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a b s t r a c t 

In this study, the effect of rapid thermal annealing (RTA) on the electrical and optical properties of NiO/ 𝛽-Ga 2 O 3 
heterojunction diodes was investigated using capacitance-voltage, current-voltage, Deep Level Transient Spec- 

troscopy (DLTS), Laplace DLTS, photoluminescence and micro-Raman spectroscopy techniques, and SILVACO- 

TCAD numerical simulator. The NiO is designed to be lowly-doped, allowing for the NiO full depletion at zero 

bias and the study of properties of 𝛽-Ga 2 O 3 and its interface with NiO. Micro-Raman results revealed good agree- 

ment with the theoretical and experimental results reported in the literature. The photoluminescence intensity 

of the sample after RTA is five times higher than the fresh sample due to a rise in the density of gallium and 

oxygen vacancies (V Ga + V O ) in the annealed 𝛽-Ga 2 O 3 samples. The current-voltage characteristics showed that 
annealed devices exhibited a lower ideality factor at room temperature and higher barrier height compared with 

fresh samples. The DLTS measurements demonstrated that the number of electrically active traps were different 

for the two samples. In particular, three and one electron traps were detected in fresh samples and annealed 

samples, respectively. SILVACO-TCAD was used to understand the distribution of the detected electron E 2 trap 

(E c -0.15 eV) in the fresh sample and the dominant transport mechanisms. A fairly good agreement between sim- 

ulation and measurements was achieved considering a surface NiO acceptor density of about 1 × 10 19 cm 
− 3 and 

E 2 trap depth into the surface of 𝛽-Ga 2 O 3 layer of about 0.220 μm and the effect of the most observed E c -0.75 eV 

trap level in 𝛽-Ga 2 O 3 . These results unveil comprehensive physics in NiO/ 𝛽- Ga 2 O 3 heterojunction and suggest 

that RTA is an essential process for realizing high-performance NiO/ 𝛽- Ga 2 O 3 devices. 
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. Introduction 

Ultra-wide bandgap (UWBG) semiconductor gallium oxide (Ga 2 O 3 )

s an excellent candidate for the next generation of power devices, ow-

ng to its ultra-wide bandgap of ∼4.8 eV, high theoretical breakdown
lectric field of ∼8 MV/cm, and availability of affordable native sub-
trates [1–3] . By taking advantage of these superior physical proper-

ies, 𝛽-Ga 2 O 3 power devices can potentially achieve higher switching

requency, smaller switching losses and higher operation temperatures

ompared with same current- and breakdown voltage-rated Si, SiC and

aN counterparts [4–6] . To achieve the ultimate limit of 𝛽-Ga 2 O 3 , vari-

us device structure innovations have been demonstrated in recent years

o advance the device figure-of-merits (FOM) as well as pushing Ga 2 O 3 

owards circuit applications [ 7 , 8 ]. Among device innovations, different

dge termination structures are designed to reduce electric field crowd-

ng at the junction periphery. These include mesa, trench, field plate,

uard ring, and ion-implanted terminations [9–13] . 

There are many attempts to develop a stable p-type 𝛽-Ga 2 O 3 [14–

8] in order to form heterojunctions with the well-established n-type 𝛽-

a 2 O 3 . However, other p-type materials have been considered to form

table heterojunctions with 𝛽-Ga 2 O 3 with the aim to achieve high break-

own voltage, lower leakage current and to potentially enhance rugged-

ess of 𝛽-Ga 2 O 3 power devices [ 4 , 19 , 20 ]. Different p-type semiconduc-

ors such as Cu 2 O, Ir 2 O 3 , Ag 2 O, CuI and NiO were employed to produce

-n heterojunction with 𝛽-Ga 2 O 3 [21–25] . Among these p-type mate-

ials, NiO is promising for achieving high performance NiO/ 𝛽-Ga 2 O 3 

eterojunction diodes (HJDs) due to its easy deposition by sputtering

nd controllable hole concentration stemming from the nickel vacancy

26] . The NiO/ 𝛽-Ga 2 O 3 system have shown excellent voltage blocking

apability. A high breakdown voltage of 1.86 kV and a specific on-

esistance of 10.6 m Ω cm 
2 was reported by using a double-layer NiO

19] . Recently, an improved breakdown voltage of 2.41 kV has been

emonstrated based on NiO/ 𝛽-Ga 2 O 3 HJDs with small-angle beveled

eld plate, achieving a record Baliga’s FOM of 5.18 GW cm 
− 2 [4] . 

Despite the progress made on NiO/ 𝛽-Ga 2 O 3 HJDs, they still suffer

rom serious leakage current and premature breakdown [ 21 , 27 ]. These

roblems may result from defect states in 𝛽-Ga 2 O 3 and the NiO/ 𝛽-Ga 2 O 3 

nterface. A deep energy level state below the conduction band (E C ) of

 C -0.72 eV was found to be responsible for reverse leakage path in 𝛽-

a 2 O 3 Schottky diodes (SBDs) [27] . Even an incomplete ionization of

 110 meV level defect state in unintentionally doped 𝛽-Ga 2 O 3 may

ncrease the ON-state resistance, decrease the breakdown voltage and

ause instabilities of power devices [28] . Hence, it is of vital impor-

ance to identify the defect states in 𝛽-Ga 2 O 3 and NiO/ 𝛽-Ga 2 O 3 inter-

ace, which is remarkably beneficial for unveiling breakdown and trans-

ort mechanisms, as well as improving the reliability of 𝛽-Ga 2 O 3 power

evices. Deep Level Transient Spectroscopy (DLTS), as an efficient and

owerful method used for observing and characterizing deep level im-

urities in semiconductors, was widely used in 𝛽-Ga 2 O 3 . Zhang et al. re-

orted five majority traps spread throughout the Ga 2 O 3 energy bandgap

haracterized using DLTS and optical DLTS (ODLTS) in Ni/Ga 2 O 3 SBDs

29] . A DLTS study of defects in Ga 2 O 3 :Zr crystals has only shown rela-

ively shallower deep levels [30] . While in 𝛽-Ga 2 O 3 grown on two differ-

ntly oriented substrates to realize SBDs, DLTS has identified two deep

evels relatively close to the conduction band [31] . Most of the DLTS

ork are based on 𝛽-Ga 2 O 3 SBDs. To reveal the defect states of NiO/ 𝛽-

a 2 O 3 system, a p 
+ -n NiO/ 𝛽-Ga 2 O 3 HJD was fabricated to investigate

he majority and minority carrier traps. Energy levels below the con-

uction (E C ) and above the valence band (E V ) of E C -(0.75–0.79) eV and

 V + 0.14 eV were identified to be electron and hole traps, respectively

32] . 

