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Abstract—We report the first experimental demonstration of a 

vertical superjunction device in GaN. P-type nickel oxide (NiO) 

is sputtered conformally in 6 µm deep n-GaN trenches. Sputter 

recipe is tuned to enable 1017 cm-3 level acceptor concentration 

in NiO, easing its charge balance with the 9×1016 cm-3 doped n-

GaN. Vertical GaN superjunction p-n diodes (SJ-PNDs) are 

fabricated on both native GaN and low-cost sapphire substrates. 

GaN SJ-PNDs on GaN and sapphire both show a breakdown 

voltage (BV) of 1100 V, being at least 900 V higher than their 

1-D PND counterparts. The differential specific on-resistance 

(RON,SP) of the two SJ-PNDs are both 0.3 mΩ·cm2, with the drift 

region resistance (RDR,SP) extracted to be 0.15 mΩ·cm2. The 

RON,SP~BV trade-off is among the best in GaN-on-GaN diodes 

and sets a new record for vertical GaN devices on foreign 

substrates. The RDR,SP~BV trade-off exceeds the 1-D GaN limit, 

fulfilling the superjunction functionality in GaN.         

I. INTRODUCTION  

A 1-D, unipolar power device is theoretically limited by a 

trade-off that specific on-resistance (RON,SP) increases with the 

square of breakdown voltage (BV). A vertical superjunction can 

break this limit [1]. It comprises multiple, alternate n- and p-

type pillars with relatively high doping and balanced charges. 

Its RON,SP is much lower than 1-D devices and linearly increase 

with BV. Superjunction has achieved commercial success in Si 

[1] and been recently demonstrated in SiC [2], [3], enabling 

device performance beyond the 1-D Si and SiC unipolar limits.  

The superjunction also promises breakthrough advances in 

GaN. Despite many simulation studies [4], [5], no vertical GaN 

superjunction device has been experimentally demonstrated. 

The superjunction concept was applied to polarization charges 

[6] in lateral GaN diodes [7], [8] and HEMTs [9]. However, 

lateral superjunction still holds a RON,SP ∝ BV2 limit [1], which 

is inferior to that of vertical superjunction (RON,SP ∝ BV). 

Superjunction is usually fabricated by the filling epitaxy in 

deep trenches or the multiple rounds of ion implantation and 

epitaxy [1]. The realization of superjunction in GaN is hindered 

by process challenges in each way, particularly on the selective, 

deep p-GaN doping [10] with precisely controlled acceptor 

concentration (NA) to balance the donor (ND) in n-GaN. 

This work explores an alternative p-type semiconductor, 

nickel oxide (NiO), to form p-n junction with n-GaN pillars in 

deep trenches. NiO has a bandgap of 3.4~4 eV, a projected 

critical field (EC) up to 5 MV/cm, and dielectric constant (11.9) 

larger than GaN [11], suggesting the NiO/GaN hetero-junction 

is not limited by NiO breakdown and can exploit the EC of GaN. 

NiO can be conformally sputtered to form p-n junctions on non-

planar GaN structures. The NiO-wrapped GaN trigate [12] and 

fin-anode [13] have enabled kilovolts lateral GaN devices. 

To use NiO for superjunction, a new challenge appears for 

charge balance, as the sputtered NiO usually has a high NA of 

1018~1020 cm-3 (it is used as p+-region in prior power devices). 

The feasibility of NiO sputter in deep trenches is also unknown. 

This work presents new processes to address these challenges. 

NiO with NA down to 1016~1017 cm-3 is realized with conformal 

coverage in 6-µm deep trenches. This enables us to demonstrate 

vertical GaN superjunction devices for the first time on both 

sapphire and GaN substrates with a BV over 1 kV. 

II.  EPITAXY AND DEVICE DESIGNS 

Fig. 1 shows the epi structure and schematic of our vertical 

GaN superjunction p-n diode (SJ-PND). The GaN-on-GaN epi 

comprises 40 nm p++-GaN ([Mg]: 1020 cm-3), 300 nm p-GaN 

([Mg]: 1019 cm-3), 8 µm n-GaN ([Si]: 9×1016 cm-3), 0.8 µm n+-

GaN ([Si]: 2×1018 cm-3) grown on 2-inch GaN substrates by 

MOCVD. Our superjunction simulations reveal an optimal n-

pillar width (wn) of 2~2.5 µm for this n-GaN doping [5]. The 

GaN-on-sapphire wafer has the identical epi except for a thick 

(4 µm) n++-GaN ([Si]: 1019 cm-3) inserted on sapphire to reduce 

the current crowding in quasi-vertical devices [14].  

Another key epi design is deploying a GaN p-n junction on 

the drift region to confine the peak E-field in the native junction. 

