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A B S T R A C T   

We studied on the bipolar resistive switching (RS)-dependent capacitance of Ga2O3 memristors, 
grown using controlled oxygen flow via a radio frequency sputtering process. The Ag/Ga2O3/Pt 
memristor structure was employed to investigate the capacitance changes associated with RS 
behavior and oxygen concentration. In the low-resistance state (LRS), capacitance increased by 
over 60 times compared to the high-resistance state (HRS). Furthermore, in the HRS state, 
increasing the oxygen flow from 0 to 0.3 sccm resulted in an 80 % decrease in capacitance, while 
in the LRS state, capacitance increased by 128 %. These results indicate that RS-dependent 
capacitance in Ga2O3 memristors is influenced by the density of oxygen vacancies. The pres
ence of oxygen vacancies affects charge storage capacity and capacitance, with higher oxygen 
concentrations leading to reduced capacitance in HRS and increased capacitance in LRS. The 
results contribute to the understanding of the capacitance behavior in Ga2O3 memristors and 
highlight the significance of oxygen vacancies in their operation.   

1. Introduction 

Ga2O3 is highly regarded in electronic and optical devices due to its impressive properties, including a wide band gap of 4.9 eV, 
excellent physical and chemical characteristics, and thermal stability [1,2]. Consequently, it finds successful application in various 
optoelectronic uses, such as capacitors, photodetectors, gas sensors, and resistive memory [3–7]. In the field of resistive random-access 
memory (RRAM), Ga2O3 has demonstrated remarkable potential. RRAM devices operate on the principle of resistive switching, 
allowing the resistance of a solid-state element to be altered between high-resistance state (HRS) and low-resistance state (LRS) [8]. 
Oxygen vacancies, which are intrinsic defects in Ga2O3, significantly impact the behavior and performance of RRAM devices by 
affecting channel formation, a crucial aspect of memristor operation [9,10]. The optimization of oxygen vacancy concentration be
comes critical for enhancing the properties of Ga2O3 RRAM. Researchers are actively investigating various aspects of Ga2O3 RRAM 
technology, including characterizing Ga2O3 properties like electrical conductivity, carrier concentration, and mobility [11–14]. 
Additionally, they focus on comprehending mechanisms underlying resistive switching, improving device performance, endurance, 
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and scalability [15,16]. Many growth techniques to control and manipulate oxygen vacancies are also being explored [17]. Among 
these methods, the RF sputtering system stands out for growing Ga2O3, enabling the deposition of Ga2O3 thin films with precise 
thickness and quality control [18]. The RF sputtering system enables precise control over deposition parameters, such as sputtering 
power, Ar/O2 gas pressure, and substrate temperature, ensuring reproducible growth of Ga2O3 films with desired properties. 

The intrinsic defects in Ga2O3, particularly oxygen vacancies, have a significant impact on the capacitance behavior of Ga2O3 
capacitors [19]. These defects play a crucial role in determining capacitance values and overall performance. Optimizing oxygen 
vacancy concentration is crucial for enhancing the capacitance properties of Ga2O3 [20]. Its wide band gap and favorable dielectric 
properties make it well-suited for high-performance capacitors, capable of withstanding high electric fields with low leakage current 
[21]. These characteristics make Ga2O3 capacitors desirable for applications requiring efficient energy storage and charge-discharge 
cycles. Furthermore, oxygen vacancies in Ga2O3 have important implications for channel formation in memristor devices. The pres
ence of oxygen vacancies influences ion migration and behavior during resistive switching, affecting the formation and dissolution of 
conductive channels [22,23]. Therefore, understanding and optimizing the concentration of oxygen vacancies are vital for achieving 
desirable memristor performance in Ga2O3 devices. In this study, we investigated the relationship between the capacitance and 
resistance behavior of Ga2O3 memristors grown using different oxygen flow rates in a radio frequency (RF) sputter. Furthermore, by 
measuring the capacitance values at HRS and LRS of Ga2O3 memristors grown at different oxygen flow rates, we studied into the effect 
of oxygen vacancies on the capacitance response and resistance switching characteristics of memristor devices. 

