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Abstract 

A NiO/β-Ga2O3 heterojunction was fabricated by sputtering a highly p-doped NiO layer onto β-

Ga2O3. This heterojunction showed a low leakage current and a high turn-on voltage (Von) 

compared to a Ni/β-Ga2O3 Schottky barrier diode. The extracted Von from the NiO/β-Ga2O3 

heterojunction's forward current-voltage characteristics was ~1.64 V, which was lower than the 

extracted built-in potential voltage (Vbi) obtained from the capacitance-voltage curve. To explain 

this difference, deep level transient spectroscopy and Laplace-deep level transient spectroscopy 
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were employed to study majority and minority traps in β-Ga2O3 films. A new minority trap was 

detected near the surface of β-Ga2O3 under a reverse bias of -1 V but wasn't observed at -4 V, 

indicating its dependence on hole injection density.  Using Silvaco TCAD, the hole diffusion 

length from P+-NiO to β-Ga2O3 was determined to be 0.15 µm in equilibrium, which is 

increased with increasing forward voltage. This finding explained why the trap level wasn't 

detected at a large reverse bias. Moreover, hole diffusion from NiO into β-Ga2O3 significantly 

affected the β-Ga2O3 surface band bending and impacted transport mechanisms. It was noted that 

the energy difference between the conduction band minimum (CBM) of β-Ga2O3 and the valence 

band maximum (VBM) of NiO was reduced to 1.60 eV, which closely matched the extracted 

Von value. This supported the dominance of direct band-to-band tunneling of electrons from the 

CBM of β-Ga2O3 to the VBM of NiO under forward bias voltage. 

Keywords: β-Ga2O3, NiO, DLTS, Traps, minority carrier, Von, D-BBT, TAT, Modeling. 

 

Gallium Oxide (Ga2O3) is an ultrawide-bandgap semiconductor material with unique 

properties that make it highly attractive for a range of electronic and optoelectronic applications
1
. 

Ga2O3 exhibits excellent electrical and optical characteristics especially the beta (β) phase
2
. β-

Ga2O3 possesses a wide bandgap, typically in the range of 4-5 eV
3
. This large bandgap allows β-

Ga2O3 to have excellent electrical and optical properties, making it suitable for harsh operating 

conditions such as high-power, high frequency and high-temperature applications
4,5

. Its ultrawide 

bandgap and high breakdown electric field also enables β-Ga2O3-based devices to operate at high 

voltages and high temperatures  making them well-suited for power electronics and high-voltage 

applications
6
. In addition, β-Ga2O3 also demonstrates good thermal stability and chemical 

durability
7
. This makes β-Ga2O3 suitable for applications in solar cells

8
, light-emitting diodes 
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(LEDs)
9
, solar blind photodetectors

10,11
, MOSFET

12,13
 and other electronic devices. However, the 

development of stable and efficient p-type β-Ga2O3 is still a complex and unresolved issue 
14

 

because of the very high hole effective mass which affect the hole density and hole mobility in β-

Ga2O3
1
. It is important to note that other P-type semiconductors such as NiO are found to be 

useful for the development of bipolar devices such as field effect transistors 
15,16

. Further 

improvements in β-Ga2O3 based devices were demonstrated for example by Zhou et al. 
17

 who 

demonstrated a NiO/β-Ga2O3 heterojunction architecture with high avalanche and surge current 

robustness, minimal reverse recovery, as well as an excellent trade-off between on-resistance and 

breakdown voltage. These properties are considered a great step forward towards the next 

generation of power semiconductor devices. However, to gain a deeper understanding and 

successfully integrate semiconductor physics with advanced characterization techniques, further 

efforts are essential to enhance the performance and stability of β-Ga2O3 devices. Among the 

range of characterization techniques available, deep level transient spectroscopy (DLTS) stands 

out as a valuable tool. DLTS plays a crucial role in unraveling the intricate device physics of β-

Ga2O3, paving the way for even greater achievements in this field 

However, the low hole density and mobility of minority carriers makes the detection of 

electrically active minority trap levels in β-Ga2O3 using deep level transient spectroscopy 

(DLTS) very challenging
3,18

. In this context, different techniques were proposed, and one of the 

easiest technique
18

 is the deposition of a heterojunction (HJ) with high hole density layer (P
+
-

NiO) to increase the minority carrier density at the surface of β-Ga2O3 by the hole injection 

mechanism. This approach will help to detect the minority traps at the surface of β-Ga2O3. 

