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Abstract 

Gallium nitride (GaN) has superior physical properties suitable for the realization of power switching 

and high-frequency transistors with better performances than of conventional Si-based devices. In the 

presence of a bidimensional electron gas (2DEG) close to the interface of AlGaN/GaN 

heterojunctions, High Electron Mobility Transistors (HEMT) can be fabricated. Ion implantation is 

an affordable industrial process for the electrical isolation of 2DEG in adjacent AlGaN/GaN HEMTs 

devices. In this work, we studied the electrical isolation of the 2DEG produced by Ar ion 

implantation. 2DEG of heterostructure consisting of 18 nm Al0.2Ga0.8N were grown onto carbon 

doped n-type GaN. The 2DEG has been isolated by Ar ions implantation at 15, 22.5 and 60 keV and 

fluence of 7×1013 cm-2, respectively. The implanted samples were annealed at 600, 750 and 900 °C, 

respectively, and the thermal stability of the crystal damage and isolation were analyzed by 

photoluminescence spectroscopy (PL) and capacitance-voltage profiling (CV) through mercury probe 

analysis. We found that Ar ion implantation at the explored ion energies and fluence produces a 

significant reduction of the PL peak intensity assigned to radiative recombination at the band edge of 

GaN, confirming the crystal lattice damage induced by the implant. The PL spectral features are 

matched by a significant reduction of the 2 DEG carrier density of about six orders of magnitude with 

respect to the undamaged sample. The reduction of carrier density and, then, the isolation of the 2DEG 

was found stable at temperature up to 900°C. 

 

Keywords: gallium nitride, 2DEG isolation, ion implantation, photoluminescence, mercury probe.  
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Introduction 

Gallium nitride (GaN) has superior electrical, mechanical and thermal properties than silicon, in terms 

of e.g. wide band-gap, high carrier concentration, high electron mobility, high saturation velocity 

with high critical electric field strength, thermal conductivity and Young’s modulus [1-8].  These 

properties make suitable GaN for the realization of power high-frequency transistors with better 

switching performance and reduced power loss than conventional Si-based devices [9]. In particular, 

GaN allows the fabrication of AlGaN/GaN heterojunctions, where a fraction of Ga atoms is replaced 

in the crystal structure by Al atoms. Heterojunction results in a spontaneous, very high sheet carrier 

density named bidimensional electron gas (2DEG). The carrier density is produced by the different 

electronegativity of Al, Ga and N and the presence of piezoelectric polarization at the GaN/AlGaN 

interface due to the mismatch of the crystal lattice parameters [10,11]. The 2DEG can be exploited in 

the fabrication of high electron mobility transistors (AlGaN/GaN HEMTs). Mesa etching is a typical 

process used for the isolation of adjacent devices or to define active regions. It consists in the reactive 

ion etching of the thin AlGaN layer down to the underlying GaN using chlorine-based plasmas with 

the effect of cutting the 2DEG [12]. However, mesa isolation presents several drawbacks since it is 

not a planar process and may cause an increase of gate leakage current, decreasing the device 

breakdown voltage. This may occur through the contact of gate metallization and transistor channel 

at mesa edge [13]. 

Conversely, ion implantation is an affordable planar process for the electrical isolation of 2DEG for 

the inter-device isolation in adjacent AlGaN/GaN heterostructures. Different ions, ranging from non-

reactive noble gases (Ar, Kr, Xe,) [14,15] to reactive species (H, Li, B, C, O, F, Al, Fe) are reported 

in the literature for the 2DEG isolation [16-21]. Table 1 summarizes the typical ions, energies and 

fluences, reported in literature, utilized for the isolation of 2DEG. In principle, all the ions reported 

in Table 1 are effective in producing the electrical isolation of the 2DEG. However, the main 

difference among the various ion species concerns the temperature stability of the isolation. The 
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required temperature stability of the isolation depends on the flow chart of specific device fabrication. 

