
This is a repository copy of Analytical modeling of sheet carrier density and ON-resistance
in Polarization Super-Junction HFETs.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/178389/

Version: Accepted Version

Article:

Yan, H., Du, Y., Luo, P. et al. (2 more authors) (2021) Analytical modeling of sheet carrier 
density and ON-resistance in Polarization Super-Junction HFETs. IEEE Transactions on 
Electron Devices, 68 (11). pp. 5714-5719. ISSN 0018-9383 

https://doi.org/10.1109/TED.2021.3115091

© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be 
obtained for all other users, including reprinting/ republishing this material for advertising or
promotional purposes, creating new collective works for resale or redistribution to servers 
or lists, or reuse of any copyrighted components of this work in other works. Reproduced 
in accordance with the publisher's self-archiving policy.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



Hongyang Yan et al.: Analytical Modeling of Sheet Carrier Density and ON-Resistance in Polarization Super-Junction HFETs                                                                  1 

1 

Abstract— In this paper, we report on the analysis of the on-

state behavior of Polarization Super-Junction (PSJ) HFETs. 

Theoretical models for calculating the sheet densities of Two-

Dimensional Electron Gas (2DEG) and Two-Dimensional Hole 

Gas (2DHG) are proposed and calibrated with numerical 

simulations and experimental results. To calculate the area-

specific on-state resistance (𝑹(𝒐𝒏,𝒔𝒑) ) of PSJ HFETs, Ohmic 

Gate (OG) structures are considered herein. The calculated 

results are well fitted with the simulated and measured results 

at different PSJ length (𝑳𝑷𝑺𝑱) conditions at room temperature.  

 
Index Terms—Polarization Super Junction (PSJ), 

Heterojunction Field Effect Transistors (HFETs), area-specific on-

state resistance ( 𝑹(𝒐𝒏,𝒔𝒑) ), Two-Dimensional Electron Gas 

(2DEG), Two-Dimensional Hole Gas (2DHG). 

I. INTRODUCTION 

ALLIUM Nitride (GaN) is widely considered as the 

next generation pervasive power semiconductor 

material that can help to address global challenges of climate 

change, energy security, sustainability, and connectivity, due 

to its capability for high efficiency as well as high frequency. 

In integrated power conversion systems, due to the high 

concentration of a thin two-dimensional electrons realized 

through piezoelectric properties, AlGaN/GaN-based 

heterojunction field-effect transistors (HFETs) offer 

remarkable properties of low on-state resistance [1]. 

However, the trade-off between the area-specific on-state 

resistance (𝑅(𝑜𝑛,𝑠𝑝) ) and the breakdown voltage has been 

hindered in GaN HFETs and therefore Field Plates (FP) have 

been introduced to enhance the breakdown voltage. Field 

plates suppress the crowding of electric field at the gate edge 

towards the drain [2-4] and enable increase in breakdown 

voltage. However, FP structure also increases the area of the 

device and cost of manufacture. To overcome this, 

Polarization Super Junction (PSJ) technology was proposed 

and has been applied on GaN HEMTs [5, 6]. The PSJ concept 

is based on the polarization property of III–V group nitride 

compound semiconductors to realize the co-existence of 

high-density two-dimensional electron gas (2DEG) and two-

dimensional hole gas (2DHG) at the hetero-interfaces to 
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Department of Electronic and Electrical Engineering, The University of 

realize charge balance [6]. The basic structure of the PSJ 

HFET, as shown in Fig. 1, arises from GaN/AlGaN/GaN 

double heterostructure which employs an inherent charge 

balance in the PSJ region. It can potentially break the one-

dimensional material trade-off between the 𝑅(𝑜𝑛,𝑠𝑝) and the 

breakdown voltage of conventional GaN technology [7]. 

This is because the electric field of the PSJ-HFETs features 

a rectangular shape in comparison to the triangular shape of 

the electric field distribution of conventional GaN FETs. 

Therefore, the breakdown voltage is purely determined by 

the PSJ length (𝐿𝑃𝑆𝐽) [5]. In addition, the 𝐿𝑃𝑆𝐽 is also key for 

the on-state behavior [7]. To optimize the on-state 

performance of PSJ HFET, particularly reducing the 𝑅(𝑜𝑛,𝑠𝑝), 
the theoretical analysis of the 2DEG and 2DHG models is 

necessary. 

In this paper, new analytical models are introduced to 

investigate the 𝑅(𝑜𝑛,𝑠𝑝) of the Ohmic Gate (OG) PSJ HFET. 

Analytical models are calibrated with both simulated modes 

and experimental data to achieve accuracy. 
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Fig. 1.  Schematic cross-section and simplified electric field distribution 
of the Ohmic Gate (OG) PSJ HFET [7]. 
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II. METHODOLOGY 

Towards building analytical models, the first step is 

to calibrate the sheet density of 2DEG and 2DHG with the 

numerical simulation and experimental data [8, 9]. 