Although the hole injection plays a crucial role for increasing the minority carriers in β-Ga2O3, 

however, this injection will affect the interface band alignment, transport mechanism and also 
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the HJ parameters.  Among these impacted parameters is the turn-on voltage (Von) value, which 

is much lower than the built-in potential value (Vbi) as reported previously. The first expected 

reason for this difference is explained by the tunneling of electrons from the CBM of β-Ga2O3 

into the VBM of p-NiO, which is mediated by majorities trap states
18–20

. The effect of the 

inhomogeneity of the barrier height of the NiO/β-Ga2O3 heterojunction was also considered by 

Wang el al.
21

. 

In this context, the role and the effect of hole injection from P
+
-NiO fabricated using 

radio frequency (RF) sputtering to the surface of β-Ga2O3 for improving the detection of 

minority traps at the surface of β-Ga2O3 were studied using DLTS, Laplace-DLTS (LDLTS) and 

Silvaco TCAD simulator. Furthermore, the dominant transport mechanisms were investigated in 

order to understand the reason for the difference between turn-on voltage (Von) and build-in 

potential (Vbi) values. 

Here, the fabricated Schottky barrier diodes (SBD) and NiO/β-Ga2O3 heterojunctions 

(HJ) were fabricated on a Si-doped β-Ga2O3 epitaxial layer deposited on a Sn-doped β-Ga2O3 

single crystal wafer (415 μm thick, Nd-Na≈ 10
18

/cm
3
) purchased from Novel Crystal Technology, 

Inc. Before depositing NiO and Ni layers, the surface of the Si-doped β-Ga2O3 was cleaned using 

chemical and mechanical polishing to ensure a high-quality surface. The samples were then 

subjected to ultrasonic treatment with acetone and isopropanol for 15 minutes, followed by 

drying with N2 gas. On the backside of the Sn-doped β-Ga2O3 wafer, a bilayer of Ti/Au (20 

nm/80 nm thick) was evaporated using electron beam and thermal evaporation, respectively. For 

both HJ and SBD, radio frequency sputtering (RF sputtering) was used to deposit NiO and Ni 

with thicknesses of 300 nm and 100 nm, respectively, using Ni and NiO targets rerspectively 

with sputtering power of 30W, and the working pressure was maintained at 3 mTorr. 
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Subsequently, for optimizing the device, annealing was performed at 400°C in an Ar atmosphere 

for 1 minute. A schematic of the SBD and HJ devices is presented in Figure 1(a) and the SEM 

image of NiO/β-Ga2O3 HJ is shown in Figure 1(b). 

. 

 

Current density–voltage (J–V) and capacitance–voltage (C–V) characteristics were measured at 

room temperature (RT) using a Keithley 2410 source meter and Hewlett Packard 4284A LCR 

meter. DLTS and LDLTS were conducted for both Ni/β-Ga2O3 SBD and NiO/β-Ga2O3 HJ, 

where the transient capacitance was monitored by a Boonton 7200 capacitance meter during the 

temperature scan by applying a train of electrical pulses to the sample with a chosen filling pulse 

(VP) value generated by an interface card from National Instruments. The change in capacitance 

transient is monitored by a computer in the form of a DLTS signal as a function of temperature. 

 

Furthermore, Silvaco TCAD, a powerful device simulator, was used to extract the hole density 

profile and hole injection into the surface of β-Ga2O3, and to study the dominant transport 

mechanisms. Silvaco TCAD solves the basic drift-diffusion semiconductor equations, Poisson 

and continuity equations by considering different transport mechanisms such as thermionic, 

tunneling, direct-band to band tunneling (D-BBT) and trap-assisted tunneling (TAT). In addition, 

other physical models such as Shockley-Red-Hall (SRH), Auger recombination and mobility 

dependent electric field are considered in this simulation. 