This minimizes the risk for surface premature breakdown and 

enables evaluation of the true blocking capability of GaN SJ. 

In our SJ-PND, each GaN pillar is wrapped around by NiO 

with the superjuntion length (thickness) LSJ = 6 µm. The target 

sidewall NiO width 𝑤𝑝 = 𝑤𝑛𝑁𝐷/(2𝑁𝐴) for charge balance. The 

pillar spacing (S) is no smaller than 2wp. The anode metals on 

top of each pillar form Ohmic contacts to both p-GaN and NiO. 

The latter contact is critical to supply/extract charges for NiO. 

At the device edge, the width of the outmost GaN pillar is 𝑤𝑛/2. 

Its outer mesa is covered by dielectrics, which mechanically 

support a side metal pad connected with all pillar metals. This 

side pad is for probe contact and obviates the need to remove 

the NiO on top of pillars, as NiO is very difficult to etch. 

Fig. 2 and 3 show the simulated E-field contours in two SJ-

PNDs, in which NiO has different NA (and wp), making GaN 

trenches fully filled in one and partially filled in the other. Both 

SJ-PNDs show uniform longitudinal E-field (Ey), suggesting 

the full trench filling is not required for SJ-PNDs.   



III. LOWERING ACCEPTOR CONCENTRAION IN NIO 

The NiO p-type conductivity was reported to decrease with 

the oxygen partial pressure in sputtering [15]. To explore if such 

correlation applies to NA, we experiment three sputter recipes 

with various Ar:O2 flow ratios in the mixture gas: (A) only Ar, 

(B) 20:1, (C) 2:1, with details listed in Table I. In addition to 

sputter conditions, the annealing’s impact on NA is also studied. 

GaN Schottky diode and NiO/GaN p-n diode are fabricated 

for C-V tests (Fig. 4). ND in n-GaN is first extracted to be 8×1016 

cm-3 (Fig. 5(a)). The NA of NiO is then extracted from 1/C2-V 

data of NiO/GaN diodes using the model shown in Fig. 5(b). 

The NA for recipe A is 5.2×1016 cm-3 and shows no change after 

annealing (Fig. 5(c)). The NA for recipe B is 4.8×1017 cm-3 and 

reduces to 4.3×1017 cm-3 after annealing (Fig. 5(d)). The NA of 

recipe C is too high for C-V extraction; the Hall measurement 

reveals a >1019 cm-3 hole density, suggesting an even higher NA. 

Hence, recipes A and B are selected for SJ-PND fabrication, 

leading to a target wp of ~1.73 and ~0.23 µm, respectively.   

IV. DEVICE FABRICATION 

Fig. 6 shows the main fabrication steps. P-GaN Ohmic is 

first formed in stripes, followed by thickening contact metals 

with thick Ni on the top (Mask I). After the mesa etch, 2-µm 

SiO2 is deposited by PECVD, followed by a patterned SiO2 etch 

to expose the Mask I. Then GaN trenches are etched with a ~6.4 

µm depth. S ranges from 0.8 to 2 µm and wn ranges from 1 to 3 

µm. After a TMAH treatment, the anode pad is deposited, and 

the cathode is formed at the backside (GaN-on-GaN) or a mesa 

down to n++-GaN (GaN-on-sapphire). Finally, NiO is sputtered 

using recipes A and B with their respective target wp, followed 

by a 225 oC annealing. In this process, the Ni in Mask I serves 

as the hard mask for pillar etch and forms Ohmic to the top NiO.   

Fig. 7(a) shows the SEM images before the NiO sputtering, 

revealing smooth sidewalls in high-aspect-ratio GaN trenches. 

Fig. 7(b) shows the cross-section SEM images of the fabricated 

SJ-PND using recipe B, revealing the NiO conformal coverage. 

Fig. 7(c) shows the SJ-PND fabricated using recipe A. Due to a 

large wp, NiO coalesces laterally first at the trench opening 

region, shielding the vertical filling growth in the trench and 

thus leaving voids. Hence, recipe B is deployed for SJ-PNDs. 

Besides SJ-PNDs, 1-D PNDs are fabricated as control devices.          

V. DEVICE CHARACTERISTICS 

Fig. 8 shows the reverse I-V characteristics of GaN PNDs 

fabricated on GaN and sapphire, revealing a BV of 190 V and 

110 V, respectively. The BV of GaN-on-GaN PNDs is limited 

by high ND; the junction E-field reaches 2.5 MV/cm. The lower 

BV in GaN-on-sapphire PNDs is due to high leakage current.  