  

A. Models for 2DEG and 2DHG 

In the analytical model, the structure used to calculate 

2DEG and 2DHG sheet density is based on practical PSJ 

devices and reported samples [8, 9]. As shown in Fig. 2, it 

consists of a p-type doped GaN cap layer (p-GaN) with Mg-

doped, an undoped GaN layer (u-GaN-2), an AlGaN layer 

and a u-GaN sub-layer (u-GaN-1). It was previously reported 

that 2DHG sheet density increased with the p-cap GaN layer 

thickness. However, when p-GaN layer thickness is beyond 20𝑛𝑚 , the influence of p-GaN layer thickness on 2DHG 

density becomes marginal [8]. Therefore, in the calibration 

process, each layer thickness is consistent with fabricated 

PSJ samples.  

As shown in Fig. 2, to obtain expressions for sheet 

densities of 2DEG and 2DHG, the equation set (1)-(3) are 

built according to Gauss’ law at the interface of p-GaN/u-

GaN-2, u-GaN-2/AlGaN and AlGaN/u-GaN-1 [10, 11]. 

 

 𝜖𝑝−𝐺𝑎𝑁ℰ𝑝−𝐺𝑎𝑁 − 𝜖𝐺𝑎𝑁2ℰ𝐺𝑎𝑁2 = 𝜎𝑝−𝐺𝑎𝑁  (1) 

 𝜖𝐺𝑎𝑁2ℰ𝐺𝑎𝑁2 + 𝜖𝐴𝑙𝐺𝑎𝑁ℰ𝐴𝑙𝐺𝑎𝑁 = 𝜎𝐴𝑙𝐺𝑎𝑁 − 𝑒 ∙ 𝑝𝑠  (2) 

 𝜖𝐺𝑎𝑁1ℰ𝐺𝑎𝑁1 + 𝜖𝐴𝑙𝐺𝑎𝑁ℰ𝐴𝑙𝐺𝑎𝑁 = 𝜎𝐴𝑙𝐺𝑎𝑁 − 𝑒 ∙ 𝑛𝑠  (3) 

 

In the equation set (Eqs. (1)-(3)) shown above,  𝜖𝑝−𝐺𝑎𝑁 , 𝜖𝐺𝑎𝑁2 , 𝜖𝐴𝑙𝐺𝑎𝑁  and 𝜖𝐺𝑎𝑁1  are dielectric constants of 

p-GaN cap layer, u-GaN-2 layer, AlGaN layer and u-GaN-1 

layer, respectively. 𝓔𝑝−𝐺𝑎𝑁 , 𝓔𝐺𝑎𝑁2 , 𝓔𝐴𝑙𝐺𝑎𝑁  and 𝓔𝐺𝑎𝑁1  stand 

for the electric fields in the corresponding layers.  𝜎𝑝−𝐺𝑎𝑁 

and  𝜎𝐴𝑙𝐺𝑎𝑁 are the surface sheet charge of p-GaN layer and 

AlGaN layer. 𝑛𝑠 and 𝑝𝑠 represent the sheet carrier density of 

2DEG and 2DHG. As shown in Fig. 2, considering the 

relationship in the band structure and band bending in the 

AlGaN region (yellow region), both electron and hole 

quantum wells ( 𝛥𝑛  and 𝛥𝑝 ) are satisfied the expression 

shown in Eq. (4) and can be simplified to Eq. (5). 

 

 𝑡𝐴𝑙𝐺𝑎𝑁𝓔𝐴𝑙𝐺𝑎𝑁 = 1𝑒 (𝐸𝐺,   𝐴𝑙𝐺𝑎𝑁 + 𝛥𝑝 + 𝛥𝑛 − (4) 

𝛥𝐸𝑉 − 𝛥𝐸𝐶)   
 𝑡𝐴𝑙𝐺𝑎𝑁𝓔𝐴𝑙𝐺𝑎𝑁 = 1𝑒 (𝐸𝐺 + 𝛥𝑝 + 𝛥𝑛)  (5) 

 

Where 𝑡𝐴𝑙𝐺𝑎𝑁  is the thickness of the AlGaN layer, 𝐸𝐺,   𝐴𝑙𝐺𝑎𝑁 and 𝐸𝐺  are the bandgap of AlGaN and GaN layer, 

respectively. 𝛥𝐸𝑉 and 𝛥𝐸𝑐 are valence band and conduction 

band offsets between AlGaN layer and GaN layer [12].  

To obtain expressions for 𝑛𝑠 and 𝑝𝑠, it is necessary to 

further deduce equations from the band diagram shown in 

Fig. 2. With respect to the valance band potential from the 

right side to the left as shown in Fig. 2, one can derive the 

expression for the potential of the 2DHG quantum well as 

shown in Eq. (6). In a similar way, the expression of the 

2DEG quantum well can be represented in Eq. (7) from the 

conduction band. 

