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GaN devices offer exciting competition to incumbent technologies 

to meet the growing demand for high power electronic devices. The 

wide bandgap of GaN makes it possible to achieve higher 

breakdown voltages and reduced on-resistances compared to 

traditional Si in unipolar devices, as predicted by the classical Baliga 

figure of merit (BFOM). However, unipolar performance limits can 

be circumvented using the superjunction (SJ), which has been 

demonstrated experimentally in both Si and SiC. Due to the current 

difficulties with selective area doping in GaN, experimental reports 

of vertical GaN SJs are lacking. In response, we propose the use of 

the lateral polar junction (LPJ), which is unique to III-Nitrides, to 

create next-generation vertical GaN SJ devices. We develop a model 

that provides first order design equations for such a device, and 

validate it using TCAD simulations of a 1.2 kV diode. A proposed 

manufacturing approach for LPJ-based GaN SJ is provided. 

 

 

Introduction 

 

Power semiconductor devices are widely used in our day-to-day life. They can be found in 

a broad range of products and systems, such as cell phones, computers, lamps, electric cars 

and trains, among others (1). The primary purpose of a power device, in all of its 

applications, is to block the applied voltage in the OFF state while having the lowest 

resistance in the ON state. Since the second half of the 20th century, Si has been heavily 

used in power devices due to its economic viability. However wide bandgap materials such 

as SiC and GaN (2), as well as ultrawide bandgap materials such as Ga2O3, diamond, and 

AlN (3), have recently gained much attention due to their wider bandgaps, higher 

breakdown field strength, and higher electron saturation velocities compared to Si.  

 

The Baliga Figure of Merit (BFOM) offers a method to quantitatively evaluate the 

impact of a semiconductor material properties on a unipolar device’s performance (2). It is 

defined as: 

 

𝐵𝐹𝑂𝑀 = 𝜀 ∙ 𝜇 ∙ 𝐸
     [1] 

 

where, 𝜀 is the semiconductor permittivity, 𝜇 is electron mobility in the drift region, and 

𝐸  is the critical electric field of the material. The BFOM of GaN has been found to be 
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approximately 4000 times higher than Si and 6 times higher than SiC (4). This higher 

BFOM for GaN makes it possible to realize devices that have a smaller on-resistance and 

area, as well as efficiently operate at higher switching frequencies compared to Si for a 

given breakdown voltage rating. In practice, Si-based power device technology has already 

reached its unipolar theoretical limit, while SiC-based power devices are approaching their 

theoretical limit (5,6). In comparison, GaN-based power devices are showing consistent 

progress towards, but still far from, their theoretical limit (7-9). 

 

The aforementioned theoretical limit for unipolar devices was considered unbreakable 

for about 30 years until the demonstration of Si-based RESURF (Reduced SURface Field) 

devices (10). In a RESURF device, the surface electric field was reduced by creating a 2-

dimensional (2D) profile for the electric field, which increased the breakdown voltage (BV) 

capability of the device. Subsequent theoretical and experimental reports on this new 

device concept were published in which the device was alternatively referred to as a super-

junction (SJ) (11), CoolMOS (12), MDmesh (13), and charge-coupled or charge-balanced 

device. The main difference compared to conventional power devices, is that the drift 

region of this new device is realized using either horizontally aligned or vertically stacked 

alternating p-type and n-type doped columns/pillars, which helps to create a 2D electric 

field by balancing the charges inside the drift region. The fabrication process flow for SJ 

devices is not trivial as it requires selective area doping to obtain horizontally or vertically 

aligned p-type and n-type columns. This is particularly challenging to realize in vertical 

channel devices with thick drift regions. The two main techniques to achieve a SJ are 

multiepitaxy with ion-implantation and trench etching with regrowth (14,15). The maturity 

of Si technology has enabled commercialization of Si-based SJ devices, and numerous 

publications in the literature are available (15). In recent years, experimental 

demonstrations of SiC-based SJ devices have also been reported in the literature (16-18). 

In both Si and SiC, SJ devices have outperformed their conventional counterparts, thus 

increasing competition among technologies. 

 

A vertical GaN SJ device capable of competing with Si and SiC SJ devices has yet to 

be reported since lateral regrowth and ion implantation technologies remain challenging. 