Typically, the 2DEG isolation is considered acceptable in the range of temperature 300 to 600 °C. 

This is related to some high-temperature fabrication steps of AlGaN/GaN HEMTs, such as the 

realization of Ohmic contacts in metal-GaN or device passivation. At high temperature the lattice 

damage produced by ion implantation can be partially recovered, producing a decrease in the 

resistance of the implanted region and, hence, a degradation of its isolation capability. 

 

Table 1. Type of ion, energy, fluence and isolation stability reported in literature for the isolation of 2DEG by ion 

implantation.  

Ion Energy (keV) (1) Fluence (cm-2) (1) Thickness 
of AlGaN 

(nm) 

Sheet resistance Ω/sq. 
or current leakage 

nAmm-1 
(@temperature) 

Reference 

Xe+ 5 
15 
30 
45 

100 

5·1013; 1·1013; 
1·1013; 1·1013; 

1·1013 

2(GaN)cap 
18 AlGaN 

9.4·1011 Ω/sq. isochronal 
RTA (500, 600, 700, 

800°C) 

16 

Xe+ 5 
15 
30 
45 

100 

5·1013; 1·1013; 
1·1013; 1·1013; 

1·1013 

2(GaN)cap 
18 AlGaN 

2·107-1010 Ω/sq. (300-
420 K) 

16 

Kr+ 5 
25 
45 

7.4·1012; 7.1·1012; 
1.1·1013 

20 2.4 (700°C) Ibuffer 
2.4 (800°C) 

15 

Ar+ 5 
25 
45 

4.2·1012; 6.3·1012; 
1.1·1013 

20 6 (700°C) Ibuffer 
10 (800°C) 

15 

C+ 800 
300 
520 
250 

1.5·1013 
1·1013 
5·1013 
4·1013 

2(GaN)cap 
26 AlGaN 

5.8·1011 Ω/sq. (as impl.) 
6.2·1013 Ω/sq. (400°C) 
1·1013 Ω/sq. (600°C) 

6.3·107 (800°C) 

16 

Al+ 800 
300 
520 
250 

1.5·1013 
1·1013 
5·1013 
4·1013 

2(GaN)cap 
26 AlGaN 

1.8·1011 as impl. 
1.2·1014 Ω/sq. (400°C) 
3·1012 Ω/sq. (600°C) 

1.5·108 Ω/sq. (800°C) 

16 

N+ 30 
160 
400 

6·1012 
1.8·1013 
2.5·1013 

2.5 (GaN) 
cap 

20 AlGaN 

8·1011 Ω/sq (550 °C) 17 

O+ 25 
50 
75 

5·1014 
5·1014 
5·1014 

30 1·1012 Ω/sq (450°C) 18 

Fe+ 40 
83 

200 

1-9·1012 1 (GaN) 
cap 

25 AlGaN 

2·1015 Ω/sq (400-
1100°C) 

19 
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Fe+ 40 
83 

200 

1-9·1013 1 (GaN) 
cap 

25 AlGaN 

1·1014 Ω/sq (400-
1100°C) 

19 

Fe+ 50 3·1013 25 nm 
AlGaN 

1·1010 Ω/sq (1000-
1200°C) 

20 

F+ 
 

10 
 

1·1014 
 

25 nm 
AlGaN 

Isat /Ileakage 108 (400 °C) 21 

B+ 20 1·1014 25 nm 
AlGaN 

Isat /Ileakage 108 (400 °C) 21 

(1) The values in the same line refer to multiple energy and multiple fluence ion implantations; 

 

 

The isolation mechanisms proposed in literature are based on the formation of intentional damaged 

lattice, especially at the AlGaN/GaN interface. The defects in the damaged lattice at the AlGaN/GaN 

interface trap the free electrons, locally inhibiting the 2DEG. This mechanism is present in all the 

kinds of ions reported in literature. In addition, for some ions, such as O, C and Fe, the isolation is 

attributed to further mechanism consisting in the formation of deep levels [16,19,20].  