 

 − 𝜙𝑝,   𝑝−𝐺𝑎𝑁𝑒 + 𝑡𝑝−𝐺𝑎𝑁𝓔𝑝−𝐺𝑎𝑁 + 𝑡𝐺𝑎𝑁2𝓔𝐺𝑎𝑁2 = 𝛥𝑝𝑒    (6) 

 𝜙𝑛,   𝐺𝑎𝑁1𝑒 − 𝑡𝐺𝑎𝑁1𝓔𝐺𝑎𝑁1 = − 𝛥𝑛𝑒  (7) 

 

Where 𝑡𝑝−𝐺𝑎𝑁 , 𝑡𝐺𝑎𝑁2  and 𝑡𝐺𝑎𝑁1  stand for p-GaN, u-

GaN-2 and u-GaN-1 layer thickness, respectively. 𝜙𝑝,   𝑝−𝐺𝑎𝑁 

is the valance band barrier height of p-GaN cap and 𝜙𝑛,   𝐺𝑎𝑁1 

is the conduction band barrier height of u-GaN-1 sub-layer. 

The following step is to substitute relations of 𝐶𝑝−𝐺𝑎𝑁 =𝜖𝑝−𝐺𝑎𝑁𝑡𝑝−𝐺𝑎𝑁, 𝐶𝐴𝑙𝐺𝑎𝑁 = 𝜖𝐴𝑙𝐺𝑎𝑁𝑡𝐴𝑙𝐺𝑎𝑁 and  𝐶𝐺𝑎𝑁1 = 𝜖𝐺𝑎𝑁1𝑡𝐺𝑎𝑁1 into Eq. (6) and 

Eq. (7) and then revise equations to Eq. (8) and (9). 

 

 

 

− 𝜙𝑝,   𝑝−𝐺𝑎𝑁𝑒 + 𝜎𝐴𝑙𝐺𝑎𝑁−𝑒∙𝑝𝑠𝐶 + 𝜎𝑝−𝐺𝑎𝑁𝐶𝑝−𝐺𝑎𝑁 − 𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶 ×(𝐸𝐺 + 𝛥𝑝 + 𝛥𝑛) = 𝛥𝑝𝑒   

(8) 

 

𝜙𝑛,   𝐺𝑎𝑁1𝑒 − 𝜎𝐴𝑙𝐺𝑎𝑁−𝑒∙𝑛𝑠𝐶𝐺𝑎𝑁1 + 𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶𝐺𝑎𝑁1 × (𝐸𝐺 + 𝛥𝑝 +𝛥𝑛) = − 𝛥𝑛𝑒   

(9) 

 

Where 𝐶𝑝−𝐺𝑎𝑁 , 𝐶𝐴𝑙𝐺𝑎𝑁  and 𝐶𝐺𝑎𝑁1  are the unit area 

capacitance of p-GaN, AlGaN and u-GaN-1 layer. 𝐶 stands 

for the total unit area capacitance of p-GaN and u-GaN-2 

layer. 

 

 𝑛𝑠 = 𝑚𝑒1𝜋ħ2 𝛥𝑛 (10) 

 𝑝𝑠 = 𝑚h𝜋ħ2 𝛥𝑝 (11) 

 

According to the relationship between 2DEG sheet charge 

density and 2DEG quantum well, another approximate 

expression of 2DEG sheet density, as in Eq. (10), can be built 

into the model which can then be used to obtain 𝑛𝑠 . In a 

similar way, an expression for 𝑝𝑠  can also be derived as 

shown in Eq. (11) [11, 13].  

 
Fig. 2. Band diagram of p-GaN/u-GaN-2/AlGaN/u-GaN-1 
heterostructure. 
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Consequently, 𝑛𝑠 and 𝑝𝑠 expressions as presented in 

Eq. (12) and (13) can be derived by simultaneous Eqs. (1)- 
(13). In Eq. (12) and (13), the order of magnitude of some 

terms are much smaller than others (
𝑒𝐶𝐴𝑙𝐺𝑎𝑁 ≫ 𝜋ħ2𝑒∙𝑚𝑒 , 𝑒𝐶 ≫𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶𝐺𝑎𝑁1 ∙ 𝜋ħ2𝑚𝑒 , ⋯ ). These can be neglected during the 

simplification. Therefore,  𝑛𝑠  and 𝑝𝑠  expressions in the 

analytical model can be finally simplified to Eq. (14) and 

(15), respectively. Table. 1 shows related parameters and 

equations used in the calculation. For instance, 𝜎𝐴𝑙𝐺𝑎𝑁  is the 

sum of spontaneous polarisation charge (𝑃𝑠𝑝)  and 

piezoelectric polarization charge (𝑃𝑝𝑧) , which can be 

calculated from Table. 1. 

