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Abstract 

A novel composite barrier layer with back-to-back 

graded AlGaN in a GaN/AlGaN/GaN epitaxial 

structure for high performance n- and p-channel 

devices on the same platform is proposed. By 

adjusting the relative thicknesses of the two graded 

layers, we obtain a spread in the width and 

concentration of carriers in the 3D slabs. The best 

barrier amongst those studied, enhances the on-

current (𝐼!" ) by 24.4% in low voltage n-channel 

devices , 32.2% the p-channel devices whereas the 

figure of merit of the power device is higher by 3 

times, in comparison to the conventional platform.  

(Keywords: GaN/AlGaN/GaN, back-to-back graded 

AlGaN, complementary integration, n-channel, p-

channel, and breakdown voltage) 

Introduction 

The p-GaN/AlGaN/GaN based epitaxial structure is a 

well-known platform for n-off operation of 

commercially available power devices [1]–[3]. Such 

p-GaN gated HEMTs with source field plates and 

breakdown voltage ( 𝑉#$ ) > 1 KV have been 

monolithically integrated with gate drivers in high 

voltage (HV) modules, to reduce parasitic loop 

inductance during switching, resulting in enhanced 

reliability, and fast switching capability [3][4]. By 

growing the AlGaN/GaN on an AlN buffer, a high 

𝑉#$  of 2154V and figure of merit (FOM) of 

1.8𝐺𝑉% Ω. 𝑐𝑚%⁄  was demonstrated in [5]. p-GaN 

HEMTs have shown leakage current suppressed to 

1𝜇𝐴/𝑚𝑚   for 1100V blocking capability through 

gate stack design [6]. However, the p-

GaN/AlGaN/GaN platform results in low hole 

mobility, high on-resistance for Enhancement-mode 

(E-mode) p-channel devices that reduces the voltage 

gain for related CMOS [4][7]. On the other hand, a 

graded AlGaN barrier layer improves channel 

transconductance and carrier conductivity due to 

polarization “doping” in a three-dimensional (3D) 

carrier slab [8][9]. Thus, to eliminate the mutual 

limitation in n-and p-channel devices in 

GaN/AlGaN/GaN based double heterostructures a 

new composite AlGaN barrier with back-to-back 

graded layer is examined in this work. 

 

Methodology 

Our p-GaN/u-GaN/AlGaN/GaN simulation platform 

is benchmarked for both n-and p-channel devices 

against the experimental data that was presented by 

Palacios et al in Fig.1 [10]. This structure consists of 

20nm p++GaN with Mg doping ([Mg]) of 

6 × 10&' 𝑐𝑚(⁄ , 70nm p+GaN with 

[Mg]= 1 × 10&' 𝑐𝑚(⁄ , 20nm u-GaN channel and 

𝐴𝑙).%𝐺𝑎).+𝑁, and 150nm GaN buffer. The mobility of 

holes is kept at 10	 𝑐𝑚% 𝑉𝑠⁄ [10]. In addition, an 

interface fixed charge and trap density at the 

oxide/GaN interface of 	6.4 × 10&%𝑐𝑚,%	 and 	3 ×
10&%𝑐𝑚,%, respectively, are introduced in the model 

to match the reported experimental 𝐼- − 𝑉./ curves 

in Fig.1(b). The main change from the structure in 

[10] proposed in this work is replacement of the 

conventional AlGaN barrier with graded counterpart. 

A positive graded AlGaN in this work, is one with Al 

mole fraction higher at the top and lower at the 

bottom, resulting in ∆𝑥0.1 = 𝑥0.231 − 𝑥0.032234 >
0.  The negative graded AlGaN is the opposite, ie 

∆𝑥0.5 = 𝑥0.032234 − 𝑥0.231 >0. Their respective 

thicknesses are referred to as 𝑡0.5 and 𝑡0.1 in Fig.2 

(a). By keeping ∆𝑥0.5 = ∆𝑥0.1 , several barriers 

examined are listed in Table 1. The negative graded 

layer is considered as a part of the p-GaN gate stack 

in n-channel devices as shown in Fig.2(b). Moreover, 

the ideal thickness of the u-GaN channel layer 𝑡67 in 

a p-GaN/u-GaN/AlGaN/GaN structure has been 

shown to be	≤ 5𝑛𝑚 [11]. Hence a 5nm u-GaN layer 

is considered in this work.  