However, the p + -n NiO/ 𝛽-Ga 2 O 3 HJDs used in the aforementioned

ork has a very shallow depletion into NiO at reverse biases (i.e.,

npunched-through NiO). Therefore, it is difficult to exclude the defect

tates in NiO measured by DLTS. On the other hand, to achieve a high

erformance NiO/ 𝛽-Ga 2 O 3 HJD, annealing is an effective way to im-
2 
rove both bulk and heterointerface quality, while the relevant physics

as not been fully understood. 

To address these gaps, in this work, we designed a NiO/ 𝛽-Ga 2 O 3 

JDs with a punched-through NiO layer to guarantee that the DLTS sig-

als are detected only from 𝛽-Ga 2 O 3 bulk and NiO/ 𝛽-Ga 2 O 3 interface.

LTS measurements were carried out on fresh and annealed HJDs de-

ices. By combining experimental and modeling, this work aims at un-

erstanding NiO/ 𝛽-Ga 2 O 3 HJDs and revealing the dominant conduction

echanisms before and after annealing. 

. Samples details 

Fig. 1 (a) shows the cross-section schematics of the NiO/ 𝛽-Ga 2 O 3 

JD. The epitaxial structure consists of a 10- 𝜇m thick n-Ga 2 O 3 drift

ayer ( ∼3 × 10 16 cm 
− 3 ) grown by hydride vapor phase epitaxy (HVPE)

n 600 𝜇m (001) n + -Ga 2 O 3 substrate. The fabrication process of the

iO/ 𝛽-Ga 2 O 3 HJD was commenced by depositing the back Ohmic con-

act of Ti/Au (30/150 nm) by electron beam evaporation (EBE), fol-

owed by rapid thermal annealing (RTA) at 470 °C in N 2 atmosphere

or 1 min. 100 nm NiO layer was then sputtered on top of the 𝛽-Ga 2 O 3 

rift layer in pure Ar gas ambient with a flow rate of 60 sccm. This

as followed by sputtering a 80 nm thick Ni layer. Finally, the sam-

le was immediately transferred to an electron beam evaporator where

 5 nm/150 nm Ti/Au metal stack was deposited as the anode pad.

his was followed by photolithography lift-off process to define circular

esas with an anode diameter of 120 𝜇m. RTA post-annealing was per-

ormed at 225 °C in N 2 atmosphere for 15 min to improve Ga 2 O 3 /NiO

nterface quality. 

In order to characterize the acceptor concentration (N A ) in NiO, a

etal/SiO 2 /NiO MOS structure was fabricated, as shown in Fig. 1 (b).

ighly-doped n-type Si wafer was utilized as the substrate. Ni/Ti/Al

etal stack with thickness of 80/20/100 nm was deposited by EBE.

iO layer was sputtered using the same process mentioned above. Then

0 nm SiO 2 was deposited by plasma enhanced chemical vapor deposi-

ion (PECVD), followed by deposition of Ti/Au (30/150 nm) electrode. 

The p-type doping of NiO originates from nickel vacancies [33] . Gen-

rally, the N A value in NiO can be modulated by tuning the Ar/O 2 flow

atio during the sputtering process [34] . The lowest N A value that can

e achieved is when there is no O 2 gas flow during the sputtering pro-

ess. In this work, the NiO was deposited in pure Ar atmosphere with

he aim to obtain a very low N A value which is required to achieve a

ully depleted NiO layer. 

Fig. 2 (a) and (b) show the capacitance-voltage (C-V), 1/C 2 -V data

nd fitted 1/C 2 -V plot of the MOS structures measured at frequency of

 kHz, before and after the RTA for NiO. The extracted N A in the NiO

efore and after annealing is about 8 × 10 16 cm 
− 3 and 6 × 10 16 cm 

− 3 ,

espectively. Due to the low N A and small thickness of NiO, the NiO is

otally depleted at zero bias in the NiO/ 𝛽-Ga 2 O 3 HJD. Therefore, the

efect states in NiO can be easily excluded for DLTS analysis. 

. Optical characterization 

The role of RTA on Ga 2 O 3 was assessed by investigating the optical

roperties of fresh Ga 2 O 3 sample (reference sample) and an annealed

a 2 O 3 sample using photoluminescence and Raman spectroscopy. This

TA condition is the same as the post-annealing for the HJD. 

Unpolarized Micro-Raman measurements were performed at room

emperature in backscattering geometry. A spectrometer Horiba

abRAM HR Evolution system was used with an 1800 g/mm grating,

 50x objective, laser wavelength 633 nm with a power of 10 mW.

he spectral resolution was ∼1 cm 
− 1 , and the spectra were measured

n the wavenumber range 100 to 900 cm 
− 1 with 100 s accumulation

ime. Photoluminescence (PL) measurements were carried out at 100–

00 K using a Linkam THMS600 cryostat and He–Cd Kimmon Koha laser

 ƛ = 325 nm) as excitation source with laser power of 30 mW. The spec-
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Fig. 1. Schematic cross-section of (a) NiO/ 𝛽-Ga 2 O 3 HJD, (b) metal/SiO 2 /NiO MOS structure for C-V test. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

Fig. 2. C-V, 1/C 2 -V data and fitted 1/C 2 -V plots of the metal/SiO 2 /NiO MOS 

measured at 1 kHz for NiO before and after annealing. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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Fig. 3. Raman spectra of fresh and annealed 𝛽-Ga 2 O 3 samples. (For interpreta- 

tion of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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p  
ra were recorded by an Andor Solis SR500 monochromator using 300

ines/mm diffraction grid and a S-20 photomultiplier. 