However, the polar nature of GaN presents a unique opportunity to create superjunctions 

differently. Currently several experimental demonstrations of lateral GaN Polarization 

Superjunction (PSJ) devices have been reported in the literature (19-23). In these devices, 

the charge balance is achieved via the engineering of positive (2DHG – 2D Hole Gas) and 

negative polarization charges (2DEG – 2D Electron Gas) at the interfaces of 

GaN/AlGaN/GaN. Despite claiming the advantages of the SJ structure, the current 

performance of these GaN PSJ does not exceed the 1D GaN unipolar theoretical limit. It is 

essential to show an actual performance improvement in SJ devices by crossing GaN’s 

unipolar theoretical limit. Moreover, there is a need to demonstrate an approach for vertical 

GaN SJ devices that can compete with vertical Si and SiC technology at high voltages.  

 

This paper presents a novel approach via lateral polar junctions (LPJ) to realize vertical 

GaN-based SJ devices. The LPJ leverages the differences in defect incorporation in Ga-

polar and N-polar GaN during growth to concurrently create lateral p- and n-doped regions 

during epitaxial growth (24,25), thus bypassing the current technical challenges of ion 

implantation and etching/regrowth in III-nitrides. In what follows, an analytical model to 

design vertical GaN SJ device parameters for a given breakdown voltage is presented and 
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subsequently validated using TCAD simulations of GaN SJ diode. A proposed route to 

manufacturing these devices is then summarized. 

 

 

Design Space of Vertical GaN Superjunction 

 

The optimum performance of a SJ device depends on a variety of device parameters 

such as p/n column width, thickness, and doping, all of which can be calculated before 

device fabrication. Many efforts were taken to develop analytical models for Si (11,26), 

and SiC (27) SJ devices. Similar efforts are ongoing to develop a model for III-Nitride-

based SJ devices (28-35). Amongst those reports, only a few present a model for the GaN 

SJ, and those models are based on complicated infinite series to solve the electric field, 

which require substantial computation and time. In comparison, a simplified and more 

intuitive approach to derive equations for modeling various parameters for Si-based SJ 

devices has been shown by Baliga (36). In this work, we have applied this framework to 

GaN in order to guide the design of novel devices and provide a reference for experimental 

results. 

 

 
 

Figure 1. Cross-sectional view of (a) a GaN SJ diode with vertically stacked alternating p 

and n columns and (b) the unit cell GaN SJ diode structure. The electric field distribution 

(c) in the x-direction obtained at the middle of the drift region (y=LD/2) and (d) in the y-

direction obtained at the (x=WN/2=-WP/2) at breakdown.  

 

Figure 1(a) shows the unit cell cross-section of the GaN SJ device with a half-width of 

p and n columns. The lateral depletion region forms between the p and n columns when a 

reverse bias is applied to the structure, which creates an electric field in the x-direction, as 

shown in Figure 1(b). By increasing the reverse bias voltage, the depletion in the lateral 
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direction increases and, with it, the electric field. To achieve better charge coupling, both 

columns should be totally depleted before the applied reverse bias reaches the breakdown 

voltage. Thus, when the reverse bias reaches the breakdown voltage, the electric field in 

the y-direction of the structure will be uniform, defined as the uniform critical electric field 

(ECU) in p and n columns, as shown in Figure 1(c). 

 

As the electric field increases, free carriers are accelerated, which in turn, creates more 

free carriers through impact events in the depletion region of the drift layer. The number 

of free carriers increases exponentially with increasing reverse bias, and avalanche 

breakdown occurs when carrier multiplication reaches infinity, i.e., the impact ionization 

integral reaches unity (1). The most straightforward form of the impact ionization integral 

equation can be given as follows: 

 

∫ 𝛼	𝑑𝑦



= 1     [2] 

 

where, 𝛼  is the effective value of the electron and hole ionization coefficient and LD is 

the thickness of the vertical p/n columns. Several efforts have been taken to develop impact 

ionization coefficients for GaN material based on theoretical and experimental work 

(37,38). In this work, 𝛼 = 1.5 × 10 ∙ 𝐸 is used for calculations as the parameters 

reported by Baliga (38) are based on experimental results. By replacing the value of 𝛼  

in Eq. [2] and solving it, the relation between breakdown voltage (BV), uniform electric 

field (ECU), and drift region thickness (LD) for GaN SJ devices is obtained: 

 

𝐵𝑉 = 𝐸 ∙ 𝐿 = 9.44 × 10 ∙ 𝐿
/

  [V]   [3] 

 

Hence, the thickness of the vertical p/n columns of GaN SJ for the required BV can be 

calculated using: 

 

𝐿 = 1.07 × 10 ∙ 𝐵𝑉/	 [cm]    [4] 

 

The optimum dose for the charge-balanced SJ device can be found by considering the peak 

value of the electric field, in Figure 1(c), which is ECU. It is expressed as: 

 

𝑄 = 𝑞𝑁



= 𝜀𝐸 = 𝑞𝑁




   [5] 

 

where, Qoptimum is the required dose to create a charge balance within the p/n columns, 

𝜀(=10.4𝜀) is the permittivity of GaN, WN and WP are the width of the n and p columns, 

respectively; ND and NA are the doping concentrations of the n and p columns, respectively. 

