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Abstract— A 2D analytical model for breakdown voltage (BV) 
and specific on-resistance (Ron,sp) of GaN lateral polarization-
doped super-junction (LPSJ) devices has been developed.  The 
electric field along the critical path has been modeled and 
compared with 2D simulation results, followed by breakdown 
voltage calculation using impact ionization integral.    Design 
space and optimization of LPSJ has been disused in terms of n/p 
pillar doping, thickness and aluminum composition xAl  in 
grading AlGaN.   The 2D analytical model represents a more 
realistic performance limit than the 1D model and the Ron,sp of 
LPSJ with xAl = 0.3 shows > 10x reduction over conventional GaN 
junctions for BV>2 kV.  It can provide useful guidelines for the 
development of LPSJ and the design criteria to achieve minimum 
Ron,sp.   

Keywords—Super-junctoin; Polarization; GaN; Breakdown 
voltage; Specfic On resistance; Analytical 

I.  INTRODUCTION  
GaN based power devices has attracted great attentions due 

to its high breakdown field and high electron mobility.  
Remarkable progresses on GaN based power devices have been 
achieved recently by several groups on GaN-on-Si or GaN-on-
GaN platform [1-4], on the way to approach the unipolar limit 
of breakdown voltage and on resistance of GaN material.  
Super-junction concept, which based on charge compensation 
in the drift region by fully balanced n and p pillar region, has 
been widely adopted in Si power device to break such tradeoff 
of breakdown voltage and on resistance [5-7].  Thus the 
combination of advantage of GaN material and super-junction 
concept would further improve GaN based device performance.   
GaN super junction devices using impurity doping [8] or 
natural super junction [9] based on the polarization sheet 
charge have been studied to beat the aforementioned limit.  
However, impurity doping to form p type pillar in GaN still 
remains a great challenge due to the high activation of Mg in 
GaN (~200 meV); furthermore, practical solutions for device 
fabrication has also not been proposed yet.  The natural super 
junction has a high electric field crowding problem due to the 
high sheet charge of the 2 dimension electron gas (2DEG) and 
2 dimension hole gas (2DHG), thus only device performance 
far less than expected has been reported to date.  Recently, we 
proposed lateral polarization-doped super junction (LPSJ) as 
shown in Fig.1 (a): the n/p pillar regions are realized by 
compositionally grading AlGaN [10], where the electron and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: (a) Schematic view of the LPSJ structure, (b) the unit cell of LPSJ, (c) 
the electric field distribution along the x direction at y = -d in a LPSJ showing 
the peak field Emax occurs at x=0.     
                                  
hole concentrations are uniform and balanced in the n/p pillar 
regions.    

In this paper, a 2D analytical modeling of the electric field 
and breakdown voltage of GaN LPSJs is presented.  Design 
optimization in terms of the n/p pillar doping, thickness and xAl 
composition are discussed. 

II. LATERAL POLARIZATION-DOPED SUPER-JUNCTION  
The LPSJ features uniformly doped n/p pillar regions by 

lineally grading the Al composition xAl up and down in the 
AlxGaN layers alternatively [11], [12], and the n+ and p+ 
cathode/anode regions are formed by regrowth to connect with 
the n and p pillars, respectively[13], [14].   The unit cell of the 
LPSJ is shown in Fig.1 (b), where both n and p pillars have a 
thickness of d, the length of the drift region is Ld , the doping 
concentrations can be expressed as  
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                           n=p=Na=Nd = /d                                  (1) 

where  is the net polarization charge in AlxGaN (cm-2).  So 
the unit cell, consisting of a pair of n/p pillars with balanced 
charges shown in Fig.1 (b), can be treated in the same fashion 
as traditional p-n super-junction in terms of electric field 
profile modeling.  When the LPSJ is under reverse bias, there 
is depletion in the n/p pillars in both lateral and vertical 
directions, eventually leading to a full depletion in the drift 
region.  Due to the symmetry of LPSJ, the electric field profile 
is symmetric along the center line of the structure.   Strollo et 
al. established an exact analytical solution for the electric field 
along y=-d when n/p pillars are fully depleted[15], 
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n V n            

* 38 / ( ) ( 1) 1γ π= − −n
n V n  and Vr is the applied revered voltage. 

The schematic electric field profile along the x direction at y = 
-d is also showing in Fig.1(c), where the peak maximum 
electric field Emax occurs at x = 0 and y = -d.  When 0< d/Ld 
<1, which will be the case in our discussion where the thin n 
and p pillar can be easily controlled by the MBE/MOCVD 
epitaxy growth, the maximum electric field at x = 0 can be 
approximated to be[16] 

                                  max 1.66
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where = r
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L
, which is from the flat electric filed distribution 

when n/p are fully depleted (Fig. 1c), thus it can treated as the 
electric filed in the i-region of a PIN diode. 