Mg dopants do not influence the calculation of 2DEG 

and 2DHG [8, 9]. This is because 30𝑛𝑚 of p-type doped 

GaN cap layer (p-GaN) with 5 × 1019𝑐𝑚−3  Mg doping 

concentration can only serve approximate 1.5 × 1010𝑐𝑚−2 

positive sheet charge density when Mg active percentage is 

1% [9]. Compared with both calculated and experimental 

results of nearly 1013𝑐𝑚−2  2DHG sheet density, the 

contribution from p-GaN layer is negligible. 

In the numerical simulation model, physics-based 

solutions for the sheet density of 2DEG and 2DHG are 

 
(a) 

 
(b) 

Fig. 3. (a) Reported results vs. calculated results of 𝑁𝑆  and 𝑃𝑆  as AlGaN 

thickness varies from 0 to 100𝑛𝑚. The solid black line is the reported 𝑃𝑠 and 

the solid blue line is the reported 𝑁𝑠. The dashed black and blue lines stand for 

the calculated 𝑃𝑠 and 𝑁𝑠, respectively. Red rhombuses are reported measured 

results and green stars are calculated results [8, 9]. (b) Calculated and 

simulated predictions of 𝑁𝑆 and 𝑃𝑆 as Al mole fraction alters from 9% to 40% 

in the heterostructure. 

 𝒏𝒔 = 𝜎𝐴𝑙𝐺𝑎𝑁𝑒 − 𝜙𝑛,   𝐺𝑎𝑁1∙𝐶𝐺𝑎𝑁1𝑒2 − 𝐶𝐴𝑙𝐺𝑎𝑁𝐸𝐺𝑒2   (14) 

 
𝒑𝒔 = 𝜎𝐴𝑙𝐺𝑎𝑁𝑒 + 𝜎𝑝−𝐺𝑎𝑁∙𝐶𝑒𝐶𝑝−𝐺𝑎𝑁 − 𝜙𝑝,   𝑝−𝐺𝑎𝑁∙𝐶𝑒2 −𝐶𝐴𝑙𝐺𝑎𝑁𝐸𝐺𝑒2   

(15) 

 

TABLE I 
PARAMETERS AND EQUATIONS USED FOR CALCULATION 

Symbol Unit Value 𝜖𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁  8.5𝑥𝜖0 + 8.9(1 − 𝑥)𝜖0 𝜖𝐺𝑎𝑁  8.9𝜖0 

𝐸𝑔(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) 𝑒𝑉 
𝐸𝑔(𝐴𝑙𝑁)𝑥 + 𝐸𝑔(𝐺𝑎𝑁)(1 − 𝑥)− 1.3𝑥(1 − 𝑥) 𝜎𝐴𝑙𝐺𝑎𝑁 𝐶/𝑚2 |𝛥𝑃𝑠𝑝| + |𝛥𝑃𝑝𝑧| 𝑃𝑠𝑝(𝐺𝑎𝑁) 𝐶/𝑚2 −0.034 𝑃𝑠𝑝(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) 𝐶/𝑚2 (−0.09𝑥 − 0.034(1 − 𝑥)) 

𝑃𝑝𝑧(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) 𝐶/𝑚2 2 𝑎(𝑥) − 𝑎0𝑎0 (𝑒31 − 𝐶13𝐶33 𝑒33) 

𝑎(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) Å 
𝑎(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) = 3.112𝑥 + 3.189(1− 𝑥) 𝑎0(𝐺𝑎𝑁) Å 3.189 𝑒31 𝐶/𝑚2 −0.53𝑥 − 0.34(1 − 𝑥) 𝑒33 𝐶/𝑚2 1.5𝑥 + 0.67(1 − 𝑥) 𝐶13 𝐺𝑝𝑎 127𝑥 + 100(1 − 𝑥) 𝐶33 𝐺𝑝𝑎 382𝑥 + 392(1 − 𝑥) 𝑚0 𝑘𝑔 9.11 × 10−31 𝑚𝑒(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁)  (0.314𝑥 + 0.2(1 − 𝑥))𝑚0 𝑚h(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁)  (0.417𝑥 + 1.0(1 − 𝑥))𝑚0 ħ 𝐽 ∙ 𝑠 1.05 × 10−34 