2. Materials and methods 

The Ga2O3 memristors were fabricated using RF sputtering on c-side sapphire substrates. Preceding the deposition, the substrates 
were cleaned using RCA cleaning method, involving sequential treatments with acetone, isopropyl alcohol, and deionized water to 
eliminate organic impurities. A 50 nm-thick bottom electrode of Pt was deposited on the cleaned sapphire substrates using RF sput
tering. Subsequently, a Ga2O3 thin film was deposited using RF sputtering with high-purity Ga2O3 targets. This deposition process was 
carried out at room temperature, maintaining a base pressure of 8.7 × 10− 7 Torr, a working pressure of 3 × 10− 3 Torr, an RF power of 
100 W. In addition, the oxygen flow rates were adjusted variably to regulate oxygen concentration within the Ga2O3 thin film. The 
influence of oxygen concentration on Ga2O3 thin films was studied by reducing the argon flow rate from 20 sccm to 19.7 sccm and 
progressively increasing the oxygen flow rate from 0 sccm to 0.3 sccm. This adjustment allowed us to manipulate the argon-to-oxygen 
flow ratio, resulting in ratios of 20:0 (0 %), 19.9:0.1 (0.5 %), 19.8:0.2 (1.0 %), and 19.7:0.3 (1.5 %). To complete the device structure, a 
50 nm-thick top Ag electrode was deposited using a thermal evaporator. 

To investigate the optical properties of the Ga2O3 film, particularly its absorption behavior, a UV–visible spectrometer (Thermo
Fisher Scientific, Evolution 300) was employed. The optical band gap of the Ga2O3 thin film was determined by measuring its optical 
absorbance in the UV–visible ranging from 200 nm to 800 nm. The X-ray photoelectron spectroscopy (XPS) spectra utilizing the 
ThermoFisher Scientific NEXSA system, were carefully analyzed to detect the presence of oxygen vacancies and to examine the 
chemical environment of the Ga2O3 elements. The XPS spectra were calibrated to the standard C 1s peak at 284.8 eV. We conducted an 
in-depth analysis of the binding energy and peak intensity ratios of Ga 3d and O 1s to gain insight into changes in chemical states and 
the presence of defects within the Ga2O3 film. For electrical characterization, including leakage current and memristor behavior, a 
Keithley 2614B source meter was used. The capacitance of the devices was characterized using a HP 4284A LCR meter, with frequency 
ranging from 500 Hz to 1 MHz. Through these experimental techniques and characterization methods, we investigated the relationship 
between the characteristics in the LRS and HRS and the capacitance of the Ga2O3 memristors. Moreover, we analyzed the effect of 

Fig. 1. XPS (a) O 1s and (b) Ga 3d peaks of Ga2O3 film grown with different oxygen flow rates. (c) OII, Ga3+ and Ga1+-related peak intensity of 
Ga2O3 film as a function of oxygen flow rate. 
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oxygen flow rate on their electrical behavior and performance of Ag/Ga2O3/Pt memristors. 

3. Results and discussion 

The chemical bonding states of Ga2O3 films grown under different oxygen flow rates were investigated by XPS. In Fig. 1(a), the O 1s 
peaks of Ga2O3 films reveal two distinct peaks. The first peak, labeled as OI, appears at a low binding energy of 530 eV and corresponds 
to O2− ions surrounded by Ga atom. The second peak, denoted as OII, appears at a higher energy of 531.8 eV and is associated with 
oxygen vacancies within the metal bonding matrix [24]. The ratio of the area under the OII peak to the total area under the O 1s peak 
(OI + OII) provides a measure of the relative quantity of oxygen vacancy-related peak area ratio, which decreased from 20 % to 17.4 %, 
as shown in Fig. 1 (c). This indicates that increasing the oxygen flow during RF sputtering reduces the concentration of oxygen va
cancies in the Ga2O3 films [25]. Fig. 1(b) illustrates the Ga 3d peaks observed in the Ga2O3 films with different oxygen flow rates. These 
peaks comprise O 2s, Ga 3d (Ga3+), and Ga 3d (Ga1+). The Ga 3d peak can be decomposed into Ga3+ and Ga1+ peaks, corresponding to 
binding energies of 20.0 eV and 18.5 eV, respectively [26]. Ga3+ represents the lattice component of Ga2O3, while Ga1+ corresponds to 
the Ga2O phases [27]. When the oxygen flow rate increases from 0 sccm to 0.3 sccm, the Ga3+ peak intensity increases from 86.6 % to 
90.1 %, whereas the Ga1+ peak intensity decreases from 13.3 % to 9.8 %, as shown in Fig. 1(c). This indicates that increasing the 
oxygen flow rate promotes the growth of the Ga2O3 phase at the expense of the Ga2O phase [28]. Based on these results, it is believed 
that increasing the oxygen flow rate can improve the quality of the Ga2O3 film by reducing oxygen vacancies and favoring the for
mation of the Ga2O3 phase. 