Figure 1(c) shows the semi-logarithmic J–V characteristics of NiO/β-Ga2O3 HJ and Ni/β-

Ga2O3 SBD. As can be seen in Figure 1(c), the HJ exhibits a low leakage current compared with 

SBD. Furthermore, the forward current of NiO/β-Ga2O3 HJ shows a kink in low forward voltage 
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region in contrast with Ni/β-Ga2O3 SBD, which is consistent with the dependence of the 

extracted ideality factor  as a function of the applied bias (V) as evidenced in the inset of Figure 

1(c). For NiO/β-Ga2O3 HJ, as the forward bias voltage increases, the ideality factor increases and 

reaches a peak value 17 at 0.72 V and then gradually decreases. In contrast, for Ni/β-Ga2O3 SBD 

is almost constant with a value lower than two. ideality factor higher than 2 indicates the 

domination of new transport mechanism such as trap-assisted tunneling process
21

. In addition, 

the extracted value Von for NiO/β-Ga2O3 HJ is 1.64 V, which is lower than Vbi value of about 

1.89 V obtained from C-V characteristics (Figure 1(d)). This finding confirms the domination of 

trap-assisted SRH recombination mechanism
18,19,22

. Moreover, the extracted Schottky barrier 

height (SBH) for the NiO/β-Ga2O3 heterojunction is 0.93 eV, which is higher than that of the 

Ni/β-Ga2O3 Schottky barrier diode (0.85 eV). Figure S1 shows the donor concentration (Nd) 

profile of Si-doped β-Ga2O3 epitaxial layers, which is extracted from C–V measurements. The 

average concentration Nd is found to be 1.32×10
16

 cm
-3

 for Ni/β-Ga2O3 Schottky barrier diode 

(SBD) and 1.36×10
16

 cm
-3

 for NiO/β-Ga2O3 heterojunction (HJ). The values of the hole density, 

resistivity, and hole mobility of the highly doped NiO film obtained using Hall measurement are 

found to be ~10
19

 cm
-3

, 25.8 Ω·cm, and 0.029 cm²/Vs, respectively. Nd in β-Ga2O3 is determined 

from the plots of 1/C² versus reverse-bias voltage VR as follows 
23

: 

 
1

C2
=

2(Vbi+VR)

qεsε0Nd
 (1)                                                                                             

Here, VR is the reverse-bias voltage, Vbi is the build-in- potential, Nd is the donor doping 

concentration and s is the permittivity of β-Ga2O3 (s=110, where 0 is the dielectric constant of 

free space, which is equal to 8.8510
-14

 F/cm) of β-Ga2O3. The values of Nd and Vbi can be 

determined from the slope and intercept of the 1/C² curve, as indicated in equation (1). 

 



7 
 

To determine the presence of electrically active defects in both structures, namely Ni/β-Ga2O3 

SBD and NiO/β-Ga2O3 HJ, and to confirm the hole injection for minority traps detection of 

NiO/β-Ga2O3 HJ DLTS measurements were carried out under identical conditions. DLTS 

parameters adopted in this study include a reverse bias, VR = -1 V and -4 V, a filling pulse 

height, VP = 0 V, a filling pulse time, tP = 1 msec, and a rate window of 500 s
-1

. In Figure 2(a), 

the DLTS signals have been plotted against temperature for both structures over the scanned 

temperature range of 10 to 450 K at VR= -1 V. It has been found that the Ni/Ga2O3 SBD exhibits 

two electron traps. However, the NiO/β-Ga2O3 HJ exhibits a single electron and a hole trap as 

shown in Figure 2(a). Due to the broad nature of the DLTS peaks, Laplace DLTS (LDLTS) 

measurements were carried out in order to resolve these peaks. Using LDLTS technique, the 

activation energy, trap concentration, and cross section of these traps are extracted from the 

Arrhenius plots as shown in Figure 2(b). The activation energy, trap concentrations, and capture 

cross-section of these traps are summarized in Table I. As shown in Table I at -1 V, Ni/β-Ga2O3 