 𝒏𝒔 =  (− 𝜙𝑝,   𝑝−𝐺𝑎𝑁𝑒 + 𝜎𝐴𝑙𝐺𝑎𝑁𝐶 + 𝜎𝑝−𝐺𝑎𝑁𝐶𝑝−𝐺𝑎𝑁 − 𝐶𝐴𝑙𝐺𝑎𝑁𝐸𝐺𝑒𝐶 ) ( 𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶𝐺𝑎𝑁1 ∙ 𝜋ħ2𝑚ℎ ) + (𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶 ∙ 𝜋ħ2𝑚ℎ + 𝜋ħ2𝑒𝑚ℎ + 𝑒𝐶) (𝜙𝑛,   𝐺𝑎𝑁1𝑒 − 𝜎𝐴𝑙𝐺𝑎𝑁𝐶𝐺𝑎𝑁1 + 𝐶𝐴𝑙𝐺𝑎𝑁𝐸𝐺𝑒𝐶𝐺𝑎𝑁1 )(𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶 ∙ 𝜋ħ2𝑚𝑒 ) ( 𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶𝐺𝑎𝑁1 ∙ 𝜋ħ2𝑚ℎ ) − (𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶 ∙ 𝜋ħ2𝑚ℎ + 𝜋ħ2𝑒𝑚ℎ + 𝑒𝐶) ( 𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶𝐺𝑎𝑁1 ∙ 𝜋ħ2𝑚𝑒 + 𝜋ħ2𝑒𝑚𝑒 + 𝑒𝐶𝐺𝑎𝑁1)  (12) 

 𝒑𝒔 =  (𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶 ∙ 𝜋ħ2𝑚𝑒 ) (𝜙𝑛,   𝐺𝑎𝑁1𝑒 − 𝜎𝐴𝑙𝐺𝑎𝑁𝐶𝐺𝑎𝑁1 + 𝐶𝐴𝑙𝐺𝑎𝑁𝐸𝐺𝑒𝐶𝐺𝑎𝑁1 ) + (− 𝜙𝑝,   𝑝−𝐺𝑎𝑁𝑒 + 𝜎𝐴𝑙𝐺𝑎𝑁𝐶 + 𝜎𝑝−𝐺𝑎𝑁𝐶𝑝−𝐺𝑎𝑁 − 𝐶𝐴𝑙𝐺𝑎𝑁𝐸𝐺𝑒𝐶 ) ( 𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶𝐺𝑎𝑁1 ∙ 𝜋ħ2𝑚𝑒 + 𝜋ħ2𝑒𝑚𝑒 + 𝑒𝐶𝐺𝑎𝑁1)(𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶 ∙ 𝜋ħ2𝑚ℎ + 𝜋ħ2𝑒𝑚ℎ + 𝑒𝐶) ( 𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶𝐺𝑎𝑁1 ∙ 𝜋ħ2𝑚𝑒 + 𝜋ħ2𝑒𝑚𝑒 + 𝑒𝐶𝐺𝑎𝑁1) − (𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶 ∙ 𝜋ħ2𝑚𝑒 ) ( 𝐶𝐴𝑙𝐺𝑎𝑁𝑒𝐶𝐺𝑎𝑁1 ∙ 𝜋ħ2𝑚ℎ )  (13) 
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achieved in Silvaco by using models such as POLAR 

(spontaneous polarisation), CALC.STRAIN (piezoelectric 

polarisation), CONSRH (Shockley-Read-Hall 

recombination using concentration-dependent lifetimes) and 

AUGER (recombination accounting for high-level injection 

effects) to obtain reliable results [14]. The models used in the 

simulation are based on default parameters. To 

simultaneously calibrate with PSJ HFET measurement 

results, parameters such as the thickness of PSJ layers and Al 

mole fraction are set as the same as those of fabricated PSJ 

devices.   

Fig. 3 (a) compares the calculated prediction of 𝑁𝑠 

and 𝑃𝑠 with reported measurement results at different AlGaN 

layer thicknesses. Parameters applied in analytical models, 

such as 𝑡𝑝−𝐺𝑎𝑁 , 𝑡𝐺𝑎𝑁2 , 𝑡𝐴𝑙𝐺𝑎𝑁  and 𝑡𝐺𝑎𝑁1  listed in Table. 2, 

are adjusted to fit measured results (red rhombus) in the 

reference [8, 9]. The calculated results are close to the 

measurement results. Both 𝑁𝑠  and 𝑃𝑠  increase with the 

increase of the AlGaN layer thickness. Fig. 3 (b) shows the 

comparison of calculated prediction with the simulated 

prediction of 𝑁𝑠  and 𝑃𝑠  versus Al mole fraction. It can be 

found that both identical calculated and simulated results of 𝑁𝑠  and 𝑃𝑠  increase as Al mole fraction increases. Verified 

results are applied to both the analytical model and the 

simulated model in the following analysis of  𝑅(𝑜𝑛,𝑠𝑝).  
 