Fig. 9 and 10 show the reverse I-V characteristics of GaN 

SJ-PNDs on GaN and sapphire with wn of 1~3 µm. At various 

wn, BV increases as the charge imbalance reduces (Fig. 11). At 

wn=2.5 µm (charge balance), both SJ-PNDs show a BV over 

1100 V with ~10-2 A/cm2 leakage current. Interestingly, the 

leakage current of GaN-on-sapphire SJ-PNDs is comparable to 

GaN-on-GaN SJ-PNDs, suggesting the major leakage path is 

not through n-GaN but possibly the GaN/NiO interface or in 

NiO, which are not sensitive to the dislocation density in GaN.  

From the experimental BV, we estimate the average E-field 

near the NiO/GaN junction in superjunction, which is useful to 

evaluate the potential of BV scaling. The transversal E-field (Ex) 

in GaN and NiO as well as the Ey in GaN can be solved by 

       𝐸𝑥(𝐺𝑎𝑁) = 𝑞𝑁𝐷𝑤𝑛 2𝜀𝐺𝑎𝑁; ⁄ 𝐸𝑥(𝑁𝑖𝑂) = 𝑞𝑁𝐴𝑤𝑝 𝜀𝑁𝑖𝑂⁄            (1)     

           𝐵𝑉 = 𝐸𝑦(𝐺𝑎𝑁)𝐿𝑆𝐽 + 𝐸𝑦(𝐺𝑎𝑁)
2 𝜀𝐺𝑎𝑁 (2𝑞𝑁𝐷)⁄                      (2) 

The Ex and Ey in GaN is derived to be 2.03 and 1.69 MV/cm 

at 1100 V, revealing a peak E-field of 2.64 MV/cm in GaN. For 

NiO, (2) is modified to solve Ey; Ey is 1.8 MV/cm. Combining 

the Ex of 1.5 MV/cm solved by (1), the peak E-field in NiO is 

2.34 MV/cm, which is lower than that in GaN. 

Fig. 12 shows the forward I-V characteristics of GaN-on-

GaN SJ-PNDs with wn=2.5 µm and S=1 µm, revealing a 3.2 V 

turn-on voltage (VON) and a differential RON,SP of 0.3 mΩ·cm2. 

In the subthreshold region, current ramps early due to the n-

GaN/NiO junction turn-on. This becomes a very minor current 

path after V > VON due to the high resistivity of NiO. GaN-on-

sapphire SJ-PNDs show nearly identical VON and RON,SP.    

The RON,SP components are analyzed for GaN SJ-PNDs and 

PNDs on both substrates as detailed in Fig. 13. The analyses are 

aided by TLM measurements to extract the contact resistance 

and Schottky diodes fabricated after p-GaN removal (similar to 

those shown in Fig. 4). The drift region resistance (RDR,SP) of 

both GaN SJ-PNDs is extracted to be 0.15 mΩ·cm2, which is 

below the 1-D GaN limit (i.e., ~0.2 mΩ·cm2 for BV of 1100 V).  

VI. BENCHMARK AND SUMMARY 

 Fig. 14(a) benchmarks the differential RON,SP vs. BV of our 

SJ-PNDs with prior vertical GaN diodes. Our performance is 

among the best in GaN-on-GaN diodes and sets a new record in 

GaN diodes on foreign substrates. Moreover, as compared to 

prior 1-D diodes, our SJ-PNDs show a more efficient utilization 

of the epitaxy thickness to boost BV (Fig. 14(b)), showcasing 

the superjunction benefit. Table II compares our GaN SJ-PNDs 

with SiC and Si SJ devices [2], [16], revealing a much lower 

RON,SP of GaN SJ despite the largest wn. Tremendous RON,SP 

reduction can be realized thorough the further wn scaling [1].   

In summary, we demonstrate the first functional vertical 

GaN superjunction device using NiO as the p-type material. 

Our GaN SJ-PNDs fulfill the key SJ merits, e.g., BV boost at 

charge balance and a RDR,SP below the 1-D limit. These results 

mark the arrival of superjunction to vertical GaN devices. 
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Fig. 1. Schematic of the vertical GaN superjunction p-n diode and the zoom-in of a SJ unit-cell. The contacts on 

each pillar are connected to the anode at the device periphery. The epi structures of GaN-on-GaN and GaN-on-

sapphire wafers, as well as the cathode arrangement for quasi-vertical devices, are shown on the right. 

 
Fig. 2. Simulated E-field contours in a SJ-PND at 
1200 V reverse bias, in which NiO fully fills n-GaN 

trenches. The peak E-field in the anode region is 

located at the GaN p-n junction and nearly identical to 

the peak E-field in SJ, minimizing the field crowding. 

