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Abstract: This study systematically investigates the effects of different anode work function metals 

(Ti/Au and Ni/Au) on the transport and temperature characteristics of β-Ga2O3 based Schottky 

barrier diodes (SBD), junction barrier Schottky diodes (JBSD), and P-N diodes (PND), utilizing 

Sentaurus TCAD simulation software for mechanistic analysis. From the perspective of transport 

characteristics, it is observed that the SBD exhibits a lower turn-on voltage and a higher current 

density. Notably, the turn-on voltage (Von) of the Ti/Au anode SBD is merely 0.2 V, marking the 

lowest recorded value in the existing literature. Furthermore, our study reveals that the turn-on 

voltages of the two types of PNDs are nearly identical, confirming that the contact between the 

anode metals and NiOx is ohmic contact, and the contact between Ni/Au and NiOx exhibits a lower 

contact resistance. The Von, current density, and variation rate of the JBSD lie between those of the 

SBD and PND. In terms of temperature characteristics, all diodes can work at 200 °C, with both 

current density and Von showing a decreasing trend as the temperature increases. Among them, 

the PND with a Ni/Au anode exhibits the best thermal stability, with reductions in Von and current 

density of 8.20% and 25.31%, respectively, while the SBD with a Ti/Au anode shows the poorest 

performance, with reductions of 98.56% and 30.97%. Finally, the reverse breakdown (BV) 

characteristics of all six devices are tested. The average BV for the PND with Ti/Au and Ni/Au 

anodes reach 1575 V and 1550 V, respectively. Moreover, although the Von of the JBSD decreases to 

0.24 V, its average BV is approximately 220 V. This study demonstrates that β-Ga2O3 based power 

diodes continue to exhibit excellent characteristics and application prospects in terms of low turn-

on voltage. 

Keywords: β-Ga2O3; diode; turn-on voltage; temperature characteristic; contact resistance 

 

1. Introduction 

β-Ga2O3 is a typical semiconductor material with a band gap of 4.9 eV and breakdown electric 

field of 8 MV/cm [1,2]. Owing to its excellent strength of high breakdown and low conduction loss 

[3], the potential application market in high-power electronic devices and circuits is inestimable. 

Besides, due to its better compatibility with traditional melt-grown methodology [4], the 

manufacturing cost is controllable compared to GaN and SiC. Therefore, the research on β-Ga2O3 

materials and devices is of great significance. 
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At present, the research on β-Ga2O3 power diodes is still a hot topic, and how to increase 

breakdown voltage and reduce specific on-resistance are especially essential. Because they are useful 

to generate better power characteristics so as to achieve a higher Baliga’s figure-of-merit (BFOM) [5]. 

In fact, there are many ways to optimize the BFOM, such as field plates [6,7], trench [8], ion 

implantation [9], thermal oxidation [10], hetero-junction [11] and composite terminal structure [12–

15]. And these methods have been verified to be effective. It is worth to point out that Li [14] et al 

propose the highest BFOM value of 13.2 GW/cm2, which combines thicker, lower drift layers and 

effective edge termination. 

Although research on β-Ga2O3 power diodes remains focused on improving the BFOM value. In 

practical applications, the turn-on voltage (Von) of the device is also crucial, as it affects the conduction 

losses of the device. For β- Ga2O3, due to its smaller electron affinity of 3.15 eV [16], the theoretical 

barrier height is higher. Consequently, the turn-on voltage of β-Ga2O3 based diodes is usually around 

0.9 V [17,18], which limits the potential application of β-Ga2O3 based diodes in switching power 

supplies. Therefore, it is necessary to conduct further research to lower Von. Therefore, it is necessary 

to conduct more research on the turn-on voltage. Several methods for reducing the turn-on voltage 

have been reported, such as trench structure [8], high-κ TiO2 interlayer [19], hydrogen treatment [20], 

N2O plasma treatment [21] and so on. In addition, low work function anode has been proven to be 

effective methods to decrease Von  [22]. However, low work function anodes can lead to a decrease 

in breakdown voltage. Additionally, research on the thermal stability and conduction mechanisms 

of low work function anode diodes remains insufficient. 

In this work, the effect of different anode metals on Von of Schottky barrier diodes (SBD) is 

studied by Sentaurus TCAD simulation. The definition of Von was consistent with the Ref. 21. It was 

confirmed that a smaller work function can effectively reduce the device's Von. Therefore, six types of 

device structures about SBDs, p-NiOx/β-Ga2O3 diodes (PNDs) and junction barrier Schottky diodes 

(JBSDs) are designed and the effects of two anode metals (Ti/Au and Ni/Au) on the forward 

conduction, temperature stability, and reverse breakdown characteristics are researched. Then the 

conclusions were drawn by specific comparative analysis. 

