygen vacancies is present in the sample, and Cd doping increases 

the hole concentrations, resulting in an increase in electron-hole pairs in the sample. The figure 

of merit of a photodetector is investigated by measuring the detectivity (𝐷), and can be 

described by the following expression: 𝐷 = 𝑅/(2𝑒𝐽)0.5, where 𝐽 is the current density under 

dark condition. The value of 𝐷 is found to be 7.5×1011 Jones under zero bias and 500 µW/cm2 

power. 
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Figure 4. (a) Current-voltage characteristics of Ag/CdGa2O3 Schottky diodes. The inset of (a) 

shows the schematic diagram of the Ag/CdGa2O3 photodetector. (b) Photocurrent response of 

a typical prototype Ag/CdGa2O3 photodetector as a function of time under 365 nm light and 

zero bias voltage. (c) Time-dependent photocurrent response of the Ag/CdGa2O3/Ag 

photodetector under different bias voltage with 365 nm LED light illumination. (d) The photo 

response decay curve of Ag/CdGa2O3 detector are good fitted with a biexponential relaxation 

equation. The value of  𝜏𝑟1(𝜏𝑑1) and 𝜏𝑟2 (𝜏𝑑2) are found to be 0.14 s (1.5s) and 0.3 s (4.5s), 

respectively. Energy band diagram between Ag and p-CdGa2O3 semiconductor; (e) before 

contact and (f) in equilibrium. 

The effect of bias voltages on the photocurrent response of the Ag/CdGa2O3 photodetector was 

also investigated. Figure 4 (c) shows the photocurrent of Ag/CdGa2O3 Schottky photodiodes 

at different bias voltages. Both the 𝐼𝑝ℎ𝑜𝑡𝑜 and 𝐼𝑑𝑎𝑟𝑘 increases consistently with increases of 

applied voltage. The increase of dark current with the applied voltage is attributed to the 

increase of the drift velocity and liberation of excess carriers from the oxygen vacancy.33 The 

increase in photocurrent with the applied bias voltage is due to the increase in the number of 

photogenerated electron-hole pairs in the film. The dynamic response of the Ag/CdGa2O3 

Schottky detector exhibits excellent reproducibility and stability.  The photo response decay 

curve of Ag/CdGa2O3 detector are good fitted with a biexponential relaxation equation, 𝐼(𝑡) =

𝐼𝑜 +𝐴𝑒𝑥𝑝 ― 𝑡
𝜏1

+𝐵𝑒𝑥𝑝 ― 𝑡
𝜏2

, where 𝐼(𝑡) and 𝐼𝑜 are the current at time 𝑡 and steady state 

photocurrent. 𝜏𝑟1(𝜏𝑑1) and 𝜏𝑟2 (𝜏𝑑2) are the first and slow components of the rise and decay 

time constants, respectively, whereas A and B are fitting constants. Figure 4 (d) shows the 

experimental decay curve (black) along with the fitted curve (red lines). The value of  𝜏𝑟1(𝜏𝑑1) 

and 𝜏𝑟2 (𝜏𝑑2) are found to be 0.14 s (1.5s) and 0.3 s (4.5s), respectively. The slow response of 

the photodetector is due to the existence of vacancies and structural defects formed during the 

growth of the CdGa2O3 film. The response time of the detector is slightly slower than the state-
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of-the-art β-Ga₂O₃ photodetectors.34, 35 we have also observed a slow decay time constant in 

the TRPL measurement. The slower decay lifetimes for BL and GL bands reveal that these 

luminescence bands are attributed to the recombination of CdGa and VGa defect levels formed 

above the valence band. The response can be made fast by introducing the metal nanoparticles 

on the film, known as local surface plasmon resonance (LSPR), an effective method to enhance 

the optical absorbance and carrier excitation.35 It has been reported that the response speed β-