However, the results concerning the thermal stability of 2DEG electrical isolation by ion implantation 

as well as the mechanisms described in literature up to date are, often, not unambiguous. Most of the 

literature data are based on the employment of devices where the 2DEG is contacted using metal pads 

[14-21]. Temperature dependence of the specific electrical resistance of metal contact on n-type GaN, 

due to the chemical modification or inter-diffusion at the interface between the GaN and the metal 

pad, should be accounted apart the effects attributable to the ion implantation itself on the 2DEG [22]. 

Noteworthy, the quality of the 2DEG as well as its destruction can be monitored by measuring the 

intensity of the peak assigned to the radiative recombination of pairs at the band edge (BE) observed 

by the photoluminescence spectroscopy (PL). The intensity ratios between the yellow band (YL) or 

blue band (BL) and the BE respectively are suitable indicators to estimate the device performances 

[23].  

In this work, we studied the 2DEG electrical isolation and its thermal stability up to 900 °C produced 

by argon ion implantation. Ar was preferred over the other species as it does not have secondary 
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effects on the semiconductor. Ar ions were implanted at different energies into an AlGaN/GaN 

heterostructure with 18 nm thick AlGaN barrier layer. We used a cost-saving procedure based on the 

wafer level measurements of photoluminescence peak assigned to radiative recombination of donor-

acceptor pairs at the band edge. The electrical isolation and its thermal stability have been measured 

by capacitance-voltage profiling through mercury probe (CV). This approach avoids the use of 

thermal annealed metal contacts and the related interface effects, minimizing the effects at the 

semiconductor-metal pad interfaces in the electrical characterization of the 2DEG. The implanted 

samples were annealed at 600, 750 and 900 °C, respectively, and the isolation stability at different 

temperatures was analyzed by PL and CV.  
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Experimental 

Layer of Al0.2Ga0.8N 18 nm thin, with a GaN capping layer 1 nm thin, were grown onto carbon doped 

n-type GaN by metal-organic chemical vapor deposition (MOCVD). The Al0.2Ga0.8N/GaN 

heterostructure was grown onto six-inches Si 111 substrates. The wafers were grinded to a thickness 

of 400 µm and then sawed into 20 mm × 20 mm dice.  Previous to ion implantation process, simulation 

was done by SRIM software [24]. The ion energies have been chosen in order to have the 

concentration peak of the vacancy defects located at a smaller depth, equal to, or greater than that of 

the Al0.2Ga0.8N/GaN interface, i.e. 19 nm. Figure 1 shows the cross section of the heterostructure with 

the region involved in the ion implantation highlighted. Ion implantations were done at room 

temperature, by an ion implanter equipped with Cockroft-Walton linear accelerator, operating in the 

voltage range between 10 and 400 kV, (High Voltage Engineering Europa BV). 

 

 

Figure 1. Cross section of the Al0.2Ga0.8N/GaN heterostructure with the region involved by the ion implantation 
highlighted. The thicknesses of the various layers are not to scale. 

 

Thermal annealing was done in a Carbolite Gero tubular oven at 600, 750 and 900 °C, respectively, 

under N2 flux at ambient pressure, for 15 minutes. The samples were cooled down at room 

temperature under N2 flux and then withdrawn of the oven. Photoluminescence characterization was 
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done at room temperature by Nanometrics RPM 2000 Photoluminescence Mapper. Nd-YAG laser 

operating at a wavelength of 266 nm was used as excitation source. 

Capacitance-voltage characterization was done by mercury probe CVmap 92 A/B by Four 

Dimensions Inc. 