Fig. 2 (a) shows the optical absorption spectra of Ga2O3 films grown under different oxygen flow rates, ranging from 0 sccm to 0.3 
sccm. The energy bandgap of Ga2O3 films with varying oxygen flow rates can be determined using the equation αhν = B(hν–Eg)1/2, 
where α is the absorption coefficient, h is the Planck constant (4.135 × 10− 15 eVs), ν denotes the frequency (s− 1), B is a constant, and Eg 
represents the energy band gap (eV) [29]. The bandgap energy can be calculated by extrapolating the linear portion of the curve to the 
energy axis. In Fig. 2 (a), the optical absorption spectra demonstrate the relationship between the absorption coefficient and energy for 
Ga2O3 films at different photon energies. Notably, there is an increasing trend in the optical bandgap of Ga2O3 films with an increase in 
the oxygen flow rate. Fig. 2 (b) illustrates the optical bandgap values for Ga2O3 films grown under different oxygen flow rates, ranging 
from 0 sccm to 0.3 sccm. The measured bandgap values were found to be 4.808 eV for films grown at an oxygen flow rate of 0 sccm and 
4.907 eV for films grown at an oxygen flow rate of 0.3 sccm. This observed change in the bandgap can be attributed to the supplement 
of oxygen during the deposition of Ga2O3 films. The introduction of additional oxygen during the deposition process reduces the 
presence of oxygen vacancies and promotes the formation of Ga2O3, as depicted in Fig. 2. This adjustment enables the achievement of 
the ideal atomic ratio, leading to an enhancement in the crystal quality of the Ga2O3 thin film [30]. The concentration and distribution 
of oxygen vacancies within the Ga2O3 crystal lattice play a significant role in the energy bandgap. Higher concentrations of oxygen 
vacancies can introduce localized states within the bandgap, resulting in a decrease in the effective bandgap energy. Conversely, lower 
concentrations or effective control of oxygen vacancies can help maintain or enhance the bandgap energy of Ga2O3 [19]. Therefore, it 
is believed that increasing the oxygen flow during deposition decreases the concentration of oxygen vacancies in Ga2O3, ultimately 
resulting in higher crystal quality in the Ga2O3. 

To evaluate the effect of oxygen flow on Ga2O3 film growth using RF sputtering, the current – voltage (I – V) curves were measured 
for Ag/Ga2O3/Pt memristor structure, as shown in Fig. 3 (a). Fig. 3 (b) illustrates the leakage current behaviors of Ga2O3 resistive 
switching (RS) memristor structures grown with different oxygen flow rates, under applied biases ranging from − 1.0 V to + 1.0 V. It 
indicates that, as the oxygen flow rate increases from 0 sccm to 0.3 sccm, the leakage current progressively decreases from 6.24 μA to 
32.5 pA at an applied voltage of 1.0 V. This reduction in leakage current can be attributed to the diminished presence of defects, such as 
oxygen vacancies, in the Ga2O3 thin film grown with the introduction of additional oxygen gas during deposition [31]. By controlling 

Fig. 2. (a) Plot of (αhν)2 against E for the Ga2O3 films with different oxygen flow. Inset is the absorbance spectra of the same films. (b) Energy 
bandgap of Ga2O3 films grown by different oxygen flow rates ranging from 0 sccm to 0.3 sccm in RF sputter. 