SBD has two electron traps E_SBD1 and E_SBD2 with activation energies of 0.14 eV and 0.33 

eV, respectively. However, for NiO/β-Ga2O3 HJ in addition to a majority trap level with a deeper 

energy level of about Ec-0.77 (E2) below the conduction band Ec and with the highest capture 

cross section (7.45×10
-13

 cm
-2

), a new minority trap level (hole trap) was detected with an energy 

level Ev+0.11 (H1) above the valence band Ev. This detected hole trap level after inserting p
+
-

NiO layer is very close to the minority trap level reported by Wang et al.
18

. The H1 trap level 

could have an intrinsic origin such as oxygen and gallium vacancies
3,18,24

. The trap 

characteristics of both the Ni/β-Ga2O3 SBD and NiO/β-Ga2O3 HJ at VR = -1 V are detailed in 

Table I. Additionally, we have included a comparison with other detected majority and minority 

trap levels published by Wang et al.
18

 in Figure 2(b). For a reverse voltage VR = -4 V which 

equivalent to depletion region thickness of about 0.73 µm, H1 trap level is not detected as shown 

in Figures 2 (c) and (d). The obtained LDLTS traps characteristics at VR=-4 V are summarized 

in Table I. Three electron traps were detected in NiO/β-Ga2O3 HJ, however, only two electron 

traps in Ni/β-Ga2O3 SBD were observed.  

In this work the lambda (λ) effect, which is explained below, is taken into consideration 

in order to determine accurately the concentrations of all traps. When a reverse voltage is 

applied, traps positioned near the depletion layer's edge do not release electrons or holes. The 
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width of the non-emission region (λ) is defined as the region where the trap energy level falls 

below the Fermi level in the neutral part of the depletion layer. This correction accounts for traps 

that are not involved in the emission processes of charge carriers (both electrons and holes) due 

to their specific location within the semiconductor structure which is given by 
25

: 

𝜆𝑛 = 𝐿𝐷√2 ln (
𝑁𝑑𝐶𝑛

𝑒𝑛
𝑡 ) (2) 

𝜆𝑝 = 𝐿𝐷√2 ln (
𝑁𝑑𝐶𝑛

𝑒𝑝
 𝑡ln (2)

) (3) 

where 𝐿𝐷 = √𝜀𝑠𝐾𝐵𝑇/𝑛𝑒2 (KB is the Boltzmann constant, T is the temperature, and n is the free 

carrier concentration, assuming that n = Nd) is the Debye length. 𝑒𝑛
𝑡   and 𝑒𝑝

𝑡   are the thermal 

emission rate of electrons and holes, and 𝐶𝑛 and 𝐶𝑛  are the capture coefficient of electrons and 

holes, respectively.  

𝐶𝑛 and 𝐶𝑛 are given by: 

 𝐶𝑛,𝑝 = 𝑣𝑡ℎ,𝑛,𝑝𝜎𝑛,𝑝 (4) 

𝑒𝑛,𝑝 = 𝑣𝑡ℎ,𝑛,𝑝𝜎𝑛,𝑝𝑛𝑖exp (
|𝐸𝑡−𝐸𝑖|

𝐾𝐵𝑇
) (5) 

where 𝑣𝑡ℎ,𝑛,𝑝 and 𝜎𝑛,𝑝 are the thermal velocities and the electron and hole capture cross sections, 

respectively. For example the calculated lambda values for Ec-0.77 and Ev+0.11 trap levels for 

HJ are around 136.03 nm and 136.34 nm respectively. 

Considering the lambda effect, the electron and hole traps densities (𝑁�̃�) are given by
25

: 

𝑁𝑡 = 𝑁�̃�(1 −
𝜆𝑛

𝑤
)2 (6) 

𝑁𝑡 = 𝑁�̃�(1 −
𝜆𝑝

𝑤
)2 (7) 
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where 𝑁𝑡 is the true concentration of the electron and hole traps measured by DLTS and w is the 

depletion region width. The measured true concentrations for electron and hole traps are 

presented in Table I. 