 

Results 

Table 2 shows the conditions of energy and fluence of Ar ion implantation of the Al0.2Ga0.8N/GaN 

heterostructure, adopted in this study. The ion range and straggle values were obtained by SRIM 

simulation. Figure 2 shows the simulated defects concentration profiles obtained by ion implantation 

at the energies of 15, 22.5 and 60 keV and fluence of 7×1013 cm-2, respectively.  

 

Table 2. Energy and fluence conditions used in the Ar ion implantation. Ion range and straggle were obtained by SRIM 
simulation of Ar implanted in Al0.2Ga0.8N/GaN at different energies. 

Energy (keV) Ion range (nm) Straggle (nm) Fluence (cm-2) 

15 19.3 9.5 7×1013 

22.5 26.7 13.3 7×1013 

60 64.0 28.4 7×1013 
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Figure 2. SRIM Simulated vacancy concentration profiles produced in Al0.2Ga0.8N/GaN heterostructure by Ar ion 
implantation at the energies of 15, 22.5 and 60 keV and fluence of 7×1013 cm-2. The position of the 2DEG at the depth of 
19 nm is indicated by the arrow. 

We studied the effects of the solely thermal annealing at 600, 750 and 900 °C. The aim was to discern 

any effects strictly related to the thermal treatment from those related to the ion implantation. Figure 

3a- d show the survey PL spectra in the range of 250-850 nm of wavelength of the reference and 

annealed at 600, 750 and 900 °C samples, respectively.  

 

Figure 3. Photoluminescence spectra acquired at room temperature of Al0.2Ga0.8N/GaN: a) reference (as grown); b) 
annealed at 600 °C; c) annealed at 750 °C; d) annealed at 900 °C.  
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The spectra show an intense and narrow peak centered at about 363.3-363.8 nm, which is assigned to 

BE of GaN, a less intense peak centered at about 335 nm, assigned to BE of Al0.2Ga0.8N, a weak band 

comprises between 500 and 650 nm of wavelength assigned to YL. The YL band is attributed to donor 

to acceptor radiative recombination process at the defects consisting of carbon impurities in the 

nitrogen substitution position (CN) [25]. Furthermore, a weak band between 650 and 750 nm of 

wavelength assigned to red luminescence (RL) is observed. The RL is attributed to clusters consisting 

of Ga vacancies (VGa) and N vacancies (VN), e.g. VGa(VN)2 [26].   

The enlarged regions of the PL spectra of reference and annealed samples in the ranges of 320-385 

and 450-650 nm of wavelength are reported in Figure 4a-b, respectively. The alternating intensity of 

the YL of Figure 4b is the consequence of some photon diffraction mechanisms observed in our 

samples at those wavelengths.  

 

Figure 4. Photoluminescence spectra acquired at room temperature of the reference and the annealed samples: a) range 
of 320-385 nm of wavelength. The spectra show the peak at about 363.3-363-8 nm, assigned to band edge in GaN, and a 
weak peak at about 335 nm assigned to band edge of Al0.2Ga0.8N; b) range 450-640 nm of wavelength showing the yellow 
band (YL). 
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Figure 5. Photoluminescence spectra acquired at room temperature of the BE region of implanted and post-annealed 
Al0.2Ga0.8N/GaN samples. The relative intensities of the BE peaks are reduced by a factor 100 even in the 900 °C annealed 
sample, with respect to the reference sample (Figure 2a), indicating the destruction of the 2DEG and the stability of 
isolation at this temperature. 

 

Figure 5 shows the PL spectra, comprising the BE of Al0.2Ga0.8N and GaN, of Ar implanted and 

post- annealed samples. In all the spectra the BE of GaN is reduced in intensity by a factor 100 or 

more with respect to the spectra of reference and solely annealed samples (vide Figure 4a). Figure 

6a-d shows the CV profiles corresponding to the reference, annealed at 600 and 900 °C, and implanted 

at 15 keV and post-annealed at 900 °C samples. In the implanted samples the capacitance is 

significant reduced to values that are below the instrumental measurement capability 
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Fig. 6. Capacitance-voltage profiles of Al0.2Ga0.8N/GaN heterostructure obtained by mercury probe analyses of: a) 
reference; b) annealed at 600 °C; c) annealed at 900 °C; d) implanted at 15 keV and post-annealed at 900 °C. In the 
implanted samples the capacitance values are below the instrumental measurement capability. 