 
Fig. 3. Simulated E-field contours in a SJ-PND at 1200 

V reverse bias, in which NiO covers the n-GaN pillar 

sidewall and partially fills n-GaN trenches. The peak E-

field is identical to Fig. 2, validating this design. 

TABLE I. NiO Sputtering Recipes. 

 

 
Fig. 4 Schematic of the fabricated GaN Schottky diode 
and NiO/GaN p-n diodes for C-V measurements. Ni 

forms Ohmic contact to p-NiO. The p-GaN layer is fully 
etched before the fabrication of these two diodes.   

 
Fig. 5. (a) C-V and 1/C2-V characteristics of GaN Schottky diodes, with extracted ND = 8×1016 cm-3 using 1/C2-V linear fit at -10~-4 V. (b) C-V model derived for a 
hetero-PN junction. C-V and 1/C2-V characteristics of NiO/GaN diodes with NiO sputtered using (c) recipe A and (d) recipe B, with and without a 225 oC annealing.   

 
Fig. 6. Main steps in the fabrication process for GaN SJ-PNDs. In step 5 and 10, the Al/Ni metal hard mask can be removed by AZ developer without damaging other 

metals. The top Ni layer deposited in step 2 serves as the hard mask for GaN pillar etch in step 9 and forms the Ohmic contact to NiO deposited in step 12. For GaN-on-
sapphire SJ-PNDs, the process is identical except for step 11, in which a window in SiO2 is opened and the cathode is formed on the n++-GaN layer. To show distinct 

metals, the contacts on top of each pillar are shown in blue (instead of yellow in Fig. 1). These pillar contacts are connected to the anode pad at the device periphery.  



 
 

 

 
 

 

 

  
 

 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
Fig. 7. (a) Side-view SEM images of the 6-µm deep GaN pillars. (b) Cross-section FIB-SEM images of the SJ region of the fabricated SJ-PNDs with (left) S=1.5 µm 

and (right) S=1 µm, using recipe B for NiO sputtering. (c) Cross-section SEMs of the SJ using recipe A, showing lateral NiO coalescence and the voids left in trenches.      

 
Fig. 8. Reverse I-V characteristics of 1-D 
PN diodes fabricated on GaN-on-GaN and 

GaN-on-sapphire.   

 
Fig. 9. Reverse I-V characteristics of the 

GaN-on-GaN SJ-PNDs with wn of 1-3 µm. 

Recipe B is used for NiO with wp=0.23 µm. 

 
Fig. 10. Reverse I-V characteristics of GaN-

on-sapphire SJ-PNDs with wn of 1-3 µm. 

Recipe B is used for NiO with wp=0.23 µm. 

 

 
Fig. 12. Forward I-V characteristics of GaN SJ-PNDs 

plotted in semi-log and linear scales. The on/off ratio is 

over 1010. The subthreshold region shows the first turn-on 
at NiO/GaN junction and the second at GaN p-n junction.    

 

Fig. 13. Schematic of the major RON components in quasi-vertical diodes and fully-vertical diodes, and the 

estimated RON component breakdown of GaN PNDs and SJ-PNDs on sapphire and GaN substrates. This 

analysis is aided by fabricating additional test structures (e.g., TLM, fully/quasi-vertical Schottky diodes). 

 
Fig. 14. (a) Differential RON,SP vs. BV of our GaN SJ-PNDs and other 600-1700 V vertical GaN diodes on 

native and foreign substrates. (b) Effective drift region thickness vs. BV of the reported 1-D vertical GaN 

diodes (MOCVD/HVPE epi) and our SJ-PND, revealing the SJ’s advantage in BV scaling on the thinner epi. 
Here the effective thickness is the thickness of the depleted drift region at BV. In our SJ-PND, this thickness 

is the SJ thickness plus the n-GaN depletion thickness below the SJ at 1100 V (totaling 6.8 µm).  

TABLE II. Comparison between GaN SJ-PND and the 

state-of-the-art SiC SJ diode and Si SJ MOSFET, 
including BV, SJ length (LSP), n-type pillar width (wn), 

RON,SP, and drift region resistance (RDR,SP) 

Device 
BV 

(V) 

LSJ 

(µm) 

wn 

(µm) 

RON,SP 

(mΩ·cm2) 

RDR,SP 

(mΩ·cm2) 

GaN SJ-

PND (this 

work) 

1100 6 2.5 0.3 0.15 

SiC SJ 

diode [2] 
1350 6 2 0.92 0.32 

Si SJ 
MOSFET 

[16] 

685 37 1.7 7.8 N/A 

  

 
Fig. 11. The BV of SJ-PNDs as a 

function of charge imbalance in the 
SJ (Qn=wnND/2, Qp=wpNA).  

 