.1. Micro-Raman spectroscopy 

The Raman spectra of the fresh and annealed Ga 2 O 3 samples are

imilar ( Fig. 3 ). Comparing the spectra, no important frequency shift,

inewidth variation, or relative intensity change was observed. Particu-

arly, we observed Raman peaks at 110, 114,144, 169, 200, 320, 346,

16, 475, 629,652, and 766 cm 
− 1 . The wavenumbers and width of Ra-

an peaks are in good agreement with the theoretical and experimental

esults reported in the literature for 𝛽-Ga 2 O 3 phase, with a monoclinic

tructure and belongs to the C 3 2h space group [35–41] . The nature of

he observed peaks depends on the frequency range [ 35 , 37 , 40 , 41 ]: for

 < 210 cm 
− 1 , they are associated with the low-frequency vibration and

ranslation motion of tetrahedron (GaO 4 )–octahedron (Ga 2 O 6 ) chains;

or 300 cm 
− 1 < 𝜔 < 500 cm 

− 1 , they are attributed to the deformation of

etrahedron and octahedron; finally, for 𝜔 > 500 cm 
− 1 region is related

o the high-frequency stretching and bending of tetrahedra. 

The sharp and high-intensity Raman peaks indicate that both 𝛽-

a 2 O 3 samples (fresh and annealed) have high crystallinity. From our

aman results, it is also possible to conclude that there is no appreciable

hange in the crystalline structure after thermal treatment. 
3 
.2. Photoluminescence spectroscopy 

Fig. 4 (a) shows typical below bandgap excitation PL spectra of fresh

nd annealed 𝛽-Ga 2 O 3 samples at a temperature of 284 K. The broad

pectra present a stronger blue band at around 3.0 eV with a weaker

reen tail at low energies characterized by a band centered at 2.48 eV.

t is worth noting that the PL intensity increases about five times after

TA while the PL peak position did not show significant change with

hermal annealing. Similar results were observed at lower temperatures

please see Figure S1). 

In general, the PL spectrum of 𝛽-Ga 2 O 3 samples presents several

road bands from UV to the visible region that depend on the doping

nd different post-treatments [42] . The optical band gap of single-crystal

-Ga 2 O 3, usually measured by absorption techniques, is around 4.8 eV

or undoped samples [43] . When excited above bandgap, there are four

ypical PL bands related to 𝛽-Ga 2 O 3 at around 3.40 eV (UV), 3.10 eV

UV’), 2.95 eV (blue), and 2.48 eV (green) [ 42 , 43 ]. The UV band at

.4 eV (wavelength = 360 nm), which is usually independent of the

resence of impurities, decreases fast in intensity with increasing tem-
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Fig. 4. (a) PL spectra of fresh and annealed 𝛽-Ga 2 O 3 samples at 284 K present 

a strong enhancement of intensity after annealing; (b) normalized PL spectra 

allow the visualization of the role of each defect complex. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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erature, and has been attributed early on to electron recombination

ith a self-trapped hole (STH) [42] . 

The UV’ (3.1 eV or wavelength = 400 nm) and blue PL bands in un-

oped 𝛽-Ga 2 O 3 samples were previously associated with the recombina-

ion of electrons and holes trapped at an acceptor site [ 36 , 38 ]. The type

f donors that contribute to the PL are not well understood but they are

sually associated with shallow donors [ 36 , 38 ] such as unintentional

oping or Ga i (Ga interstitial). It is important to point out that our sam-

les are doped intentionally using Si atoms, which are shallow donors

n 𝛽-Ga 2 O 3 semiconductor materials. The presence of Si increases fur-

her the total density of donors in our samples. Gallium vacancy (V Ga ),

ivacancy (V Ga + V O ) and interstitial oxygen (O i ) have been suggested

s acceptor levels [42] . 

Recent studies have confirmed that transitions involving V Ga + V O 
cceptor levels could explain the nature of the blue PL band [42] . In

ddition, deeper electronic levels in the bandgap are responsible for the

ower energy emissions [42] . The green PL band at around 520 nm indi-

ates the presence of oxygen-related defects originating from the recom-

ination of electrons with holes trapped by interstitial oxygen (O i ) [42] .

he energy positions of these three PL bands are indicated in Fig. 4 (a)

or clarity. 

A deconvolution of the spectra in UV’, blue, and green regions by

aussian curves (dashed lines) shows interesting features. In general,

n increase of PL intensity after thermal annealing is observed. Similar

nhancements of PL intensity after annealing have been reported previ-

usly [ 44 , 45 ]. In addition, the PL spectra in the UV’ range exhibit a sim-

lar profile as compared to the PL of the as-grown sample as evidenced
4 
n the normalized spectra shown in Fig. 4 (b). Furthermore, a relative

ecrease in the lower energy tail is observed for the annealed sample. It

s worth noting that the relative intensity of the blue increases after an-

ealing ( Fig. 4 (b)). In contrast, the relative intensity of the green band

ecreases. As the blue PL band is associated with the recombination of

oles trapped at an acceptor site (acceptors: gallium vacancy (V Ga )) or

he divacancy (V Ga + V O ) [42] , the results would indicate an increase

f such VGa vacancies, which is consistent with previous studies in the

iterature [ 46 , 47 ]. On the other hand, as mentioned above the green PL

and, which is correlated to holes trapped at Oi, has shown a decrease of

he relative PL intensity after thermal annealing. The observed changes

f relative intensity of these bands after thermal annealing and the de-

ails on nature of these PL bands in 𝛽-Ga 2 O 3 is not well understood yet

nd further studies are needed to shed in more details some light on

heir origins. 