 

Fig.1: (a) Schematic of the benchmarked platform for  

integration of n- and p-channel device [10]. (b) The 

𝐼! − 𝑉"#  curves of n- and p-channel devices for 

benchmarking our simulations against experimental 

results reported in [10].   
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Fig.2: (a) Schematic of the new composite AlGaN 

barrier layer with back-to-back graded layers. (b) The 

gate stack for n-channel devices.  

Table 1: List of composite AlGaN barriers 

ID Barrier parameter 

BarrierA 𝐴𝑙!.#$𝐺𝑎!.%$𝑁, 𝑡& = 20𝑛𝑚 

ID Upper negative graded layer Lower positive graded layer 

BarrierB 𝑥&.&'((') = 25%, ∆𝑥&.* =

25%, 𝑡&.* = 15𝑛𝑚 

𝑥&.('+ = 25%, ∆𝑥&.+ =

25%, 𝑡&.+ = 5𝑛𝑚 

BarrierC 𝑥&.&'((') = 25%, ∆𝑥&.* =

15%, 𝑡&.* = 15𝑛𝑚 

𝑥&.('+ = 25%, ∆𝑥&.+ =

15%, 𝑡&.+ = 5𝑛𝑚 

BarrierD 𝑥&.&'((') = 25%, ∆𝑥&.* =

25%, 𝑡&.* = 10𝑛𝑚 

𝑥&.('+ = 25%, ∆𝑥&.+ =

25%, 𝑡&.+ = 10𝑛𝑚 

 

Results and discussion 

Fig.3(a) reveals ID - VGS characteristics of p-GaN 

gated n-channel devices, shown in Fig.2(b), as a 

function of barrier type. The on-state current densities 

increase by ~ 8-24.4% when barrier A is replaced by 

barriers B, C, and D, due to the contribution of the 

positive graded AlGaN layer. In addition, a positive 

shift of Vth is observed with increase of the thickness 

𝑡0.5 of the negative graded layers in the gate stack, 

because the negative graded layers suppress the 

leakage across the 3DEG slab in positive graded 

AlGaN. The operation mode is changed from 

depletion-mode (D-mode) to E-mode when barrier A 

is replaced by barriers B, C, and D, reaching 𝑉27 =
+0.5V in device with barrier B. According to the 

𝐼- − 𝑉-/ characteristics in Fig.3(b), 𝐼- is lower in 

Barrier B at low gate voltage (𝑉./) but surpasses that 

in Barrier A at higher 𝑉./ with the help of positive 

barrier AlGaN. The reduced on-resistance (𝑅!") is 

due to the 3DEG as the polarization “doping” 

distributed in positive graded layers. It is seen in 

Fig.3(c) that the electron density (𝑛H) distribution 

of Barrier B is lowest, whereas its hole density (𝑛7) 
at the u-GaN/AlGaN interface is widest, across the u-

GaN channel and AlGaN barrier. Therefore, besides 

the enhancement of 𝑉27, the negative graded AlGaN 

suppresses the 𝑛H below the gate, which contributes 

to improved electrostatics for n-channel devices. 

Fig.3(d) illustrates that the concentration peak of 

carriers at both u-GaN/AlGaN and AlGaN/GaN 

interfaces are reduced, widened at large ∆𝑥0.5 and 

∆𝑥0.1 . As 𝑡0.5 = 15𝑛𝑚 , the maximum ∆𝑥0.5 

makes the conduction band at the AlGaN/GaN 

interface shift upward, which means Barrier B can 

deplete the electron gas under the gate. Based on 

Barrier D, the hole distribution width is limited by the 

increased 𝑡0.1 . At maximum	∆𝑥0.1, the conduction 

band at the AlGaN/GaN interface is expanded and 

shifted downwards, resulting in enlargement of the 

width and peak of the electron distribution. As a result, 

𝑉27 is negative, leading to the LV n-channel device 

operating in D-mode.  

  

Fig.3: (a) 𝐼! vs. 𝑉"# in linear and log scale for scaled 

LV n-channel devices with different types of barriers at 

𝑉! = 5𝑉. (b) Comparison of 𝐼! − 𝑉!# curves between 

LV n-channel devices with Barrier A&B. (c) Hole and 

electron density distribution for different barriers. (d) 

Band diagram under p-GaN gate region for various 

barriers. 