The main contributing shallow trap to the leakage current is determined using I-V 

measurements conducted at various temperatures. Figure S2  shows the plots of reverse current 

in the dark versus 1000/T 
26

. The primary shallow trap levels for the Ni/β-Ga2O3 SBD and 

NiO/β-Ga2O3 HJ samples are found to be at Ec-0.21 eV and Ec-0.22 eV, respectively.  

According to Wang et al.
18

 this minority trap level (H1) is a bulk trap but it is dependent 

on the hole injection effect.  To confirm this dependence, Silvaco TCAD was used to extract the 

hole density profile. As shown in Figure 3 (a), the free hole carriers diffused from NiO to the 

surface of β-Ga2O3 with a diffusion length of about 0.15 µm with a low density. This explains 

the reason why this minority trap was not detected at the applied voltage of -4 V because of its 

very low hole density. However, we noticed that under highly positive forward bias conditions, 

such as +2 V, the energy band of the p-NiOx experiences a downward shift. Consequently, holes 

highly diffused from P
+
-NiOx to surface of β-Ga2O3 with higher density compared with 

equilibrium as shown in Figure 3 (b). Figure 3 (c) shows the extracted hole profiles at 

equilibrium and after an applied bias voltage of +2 V. As a result, these holes diffuse into the β-

Ga2O3 layer, leading to a conductivity modulation effect 
27

. 

This hole injection will affect the β-Ga2O3 surface band binding. As can be seen in 

Figure 3 (c), because of the hole injection mechanism, the surface of β-Ga2O3 p-type 

conductivity increased and this will affect on the  hole Fermi-level as shown in Figure S3. The 

distance between conduction band maximum (CBM) of β-Ga2O3 and valence band maximum 
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(VBM) of NiO is very narrow and this difference is about 1.60 eV. Therefore, different transport 

mechanisms are expected in addition to TAT.  

As discussed before, the Von value is lower than Vbi with a difference of about 0.25 V. To 

explain the reason for this discrepancy, the effect of D-BBT which occurs via the tunneling of 

electrons from CBM of β-Ga2O3 to VBM of NiO should be taken into account because of the 

small difference between CBM of β-Ga2O3 and VBM of NiO. The second probable mechanism 

is TAT by E2 (Ec-0.77) trap level which has the highest capture cross section. TAT mechanism 

is expected to capture electrons from CBM of β-Ga2O3 and transfer them to the VBM of NiO 

layer. 

From Figure 3(d) it can be seen that, when both D-BBT and TAT mechanisms were not 

considered Von is near to 1.95 V, which is much higher than the measured value and near to the 

Vbi value. This indicates the importance of D-BBT and ID-BBT mechanisms. TAT has also an 

important role for the observed kink at low forward voltage region as shown in Figure 3 (d). As 

mentioned above the difference between CBM of surface of β-Ga2O3 and VBM of NiO is around 

~ 1.60 eV, which is near the Von value, and this will affect reaching HJ on state before reaching 

Vbi value by the D-BBT.  From this result, D-BBT is expected to have an important role with 

TAT mechanism for reducing Von as compared with Vbi. However, with less domination, TAT 

by H1 is expected to have a lesser effect because of high valence band offset between NiO and β-

Ga2O3 and also H1 is a shallow trap level (very near to VBM of β-Ga2O3). 

 

In summary, NiO/β-Ga2O3 heterojunction was analyzed using DLTS and LDLTS to 

extract the majority and minority traps in β-Ga2O3. With comparison with Ni/β-Ga2O3 SBD, a 

new minority trap with energy level of 0.11 eV above the valence band was detected for NiO/β-
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Ga2O3 heterojunction. However, with increasing reverse voltage, this minority trap level was not 

detected. This indicates that this trap level is dependent on the diffusion length of the hole carrier 

from NiO to the surface of β-Ga2O3. To confirm this dependence the hole concentration profile 

was extracted using Silvaco TCAD. It was observed that the hole diffusion length in β-Ga2O3 is 

increased with increasing forward voltage. This diffusion highly affected the β-Ga2O3 surface 

band binding and reduced the energy distance between CBM of β-Ga2O3 and VBM of NiO to 

1.60 eV which is very near to the extracted Von value. This reduction between CBM of β-Ga2O3 

and VBM of NiO affected  the domination of a new transport mechanism which is direct  band to 

band from CBM of β-Ga2O3 and VBM of NiO. Another important transport mechanism, namely 

trap-assisted tunneling mechanism, was found to be responsible for the formation of the kink in 

current density at low forward voltage. 