B. The analytical model for 𝑅(𝑜𝑛,𝑠𝑝) 
 Fig. 4 shows the schematic cross-section of the 

Ohmic Gate (OG) PSJ HFET [7]. The gate terminal is an 

ohmic contact formed on the p-GaN cap layer. At the gate 

region, the OG PSJ HFET consists of a 60𝑛𝑚 p-type doped 

GaN cap layer with 5 × 1019𝑐𝑚−3  Mg dopants, a 65𝑛𝑚 

undoped GaN layer, a 40𝑛𝑚 AlGaN layer and a 1𝜇𝑚 u-GaN 

sub-layer. In the PSJ region, it consists of a 65𝑛𝑚 undoped 

GaN layer, a 40𝑛𝑚  AlGaN layer and a 1𝜇𝑚  u-GaN sub-

layer. To calculate 𝑅(𝑜𝑛,𝑠𝑝)  of OG PSJ HFET by the 

analytical model, based on the current flow direction along 

the dashed line under the on-state condition, it can be divided 

into four different regions (PSJ region, channel region, gap 

region and contact region) according to the differences in the 

sheet carrier densities and mobilities of 2DEG and 2DHG, as 

shown in Fig. 4. Therefore, the total specific on-state 

resistance (𝑅𝑜𝑛𝐴) can be considered as the sum of the PSJ 

region resistance (𝑅𝑃𝑆𝐽), the channel region resistance (𝑅𝑐ℎ) 

and the gap region resistance (𝑅𝑔) multiplies device area (𝐴) 

and then plus the contact resistivity (𝜌𝑐𝑜𝑛𝑆 𝑎𝑛𝑑 𝜌𝑐𝑜𝑛𝐷 ) as 

shown in Eq. (16), assuming that device width is constant 

and applicable equally to all these parameters. Gap regions 

consist of the area between source and gate and the space 

between PSJ region and drain, as shown in Fig. 4. In PSJ 

HFET analytical models, to improve the fitting results, 𝑅𝑔 

cannot be ignored and need to be calculated separately. 

 

 
𝑅𝑜𝑛𝐴 = (𝑅𝑃𝑆𝐽 + 𝑅𝑐ℎ + 𝑅𝑔) × 𝐴 + 𝜌𝑐𝑜𝑛𝑆+ 𝜌𝑐𝑜𝑛𝐷 

(16) 

 

The expression of 𝑅𝑃𝑆𝐽  can be derived in Eq. (17), 

where 𝑞 is the electron charge and 𝜇2𝐷𝐸𝐺  is the mobility of 

2DEG in the PSJ region. 𝑛2𝐷𝐸𝐺 is the concentration of 2DEG. 

When integrate 𝑛2𝐷𝐸𝐺 vertically by the height H, the result is 

2DEG sheet density (𝜎2𝐷𝐸𝐺). 𝜎2𝐷𝐸𝐺 is calculated by the same 

method demonstrated in previous work. 𝑊  stands for the 

width of the device. 

 

 
𝑅𝑃𝑆𝐽 = 1𝑞𝑛2𝐷𝐸𝐺𝜇2𝐷𝐸𝐺 × 𝐿𝑃𝑆𝐽𝐻×𝑊 =𝐿𝑃𝑆𝐽𝑞𝜇2𝐷𝐸𝐺(𝑛2𝐷𝐸𝐺×𝐻)𝑊 = 𝐿𝑃𝑆𝐽𝑞𝜇2𝐷𝐸𝐺𝜎2𝐷𝐸𝐺𝑊  

(17) 

 

In the gap region, the derivation of the PSJ region is 

repeated and the expression for 𝑅𝑔 is derived from Eq. (18), 

where 𝜎2𝐷𝐸𝐺2 and  𝜇2𝐷𝐸𝐺2 are the sheet density and mobility 

of 2DEG in gap regions. 𝐿𝑔 represents the total length of the 

gap region and is 7𝜇𝑚  in OG PSJ HFET. 2DEG sheet 

density and mobility in gap regions (AlGaN/GaN) are 

different with those in the PSJ region (p-

GaN/GaN/AlGaN/GAN). Therefore, both 𝜎2𝐷𝐸𝐺2  and 𝜇2𝐷𝐸𝐺2 are calculated again.  
 

 𝑅𝑔 = 𝐿𝑔𝑞𝜇2𝐷𝐸𝐺2𝜎2𝐷𝐸𝐺2𝑊 (18) 

Considering that the OG PSJ HFET is an ohmic gate 

normally-on device and usually 𝑉𝑔 = 0𝑉  is applied on the 

TABLE II 
DATA OF LAYER STRUCTURES 

Sample (𝐴𝑙 23%) 

Layer Thickness (𝑛𝑚) 𝑅𝑒𝑝𝑜𝑟𝑡𝑒𝑑 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 

𝑡𝑝−𝐺𝑎𝑁 𝑡𝐺𝑎𝑁2 𝑡𝐴𝑙𝐺𝑎𝑁 𝑡𝐺𝑎𝑁1 
𝑃𝑆 𝑃𝑆 (𝟏𝟎𝟏𝟑𝒄𝒎−𝟐) (𝟏𝟎𝟏𝟑𝒄𝒎−𝟐) 