. Electrical characterization 

.1. Current-voltage and capacitance-voltage characteristics 

The current-voltage characteristics (I-V) as a function of temperature

200–340 K with 20 K intervals) were measured on fresh and annealed

iO/ 𝛽-Ga 2 O 3 p-n diodes in order to determine factors such as ideality

actor (n), barrier height ( ∅𝐵 ), and series resistance (Rs). Fig. 5 shows a
emi-logarithmic current density versus voltage plot (J-V) for fresh and

nnealed samples at room temperature. Both samples have relatively

ow leakage current densities. Fig. 5 illustrates that the reverse current

ensity of the annealed samples is lower than that of the fresh sam-

les. The reverse bias current densities at − 4 V before annealing and

fter annealing are 1.17 × 10 − 7 A/cm 
− 2 and 1.19 × 10 − 8 A/cm 

− 2 , re-

pectively. This reduction in reverse current density indicates improved

lectrical characteristics of the device as a result of the thermal anneal-

ng process. A similar behavior has been observed in previous studies on

iO/ 𝛽-Ga 2 O 3 p-n diodes, where the reverse current was found to rapidly

ecrease after annealing the device in a nitrogen atmosphere for 3 min

t 350 °C [ 48 ]. In addition, it is assumed that the lower reverse current

bserved in the annealed samples is due to a reduction of the number

f deep defects or to their concentrations, which act as generation re-

ombination centers [ 49 ]. The assumptions will be further investigated

sing DLTS. 

In the heterojunction junction, thermionic current at the band dis-

ontinuity is very important. In fact, it is believed that the thermionic

mission mechanism is usually predominant in metal-semiconductor
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Fig. 6. Temperature dependence of (a) Ideality factor; (b) barrier height, obtained from I-V characteristics for fresh and annealed devices. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. (a) Plots of C-V characteristics and (b) 1/C 2 versus V plots for fresh and annealed samples at room temperature (RT). The linear fit to the experimental data 

is shown in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Table 1 

Ideality factor ( n ), barrier height ( ∅𝐵 ) and series resistance ( Rs ) at room temper- 

ature for fresh and annealed devices. 

Device n ∅𝐵 (eV) Rs ( Ω) 

Fresh 2.33 ± 0.01 0.68 ± 0.01 0.30 ± 0.01 
Annealed 1.74 ± 0.02 0.76 ± 0.01 130 ± 1.01 
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f  
chottky contacts which can be regarded as a special case of hetero-

unctions [ 50 ] . 

Current-voltage characteristics of heterogeneous p-n junctions can

e described by thermionic emission, as given below [ 50 , 51 ]: 

 = 𝐼 𝑠 

[ 

𝑒𝑥𝑝 

( 

𝑞 
(
𝑉 − 𝐼𝑅 𝑠 

)
𝑛𝑘𝑇 

) 

− 1 

] 

(1)

 𝑠 = 𝐴𝐴 
∗ 𝑇 2 𝑒𝑥𝑝 

( 

− 𝑞∅𝐵 
𝑘𝑇 

) 

(2)

here q is the elementary charge, n is the ideality factor, k is Boltz-

ann’s constant, T is the temperature, ∅𝐵 is the barrier height, Rs is the
eries resistance, A is the effective diode area ( A = 2.12 × 10 − 3 cm 

2 and

.1 × 10 − 3 cm 
2 for fresh and annealed samples, respectively) and 𝐴 

∗ is

he effective Richardson’s constant. Werner’s method was used to calcu-

ate the diode parameters ( n , ∅𝐵 and Rs ) [ 52 ]. The forward I-V charac-
eristics for all samples are used to obtain the series resistance, ideality

actors (n), and barrier height ( ∅𝐵 ) . These parameters are summarized
n Table 1 . 

The ideality factor in forward bias for fresh and annealed samples,

s shown in Table 1 , deviates from unity, but it is worth noting that the

deality factor value of annealed sample is much lower than fresh sam-

le. This reduction of ideality factor was reported in NiO/ 𝛽-Ga 2 O 3 p-n

iodes after annealing process, demonstrating that thermal treatment
5 
an significantly enhance the quality of NiO/Ga 2 O 3 p-n interface and

educe the interface recombination caused by defects [ 48 ]. Addition-

lly, if one considers that the ideality factor is around 2 in both sam-

les, then this value is comparable to those obtained for NiO/ 𝛽-Ga 2 O 3 

eterojunction diodes reported by Kokubun et al. [22] and Peter et al.

 53 ]. This indicates that the current may be limited by recombination

 54 , 55 ]. The barrier height values of the annealed and fresh samples

ere calculated as 0.73 and 0.75 eV at room temperature, respectively.

he barrier height value of annealed diodes is lower than fresh sam-

les. This slight reduction of barrier height after annealing could be

ue to the rapid thermal annealing process. The Rs is dominated by the

ightly-doped NiO. Its increase after annealing suggests a reduction of

ole concentration. 

Fig. 6 (a) and (b) show the temperature dependence of the ideality

actor and barrier height for fresh and annealed samples over the tem-
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Fig. 8. DLTS spectra for fresh and annealed devices at V R = − 2 V. (For inter- 
pretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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erature range 100 K to 440 K, respectively. Interestingly, the ideality

actor decreased with increasing temperature while the barrier height

ncreased. Similar observations in 𝛽-Ga 2 O 3 have been reported [ 56–58 ] . 
hese changes as a function of temperature are related to inhomoge-

eous interfaces caused by interfacial traps. According to the inhomo-

eneity theory, the Schottky barrier height can be considered as a Gaus-

ian distribution, and with increasing temperature it is expected that

lectrons located at high energies will dominate the transport mecha-

ism, and cause the barrier to become higher. The very high value of

he ideality factor at low temperatures is related to the tunneling cur-

ent domination, however with increasing temperature the thermionic

ransport mechanism dominates [ 59 ]. 

Capacitance-voltage measurements were performed at room temper-

ture with a frequency of 1 MHz for both samples and are presented in

he Fig. 7 (a). As NiO is fully depleted at zero bias, the plot of 1/C 2 vs V

hown in Fig. 7 (b) can be used to estimate the donor concentration (N d )

n Ga 2 O 3 . The straight line for both diodes indicates that the doping

rofiles are homogeneous. The N d was found to be 2 × 10 17 cm 
− 3 and

.4 × 10 16 cm 
− 3 for the fresh and annealed samples, respectively. The

nnealed sample exhibits lower value of free carrier concentration as

ompared with the fresh sample. The high N d in the fresh sample could

e due to surface contamination or Si surface congregation occurred

uring the epitaxial growth. 