H.J. Lee et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e23157

4

the oxygen flow during the deposition of the Ga2O3 thin film, we enhance its insulating properties, resulting in lower operating 
currents in the HRS of the Ga2O3 RS layer-embedded memristor device. In Ag/Ga2O3/Pt memristors, the current flow is significantly 
affected by the presence of oxygen vacancies, Ag+ and O2− ions [32,33]. The shift in voltage associated with the minimum current 
appears to be driven by the existence of an internal electric field within the Ga2O3 cell, dependent voltage polarization [34]. This effect 
likely arises from the differential mobility of Ag+ and O2− ions in response to changes in the applied voltage. Ga2O3 films grown with 
low oxygen flow rates exhibit relatively high levels of oxygen vacancies, resulting in an increased leakage current, as shown in Fig. 3 
(b). These abundant oxygen vacancies facilitate the uniform distribution of Ag+ and O2− ions through the vacancies, leading to 
symmetric I–V curves at 0 V bias. However, with a high oxygen flow rate (0.3 sccm), the oxygen vacancy concentration is compar
atively lower compared to other samples. This leads to a significantly reduced migration rate of Ag+ and O2− ions, resulting in an 
extremely low leakage current below 10− 10 A. Moreover, when a forward bias is applied to the Ag electrode from − 1.0 V to +1.0 V, 
Ag+ and O2− ions migrate to the Ag (− ) and Pt (+) electrodes, respectively. As a result, a minimum current is formed at - 0.7 V, where 
the depletion of Ag+ and O2− ions as conductive sources within the Ga2O3 film is maximized, as illustrated in the previous Fig. 3 (b). 
Similarly, it is observed that a minimum current of +0.75 V is obtained when a reverse bias is applied to the Ag electrode from +1.0 V 
to − 1.0 V. This finding provides clear evidence of an internal electric field within the Ga2O3 material grown with a high oxygen flow 
rate. Fig. 3 (c) displays the I–V characteristics of the Ga2O3 memristor grown with varying oxygen flow rates. The behavior of Ga2O3 
memristor is observed by applying an increasing voltage from 0 V to 8.0 V and then decrease it back to 0 V. In memristor devices, the 
“forming voltage” refers to the voltage at which a transition from a HRS transition to a LRS occurs during the initial operation. During 
the forming process, a high current flows through the device, typically in the range of mA or higher. This is due to the establishment of 
a conductive filament which involves the migration and diffusion of oxygen vacancies and mobile ions, such as Ag+ and O2− ions, from 
the electrode interfaces into the Ga2O3 material [32]. The formation of these conductive filaments is achieved by applying a voltage 
from 0 V to 8.0 V, followed by a return to 0 V. It is observed that as the oxygen flow rate increases from 0 sccm to 0.3 sccm, the forming 
voltage increases rapidly from 2.8 V to 7.2 V, respectively. This phenomenon can be attributed to the reduced number of oxygen 
vacancies present in the Ga2O3 thin films. Oxygen vacancies play a crucial role in the formation of the conductive filament within the 
memristor device [32,33]. When the oxygen flow is increased, such as an oxygen flow of 0.3 sccm resulting in fewer oxygen vacancies, 
the device requires higher voltages to initiate the switching process. 

Fig. 3. (a) Schematic diagram of Ag/Ga2O3/Pt memristor, (b) I–V curves for measuring leakage current before the forming process, and (c) I–V 
curves for the forming process to achieve the LRS in Ag/Ga2O3/Pt memristors grown with varying oxygen flow rates. (d) The forming voltage of Ag/ 
Ga2O3/Pt memristors as a function of oxygen flow rates. 
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Fig. 4(a–d) illustrates the RS behaviors of bipolar Ag/Ga2O3/Pt memristors grown with different oxygen flow rates of 0, 0.1, 0.2 and 
0.3 sccm, respectively. The RS curves were obtained by applying a sequence of four input bias steps: 0 V–5.0 V, 5.0 V–0 V, 0 V to − 3.0 
V, and - 3.0 V–0 V. In the first step (0 V–5.0 V), known as the "set" process, a voltage is applied from 0 V to 5.0 V, which facilitates the 
formation of a conductive filament responsible for the LRS of the device. As shown in Fig. 3 (d), it is observed that the forming voltage 
increases rapidly from 2.8 V to 7.2 V with an increase in oxygen flow from 0 sccm to 0.3 sccm. However, after the “forming” process of 
the Ga2O3 memristor, it is found that the set and reset voltages increase from 1.63 V to 3.36 V and from − 1.10 V to − 1.52 V, 
respectively, as the oxygen flow rate increases from 0 sccm to 0.3 sccm, as shown in Fig. 4 (e) and (f). In general, conductive filaments 
in metal/Ga2O3/metal memristors are known to form via oxygen vacancy and metal ion migration [32,33]. When using a noble metal 
like Pt, the primary conduction mechanism in oxide memristor involves the electrical field-induced migration of oxygen vacancies [20, 
23]. In contrast, with an active metal electrode like Ag, the formation of conductive filaments relies on Ag+, O2− ions and oxygen 
vacancies [32,33,35]. From the XPS results shown in Fig. 1 (a) and (b), the increase of the oxygen flow rate leads to a reduction in 
oxygen vacancies in Ga2O3 films, favoring the dominance of Ga2O3 over Ga2O. Furthermore, as the oxygen flow rate increases from 
0 sccm to 0.3 sccm, the leakage current in Ag/Ga2O3/Pt memristors decreases, while the forming voltage required to achieve a LRS 
increases. This behavior can be attributed to the decreased presence of oxygen vacancies, emphasizing their role in conductive channel 
formation in Ag/Ga2O3/Pt memristors. Additionally, it is observed that the set voltage of Pt/Ga2O3/Pt memristor is approximately 
three times higher than that of Ag/Ga2O3/Pt memristor, as illustrated in Fig. 4(a) and its inset. This difference suggests that oxygen 
vacancies, rather than metal ions, mainly contributed to the formation of conductive channels in Pt/Ga2O3/Pt memristor due to the 
inert nature of noble Pt metal. In contrast, in Ag/Ga2O3/Pt memristor, the process is significantly influenced by both oxygen vacancies 
and Ag+ ions. Therefore, the formation mechanism of conductive channel in Ag/Ga2O3/Pt memristors is believed to involve both Ag+