Ga₂O₃ photodetector has significantly increased after LSPR enhancement by Pt 

nanoparticles.35 This increase in device response speed is due to the less traps in the localized 

interface of Pt and Ga2O3 and the enhancement of faster band-to-band transitions. The slow 

response has previously been observed in NiO/Ga2O3 and Ag (graphene)/β-Ga2O3 

photodetectors, attributed to gallium vacancies and oxygen vacancies.36, 37 

Figure 4 (e) shows the energy band diagram of Ag/CdGa2O3 Schottky photodetectors when the 

metal (Ag) and semiconductor (CdGa2O3) are in contact.  In this band diagram, the work 

function of Ag and CdGa2O3 are indicated by 𝜙𝑚 and 𝜙𝑠. The value of the work function for 

Ag is 4.3 eV. 38 The band edge position for CdGa2O3 with respect to vacuum level (𝐸𝑣𝑎𝑐) can 

be determined by the valence band position (𝐸𝑣) following expression, 𝐸𝑣𝑎𝑐 = 𝑉𝐹𝐵 + 𝜙𝑚 + Δ

𝐸𝐹𝑉, where 𝑉𝐹𝐵 is the flat band potential determined from the intercept on the voltage axis of 

the Mott-Schottky plot (Figure 3d) and is found to be 0.88 eV. The Δ𝐸𝐹𝑉 = 𝐸𝐹 ― 𝐸𝑣 is the 

difference between the 𝐸𝑣 and the Fermi level (𝐸𝐹). The value of Δ𝐸𝐹𝑉 can be determined 

from the following relation; Δ𝐸𝐹𝑉 = (𝑘𝑇/𝑞) 𝑙𝑛(𝑁𝑉/𝑁𝐴), where 𝑁𝑉, 𝑘, and 𝑇 are effective hole 

density of states in the valence band, Boltzmann constant, and temperature, respectively. The 

𝑁𝐴 (3.65 x1017 𝑐𝑚―3) is the acceptor concentration determined from the Mott-Schottky 

measurement. The value of 𝑁𝑉 can be determined using the expression 𝑁𝑉 = 2

2𝜋𝑚∗
ℎ𝑘𝑇/ℎ2 3/2

, where 𝑚∗
ℎ stand for the effective mass of hole, which was calculated from 

𝑚∗
ℎ = 5.56 𝑚𝑜, where  𝑚𝑜 is the rest mas of electron.39 The values of 𝑁𝑉 and Δ𝐸𝐹𝑉 for 
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CdGa2O3 semiconductor are 3.32 ×1020 cm-3 and 0.17 eV, respectively.  The work function for 

CdGa2O3 semiconductor is determined using the expression 𝜙𝑠 = 𝑉𝐹𝐵 + 𝜙𝑚 and is found to 

be 5.18 eV. The electron affinity (𝜒𝑠) is related to the work function and band gap of a 

semiconductor as  𝜙𝑠 = 𝐸𝑔 + 𝜒𝑠 ― 𝑉𝐹𝐵, and the value calculated value for CdGa2O3 is found 

to be 1.68 eV. Figure 4(f) shows the Energy band diagram between Ag and p-CdGa2O3 

semiconductor in equilibrium under illumination.  As the value of  𝜙𝑠 is greater than 𝜙𝑚,  when 

the Ag is deposited on the CdGa2O3 thin film, electrons will move from the Ag to the CdGa2O3 

film, resulting in the alignment of the Fermi levels of this metal and semiconductor, and the 

thermal equilibrium is obtained. As a result, the downward band bending at the interface of the 

CdGa2O3 is observed owing to the accumulation of uncompensated ionised acceptors near the 

interface, resulting in space charge formation. The built-in potential of this Schottky diode 

photodetector is governed by the Schottky junction formed at the interface of the Ag/CdGa2O3. 

This potential is responsible for the low dark current of this detector. Under the illumination of 

a 365 nm UV light source, the CdGa2O3 film absorbs light energy and generates a lot of 

electron-hole pairs. Moreover, the total built-in potential increases the separation efficiency of 

these electron-hole pairs, resulting in the enhancement of photocurrent and responsivity of the 

detector at 0 volts. Table 1 compiles the key performance parameters of the Ag/CdGa2O3 

Schottky photodiode UV detector at zero bias voltage in this work, and the earlier reported 

self-driven photodetector is presented. The Ag/CdGa2O3 Schottky photodetector exhibits 

enhanced detectivity and responsivity compared to the previously reported UV self-powered 

photodetector.
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Table 1: Summary of the key performance parameters of the CdGa2O3 film-based Schottky 

photodiodes with earlier reported self-powered UV photodetector.