.2. DLTS and Laplace (DLTS) measurements 

DLTS technique has been used to investigate the effects of post

rowth annealing on electrically active defects in Ga 2 O 3 or near the

a 2 O 3 /NiO interface [ 60 ]. The experimental DLTS parameters used

ere: a reverse bias, V R = − 2 V, a filling pulse height, V P = 0 V, a filling

ulse time, t P = 1 msec, and a rate window of 500 s − 1 . Fig. 8 illustrates a

ypical DLTS spectrum for both samples. In fresh sample, three negative

eaks are detected in the temperature range 100 K - 400 K, which corre-
6 
pond to three electron traps labeled as E 1 , E 2 and E 3 . After annealing,

t is clear from Fig. 8 that the post-growth annealing process reduces the

umber of traps to only one electron trap E 3 . 

To resolve the broad DLTS peaks, Laplace DLTS (LDLTS) measure-

ents [ 61 ] were carried out. The activation energies of these traps were

etermined from Arrhenius plots as shown in Fig. 9 . A summary of these

rap parameters, including the activation energy, the trap concentra-

ions, and the capture cross-section, is presented in Table 2 . 

As shown in Fig. 9 , the donor trap E 1 with an activation energy

.10 ± 0.01 eV and concentration 5.5 × 10 17 cm 
− 3 observed in 𝛽-Ga 2 O 3 

s likely to be the same trap detected by Neal et al. [28] . Using tempera-

ure dependent Hall-effect measurements up to 1000 K and admittance

pectroscopy (AS) technique, they suggested that the presence of this

enter is most likely related to a native defect, such as an anti-site or

nterstitial [28] . It is also possible that silicon on octahedrally coordi-

ated Ga(II) of Ga 2 O 3 could be responsible for the 110 meV donor [28] .

owever, this trap was annihilated after annealing process. The trap

 2 with activation energy 0.15 ± 0.02 eV and trap concentrations of

.4 × 10 16 cm 
− 3 , was observed in the fresh sample. A similar deep de-

ect was detected in pulsed-laser-deposited epitaxial films of 𝛽-Ga 2 O 3 

sing thermally stimulated current [ 62 ]. This trap was also detected

sing AS technique in 𝛽-(Al 0.14 Ga 0.86 ) 2 O 3 /Ga 2 O 3 heterojunctions. It

as suggested that E 2 could be due to trapping/detrapping of elec-

rons by Sn donors in the substrate and the energy required to over-

ome the potential barrier between 𝛽-(Al 0.14 Ga 0.86 ) 2 O 3 ternary and

he Ga 2 O 3 substrate, respectively [ 63 ]. The traps E 3 was detected in

oth samples (fresh and annealed) with activation energy ranging from

.16 eV to 0.19 eV. This defect level was detected in both ZCO/Ga 2 O 3 

nd NiO/Ga 2 O 3 heterojunctions with activation energies ranging from

.18 to 0.23 eV using Thermal Admittance Spectroscopy (TAS) [ 53 ].

his defect level with similar activation energy was also found in homo-

pitaxial 𝛽-Ga 2 O 3 thin films fabricated by metal organic chemical vapor

eposition or by plasma enhanced molecular beam epitaxy [ 64 , 65 ]. This

efect was also observed in Ga 2 O 3 films grown by halide vapor phase

pitaxy on p-type diamond substrates [ 66 ], and in Ge-doped (010) 𝛽-

a 2 O 3 layers grown by plasma-assisted molecular beam epitaxy using

LTS technique and suggested this trap may be related to double donor

e dopants [ 65 ]. This may indicate that this defect is common in epitax-

al 𝛽-Ga 2 O 3 thin films [ 53 ]. Furthermore, the results demonstrated that

he RTA process reduce the concentration of E 3 trap from 2 × 10 17 cm 
− 3 

o 4.3 × 10 14 cm 
− 3 , while E 1 and E 2 traps were annihilated. In the

resh sample, the electron traps E 1 and E 3 are also revealed by DLTS

t − 4 V (see Figure S2) but with lower concentrations as compared to

he bias condition of − 2 V, indicating that both E 1 and E 3 are bulk traps

n the Si-doped 𝛽-Ga 2 O 3 epitaxial layer. This is in contrast to trap E 2 
hich was observed only at a reverse bias of − 2 V while it was ab-

ent at − 4 V suggesting that it is probably an interface trap. For the

nnealed sample, the electron trap E 3 is also revealed but with higher

oncentration. 

. Modeling 

TCAD of SILVACO was used to model the HJD with the aim of cor-

elating trap dynamics to device characteristics. TCAD solves the basic

rift-diffusion semiconductor equations, Poisson and continuity equa-

ions and include thermionic tunneling above and through the hetero-

unction, respectively [ 67–69 ]. 

Poisson equation is given by [ 67–69 ]: 

𝑖𝑣 ( 𝜀 ∇ 𝜓 ) = − 𝑞 
(
𝑝 − 𝑛 + 𝑁 

+ 
𝐷 
− 𝑁 

− 
𝐴 
± 𝑁 

± 
𝑡 

)
(3)

here, 𝜓 is the electrostatic potential, 𝜀 is the permittivity, 𝑝 and 𝑛 are

ree holes and electrons concentrations, respectively, 𝑁 
+ 
𝐷 
( 𝑁 

− 
𝐴 
) is the ion-

zed donor (acceptor) density and 𝑁 
± 
𝑡 is the ionized traps density . For

iO and Ga 2 O 3 , 𝑁 
− 
𝐴 
= 

𝑁 𝐴 

1+ 1 2 exp ( 
𝐸 𝑓 − 𝐸 𝑎 
𝐾𝑇 

) 
and 𝑁 

+ 
𝑑 
= 

𝑁 𝑑 

1+ 1 2 exp ( 
𝐸 𝑑− 𝐸 𝑓 
𝐾𝑇 

) 
the acti-

ation energies for each layer presented in Table 3 . 
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Table 2 

Traps parameters for both device at V R = − 2 V, V P = 0 V, and t P = 1 msec. 