ions and oxygen vacancies, making it easier to form these channels at lower voltages compared to Pt/Ga2O3/Pt memristors, as shown 
in Fig. 4 (g) [32,33]. Similar to the increase in the forming voltage, it has also been observed that the "set" voltage of the Ga2O3 
memristors increases with higher oxygen flow rate during Ga2O3 growth. This observation suggests that a higher oxygen flow reduces 
the presence of oxygen vacancies, making it more difficult for conductive filaments to form [36]. Consequently, a higher voltage is 
required to induce the switching to the LRS. Furthermore, an increase in the oxygen flow rate during Ga2O3 growth results in an 
increase from 4.6 × 105 to 3.6 × 106 in the offset current in the Ga2O3 memristor, which represents the difference between the 
operating current in the HRS and LRS before and after the set voltage, as shown in Fig. 4 (h – k). This can be attributed to the reduction 
of defects, such as oxygen vacancies, in the HRS as the oxygen flow rate increases. Therefore, the lower current in the HRS leads to a 
larger offset current between the HRS and LRS, indicating an improvement in memory characteristics. A larger offset current provides a 

Fig. 4. RS behaviors of I–V curves for Ag/Ga2O3/Pt memristor with different oxygen flow of (a) 0 sccm, (b) 0.1 sccm, (c) 0.2 sccm, and (d) 0.3 sccm. 
The (e) set and (f) reset voltages of memristors as a function of oxygen flow rates. Voltage offsets between HRS and LRS for Ga2O3 memristors grown 
with oxygen flow rates of (h) 0 sccm, (i) 0.1 sccm, (j) 0.2 sccm, and (k) 0.3 sccm. (g) The schematic diagram of the set and reset processes for Ag/ 
Ga2O3/Pt memristor. 
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more distinct differentiation between the two resistance states, enabling a more reliable and robust operation of the memristor device 
[37]. To ensure device stability and prevent breakdown while allowing the formation of a large conductive channel, specific 
compliance currents are set [38]. The forward compliance current is limited to 1.0 mA, while the reverse compliance current is set at 
100 mA. These compliance currents act as safety measures to control the current flowing through the device. In the sequential bias 
step, the second step involves reducing the applied voltage to 0 V, effectively returning the device to its initial state. The third step, 
known as the “reset” process, involves applying a reverse voltage from 0 V to − 3.0 V. This reverse voltage causes the elimination or 
disruption of the conductive filament, resulting in a HRS in the device. In the fourth step, the applied voltage is restored to 0 V, 
completing the reset process and returning the device to its initial state. During the “reset” process, a slight increase in the reset voltage 
of the Ga2O3 memristor was observed, ranging from − 1.10 V to − 1.52 V, as the oxygen flow rate increased from 0 sccm to 0.3 sccm. 
This indicates that the increase in the reset voltage is relatively small compared to the change observed in the set voltage with 
increasing oxygen flow rate. These findings suggest that the presence of oxygen vacancies may not have a direct and significant in
fluence on the removal of an already formed conductive filament in the Ga2O3 memristor [39]. Furthermore, the reset voltage exhibits 
minimal variation with increasing oxygen flow in the Ga2O3 memristor, remaining relatively stable regardless of the oxygen flow rate. 
In the set process, a conductive filament is formed through the migration of oxygen vacancies and Ag+ ions, leading to the LRS. 
However, during the reset process under reverse bias, the reset voltage is lower than the set voltage due to the easier migration of Ag+