 

Fig. 4(a) shows the 𝐼- − 𝑉-/ characteristics of HV 

power devices. The gate to drain length (𝐿.- ) of 

10𝜇𝑚  and the gate field plate (𝐿I1 ) of 5𝜇𝑚  are 

used and shown in the inset of Fig.4(a). It is seen that 

𝑉#$ increases by 32.5% when replacing Barrier A by 

Barriers B, C, and D. The larger ∆𝑥0.1 and thicker 

𝑡0.1 contribute to higher 𝑉#$, which means that the 

positive graded AlGaN has a good prospect to 

improve the breakdown characteristics of GaN based 

power devices. Fig.4(b) shows the benchmark of 𝑉#$ 

as a function of specific on-resistance (𝑅!"./J ) of 

devices with barrier described in Table1. The figure 
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of merit (FOM) (𝐹𝑂𝑀 = 𝑉#K
% 𝑅35,M1H ) is found to 

increase more than 3 times when Barrier A is replaced 

by Barrier D, reaching 2.33𝐺𝑉% Ω. 𝑐𝑚%⁄  that is the 

best-in-class FOM predicted for the 

GaN/AlGaN/GaN based epitaxial structure [12]. In 

addition, the breakdown electric field ( 𝐸N ) is 

significantly improved in the device with Barrier D 

owing to the larger 𝑡0.1  and maximum ∆𝑥0.1 

shown in the inset of Fig. 4(b).  

 

Fig.4: (a) 𝑉$# in HV n-channel devices with different 

barrier layers at 𝐿"! = 10𝜇𝑚, 𝐿%& = 5𝜇𝑚 and 𝑉" =

0𝑉. (b) The 𝑉$' − 𝑅(),#+ for HV power devices with 

different barriers compared with latest results [5][12]. 

The inset shows the comparison of critical electric field 

between various kinds of barriers.  

 

Fig.5: (a) 𝐼!-𝑉"#  of p-channel devices with different 

barrier layers at 𝐿" = 1𝜇𝑚 , 𝐿#! = 3𝜇𝑚  and 𝑉! =

−5𝑉. (b) The related 𝑔,-𝑉"# curves. 

 

Fig.5(a) reveals the transfer characteristics of p-

channel devices with 𝐿. = 1𝜇𝑚, 𝐿/- = 3𝜇𝑚 and 

the gate oxide (𝑡3O, between gate and u-GaN channel) 

of 20nm shown in the inset of Fig.5(a). 𝐼!"  of 

Barriers B and C increases as compared to Barrier A 

owing to the widened 3DHG slab width in a negative 

graded AlGaN displayed in Fig.3 (d). |𝑉27|  of 

Barrier B increases 14.6% as compared to Barrier A, 

due to the positive graded AlGaN. A degradation of 

𝐼!" in p-channel device is observed with Barrier D, 

due to the limited spread of hole distribution shown 

in Fig. 3(c). Fig.5 (b) illustrates that the negative 

graded AlGaN can improve the transconductance 

(𝑔4) for p-channel devices due to the 3DHG across 

the channel and barrier layer as polarization “doping”.  

Conclusion 

We introduce a novel back-to-back graded AlGaN, 

where the upper layer is negative graded AlGaN 

whereas the lower is positive graded AlGaN. For the 

n-channel device based on the p-GaN gate structure, 

the increase of 𝐼!"  and reduction of 𝑅!"  are 

realized by the positive graded AlGaN. Moreover, 𝑛H 

under the gate region is depleted and 𝑉27 is shifted 

to E-mode direction by Barriers B and C with thicker 

𝑡0.5  as the negatively graded AlGaN is etched 

beyond the gate region. In addition, the positive 

AlGaN leads to enhanced 𝑉#$  and critical electric 

field, which achieves a very high FOM of 

2.33𝐺𝑉% Ω. 𝑐𝑚%⁄  and makes the composite graded 

AlGaN promising in high power applications. 

Furthermore, 𝐼!"  and 𝑔4  are both improved by 

the negative graded AlGaN in p-channel devices 

without degradation to |𝑉27|.   
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