 

Figure 7 reports the carrier concentration depth profiles of Al0.2Ga0.8N/GaN heterostructure of 

reference and annealed at 600, 750 and 900 °C, respectively, obtained by elaboration of the CV 

measurements basing on the Mott-Schottky Equation 1:  

𝑁𝑁𝐶𝐶𝐶𝐶 =  𝐶𝐶3

𝑒𝑒𝜀𝜀0𝜀𝜀
𝑑𝑑𝐶𝐶
𝑑𝑑𝐶𝐶

         Eq. 1 

where NCV is the carrier concentration, C is the capacitance, V the voltage, e the elemental charge, ε0 

the dielectric constant of vacuum and ε the relative dielectric constant.  

The carrier concentration as function of depth can be calculated by the Equation 2:  

𝑧𝑧𝐶𝐶𝐶𝐶 =  𝜀𝜀0𝜀𝜀
𝐶𝐶

         Eq. 2  

In Figure 7, the carrier concentration corresponding to the 2DEG has been highlighted by the arrow. 

The carrier concentrations Nmax of the 2DEG and the corresponding depth (z) calculated by the Eq. 
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2 in the reference and as function of the annealing temperature, the energy of ion implantation and 

the post-annealing temperature are reported in Table 3.  

 

Fig. 7. Carrier concentration depth profiles of Al0.2Ga0.8N/GaN heterostructure obtained by Mott-Schottky elaboration of 
the CV measurements: a) reference; b) annealed at 600 °C; c) annealed at 750 °C; d) annealed at 900 °C. The red arrow 
indicates the carrier profile concentration attributable to the 2DEG. 
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Table 3. Carrier concentration (Nmax) and the depth (z) corresponding to the 2DEG in the various investigated samples, 
obtained by Mott-Schottky calculation based on the CV profiles. 

Sample 
description 

Energy of Ar 
implantation 

(keV) 

Fluence 
(cm-2) 

Annealing temperature 
(°C) 

Carrier 
concentration 

Nmax at 
2DEG (cm-3) 

z at Nmax 
(nm) 

Reference - - - 3.98×1019 23.5 

Annealed only - - 600 6.7×1020 24.7 

Annealed only - - 750 3.69×1019 26.5 

Annealed only - - 900 3.89×1019 25.7 

Ar 15 keV 15 7×1013 As implanted <1×1013 - 

Ar 15 keV 15 7×1013 600 ~1×1014 - 

Ar 15 keV 15 7×1013 750 ~1×1014 - 

Ar 15 keV 15 7×1013 900 ~1×1014 - 

Ar 22.5 keV 22.5 7×1013 600 <1×1014 - 

Ar 60 keV 60 7×1013 600 <1×1014 - 

 

 

Discussion 

The energies of 15, 22.5 and 60 keV of the Ar ion implantation were selected for this study with the 

aim to explore the effects of different level of damage that take place at depths close to the 2DEG. 

According to Usman and co-workers [27] Ar ion implantation of GaN produces a significant higher 

concentration of nitrogen defects than gallium defects, due to the smaller displacement energy of N 

compared to Ga [27]. In this study, the selected conditions of Ar ions implantation produce similar 

peak concentration of total vacancies of about 7×1021 cm-3. However, the peak concentration of 

vacancy is located at different depths, depending on the energy of the implanted ion. Since Ar is a 

heavier ion mass than N, displacement occurs toward a shallower depth than the projected range of 

the implanted ion. Accordingly, the vacancy concentration peaks are located at shallower depth with 

respect to the projected ranges of Ar ions. The BE peaks assigned to GaN and AlGaN, respectively, 

do not show significant changes both in intensity and position under the solely thermal treatment up 

to 900 °C, indicating a good stability of our samples in the adopted conditions. Several authors have 
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shown that the photoluminescence peak assigned to BE is a diagnostic parameter of the quality of 