Sample Trap Activation energy(eV) Trap concentration(cm 
− 3 ) Capture cross-section (cm 

2 ) 

Fresh E 1 0.10 ± 0.01 5 . 5 × 10 17 4 × 10 −20 

E 2 0.15 ± 0.02 9 . 4 × 10 16 3 × 10 −20 

E 3 0.18 ± 0.01 2 × 10 17 9 . 1 × 10 −21 

Annealed E 3 0.17 ± 0.01 4 . 3 × 10 14 5 . 2 × 10 −21 

Fig. 9. Arrhenius plots for fresh and annealed devices obtained from Laplace DLTS at V R = − 2 V. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 10. The simulated FHJ J-V characteristics for: (a) homogeneous NiO density (5 × 10 16 cm 
− 3 ) and (b) inhomogeneous variable NiO surface acceptor density. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

7 
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Fig. 11. Effect of the E 2 trap location depth on (a) the simulated J-V characteristics and (b) impact generation rate at equilibrium. (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.) 

Table 3 

Properties of each layer of the studied NiO/ 𝛽-Ga 2 O 3 HJD. 

Parameters Sn: 𝛽-Ga 2 O 3 [ 67 , 70 , 71 ] Si: 𝛽-Ga 2 O 3 [ 28 , 67 , 70 ] NiO[ 72–74 ] 

Thickness (μm) 600 10 0.1 

Bandgap (eV) 4.8 4.8 3.71 

Affinity (eV) 4 4 1.46 

Hole mobility (cm 
2 V − 1 s − 1 ) 10 10 1 

Electron mobility (cm 
2 V − 1 s − 1 ) 172 300 12 

Doping density (N a and N d ) (cm 
− 3 ) 1 × 10 18 (n-type) 1.4 × 10 16 –2 × 10 17 (n-type) 5 × 10 15 –1 × 10 19 (p-type) 

Ionization energy (eV) E c -0.21 E c -0.11 E v + 0.26 
Relative permittivity 12.6 11 10.7 

N c (cm 
− 3 ) 3 . 7 × 10 18 3 . 7 × 10 18 2.8 × 10 19 

N v (cm 
− 3 ) 5 × 10 18 5 × 10 18 1 1 × 10 19 

Minority carrier lifetime (ns) 0.21 0.21 260 
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Fig. 12. Effect of E c -0.75 trap on J-V characteristics. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.) 

𝐽  

w  

e  
The continuity equations; for electrons and holes; defined in steady

tates are given by [ 67–69 ]: 

 = 

1 
𝑞 
𝑑𝑖𝑣 ⃖⃖ ⃖⃗𝐽 𝑛 + 𝐺 𝑛 − 𝑅 𝑛 (4)

 = − 

1 
𝑞 
𝑑𝑖𝑣 ⃖⃖ ⃖⃗𝐽 𝑝 + 𝐺 𝑝 − 𝑅 𝑝 (5)

here, 𝐺 𝑛 and 𝐺 𝑝 are the generation rates for electrons and holes, 𝑅 𝑛 

nd 𝑅 𝑝 are the recombination rate for electrons and holes. 𝐽 𝑛 and 𝐽 𝑝 
re the electron and hole current density which are given in term of

uasi-Fermi level ( 𝜙𝑛 and 𝜙𝑝 ) and mobility ( 𝜇𝑛 and 𝜇𝑝 ) as [ 67–69 ]: 

 ⃗𝑛 = − 𝑞𝜇𝑛 𝑛 ∇ 𝜙𝑛 (6)

 ⃗𝑝 = − 𝑞𝜇𝑝 𝑝 ∇ 𝜙𝑝 (7)

Traps are represented by their ionized density 𝑁 
± 
𝑡 . The sign ±

epends on whether the trap is a majority or a minority carrier so

hat 𝑁 
+ 
𝑡 = 𝑓𝑁 𝑡 and 𝑁 

− 
𝑡 = ( 1 − 𝑓 ) 𝑁 𝑡 , 𝑓 is the occupancy function given

y 𝑓 = 

𝜎𝑛 𝑛 + 𝜎𝑝 𝑝 
𝜎𝑛 ( 𝑛 + 𝑛 𝑡 )+ 𝜎𝑝 ( 𝑝 + 𝑝 𝑡 ) 

, 𝜎𝑛 ( 𝑝 ) is the trap capture cross-section for elec-

rons (holes). Furthermore, the recombination rate is related to traps

hrough the well-known Shockley-Read-Hall recombination (SRH) for-

ula 𝑅 𝑛,𝑝 = 

𝑝𝑛 − 𝑛 2 
𝑖 

𝜏0 𝑛 ( 𝑝 + 𝑝 𝑡 )+ 𝜏0 𝑝 ( 𝑛 + 𝑛 𝑡 ) 
with 𝑛 𝑡 = 𝑛 𝑖 𝑒𝑥𝑝 ( −( 𝐸 𝑖 − 𝐸 𝑡 )∕ 𝑘𝑇 ) and 𝑝 𝑡 =

 𝑖 𝑒𝑥𝑝 ( −( 𝐸 𝑡 − 𝐸 𝑖 )∕ 𝑘𝑇 ) , 𝜏0 𝑛 and 𝜏0 𝑝 are the minority carrier lifetime which
re also related to traps through 𝜏0 𝑛 ( 𝑝 ) = 

1 
𝑣 𝑡ℎ𝑛 ( 𝑝 ) 𝜎𝑛 ( 𝑝 ) 𝑁 𝑡 

where 𝑣 𝑡ℎ𝑛 ( 𝑝 ) is the

hermal velocity of electrons (holes). 