 In order to calculate the breakdown voltage, we need to use 
the ionization integral along the critical electric field path (i.e. 
the peak electric field path), where using Eq.2 can be 
challenging.  On the other hand, this electric field profile can 
be also modeled using a polynomial approximation [17] 
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The maximum electric field along y = -d is at x = 0 

                        max ε
= + × flat

flat
s

xqNE E
m

                                     (5) 

Comparing the Emax expressions in Eq.2 and Eq.5, we can get 

                            0.83=flatx md                                                  (6) 

The only fitting parameter m can be obtained by fitting the 
electric field profile simulated by Sentaurus.  For a range of 
feasible Nd and d values, m = 3 resulted in the best fitting 
(Fig.2).  Thus, we can find the electric field along y = -d  

                 

 
Fig.2: Electric filed distribution comparison between modeled and       
numerical simulation along y=-d under different d, Nd values where Ld =10 

m: (a) d = 0.5 m, Nd = 1.2x1017 cm-3 and (b) d = 2 m, Nd = 3.6x1016 cm-3       
                                                                                   

 
 
Fig.3: Breakdown voltage dependence on (a) pillar width d and (b) doping 
concentration Nd and its associated xAl at Ld =10 m.  Breakdown voltage 
reduces with higher doping and larger pillar width. The shaded region (d  1 

m, xAl  0.3) denotes our feasible growth region at present. 
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The breakdown voltage (BV) can then be found by solving the 
impact ionization integral 

                                        
0

1α =
dL

dx                                              (8) 

where impact ionization rate 42 71.5 10−= ×a E is used [18].   

The Ron,sp of the LPSJ considering only unipolar current 
conducting in the undepleted n pillar region can be expressed 
as  
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Fig.4: (a) Breakdown voltage BV and (b) Ron,sp dependence on Nd for various 
AlxGaN (xAl = 0.1, 0.2, 0.3) and Ld (10, 20 m) with the total pillar height h = 4 

m.  The dashed lines depict the associated pillar thickness d.  BV slightly 
increases with smaller d and higher Nd.  Ron,sp reduces with increasing xAl . A 
minimum Ron,sp is observed with respect to doping, mobility, and effective 
conducting area for a given xAl.                                     
 

where μ
−

 is the average mobility in the graded AlGaN layer, h 
is the total height of the LPSJ pillar stacks and ddep is the 
depletion region in the n pillar region  
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where Vbi is the built in potential  
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III. RESUTLS AND DISCUSSION 
The BV dependence on the pillar width d, doping 

concentration Nd and the associated xAl is shown in Fig 3 for a 
fixed drift region length Ld =10 m.  BV is lower for both larger 
d and higher Nd, which is expected because the n/p pillars are 
hard to be fully depleted, thus the super-junction will act more 
like a traditional abrupt pn junction with field crowding at the  

 
Fig.5: Comparison of Ronsp-BV between GaN conventional junction with 1D 
model and LPSJ with 1D and 2D model.  LPSJ 2D model shows >10x 
reduction in Ron,sp over conventional junction for BV > 2 kV, and a more 
accurate performance limit over LPSJ 1D model. 
 

P+/N and N+/P junctions, thus leading to lower BV.  Since the 
doping of the n/p pillar region is controlled by the Al 
composition in the AlxGaN, with a higher doping and larger 
pillar width, a high xAl is needed to get the associated charge.  
The xAl value at the corresponding doping and pillar width is 
also shown in Fig.3. For example, with a doping of 
1.2×1017cm-3 and a pillar width of 2 m, we need to grade from 
GaN to Al0.5GaN over 2 m.  While based on our ongoing 
experimental development, grading a high Al composition over 
a thick layer is challenging.  The shaded region with d  1 m 
and xAl  0.3 in Fig.3 denotes the practical design space based 
on the known device epitaxial growth conditions today.   

Besides dialing the traditional knobs such as the doping 
and pillar thickness, the Al composition xAl of the AlxGaN is 
other unique parameter we can adjust.    Figure 4 (a) shows the 
calculated BV for 3 different xAl values 0.1 to 0.3 while 
varying d to change Nd.   BV is slightly higher with a smaller d 
and a higher Nd for a lower xAl where the total charge is low 
and the fully depletion can be easy to meet.  While for a 
higher xAl, the total charge in the n/p pillar is higher, and along 
with a larger pillar width, full depletion is difficult to reach 
before the device breaks down. As a result, we see a large 
change in BV when the pillar width increases from 0.1 to 2 

m.  For example, BV is found to be ~2050 V for Nd = 6x1016 
cm-3, d =2 m and increases to ~2500 V for Nd = 1.2×1018 cm-

3, d = 0.1 m, while xAl is 0.3 and Ld =10 m.  Since the 
effective electron mobility in the graded layer depends on the 
Al composition and the resultant doping concentration, an 
average mobility considering the alloy scattering and optical 
phonon scattering is used to model Ron,sp as shows in Fig.4(b).  
The overall trend is that with a higher xAl composition, a lower 
Ron,sp can be obtained since it results in a higher carrier 
concentration in the conducting pillars though the electron 
mobility is lower due to the enhanced alloy scattering.   
Besides, Ron,sp shows a minimum for a given xAl due to the 
tradeoff among doping concentration, carrier mobility and 
effective conducting area.      
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The tradeoff relationship between BV and Ron,sp for 
conventional GaN impurity-doped junctions and LPSJ with 
the 1D (simplified [10]) and 2D (improved, this work) 
analytical model is compared in Fig.5.  For instance, the Ron,sp 
of LPSJ with xAl = 0.3 shows > 10x reduction over 
conventional junctions for BV > 2 kV. Since the 2D analytical 
model represents a more realistic performance limit than the 
simplified 1D model, which is attributed to a more accurate 
modeling of the electric field and calculating BV by impact 
ionization integral, it provides useful guidelines for the 
development of LPSJ and the design criteria to achieve 
minimum Ron,sp. 

IV. CONCLSUION 
A 2D analytical modeling of breakdown voltage and on-

resistance of GaN lateral LPSJ has been presented.  The 
breakdown voltage of GaN LPSJ is obtained by solving impact 
ionization integral along the critical electric filed path with the 
modeling of the electric filed.  Design examples with BV and 
minimum Ron,sp at different  xAl composition have been 
discussed, providing valuable guidelines for the development 
of LPSJ.       
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