Using Eqs. [3] and [5], the relationship between the dose and the BV for GaN SJ can be 

obtained as: 

 

𝑁 ∙ 𝑊 = 𝑁 ∙ 𝑊 = 1.08 × 10 ∙ 𝐵𝑉/	  [cm-2]   [6] 

 

Using Eqs. [4] and [6], one can find GaN SJ device parameters for a given BV or vice 

versa. Also, from Eq. [6], it should be noted that the smaller the p and n column width the 

higher the doping concentration in the drift region columns. This will allow to have lower 

on-resistance in the SJ compared to conventional power devices. Figures 2(a) and 2(b) 
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show the required drift region thickness and the optimum dose for GaN SJ devices at a 

given BV range until 10 kV. Using the optimum dose graph shown in Figure 2(b), a 

required doping can be calculated by choosing achievable column widths for a given BV. 

For comparison, the design parameters for conventional GaN power devices can be written 

in similar ways and are given as (2): 

 

𝑊 = 1.7 × 10 ∙ 𝐵𝑉/	 [cm]   [7] 

 

and, 

 

𝑁 ∙ 𝑊 = 6.77 × 10 ∙ 𝐵𝑉/	 [cm-2]   [8] 

 

where, WPP is the homogeneous drift region thickness for parallel plane breakdown case. 

Thus, from Eqs. [4], [6], [7] and [8], it is clear that the SJ devices can have a smaller drift 

region thickness and higher doping compared to the conventional devices for a given BV. 

 

 
 

Figure 2. (a) Breakdown voltage versus required drift region thickness, (b) required 

optimum dose for the two-dimensional charge coupling.  

 

 

As SJ devices can have larger drift region doping, a lower on-resistance can be obtained 

compared to equivalent conventional devices. The ideal specific on-resistance for the 

structure, shown in Figure 1(a), considering unipolar current flow, i.e., only through n 

column, can be given as (36): 

 

𝑅, = 



∙



    [9] 

 

By replacing the values of LD and ND (=NA) with respect to BV, the ideal specific on-

resistance can be represented in terms of the BV. Thus, the ideal specific on-resistance for 

GaN SJ devices can be given as: 

 

𝑅, = 
.×∙	/∙


 [Ω·cm2]  [10] 
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A similar relationship of on-resistance with respect to BV for the conventional power 

devices has been derived (2). The mobility (𝜇) for GaN as a function of doping in Eq. [10] 

is used from (2). Using these equations, the on-resistance versus breakdown voltage 

characteristics for GaN conventional (1D limit) and SJ devices with different column 

widths (for WN = WP) are shown in Figure 3. It is seen that the SJ structure offers very 

small on-resistance compared to conventional devices designed for the same BV capability. 

Additionally, the use of smaller column widths further reduces the on-resistance of the SJ 

devices. 

 

 
 

Figure 3. Theoretical limit of the specific on-resistance versus breakdown voltage 

comparison for GaN SJ devices.  

 

 

TCAD Simulations of a GaN Superjunction Diode 

 

TCAD simulations are performed using Silvaco ATLAS to evaluate the accuracy of 

the developed model for GaN SJ. A 1200 V breakdown voltage GaN SJ diode is designed 

and simulated to validate the designed equations in previous section. The cross-section of 

the simulated structure is shown in the Figure 4(a). It should be noted that the structure has 

an additional p+-GaN layer on top in comparison to the structure shown in Figure 1(b). This 

is used to facilitate modeling of the reverse blocking performance of the SJ diode. The 

required parameters to simulate the structures are: thickness of the drift region (LD), and 

half width and doping concentrations of the p/n columns, all of which can be calculated 

using the above designed model. 

 

According to Eq. [4] the required drift region thickness (LD) to achieve 1200 V 

breakdown is 4.2 µm. Similarly, using Eq. [6], the required dose (ND·WN = NA·WP) in p/n 

column is 3.3×1013 cm-2. Choosing WN = WP = 1 µm, as it is easily manufacturable with 

the i-line stepper lithography, the required p/n column doping (NA = ND) is calculated from 

dose and it is 3.3×1017 cm-3. The corresponding simulation results show a breakdown 

voltage around 1180 V, as shown in Figure 4(b), which is in good agreement with the 

developed model. Figure 4(c) shows the 2-D electric field contour at the 1180 V 
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breakdown. The 3-D electric field contour is also plotted and shown in Figure 4(d). From 

these figures, it can be observed that the electric field is uniform across the drift region 

with a slightly higher E-field near the lateral junction of p and n columns, at the bottom of 

p, and the top of n column. In comparison, a conventional device with the same drift region 

doping would have a breakdown voltage around 200 V. Hence, it is seen that the SJ devices 

clearly offer a performance advantage over their conventional unipolar counterparts. 