1 30 20 10 1500 0.05 0.00 

2 30 20 20 1500 0.20 0.38 

3 30 60 47 1500 1.00 0.87 

4 30 20 48 1500 0.87 0.87 

5 20 20 49 1500 0.86 0.87 

 

 
Fig. 4. Schematic device cross-section for calculating 𝑅(𝑜𝑛,𝑠𝑝)  of OG 

PSJ HFET  
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gate, the expression for 𝑅𝑐ℎ in the PSJ HFET is demonstrated 

in Eq. (19), where 𝐿𝑐ℎ  is 5𝜇𝑚  and represents the channel 

length and 𝜇𝑐ℎ is the carrier mobility in the channel. 𝜎𝑐ℎ is 

the sheet charge density of 2DEG in the channel. 

 

 𝑅𝑐ℎ = 𝐿𝑐ℎ𝑞𝜇𝑐ℎ𝜎𝑐ℎ𝑊 (19) 

 𝜌𝑐𝑜𝑛𝑆 and 𝜌𝑐𝑜𝑛𝐷  stand for the contact resistivity of the 

source and the drain electrode, respectively, which measured 

and calculated by transmission line method (TLM) as shown 

in Eq. (20).  

 

 
𝜌𝑐𝑜𝑛𝑆 = 𝜌𝑐𝑜𝑛𝐷 = 𝑅𝐶𝐿𝑇𝑊 = 2.31 ×10−2

 𝑚Ω ∙ 𝑐𝑚2
 (𝑇𝐿𝑀 𝑇𝑒𝑠𝑡𝑖𝑛𝑔)  

(20) 

 

Equations (16)-(20) are analytical models for 

analyzing and calibrating 𝑅(𝑜𝑛,𝑠𝑝)  with simulated and 

measured results. In analytical models, considering the 

impact from traps, the sheet density ( 𝝈𝟐𝑫𝑬𝑮 ) and the 

mobility (𝝁𝟐𝑫𝑬𝑮) of 2DEG need to be adjusted with the 

experimental data to increase the accuracy. 𝝈𝟐𝑫𝑬𝑮  and 𝝁𝟐𝑫𝑬𝑮  both reduce after calibrating with experimental 

results since partial carriers (electrons), which have 

gained high kinetic energy after being accelerated by the 

electric field, are captured by traps. The calculated 𝐼𝑑 −𝑉𝑑  characteristics based on analytical models are 

demonstrated in Fig. 5.  

 

C. The simulated model for 𝑅(𝑜𝑛,𝑠𝑝) 
The  𝑅(𝑜𝑛,𝑠𝑝)  of the simulated models is calculated 

from the simulated 𝐼𝑑 − 𝑉𝑑 curves. Models and parameters 

are consistent with those previously mentioned 2DEG and 

2DHG sheet density simulations. Fig. 5 presents simulated 𝐼𝑑 − 𝑉𝑑 curves of OG PSJ HFETs. The cross-section of the 

device is shown in Fig. 4. The length of PSJ (𝐿𝑃𝑆𝐽) varies 

from 5𝜇𝑚 to 20𝜇𝑚. 𝑉𝑔 = 0𝑉 is applied on the gate as well 

as the source. In Fig. 5, at the point 𝑉𝑑 = 1𝑉 in the linear 

region, data is selected to obtain the simulated 𝑅(𝑜𝑛,𝑠𝑝). It is 

obvious that 𝑅(𝑜𝑛,𝑠𝑝) increases with 𝐿𝑃𝑆𝐽 increases.  

 

D. Measurement of fabricated PSJ HFETs 

The measured 𝐼𝑑 − 𝑉𝑑  curves of the fabricated OG 

PSJ HFETs are demonstrated in Fig. 5. The width of OG PSJ 

HFET samples is 1𝑚𝑚 . Similarly, measured results of 𝑅(𝑜𝑛,𝑠𝑝) are obtained at the point of 𝑉𝑑 = 1𝑉. It can be found 

from Fig. 5 that the drain current reduces when 𝐿𝑃𝑆𝐽  is 

shifted from 5𝜇𝑚 to 20𝜇𝑚 at 𝑉𝑔 = 0𝑉 and 𝑉𝑑 = 1𝑉. As can 

be seen in Fig. 5, the measured and simulated results 

show a divergence compared with the calculated results. 

This is caused by the self-heating effect, which is not 

accounted for. Therefore, the analytical model is mainly 

applicable to low voltage 𝑹(𝒐𝒏,𝒔𝒑) analysis. The saturation 

current reduces as the 𝐿𝑃𝑆𝐽 gets longer. Fig. 6 (a) is the 𝐼𝑑 −𝑉𝑔 characteristics of OG PSJ HFETs and Fig. 6 (b) presents 

that the breakdown voltage of PSJ HFETs shows a linear 

increase with respect to the 𝑳𝑷𝑺𝑱  and an average 

breakdown field strength between 𝟏 ~𝟏. 𝟓𝑴𝑽/𝒄𝒎 . 