2. Materials and Methods 

For conventional diodes, different anode metals have different work functions. A smaller work 

function can effectively reduce the barrier for electron transitions, thereby inducing more electrons to 

transfer to the conduction band. Consequently, under the same applied voltage, diodes with lower 

work function anodes will turn on more easily, resulting in a larger current. Therefore, selecting an 

anode metal with a lower work function is beneficial for reducing the turn-on voltage of the diode. To 

further verify this, Sentaurus TCAD simulation software is used to design a basic diode, as shown in 

Figure 1(a). By selecting different anode metals and considering only the impact of work function on 

device performance  [23], the corresponding turn-on voltage and current density are extracted and 

shown in Figure 1(b). The results indicate that when Ti is chosen as the anode metal, the device exhibits 

a minimum turn-on voltage of 0.3 V and a maximum current density of 850 A/cm². Based on these 

simulation results, β-Ga2O3 based SBD, PND, and JBSD diodes with Ti/Au anode metals are fabricated 

and tested. Meanwhile, similar devices with Ni/Au anodes are designed and fabricated for comparison. 

 

Figure 1. (a) Schematics of simulated diode prototype. (b) Turn-on voltage and current density curves 

of anode metal with different work functions. 
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The wafer consisted of a 10 μm thick Si doped β-Ga2O3 drift layer grown on a conductive (001) 

β-Ga2O3 substrate (Sn doping concentration of 2.01018 cm-3). The net doping concentration (ND-NA) 

of the drift layer was determined to be 1.5×1016 cm-3. The fabrication processes started with ohmic 

contacts formed by an alloyed Ti/Au metal stack annealed at 470 °C for 1 min, and the wafer was 

cleaned by HF acid to remove surface impurities and oxides on the anode region, following washed 

with acetone, ethanol, water and finally dried. Then, the wafer was divided into six regions. For 

regions B and E, 40 nm p-NiOx layer was deposited on the whole anode region by Sputter in a mixed 

gas atmosphere of O2/Ar, and for regions C and F, the p-NiOx layer was selective deposited on the 

anode region with the same thickness. Then, each region needs to deposit metal (Ti/Au or Ni/Au) 

and lift off to form the anode. In regions A and D, the metal is contact with the drift layer directly, 

which could fabricate the Schottky diodes (SBDs). In regions B and E, the metal is contact with NiOx, 

which forms a PN junction with Ga2O3, thus enabling the fabrication of heterojunction PN diodes 

(PNDs) in these regions. For regions C and F, due to the selective deposition of NiOx, the metal 

contacts both NiOx and Ga2O3, which could fabricate the junction barrier diodes (JBSDs). The anode 

metals and diode structures for the six regions are listed in Table 1. 

Table 1. The structures and anode metals of six samples. 

Samples A B C D E F 

Structure SBD PND JBSD SBD PND JBSD 

Anode metal Ti/Au Ti/Au Ti/Au Ni/Au Ni/Au Ni/Au 

Circular device structures are set in all devices, and the radius of anode electrode is 50 μm. For 

JBSDs, the diameter of single NiOx is 4 µm and the spacing between adjacent NiOx is 5 µm. The 

structural diagrams and scanning electron microscope (SEM) images of these six devices are shown 

in Figure 2. The Agilent B1500 and B1505 semiconductor parameter analyzers were used for 

measurement. 

 

Figure 2. (a) Schematics of samples A and D. (b) Schematics of samples B and E. (c) Schematics of 

samples C and F. (d) Cross-sectional SEM image of samples A and D. (e) Cross-sectional SEM image 

of samples B and E. (f) Cross-sectional SEM image of samples C and F. 

3. Results and Discussion 

The forward I-V characteristics of these samples are shown in Figure 3(a). The results indicate 

that the turn-on voltages of samples A and D are approximately 0.21 V and 0.81 V, respectively. This 

is because the work function of Ti is relatively low, at 4.33 eV, significantly reducing the barrier height 

between the metal and the β-Ga2O3 drift layer. The Von values for samples B and E are 2.08 V and 2.07 

V, respectively. When the applied voltage of anode is below 6 V, the current curves for samples B 
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and E almost coincide, indicating that Ti/Au and Ni/Au form the same type of metal-semiconductor 

contact with p-NiOx. Different Schottky metals form different barrier heights, resulting in variations 

in their current curves. This suggests that the metal/NiOx contact is an ohmic contact. Theoretically, 

the metal work functions (Wm) of Ti and Ni are 4.33 eV and 5.15 eV, respectively, while the work 

function of NiOx is approximately the algebraic sum of its electron affinity (qχNiOx
) and bandgap (Eg). 