ions compared to oxygen vacancies [40]. Moreover, a higher voltage is not required because the Ag+ ions migrate more actively within 
the presence of oxygen vacancies and other Ag+ ions [41]. However, it is still believed that a device with a high oxygen flow rate will 
have a slightly higher reset voltage due to the difficulty in migrating Ag+ ions due to fewer oxygen vacancies. 

The effect of conductive filament formation on the capacitance of the Ga2O3 RS memristor was investigated by measuring 
capacitance values in the LRS and HRS states. Fig. 5 (a), (b), and (c) show the capacitance of Ag/Ga2O3/Pt memristors grown with 
different oxygen flow rates for Ga2O3, as a function of the applied bias ranging from - 0.5 V to + 0.5 V. In the initial HRS, the 
capacitance of the Ga2O3 memristor decreases with increasing oxygen flow, as shown in Fig. 5 (a). This decrease in capacitance can be 
attributed to a reduction in defects, such as oxygen vacancies, which occur with higher oxygen flow rates during Ga2O3 growth. High 
resistivity in the dielectric material limits the ability to accumulate charges, resulting in lower capacitance even with low leakage 
current [42]. Defects, impurities, or trap sites within the dielectric material can also affect charge distribution and result in higher 

Fig. 5. Capacitance – voltage (C–V) curves of Ag/Ga2O3/Pt memristor with varying oxygen flow in (a) the initial HRS, (b) the LRS after switching 
from initial HRS, and (c) the HRS after transitioning from LRS as a function of applied voltage. (d) The capacitance in the set and reset of the Ag/ 
Ga2O3/Pt memristor as a function of the oxygen flow rates. 
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capacitance. These defects can influence the movement and trapping of charges, increasing the effective capacitance despite high 
leakage current [43]. In the LRS, all samples exhibit a significant increase in capacitance, exceeding 10 times, ranging from sub – nA 
levels to 15–34 nA, as depicted in Fig. 5(a) and (b). This increase in capacitance under LRS is observed regardless of the oxygen flow 
rate during Ga2O3 growth. It suggests that more carriers are effectively supplied from the electrode to the Ga2O3 layer through the 
formation of a conductive filament. The conductive filament, formed by the migration of Ag+ ions and oxygen vacancies, acts as a 
pathway for charge transport within the Ga2O3 memristor [35]. Consequently, more charges can be stored in the conductive filament, 
leading to the higher charge storage capacity observed in the LRS [44]. Furthermore, when the memristor transitions back to the HRS 
through the reset process, the capacitance exhibits a behavior similar to the initial HRS state, as shown in Fig. 5 (c). This indicates that 
the capacitance values return to a level comparable to the initial HRS after the conductive filament is dissolved during the reset 
process. In addition, in the HRS, as the oxygen flow rate increases from 0 sccm to 0.3 sccm, the reset capacitance at 0.5 V tends to 
decrease from 0.238 nF to 0.037 nF, as shown in Fig. 5 (d). A higher concentration of defects, such as oxygen vacancies, in the Ga2O3 RS 
layer at the oxygen flow rate of 0 sccm results in more leakage paths but provides the available area for storing more charge, leading to 
a larger capacitance value. In contrast, in the LRS, as the oxygen flow rate increases from 0 sccm to 0.3 sccm, the set capacitance tends 
to increase from 15.3 nF to 34.9 nF at 0.5 V, respectively. The migration of Ag+ ions during the channel formation process can 
contribute to the increased capacitance in the LRS [45]. Higher oxygen flow rates reduce the oxygen vacancy concentration in the 
Ga2O3 RS layer, as shown in Fig. 1 (a). Therefore, when forming a channel, additional charge such as Ag+ ions move into the RS layer 
and enhance the polarization phenomenon in LRS, resulting in increased capacitance [46]. Conversely, when transitioning from the 
LRS to the HRS, the migration of oxygen vacancies back into other regions of the Ga2O3 layer interfaces with polarization formation, 
leading to lower capacitance in the HRS. The migration and redistribution of oxygen vacancies play a crucial role in the observed 
capacitance changes during the transition between LRS and HRS in the Ga2O3 memristor. 