Compared with the previous work [6], the average BV 

electric field strength is increased because of the 

improvement in the quality of the materials and further 

optimizing the charge balance in the PSJ region. 

III. RESULTS ANALYSIS  

For accurate calibration of results, identical 𝑉𝑔 = 0𝑉 

is applied in both analytical modelling and numerical 

modelling as well as in the measurements. As presented in 

Fig. 7, both analytical and simulated 𝑅(𝑜𝑛,𝑠𝑝) of PSJ HFETs 

shown in Fig. 4 are fitted with experimental results when 

altering PSJ length 𝐿𝑃𝑆𝐽  from 5 𝜇𝑚 to 20 𝜇𝑚. Whether by 

calculation, simulation, or measurement, 𝑅(𝑜𝑛,𝑠𝑝) shows an 

upward linear trend with the increase in 𝐿𝑃𝑆𝐽. Table. 3 shows 

each 𝑅𝑜𝑛  component ratio to the total 𝑅𝑜𝑛 . It should be 

addressed that the length of each region, which is related to 

the device area (𝐴), is also an essential factor to 𝑅𝑜𝑛𝐴. 

Summarizing the partly statistic 𝑅(𝑜𝑛,𝑠𝑝)  data and 

differences between calculated and simulated results on 

measurement data, it should be noted that both the sheet 

density and mobility of 2DEG are adjusted in calculated and 

simulated models in order to improve the fitting with 

experiment results. All differences in Fig. 7 can be attributed 

to the fabrication misalignment between different processes, 

the random measurement error and the assumption that 

 
Fig. 5. Calculated, Simulated and Measured 𝐼𝑑 − 𝑉𝑑 output 
characteristics of OG PSJ HFETs at 𝑉𝑔 = 0𝑉 

 

 
(a) (b) 

 
Fig. 6. Measured characteristics of OG PSJ HFETs when shifting 𝐿𝑃𝑆𝐽 
from 5μm to 20μm (a) 𝐼𝑑 − 𝑉𝑔 at 𝑉𝑑 = 10𝑉 (b) BV at 𝑉𝑔 = −15𝑉.  
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2DEG mobility from each region in analytical models is 

constant. However, in the simulation and practical PSJ 

HFETs, the carrier mobility of 2DEG depends on different 

elements, such as the concentration and electric field 

distribution.  

Analytical models in this work are mainly applied for 

the room temperature. With an increase in temperature, 

parameters, listed in Table. 1, and the carrier mobility will 

need to be readjusted with the experimental data to enhance 

the accuracy. Although analytical models have limitations 

from the constant assumption, reasonably accurate calculated 

results of 𝑅(𝑜𝑛,𝑠𝑝) can still be obtained from these models. 

Analytical models provide an insight into the conduction 

mechanisms in PSJ HFETs and make contributions to 

optimize designs to reduce 𝑅(𝑜𝑛,𝑠𝑝). 
IV. CONCLUSION 

Accurate analytical models for predicting the 𝑅(𝑜𝑛,𝑠𝑝) 
of PSJ HFET are proposed and demonstrated. Dominant 

parameters for each region computing 𝑅(𝑜𝑛,𝑠𝑝)  are optimized 

in calculation and simulation. It clearly shows that calculated 

results fit with both the simulation and the experimental data 

of PSJ HFETs. They can also effectively assist in predicting 

the performance of PSJ devices precisely. Moreover, 

comprehensive analysis results establish a solid foundation 

to further optimize and improve PSJ device architectures.  
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Fig. 7.  Calculated, simulated, and measured 𝑅(𝑜𝑛,𝑠𝑝)   of OG PSJ 

HFETs at room temperatures when 𝑉𝑔 = 0𝑉. 

T AB LE  III 
EACH COMPONENT RATIO TO THE TOTAL RON IN ANALYTICAL MODEL 𝐿𝑃𝑆𝐽 (𝜇𝑚) 

Component Ratio (%) 
𝑅𝑜𝑛 (𝛀) 

(100%) 

𝜌𝑐𝑜𝑛𝑆+ 𝜌𝑐𝑜𝑛𝐷 (𝒎𝛀∙ 𝒄𝒎𝟐) 
𝑅𝑜𝑛𝐴 (𝒎𝛀∙ 𝒄𝒎𝟐) 𝑅𝑃𝑆𝐽 𝑅𝑔 𝑅𝑐ℎ 

5 29.4 41.2 29.4 15.8 0.046 2.68 10 45.5 31.5 22.7 20.4 0.046 4.49 15 55.6 25.9 18.5 25.1 0.046 6.77 20 62.5 21.9 15.6 29.7 0.046 9.50 
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