The band diagrams of the metal and p-NiOx are shown in Figure 3(b), with the work function of p-

NiOx calculated to be 5.5 eV. Due to the high doping concentration and large work function of p-

NiOx, it is easier to achieve good ohmic contact. Additionally, PNDs have the highest Von, while SBDs 

have the lowest Von, indicating that the depletion effect of the heterojunction between p-NiOx and β-

Ga2O3 is stronger than that of the Schottky junction between the anode metal and β-Ga2O3. For JBSDs, 

Von is determined by the smaller value between SBDs and PNDs, with the corresponding values for 

samples C and F being 0.24 V and 0.89 V, respectively. At the same forward voltage, the current 

density of JBSDs is slightly lower than that of SBDs due to the larger depletion region created by the 

p-NiOx/β-Ga2O3 heterojunction. Despite the metal/NiOx contact types of the two PNDs, the current 

density of sample E is slightly higher than that of sample B when the applied voltage of anode exceeds 

6 V, possibly due to different contact resistances between the anode metals and p-NiOx. Relevant 

studies indicate that the contact resistance (𝜌𝑐) between the metal and the p-type semiconductor is 

almost unaffected by temperature within the range of 200 ℃ [24]. 

Additionally, 𝜌𝑐 satisfies the constraint relationship:𝜌c ∝  exp(2√εsm∗𝜙B0/ℏ√N), where εs is the 

dielectric constant of p-NiOx, m∗is the effective mass of the carriers, 𝜙𝐵0 is the barrier height, ℏ is 

the reduced Planck constant, and N is the carrier concentration of p-NiOx [25]. The only difference is 

that samples B and E have different 𝜙𝐵0 between anode metal and p-NiOx, which can be calculated 

using the following formula: q𝜙B0 = Eg − q(Wm − χNiOx
) [26]. The results indicate that sample E has 

a lower 𝜙𝐵0 , resulting in a smaller 𝜌𝑐 . As the applied voltage of anode gradually increases, the 

depletion region width will decrease. Therefore, the resistance of the PN junction will decrease, 

making the contact resistance between the anode metal and NiOx more prominent. Consequently, the 

current density of sample E is slightly higher than that of sample B. When the applied voltage of 

anode reaches 8 V, the corresponding current densities of samples B and E are 651 A/cm² and 665 

A/cm², respectively. 

 

Figure 3. (a) Forward I-V characteristics of six types of devices. (b) Schematic energy band diagram 

of metal and p-type NiOx. 

The temperature-dependent I-V curves of these samples are shown in Figure 4. Figure 4(a) and 

Figure 4(b) present the I-V curves of the devices under linear and semi-logarithmic scales, 

respectively. Figure 4(c) and Figure 4(d) extract and provide the variation of current density (@ 8 V) 

and turn-on voltage (Von) with temperature increase for six samples. According to the thermionic 

emission (TE) theory [27,28], when the device current approaches saturation, the current density is 

negatively correlated with temperature. Clearly, all samples exhibit this characteristic. The results 

indicate that sample A has the highest current density, which is attributed to the presence of only a 

Schottky junction and a low work function metal. Due to the bandgap narrowing effect [29] and 

thermally-enhanced carrier diffusion [30], the Von of all samples decreases to varying degrees as the 

external temperature increases. The Von of the two PNDs is almost identical, but the current density 
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at 8 V differs, consistent with previous results. Additionally, for the same anode metal, the turn-on 

voltage of JBSDs is slightly higher than that of SBDs. When the external temperature is set to 473 K, 

the Von of Samples A and C approaches zero. 

 

Figure 4. (a) Temperature dependent IV characteristics of six types of devices in linear plot. (b) 

Temperature dependent IV characteristics of six types of devices in semi-logarithmic plot. (c) Current 

density curves of six types of devices. (d) Turn-on voltage curves of six types of devices. 