In addition, thermionic emission Eq. (1) and ( (2) ) and tunneling cur-

ents are taken into account since they might be present in heterojunc-

ions. 
8 
The tunneling current is given by [ 75 ]: 

 𝑇 = 

𝐴 
∗ 𝑇 𝐿 
𝐾 𝐵 

∞
∫
𝜖
Γ
(
𝐸 

′)ln 
( 

1 + 𝐹 𝑠 
(
𝐸 

′)
1 + 𝐹 𝑚 ( 𝐸 

′) 

) 

𝑑 𝐸 
′ (8)

here 𝐴 
∗ , 𝑇 𝐿 , 𝐾 𝐵 , 𝜖, 𝐹 𝑠 ( 𝐸 

′) and 𝐹 𝑚 ( 𝐸 
′) are effective Richardson’s co-

fficient (41.11 𝐴𝑐𝑚 
−2 𝐾 

−2 ), lattice temperature, Boltzmann constant,
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Fig. 13. Equilibrium (0 V) band diagram and transport mechanisms (a), free carriers’ profile (b), and potential and electric field profile (c). (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.) 
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a  
lectrons energy, and Maxwell- Boltzmann distribution in the semicon-

uctor and metal, respectively, and Γ( 𝐸 
′) is the tunneling probability

iven by [ 75 ]: 

( 𝜖) = exp 

[ 

−2 
√
2 𝑚 

∗ 

ℏ 

𝑥 2 
∫
𝑥 1 

√
𝐸 𝑐 ( 𝑥 ) − 𝜖𝑑𝑥 

] 

(9)

Here, 𝐸 𝑐 ( 𝑥 ) and ( 𝑥 1 , 𝑥 2 ) are the potential energy distribution of
chottky barrier diode and classical turning points, respectively. 

Furthermore, for mobilities dependent concentration and tempera-

ure are considered using analytic model at each layer which is given

y[ 76 ]: 

𝑛 

(
𝑇 , 𝑁 𝑑 

)
= 𝜇𝑚𝑖𝑛𝑛 

(
𝑇 

300 

)𝑛 1 
+ 

𝜇𝑚𝑎𝑥𝑛 

(
𝑇 

300 

)𝑚 1 
− 𝜇𝑚𝑖𝑛𝑛 

(
𝑇 

300 

)𝑛 1 
1 + 

(
𝑇 

300 

)𝛼1 (
𝑁𝑑 

𝑁 𝑑0 

)𝛾1 (10)

𝑝 

(
𝑇 , 𝑁 𝑎 

)
= 𝜇𝑚𝑖𝑛𝑝 

(
𝑇 

300 

)𝑛 2 
+ 

𝜇𝑚𝑎𝑥𝑝 

(
𝑇 

300 

)𝑚 2 
− 𝜇𝑚𝑖𝑛𝑝 

(
𝑇 

300 

)𝑛 2 
1 + 

(
𝑇 

300 

)𝛼2 (
𝑁𝑎 

𝑁 𝑎 0 

)𝛾2 (11)
𝛽  

9 
Where 𝜇𝑚𝑖𝑛𝑛 , 𝜇𝑚𝑖𝑛𝑝 , 𝜇𝑚𝑎𝑥𝑛 , 𝜇𝑚𝑎𝑥𝑝 , 𝑛 1 , m 1, 𝛼1 , 𝛾1 , 𝑁 𝑑0 , 𝑛 2 , m 2, 𝛼2 , 𝑁 𝑎 0
nd 𝛾2 are fitting parameters presented in Table S2 for majority carriers
t each layer and Figure S3 shows the used NiO hole mobility dependant

cceptor density. 

In addition to SRH, Auger recombination and mobility dependent

lectric field are considered in this simulation. 

.1. Modeling NiO/ 𝛽-Ga 2 O 3 heterojunction 

In this section, fresh and annealed NiO/ 𝛽-Ga 2 O 3 heterojunction

haracteristics were modeled in order to understand conduction mech-

nisms as well as deep levels effects. The starting modeling parameters

f each layer of the heterojunction are shown in Table 3 . The difference

etween fresh and annealed samples is in their deep levels content. 

.2. Fresh NiO/ 𝛽-Ga 2 O 3 heterojunction (FHJ) 

In FHJ, the electron traps E 1 and E 3 are revealed by DLTS at − 2 V

 Fig. 9 ) and − 4 V (Figure S2) pulse heights, which indicates that both E 1 
nd E 3 are bulk traps which are considered in epitaxial layer (Si-doped

-Ga 2 O 3 ) in contrast to E 2 , which was seen at − 2 V while it was absent
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Fig. 14. The simulated J-V characteristics compared to measurement for AHJ. 

(For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.) 
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t − 4 V indicating that it is probably an interface trap. The depletion

egion width for the − 2 and − 4 V reverse biases is roughly estimated

o be 0.204 and 0.232 μm, respectively, for the effective doping den-

ity of 2 × 10 17 cm 
3 estimated from C-V characteristics. The 0.204 and

.232 μm depletion region widths are initially considered the location

imits of the interface and bulk traps, respectively. The N A in the p-type

iO is first assumed to be 8 × 10 16 cm 
− 3 . The simulated J-V character-

stics compared to measurements are presented in Fig. 10 (a). The dis-

greement between simulation and measurement, especially the voltage

osition of the J-V curve peak, may be related to several reasons. The

rst possible reason could be due to the inhomogeneity of NiO acceptor

ensity. For example Lee el al [ 77 ]. have extracted Ni and oxygen pro-

les using energy dispersive X-ray spectroscopy (EDS) and they found

hat Ni and oxygen have an inhomogeneity profiles, this will effect on

he acceptor density profile. We will, therefore, study the effect of NiO

urface acceptor density. This parameter is scanned from 5 × 10 15 to

 × 10 19 cm 
− 3 and the obtained J-V characteristics, compared to mea-

urements, is presented in Fig. 10 (b). 

The voltage position of the J-V curve peak is the most affected region.

s the NiO surface acceptor density increases the peaks of the simulated

nd the measured currents get closer. This behavior is related to the

ncrease in the band-to-band tunneling current [ 78 ]. A good agreement

s achieved for a surface acceptor density of 1 × 10 19 cm 
− 3 . 

The second plausible explanation is the E 2 trap location depth. Ini-

ially this interface trap is assumed to be located in the region between

he interface and 0.204 μm (the depletion region limit corresponding to

 2 V). This trap location may well be beyond this position. This proba-

le limit is varied between 0.20 and 0.26 μm and the corresponding J-V

haracteristics are presented in Fig. 11 (a). With increasing trap depth,

he leakage current increased. This may be related to the increase in

iO/ 𝛽-Ga 2 O 3 interface generation of free carriers from this trap level as

hown in Fig. 11 (b). A good agreement at reverse voltage was obtained

or a depth of about 0.220 μm which is less than 0.234 μm (correspond-

ng to − 4 V). This may well be the reason that the E 2 trap was absent in

LTS at − 4 V. 

