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Abstract: Low-dose high-energy ion implantation is effective for isolating GaN high-electron-mobility transistors 

(HEMTs). However, lateral penetration of implanted ions induces damages at sides of AlGaN/AlN/GaN HEMTs 

and cause parasitic channel formation. By comparing ion implantation isolated HEMTs with varied widths, the 

parasitic channel behaviour is characterized: the parasitic channel shows low on-state conductance, reduced gate 

current, and more positive threshold voltage compared to the active HEMT channel. The high N ion implantation 

energy for HEMT isolation was up to 375 keV, and the effective widths of HEMTs are narrowed by ~0.5 µm. The 

electrical characteristics of the parasitic channel are theoretically understood by considering ionization of point 

defect generated in the AlGaN/AlN/GaN heterostructures.  

1. Introduction

Ion implantation has been a widely applied isolation technique for wide bandgap semiconductors [1],

[2]. Comprehensive knowledge of the mechanism of ion implantation isolation for GaN HEMTs makes room for 

refinement. Good knowledge of ion implantation induced defect formation helps understand those isolation 

regions induced reliability weaknesses in GaN transistors [3]. In a recent study [4], we report that the sheet 

resistance Rsh of the isolation region—a key indicator of isolation quality—is determined by an interplay between 

net polarization charges in GaN heterostructures and the point defects generated by ion implantation. This explains 

why the Rsh of isolated GaN heterostructures depend only weakly on ion species but strongly on post-isolation 

thermal budget [4]–[9] (Fig. 1a). The ion implantation isolation has commonly been applied with a low-ion-dose 

(<1014 cm-2) high-ion-energy (of tens to hundreds of eV) condition. Under such conditions, the isolated GaN is 

abundant with point defects but free with significant extended defects or amorphization [2]. The point defects 

effectively remove free carriers in the GaN but are prone to recombination at high temperatures. Therefore, a low 
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post-ion implantation thermal budget is necessary to guarantee high isolation quality between the active GaN 

HEMTs (Fig. 1a). 

The isolation and leakage mechanisms of ion implantation isolated GaN heterostructures [1] can be 

understood by introducing native point defect (Al, Ga, N vacancies and interstitials) with specific energy levels 

[10] into the energy band diagram (Fig. 1b). The constructed energy band diagrams provide a good explanation 

of the dependence of Rsh in the isolation regions on barrier thicknesses of the heterostructures [4].  

 

Fig. 1 (a) Benchmarks of Rsh of AlGaN/(AlN/)GaN heterostructures as a function of post-isolation processing temperature. 

(b) Simulated energy band diagram of ion implantation isolated AlGaN/AlN/GaN heterostructure [4]. 

Note that the ion implantation isolation region does not form sharp interfaces with active regions of GaN 

HEMTs. Inevitable lateral ion penetration generates defects and causes parasitic channel formation at the sides of 

GaN HEMTs. In this work, we analyse the characteristics of the parasitic GaN channel at the sides of 

AlGaN/AlN/GaN HEMTs. With the knowledge gained about isolated AlGaN/AlN/GaN heterostructures in our 

previous work [4], the characteristics of the parasitic side channels are theoretically explained by the point defect 

behaviour. This study complements literature knowledge of ion implantation impacts on HEMT behaviour [11]–

[13]. 

2. Experimental 

AlGaN/AlN/GaN structures were grown by MOCVD on high-resistivity 200 mm Si (111). The epitaxial 

buffer consists of AlN nucleation layer, AlGaN and AlGaN/AlN superlattice layers, and a 1 um thick C-doped 

GaN layer [14]. A 300 nm unintentionally doped GaN channel layer (i-GaN) is grown on top of the buffer layers. 

Then a 1 nm AlN interlayer and a 15 nm AlGaN top barrier are grown on top of the i-GaN. The AlGaN surfaces 

of all samples were in-situ passivated with 5 nm SiN and ex-situ capped with extra 150 nm thick dielectrics. The 

SiN/AlGaN interface state density is ~3×1012 eV-1cm-2[15]. Next, the active regions of all samples were covered 



with photoresist, while the isolation regions received three steps of N ion implantation with ion energies and doses 

of 75 keV 8×1012 cm-2, 150 keV 2×1013 cm-2, and 375 keV 3×1013 cm-2, respectively. After the N ion implantation 

isolation, 0.8~10 µm wide HEMTs with the same 0.13 µm gate length were fabricated. The gate-to-source and 

gate-to-drain distances were 1.5 µm and 1.75 µm, respectively. There was no intentional annealing after the N ion 

implantation. The highest thermal budget that the isolation region received was 565oC 90s annealing in N2 for 