Photodetector Bias 

(volts) 

𝜏𝑟 

(ms)

𝜏𝑑 (ms) Responsivity, 

R (mA/W)

Detectivity,  

D (Jones)

Reference

Ga2O3/GaN 0 7 9 72 3.32 x1012 40

Ag/Ga2O3 0 20 25 14.8 5.1 x1012 41

FTO/Ga2O3 0 2 8 9.2 5.27 x1011 42

β-Ga2O3/Ga:ZnO 0 210 272 0.76 … 43

β-Ga2O3/NSTO 0 210 70 2.6 … 44

Ag / β-Ga2O3 0 540 3320 0.26 2.8 x 109 37

β-Ga2O3/ZnO 0 523 32 4.12 2.2 1012 45

NiO/Ga2O3 0 340 3650 0.057 5.45 × 109 36

Ag/a-Ga2O3 0 70 90 11.23 … 46

NiO/Ga2O3 0 240 340 0.047 3.84 ×109 47

NiOx/Ga2O3 0 1690 320 0.40 3.0 ×1010 48

p-CuSCN/n-Ga2O3 0 3800 260 5.5 3.8 ×1011 49

Ag/CdGa2O3 0 140 300 164 7.5×1011 This work

3.5 Mechanism of Hole Self-trapping Reduction and p-type Conduction

The XPS spectroscopy and total density of the state (TDOS) calculations have been studied to 

describe the electronic structure of the near valence band and the p-type conduction mechanism 

in CdGa2O3 films. Figure 5 (a) displays the valence band of X-ray photoelectron spectra for 

pristine and CdGa2O3 films. The spectra show that the top edge of the valence band of the 

CdGa2O3 film moves down to the lower energy side compared to the pristine film. This result 

demonstrates that Cd-induced acceptor-type defect states are generated on top of the valence 

band. The spectra also manifest that a tail state extended toward the Fermi level appears 

[displayed by dotted circle in Figure 5 (a)]. This tail state lies in the binding energy range of 

~0-1.2 eV on top of the valence band. The linear extrapolation method is applied to the lower 

straight-line region of O 2p to determine the valence band maxima of pristine and CdGa2O3 

films. The value of valence band maxima for pristine and CdGa2O3 films is 2.4 and 1.6 eV, 
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respectively.  This result indicates a 0.8 eV upward shift of the valence band edge is observed 

for CdGa2O3 films compared to the pristine β-Ga2O3 film. Chikoidze et al. proposed that the 

lower energy side of the O 2p core level for p-type β-Ga2O3 is flat and lies within the 0-2.0 eV 

binding energy range. This consent agrees with the energy position of the valence band edge 

of 1.6 eV for CdGa2O3 as a p-type conductive material.12   
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Figure 5. (a) Determination of the energy position of the valence band maximum using the 

linear extrapolation method. Extrapolating the linear portion of the low-energy side of O 2p 

core level spectra provides the valence band maximum of 2.4 and 1.6 eV for pristine and 

CdGa2O3 films. The atomic arrangement of a 1 x 1 x 2 β-Ga2O3 supercell contains (b) 𝐶𝑑𝐺𝑎2  

and 𝑉𝐺𝑎1  , and (c) 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2defects. The gray and red balls are gallium and oxygen 

atoms, respectively. The subscript 1 and 2 indicates the tetrahedral and octahedral sites of Ga 

atoms, respectively.  The near valence band structure of pristine β-Ga2O3 with (d) 𝐶𝑑𝐺𝑎2  and 

𝐶𝑑𝐺𝑎2

𝑉𝐺𝑎1

(b) (c)

𝐶𝑑𝐺𝑎2
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𝑉𝐺𝑎1 , and (e) 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2  defects. (f) The total density of state for pristine β-Ga2O3 with 

(i) 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎1 , and (ii) 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2 . The TDOS calculations indicate that an upward 

shift of the valence band edge and an intra-valence band state is observed with the formation 

of CdGa2 and VGa2 defects in β-Ga2O3. 