Fig. 6 (a) shows an analysis of the resistive memory characteristics through voltage sweeping C – V with hysteresis. Upon repeated 
application of voltage for set and reset processes across all samples, hysteresis is observed in the C – V curves, irrespective of the oxygen 
flow rate. Increasing the oxygen flow rate is found to result in higher set and reset voltages. In particular, the set voltage, which 
correlated with an increase in capacitance, shows higher values with an increased oxygen flow rate. Similarly, the reset voltage, 
associated with a decrease in capacitance, also exhibits an increase with higher oxygen flow rate. Furthermore, the maximum 
capacitance achieved after the set process increases from 25 nF to 65 nF as the oxygen flow rate increases. This indicates that a higher 
oxygen flow rate during Ga2O3 growth has a positive impact on the capacitance of the memristor, potentially leading to enhanced 
charge storage capacity and improved device performance [47]. These observed hysteresis in capacitance and the increase in 
maximum capacitance highlight the effect of oxygen flow rate on the electrical behavior and performance of the Ga2O3 memristor. In 
addition, to calculate the charge trapping density of the Ga2O3 memristor with different oxygen flow rates, the following equation is 
used: 

Ncharge =
ΔVCLRS

qA 

where ΔV is the difference between the set voltage and reset voltage, and CLRS is the capacitance in the LRS, q is the electronic 
charge (1.602 × 10− 19 C), and A is the area of the device [48]. Calculating the charge trapping density provides information about the 
density of trapped charges in the device, which is directly related to the charge storage capability and performance of the memristor. 
The ΔV of hysteresis increases as the oxygen flow rate increases. For oxygen flow rates of 0 sccm, 0.1 sccm, 0.2 sccm and 0.3 sccm, the 
ΔV values reach 9.0 V, 9.5 V, 12.0 V, and 13.2 V, respectively. Moreover, as shown in Fig. 6 (b), the Ncharge values, which represent the 

Fig. 6. (a) C – V hysteresis characteristics of the Ag/Ga2O3/Pt memristor grown with different oxygen flow rates during the resistive switching 
process and (b) the charge trapping density of the Ag/Ga2O3/Pt memristor as a function of the oxygen flow rates. 
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charge trapping density, also increase from 3.19 × 1019 cm− 2 to 9.08 × 1019 cm− 2 with the increase in oxygen flow rate from 0 sccm to 
0.3 sccm, respectively. The observed increase in Ncharge values, corresponding to the charge trap density, suggests that the movement 
of Ag + ions is facilitated through defect sites within the Ga2O3 layer, resulting in their trapping within the defective regions. This 
phenomenon of Ag+ ion trapping significantly influences the charge storage capacity and affects the resistive switching behavior of the 
memristor [49]. The higher Ncharge values indicate a greater density of trapped charges, signifying an enhanced charge storage 
capability and holding the potential for improved device performance. 

4. Conclusions 

The comprehensive analysis of Ga2O3 memristors reveals a strong correlation between the characteristics of the LRS and HRS and 
the capacitance, which is influenced by the oxygen flow rate during growth. By increasing the oxygen flow rate, we observed a 
decrease in the concentration of oxygen vacancies, leading to significant improvements in LRS characteristics. XPS analysis further 
corroborates the reduction in oxygen vacancies with increasing oxygen flow rate. The migration of Ag+ ions and oxygen vacancies play 
a crucial role in forming a conductive filament, acting as a pathway for charge transport within the memristor. This conductive 
filament enables the efficient supply of carriers from the electrode to the Ga2O3 layer, resulting in higher charge storage capacity and 
an overall increase in capacitance in the LRS. Additionally, the observed hysteresis in capacitance and the increase in maximum 
capacitance highlight the influence of the oxygen flow rate on the electrical behavior and performance of Ga2O3 memristors. These 
findings provide valuable insights for optimizing device design and improving the performance of Ga2O3-based memristor devices. 
Overall, our study demonstrates the significance of oxygen vacancies and their control through the oxygen flow rate in shaping the LRS 
and HRS characteristics and capacitance of Ga2O3 memristors. 
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