Supplementary Material 

Additional figures including the extracted donor density depth profiles of the NiO/β-Ga2O3 and 

Ni/β-Ga2O3 epitaxial layers (Figure S1), extracted shallow trap level from reverse current 

dependant temperature for both NiO/β-Ga2O3 and Ni/β-Ga2O3 (Figure S2) and Figure S3 shows 

the equilibrium band diagram showing the dominating transport mechanisms 
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TABLE I: Summary of trap parameters extracted from DLTS and by considering the lambda 

effect for NiO/β-Ga2O3 HJ and Ni/β-Ga2O3 SBD. 

Samples  ET (eV) Trap concentration 

Nt (cm
-3

) 

Trap concentration 

𝑵�̃� (cm
-3

) 

Capture cross section  

n,p (cm
2
) 

SBD at VR=-1 

V 

Ec-0.14 ±0.013 

(E_SBD1) 

2.35×10
12 

4.85×10
12

 1.30×10
-18

 

Ec-0.33 ±0.10 

(E_SBD2) 

4.08×10
13 

8.36×10
13

 1.35×10
-19

 

HJ at VR=-1 V Ev+0.11 ±0.01 

(H1) 

2.79×10
13

 6.12×10
13

 1.07×10
-14 

Ec-0.77 ±0.2 

(E2) 

3.48×10
13

 7.17×10
13

 7.45×10
-13

 

SBD at VR=-4 

V 

Ec-0.066 

±0.006 

(E_SBD4) 

6.07×10
14 

9.17×10
14

 7.57×10
-21
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 Ec-0.24 ±0.01 

(E_SBD5) 

8.19×10
13 

1.24×10
14

 7.70×10
-21

 

HJ at VR=-4 V Ec-0.021 ±0.06 

(H6) 

3.97×10
13

 5.99×10
13

 9.91×10
-21 

 Ec-0.036 

±0.001 (E7) 

2.28×10
14

 1.51×10
14

 5.82×10
-21

 

 Ec-0.18 ±0.2 

(E8) 

1.49×10
14

 2.25×10
14

 9.98×10
-21

 

 

Figure 1: (a) Schematic of Ni/β-Ga2O3 SBD and NiO/β-Ga2O3 HJ devices, (b) SEM image of 

NiO/β-Ga2O3 HJ, (c) Semi-logarithmic J–V characteristics of NiO/β-Ga2O3 SBD and NiO/β-



16 
 

Ga2O3 HJ, and the inset shows the extracted ideality factor vs forward bias for both devices and 

(d) C-V characteristics of both devices and the inset is the related 1/C² versus reverse bias curves 

 

 

Figure 2: DLTS spectra of Ni/β-Ga2O3 SBD and NiO/β-Ga2O3 HJ at (a) VR=-1 V, (c) VR=-4V 

and (b) and (d) are Arrhenius plots of detected traps at VR=-1 V and VR=-4 V, respectively and 

the majority and minority trap levels reported previously for comparison purposes
18

. 
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Figure 3:  (a) and (b) Log10 scale of hole profile contour of NiO/β-Ga2O3 HJ at equilibrium and 

under +2 V forward voltage bias, respectively, (c) hole concentration profiles for NiO/β-Ga2O3 

HJ at equilibrium and at a forward bias voltage of V=+2 V, and (d) comparison of semi-log 

current density versus bias voltage characteristics of simulated NiO/β-Ga2O3 HJ using different 

transport mechanisms and experiments. The inset shows the linear scale of the corresponding 

semi-logarithmic plots. 

 