The hole self-trapping in β-Ga2O3 can be reduced by: (i) acceptor dopants, which have a higher 

atomic radius than Ga,50 (ii) controlling the optical bandgap of this material by specific 

impurity doping,51 and (iii) alloying with a material which less tendency of hole self-trapping.50  

As the atomic size of the Cd2+ (0.097nm) is larger compared to Ga3+ (0.062nm), when Cd 

occupies the Ga site, the lattice volume of CdGa2O3 becomes larger than the pristine β-Ga2O3, 

resulting in the reduction of hole self-trapping.  As CdGa2O3 film shows VGa-related BL and 

CdGa-associated GL emission bands, the CdGa and VGa defects are intentionally incorporated in 

the 1x1x2 supercell of β-Ga2O3 to understand the near valence band electronic structure of β-

Ga2O3 film [Figure 5 (b) and (c)]. The tetrahedral and octahedral Ga atoms are indicated by 

𝐺𝑎1 and 𝐺𝑎2, respectively. For the incorporation of 𝐶𝑑𝐺𝑎1(𝐺𝑎2) and 𝑉𝐺𝑎1(𝐺𝑎2)  defects, two Ga 

atoms are replaced by Cd atoms (2/16 = ~12 atom% Cd), and one 𝐺𝑎1(𝐺𝑎2) atom is removed 

from the supercell simultaneously. The near valence band structure of pristine β-Ga2O3 with 

(d) 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎1 , and (e) 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2  defects has been investigated, as displayed in 

Figure 5 (b) and (c). The near valence band structures of β-Ga2O3 with (a) 𝐶𝑑𝐺𝑎1 , (b) 𝐶𝑑𝐺𝑎1  

and 𝑉𝐺𝑎1 , (c) 𝐶𝑑𝐺𝑎1and 𝑉𝐺𝑎2 , defects have also been studied [Figure S6 (a-c)]. The 

corresponding total density of state (TDOS) is shown in [Figure S6 (d)]. DFT calculations 

reveal that the optical band gap of pristine β-Ga2O3 is 4.9 eV [Figure S7 (b)]. The band gap 

slightly increases for the substitution of tetrahedral 𝐺𝑎1 atoms with Cd (𝐶𝑑𝐺𝑎1) [Figure S7 (c)] 

and decreases when Cd occupies the octahedral 𝐺𝑎2 sites (𝐶𝑑𝐺𝑎2) in β-Ga2O3 [Figure S7 (d)]. 

The calculations show that there are no intermediate valence band states above the Fermi level 
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is observed for the simultaneous formation of 𝐶𝑑𝐺𝑎1  & 𝑉𝐺𝑎1  defects [Figure S7 (b)] and  𝐶𝑑𝐺𝑎1

and 𝑉𝐺𝑎2defects [Figure S4 (c)].  However, the simultaneous formation of 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎1( 𝑜𝑟 

𝑉𝐺𝑎2) defects in β-Ga2O3 exhibits a significant shift of the near valence band edge [Figure 5 

(d-e)], resulting the formation of an intermediate valence band state above the Fermi level 

[Figure 5 (f)]. These theoretical results are consistent with the near valence band of XPS 

spectra. Theoretical calculation and experimental observations reveal that the octahedral 𝐺𝑎2  

site is more favourable for Cd, and this element is preferably occupied at the 𝐺𝑎2 site than the 

tetrahedral 𝐺𝑎1 site, producing 𝐶𝑑𝐺𝑎2 , which is responsible for the green emission band in the 

photoluminescence spectra. The calculations also indicate that the intermediate valence band 

state only appears with the simultaneous formation of 𝐶𝑑𝐺𝑎2  defect and 𝑉𝐺𝑎1  (or 𝑉𝐺𝑎2) 

vacancies.  Therefore, the blue emission can appear due to the formation of a tetrahedral 𝑉𝐺𝑎1  

vacancy or an octahedral 𝑉𝐺𝑎2  defect. Li et al. reported that the VGa2 has lower formation 

energy than VGa1, and both of them have lower formation energy than the other intrinsic defect 

of Ga2O3 at above 1 eV Fermi energy level.52  The TDOS curves for a 1x1x2 supercell of β-