 

 
 

Figure 4. Simulated (a) cross-section structure and (b) blocking I-V characteristics of the 

1200 V GaN SJ diode. (c) Two-dimensional and (d) three-dimensional electric field 

distribution in the device at reverse bias 1180 V. 

 

These results demonstrate that the first order device design parameters for a GaN SJ 

diode can be calculated using the model designed in this work. It should be noted that these 

models are not valid in the presence of the charge imbalance (i.e. when ND·WN ≠ NA·WP). 

 

 

Realization of Vertical GaN Superjunction: A Path Forward 

 

As mentioned in the introduction, there are two main techniques to obtain SJ structures, 

namely trench etching/regrowth and ion implantation, and they have already been 

demonstrated to be effective in both Si and SiC technologies. Despite several ongoing 

efforts to develop similar methods for selective area doping in GaN, these approaches have 

not been successfully applied to GaN to realize vertical SJ devices. The major issue in 

etching/regrowth technique is the etching damage to the GaN which leads to the interface 

charges after the regrowth and thus higher reverse bias leakage (39-42). Whereas in ion 

implantation, large Mg drive-in (43,44) has been observed, which would restrict the benefit 

of having smaller p/n column width and limit the reduction in on-resistance. Therefore, 
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instead of these conventional methods, we propose a novel lateral polar junction approach 

to realize vertical GaN SJ devices. This approach is only available in III-Nitride 

technology, and provides a promising path towards selective area doping of thick and 

narrow p/n columns necessary in high-performance vertical GaN SJ devices. 

 

GaN films can be grown in two different orientations, Ga-polar (0001) and N-polar 

(0001). Crystal polarity during GaN epitaxy on sapphire substrates is determined by a low-

temperature (LT) AlN buffer layer, the presence of which results in Ga-polar epitaxial films 

(45,46). Therefore, patterning of the LT AlN buffer via lithography, allows for Ga- and N-

polar GaN domains to be grown simultaneously and laterally via metal-organic chemical 

vapor deposition (MOCVD) (47). This method avoids the trench etching/regrowth and ion 

implantation techniques conventionally used to realize SJ. Moreover, thick p/n columns 

can be grown in a single run, which avoids the issue of aligning p/n columns normally seen 

in multiepitaxy technique. The process steps are illustrated in Figure 5. 

 

 
 

Figure 5. Process flow for fabricating GaN SJ structure using later polar junction (LPJ) 

approach. 

 

The phenomenon that allows for the superjunction is the asymmetry in defect 

incorporation. Specifically, preferential incorporation of shallow donor oxygen occurs in 

N-polar GaN making it n-type while Ga-polar GaN remains semi-insulating (24,25,48-50). 

In contrast Mg incorporates similarly into GaN for both polarities. Hence, if Mg is 

introduced in at concentrations below O concentration in N-polar GaN, the Ga-polar 

domains will become p-type, while the N-polar domains will remain n-type (24,25). 

Further, Hite et al. (51-53) have demonstrated that a thick GaN lateral polar structure 

exceeding 100 µm can be grown on native GaN substrate thus allowing for fully vertical 

GaN SJ on GaN substrates. Fully vertical GaN SJ devices with alternating p-type and n-

type columns can hence be realized using this LPJ approach.  
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Conclusion 

 

The use of a superjunction makes it possible for a material to surpass its unipolar 

performance limit. There is therefore a clear need for an approach to achieve high-

performance GaN SJ devices. Instead of relying on conventional manufacturing 

approaches, this paper proposes the use of a lateral polar junction – a feature that is unique 

to III-Nitrides – to make next generation GaN SJ devices. A first-order analytical model to 

obtain device design parameters is established, and subsequently validated using the TCAD 

simulations of a 1200 V GaN SJ diode. It is confirmed that not only does the analytical 

model provide an accurate estimate of the drift layer requirements, but that the GaN SJ will 

indeed outperform a GaN unipolar device with equivalent drift region doping and 

thickness. Finally, an approach to manufacturing GaN LPJ-based power devices is 

outlined.  
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