Moreover, Table 2 presents the current density, turn-on voltage, and their respective change 

rates for the six samples at 300 K and 473 K. The results indicate that samples B and E exhibit relatively 

small change rates in both Von and current density. This suggests that the PND demonstrate better 

thermal stability, which is associated with the higher barrier height. Specifically, the larger work 

function of Ni increases the barrier for electron transfer from β-Ga2O3 to the anode metal, thereby 

maintaining better thermal stability over a wider temperature range (as described by thermal 

electron theory). Similarly, samples B and E have nearly identical Von values at 473 K. However, due 

to the poorer adaptability of Ti to high temperature environments, the thermal stability of sample B 

is slightly lower than that of sample E. In summary, when comparing the three types of devices, the 

PND exhibit superior thermal stability compared to the SBD, with the JBSD lying in between. Sample 

E shows the lowest change rate, while sample A has the highest, with change rates in current density 

of 25.31% and 30.97%, respectively. In terms of the variation in Von, samples A and C exhibit the 

largest change rates, indicating that the barrier height between Ti and Ga2O3 is the lowest, resulting 

in the poorest thermal stability. 

Table 2. The data of current density and turn-on voltage at 300 K and 473 K. 

Samples A B C D E F 

Von at 300 K (V) 0.209 2.072 0.242 0.809 2.072 0.895 

Von at 473 K (V) 0.003 1.901 0.005 0.708 1.902 0.793 

Variation value of Von (V) 0.206 0.171 0.237 0.101 0.170 0.102 

Variation rate of Von 98.56% 8.25% 97.93% 12.48% 8.20% 11.40% 

Current density at 300 K (A/cm2) 807.4 651.0 770.9 753.4 664.9 732.1 

Current density at 473 K (A/cm2) 565.6 475.2 541.6 533.3 496.6 520.5 

Variation value of current density 

(A/cm2) 
242.8 175.8 229.3 220.1 168.3 211.6 

Variation rate of current density 30.97% 27.00% 30.29% 29.21% 25.31% 28.90% 
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The reverse breakdown characteristics of these samples are shown in Figure 5. In this letter, the 

corresponding reverse anode voltage when the anode current reaches 1 mA is defined as the 

breakdown voltage (BV). We tested three devices for each of the six samples, obtaining average 

breakdown voltages values of 145, 1575, 220, 370, 1550, and 895 V for the six samples, respectively. 

Due to the optimal reverse voltage withstand capability of the PN junction, samples B and E have the 

highest breakdown voltages [31]. Additionally, their BV values are almost identical, further 

indicating consistent contact between the anode metal and p-NiOx. Furthermore, the results show 

that the breakdown voltage of sample D is higher than that of sample A. This is because Ti has a 

smaller work function, reducing the barrier for carrier transition, thereby increasing the probability 

of electron tunneling in the off-state and resulting in higher reverse leakage current [32]. Moreover, 

it is found that the Von of sample C is approximately 0.24 V, while its breakdown voltage can reach 

220 V without a field terminal structure. This indicates that β-Ga2O3 based diodes can achieve low 

power consumption and high breakdown voltage. 

 

Figure 5. The reverse breakdown characteristics of six types of devices. 

5. Conclusions 

In conclusion, this work systematically investigates the effects of different anode work function 

metals (Ti/Au and Ni/Au) on the transport characteristics and temperature behavior of β-Ga2O3 based 

SBD, JBSD, and PND, utilizing Sentaurus TCAD simulation software for mechanistic analysis. To this 

end, six types of diodes with Ti/Au and Ni/Au have been designed and fabricated. Through testing 

and analysis, it is observed that the SBD exhibits a lower turn-on voltage and a higher current density. 

Notably, the Von of the Ti/Au anode SBD is merely 0.2 V, marking the lowest recorded value in the 

existing literature. Furthermore, our study reveals that the turn-on voltages of the two types of PNDs 

are nearly identical, confirming that the contact between the anode metals and NiOx is ohmic contact, 

and the contact between Ni/Au and NiOx exhibits a lower contact resistance. The Von, current 

density, and variation rate of the JBSD lie between those of the SBD and PND. In terms of temperature 

characteristics, all diodes can work at 200 °C, with both current density and Von showing a 

decreasing trend as the temperature increases. Among them, the PND with a Ni/Au anode exhibits 

the best thermal stability, with reductions in Von and current density of 8.20% and 25.31%, 

respectively, while the SBD with a Ti/Au anode shows the poorest performance, with reductions of 

98.56% and 30.97%. Finally, the reverse breakdown (BV) characteristics of all six devices are tested. 

The average BV for the PND with Ti/Au and Ni/Au anodes reach 1575 V and 1550 V, respectively. 

Moreover, although the Von of the JBSD decreases to 0.24 V, its average BV is approximately 220 V. 

This indicates that β-Ga2O3 based diodes have broad application prospects in huge power circuits 

and equipment with advantages of low switch loss and high breakdown voltage. 
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