The series resistance region is not affected by the E 2 trap location

epth. Therefore, a further investigation is required. The E 2 
∗ trap (E c -

.75) is one of the most observed traps in 𝛽-Ga 2 O 3 [ 32 , 79 , 80 ] at a den-

ity of 10 13 –10 14 cm 
− 3 . This trap is not observed in this study perhaps

ecause of the fact that it is usually observed in bulk 𝛽-Ga 2 O 3 and affects

he forward current [32] . Therefore, this trap is considered in Sn-doped

-Ga 2 O 3 substrate with density 4.1 × 10 13 cm 
− 3 [32] and the modeling-

easurement difference is reduced as presented in Fig. 12 . 

Now, after obtaining a fairly good agreement, the equilibrium band

iagram, free carriers’ profiles, electric field and potential profiles are

xtracted and are shown in Fig. 13 . A type-II NiO/ 𝛽-Ga 2 O 3 hetero-

unction as shown in Fig. 13 (a) was obtained which is in agreement

ith [ 26 , 32 ]. In this work, three transport mechanisms are present:

hermionic emission, diffusion and band-to-band tunneling as detailed

n Fig. 13 (a). Free holes diffuse from NiO to the surface of 𝛽-Ga 2 O 3 with

 diffusion length of about ∼ 30.20 nm as shown in Fig. 13 (b). Then,

ecause of high NiO hole density, band-to-band tunneling plays an im-

ortant role while the thermionic emission mechanism finds a suitable

arrier to overcome. 

From the free carrier profile, the equilibrium depletion spreads

ainly in 𝛽-Ga 2 O 3 because of high NiO surface acceptor density and

ts width is ∼ 0.182 μm which is obtained from the equilibrium po-

ential profile ( Fig. 13 (c)). Furthermore, the built-in potential value

V bi ) extracted from the equilibrium potential profile is about 1.30 V,

hich is different from the turn-on voltage (V on ) of about 1.40 V

or fresh HJ sample extracted from the simulated J-V characteristics

hown in Fig. 12 . This small deviation of 0.1 V between the two val-

es may be related to the effect of the considered interfacial traps.

 high equilibrium electric field with unusual profile at the NiO/ 𝛽-

a 2 O 3 interface may be due to hole diffusion and the considered

urface ( Fig. 13 (c)). 
10 
.2.1. Annealed NiO/ 𝛽-Ga 2 O 3 heterojunction (AHJ) 

When the sample was annealed, only one trap was revealed by DLTS,

amely E 3 . The activation energy of this trap is E c -0.17 eV and its den-

ity is 4.3 × 10 14 cm 
− 3 at − 2 V but increased to 3.1 × 10 16 cm 

− 3 at

 4 V. This indicates that this trap has a non-uniform profile. Therefore,

he AHJ was modeled using the same established parameters for the

HJ except for the traps, NiO acceptor density, and the donor density in

he Si-doped 𝛽-Ga 2 O 3 . Consequently, a simple presentation of the trap

rofile was proposed. This profile consists of two regions with different

ensities. The first starts from the interface and has a depth equal to the

epletion region limit at − 2 V (0.685 μm for the AHJ) with a density of

 . 3 × 10 14 cm 
−3 . The second started from 0.685 μm to the rest of the ac-

ive region (Si-doped 𝛽-Ga 2 O 3 ) of the sample with a density of 3.1 ×10 16 

m 
−3 . Furthermore, we have found that after annealing the sheet resis-

ance increased from 3.99 × 10 7 Ω /cm 
2 to 1.47 × 10 8 Ω /cm 

2 , indicating

hat the free hole density decreased after annealing. The extracted hole

ensity from sheet resistance with the consideration of the proposed

ole mobility model was about 2.35 × 10 15 cm 
− 3 (N A = 6 × 10 16 cm 

− 3 

ecause the free hole density is just 4.7% of N A ). The N A value is very

lose to the measured value of 6 × 10 16 cm 
− 3 . This decrease of hole den-

ity may be related to the decrease in oxygen vacancy in NiO layer. In

ddition, the donor density of the considered Si-doped 𝛽-Ga 2 O 3 layer is

.4 × 10 16 cm 
− 3 . The simulated J-V curves show good agreement with

he experimental results as illustrated in Fig. 14 . 

. Conclusion 

The effect of RTA on the electrical and optical properties of NiO/ 𝛽-

a 2 O 3 heterojunction diodes have been investigated using Capacitance-

oltage, Current-Voltage, DLTS, Laplace DLTS, Photoluminescence,

icro-Raman spectroscopy techniques, and SILVACO-TCAD numerical

imulator. The heterojunction diode is designed to make NiO fully de-

leted at zero bias, thus allowing for study of the properties of 𝛽-Ga 2 O 3 

nd its interface with NiO. We found that the annealed samples showed

etter diode performance. This was in agreement with the optical results

hich demonstrated an enhancement in the photoluminescence peak in-

ensity after RTA. This enhancement is explained by a rise in the density

f gallium vacancies. In addition, the RTA resulted in an improvement of

he electrical characteristics of the devices and a reduction of the num-

er of electrically active traps. SILVACO TCAD was used to model differ-

nt effects. Values of the E 2 trap depth from the 𝛽-Ga 2 O 3 surface and the

iO surface hole density were determined, enabling a good agreement
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ith experimental results for fresh and annealed samples. Furthermore,

ecause of the high NiO surface hole density, we have demonstrated

hat band-to-band tunneling transport mechanism is dominant. Apply-

ng the RTA process on NiO/ 𝛽-Ga 2 O 3 heterojunction diodes resulted in

uperior optical and electrical properties than those of the fresh sam-

les, which are required for potential applications in next generation

ower devices. The demonstrated NiO/ 𝛽-Ga 2 O 3 heterojunction can be

pen a route toward future bipolar devices such as heterojunction gate

eld-effect-transistors (HJ-FETs) or normally-off FET [ 81 , 82 ]. 
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