HEMT ohmic contact formation. The rest of the post-isolation processing of our devices, including back-end-of-

line (BEOL) steps, features low temperature below 500oC [16]. Current-voltage measurements of HEMTs were 

performed with a Keysight B1500A semiconductor device parameter analyzer. The profile of the N ion and the 

associated interstitial/vacancy were calculated with the Transport of Ions in Matter (TRIM) Monte Carlo simulator  

[17] (Fig. 2a). 

3. Results and discussions 

 

Fig. 2 (a) Ion implantation induced point defect generation at a HEMT side. Distribution and density of point defects are 

simulated by TRIM. Magnitude of point defect density is calibrated according to experimental values from isolation region 

[4]. (b) Ron, (c) Ig, (d) Vth as a function of the Wnom of HEMTs. The (b) Ron, (c) Ig are normalized by Wnom or Weff. 

The TRIM simulation provides three-dimensional Monte-Carlo simulation of ion collision events, which 

further contributes to a two-dimensional point defect distribution in Fig. 2a. Since annihilation of point defects by 

dynamic annealing and thermal annealing are not simulated by the TRIM [17], the direct outcome point defect 



densities from TRIM are much overestimated and thus only provide theoretical guidance. As an attempt for 

correction, we calibrate the point defect density in Fig. 2a according to our experimentally extracted value from 

the isolation region [18]: 100 times lower point defect density is plotted in Fig. 2a based on original TRIM results. 

Observed from the point defect distribution, clearly, the implanted N ions laterally penetrate the GaN HEMT 

active region and generate point defects at the sides of HEMTs with a tailing profile: defective side parasitic 

channels form as a result. In Fig. 2b and Fig. 2c, by comparing HEMT on-stage resistances (Ron) and gate leakage 

(Ig) with varied widths, we observe that the parasitic side channels have reduced on-state conductance and reverse 

bias gate leakage compared to the unimplanted channel region. These effects can be described as narrowing of 

effective widths (Weff) of HEMTs compared to their nominal widths (Wnom). Furthermore, for very narrow HEMTs 

(Wnom ≤ 1µm) whose parasitic channels dominate the HEMT behaviour, we observe an increase of the HEMT 

threshold voltage Vth in Fig. 2d. Interpretation of these characteristics of parasitic side channels induced by lateral 

ion penetration requires knowledge of the ion implantation induced defect behaviour in the AlGaN/GaN 

heterostructure.  

In our previous work [4], we manage to estimate a point defect density of >1×1019 cm-3 in the GaN and 

>1×1018 cm-3 in the AlGaN in the N ion implantation isolation region. Simple assumptions are made in [4] to 

describe the electrical behaviour of the HEMT isolation region: Fermi-level pinning in the isolated GaN is 

governed by the 𝑁𝑁𝑖𝑖− interstitial acceptors and the 𝐺𝐺𝐺𝐺𝑖𝑖++ interstitial double donors [1], [10], whose energy levels 

locate at 1.0 eV and 0.8 eV respectively below the GaN conduction band minimum EC; an imaginary acceptor 𝐸𝐸3−  

at 2.5 eV below the EC of the AlGaN is introduced to describe the net negative charges observed from the 

implanted AlGaN. The energy band diagram simulated in the Fig. 1b has helped well describe the leakage 

behaviour in the HEMT isolation [4]. Knowledge of the HEMT isolation region sheds light upon the 

characteristics of the HEMT parasitic side channels. The point defect density in the parasitic side channel would 

gradually ramp down from 1×1019 cm-3 with an increased distance from the nominal active/isolation region 

boundary. We carry out theoretical calculations in Fig. 3 and construct energy band diagrams in Fig. 4 to help 

interpret how a moderate amount of the 𝑁𝑁𝑖𝑖−  acceptor, 𝑡𝑡ℎ𝑒𝑒 𝐺𝐺𝐺𝐺𝑖𝑖++  donor, and the 𝐸𝐸3−  acceptor determine the 

parasitic channel characteristics.  