Ga2O3 containing (i) 𝐶𝑑𝐺𝑎2 , (ii) 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎1 , and (iii) 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2  are displayed in 

Figure 5(f).  The formation of the occupied intra-valence band state leads to the downward 

shift of the Fermi level. The FWHM of this intra-valence state is ~1 eV and lies above the 

Fermi level. For pristine β-Ga2O3, the valence band maximum mainly arises from the O 2p 

states. The partial density of state for Ga, O, and Cd is shown in Figure S8.  For the CdGa2O3, 

the occupied intra-valence band appears from the orbital contribution of Ga 2p, O 2p, and Cd 

4d orbitals.  We observed that the valence band edge in the β-Ga2O3 containing 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2   

defects is notably higher than that of the pristine β-Ga2O3, resulting in a decrease of the band 

gap and promoting p-type conductivity. These results are consistent with the decreasing trend 

of experimentally observed bandgap and p-type conduction in CdGa2O3 films. This result is 

consistent with the result observed by Zhang et al., they reported the Cd dopant induce  a 
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shallow acceptor level, which contributed to the conductivity in the Cd-doped Ga2O3 system.53 

The Mott-Schottky measurement confirms a significant concentration of holes in CdGa2O3 

films attributed to the presence of 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2  acceptor defects. The Franck-Condon 

analysis of PL spectral line shape confirms that the energy levels of 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2  acceptor 

defects are  720 and  180meV, respectively, which are significantly lower than that of the 

energy level of 900 meV for the STHs in CdGa2O3 films. The formation of 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2   

acceptors in CdGa2O3 films reduces the STHs by competing with the formation of STH sites. 

The formation of these 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2  acceptor defects in CdGa2O3 film destabilizes STHs by 

lowering the Fermi level, rendering it energetically less favorable for holes to be captured in 

STH configurations. As the values of energy levels for these acceptors are lower than that of 

the energy level of STHs, the holes are captured by these 𝐶𝑑𝐺𝑎2  and 𝑉𝐺𝑎2  acceptor levels before 

they can form STHs. 

4. Conclusions

Ga2O3 and CdGa2O3 thin films were prepared by a standard atomizing spray pyrolysis 

technique. Both pristine and CdGa2O3 films show a monoclinic crystal structure. The Cd 

incorporation in β-Ga2O3 significantly quenches the characteristic ultraviolet luminescence, 

indicating the destabilization of STHs and introducing a distinct recombination channel of 

green luminescence attributed to CdGa defects along with gallium vacancy (VGa)-associated 

blue emission. The slow decay time constants of 38.45 and 13.31µs for the blue and green 

emission indicate that the recombination involves a conduction band electron and VGa and CdGa 

defects for these emissions. First-principle calculations reveal that incorporating Cd in β-Ga2O3 

forms CdGa and VGa defects, which leads to an intravalence band state adequately high in energy 

to promote p-type conductivity in CdGa2O3 film. These acceptor defects lower the Fermi level 

and make it energetically unfavourable for holes to be trapped in the STHs configuration. The 
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Mott-Schottky measurement also supports the p-type conductivity in this film. This p-type 

CdGa2O3 film is inserted into a Schottky diode to fabricate an Ag/CdGa2O3 photodetector, 

which operates as an efficient UV photodetector with a responsivity of 164 mA/W and a 

detectivity of 7.75 × 1011 Jones. The results suggest that the p-type CdGa2O3 film can be 

exploited in optoelectronic applications that require ultraviolet detection without an external 

power supply. 
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Data availability

The experimental and theoretical data that support the findings of this investigation are available 
from the corresponding author upon request. 
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