The on-state conductance degradation of the parasitic channel is caused by both two dimensional electron 

gas (2DEG) density Nsh and mobility µ degradation. In Fig. 3a, the impact of defect density on Nsh is calculated 

by heterostructure energy band diagram construction [4], [15]. In Fig. 4a and Fig. 4b, we compare the energy band 

diagrams of a defect-free heterostructure to one containing a moderate amount of point defects. The acceptors 𝑁𝑁𝑖𝑖− 



in the GaN and 𝐸𝐸3− in the AlGaN cause the reduced 2DEG Nsh. In Fig. 3b, the defect density increased Coulomb 

scattering and µ degradation are calculated with a method in [19]. 

The reduced reverse-bias leakage current Ig of the parasitic channel is explained by a reduced electric 

field Eb in the AlGaN barrier. The reverse-bias Ig of AlGaN/GaN HEMT is commonly governed either by Poole-

Frenkel (PF) emission or Fowler-Nordheim (FN) tunneling [20]. The Ig increases with Eb under both PF emission 

and FN tunnelling regimes. In Fig. 4c and Fig. 4d, we simulate the off-state energy band diagrams of a defect-free 

and a defective heterostructure at the same reverse gate bias voltage. A reduced Eb near the AlGaN barrier surface 

is observed in the defective heterostructure because the ionized acceptors lift the potential energy near the 2DEG 

channel. In Fig. 3c, by constructing energy band diagrams under the same Vg = -2.5 V condition, we calculate the 

decreased Eb at the gate AlGaN barrier surface with an increased point defect density.  

The positive Vth shift of the parasitic channel is also caused by the ionized defect charges near the 2DEG 

channel. At the Vth condition, the Fermi level is above the defect charge neutrality level in the GaN. This 

corresponds to a net negative charge density near the GaN surface and a positive Vth shift. In Fig. 3d, we calculate 

the increased Vth with the point defect density in the heterostructure. 

 

Fig. 3  Calculated (a) 2DEG Nsh, (b) 2DEG µ, (c) AlGaN surface Eb at the gate region with -2.5V gate bias, and (d) threshold 

voltage of a defective HEMT as a function of point defect density in GaN. The total point defect density in GaN includes that 

of both  𝑁𝑁𝑖𝑖−, and 𝐺𝐺𝐺𝐺𝑖𝑖++. 𝑁𝑁𝑖𝑖−, 𝐺𝐺𝐺𝐺𝑖𝑖++, and 𝐸𝐸3− are simulated with a constant density ratio of 1:1:10.  



 

Fig. 4 Energy band diagrams of (a)(c) defect-free and (b)(d) a heterostructure containing moderate amount of point defects. 

(a)(b) are simulated for heterostructures in HEMT access regions at equilibrium; (c)(d) are simulated for heterostructures in 

HEMT gate region with -2.5V gate bias voltage. 

Characteristics of the parasitic side channel are qualitatively explained by theoretical calculations and energy 

band diagram construction. According to theoretical calculation, we expect significant impacts of point defects 

on parasitic channel performance when the point defect density is above 1017 cm-3; it corresponds to a 200~300 

nm width near the boundary of isolated/active regions in Fig. 2a. This nicely explains a 0.45~0.6 µm Weff 

narrowing of HEMT electrical performance in Fig. 2. Since an individual GaN HEMT width in a multi-finger RF 

device is usually 10~100 μm, the side isolation induced active HEMT width narrowing corresponds to 0.5~5 % 

performance reduction and is thus insignificant for this perspective. But the present work brings awareness of side 

point defect-rich regions to ion implantation isolated HEMTs; those defective parasitic side channels may lead 

into reliability concerns under high voltage stress. The reliability concern of the defective parasitic side channel 

deserves future investigations, since GaN HEMTs are frequently applied in high power conditions.  

4. Conclusions 

High-energy ion implantation isolation for GaN HEMTs causes parasitic defective channel formation at sides 

of HEMTs. We extract the parasitic channel characteristics from width dependence of HEMT. Assuming 

consistent point defect behaviour between the isolation region and the parasitic channel, we simulate the energy 



band diagram of an ion damaged AlGaN/AlN/GaN heterostructure by considering two point defect levels in the 

GaN channel and one in the AlGaN barrier. We successfully interpret the parasitic channel characteristics by 

theoretical calculation and by constructed energy band diagrams of heterostructures.  
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