2DEG [23, 26-28]. In particular, Zhong and co-workers [23] reported that epitaxial wafers 

characterized by low intensity of the YL to BE and blue luminescence (BL) to BE ratios values, 

combined with the carbon concentration, results in valuable primary indicators for estimating the 

device performance before design and fabrication. The reduction in PL intensity in ion implanted 

samples is attributed to the formation of non-radiative recombination centers as a consequence of 

damage to the crystal lattice [28]. Notable, the BE intensity increases slightly compared to the 

implanted sample as the temperature of the post-annealing process increases. This result can be 

attributed to partial recovery of crystalline damage. The presence of crystal defects results in a 

significant effect on the carrier density of the 2DEG, since they trap the carries and, then, increase 

the sheet resistance. Often, the effects of ion implantation on the electrical properties of the 2DEG 

have been studied by using HEMT transistor or test structures with metal contacts such as Ti/Al, 

Ti/Al(Ni)/Au or other equivalent [14-21,29]. However, at the temperature of 600 °C, the metal 

contacts likely show rectifying Schottky contact behavior and become ohmic by thermal process at 

temperatures above 600 °C. The interface microstructure modification, involving the metal and 

semiconductor elements at the temperature higher than 600°C, required to form an Ohmic rather than 

a Schottky contact, is responsible for the modification of the carrier transport mechanism [29]. The 

change in the carrier transport mechanism at the metal- n-type GaN contacts can introduces additional 

contribution in the measurements of the isolation of 2DEG in the temperature range of 600-900 °C. 

The additional contribution can affect a good data interpretation [30]. To overcome the latter 

contributions, we characterized the electrical isolation and the temperature stability of the 2DEG by 

CV profiling using the mercury probe technique. Thus, the Al0.2Ga0.8N/GaN implanted and post-

annealed samples were not subjected to further thermal budget, required by annealing of metal 

contacts, rather than that to study the 2DEG thermal stability. The CV profiles of the samples 

subjected to solely annealing does not show significant variations of the carrier concentration of the 

2DEG with respect to the reference up to 900 °C.  
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We can hypothesize that the annealing at lower temperature (600 °C) induce an improvement in the 

crystal quality due to the reduction of the concentration of point defects and dislocations, allowing 

the detection of a greater concentration of 2DEG with respect to the reference sample. Further 

increase in the annealing temperature has the opposite effect by inducing the partial modification of 

the AlGaN layer, visible in the PL in the AlGaN peak region, and the consequent reduction of the 

2DEG concentration [31]. Conversely, the CV characteristics of the implanted and post-annealed 

samples show a significant reduction in the capacitance value down to the instrumental measurement 

capability. According, this result can be explained with the degradation of the 2DEG. In particular, 

the ion implanted samples show a descrese of the carrier concentration of the 2DEG of about six 

orders of magnitute with respect to the reference. Interesting, the obtained 2DEG isolation is stable 

up to 900 °C. Shiu et al. [32] found that ion implantation with oxygen ions produces a sheet resistance 

of 1012 Ω/sq stable up to 450 °C, but a dramatic decrese to about 100 Ω/sq occurs at temperature of 

850 °C.  In previous work, Roccaforte et al. [33] reported that, using nitrogen ion implantation, a 

sheet resistance of 1011 Ω/sq, stable at 750 °C was achieved. The sheet resistance is reduced of several 

orders of magnitude at 850 °C. Similar sheet resistance was found by Boudinov et al. [34] with a 

thermal stability up to 900 °C, obtained by MeV implantation of light ions of H, Li C and O. In this 

study we showed that also using Ar ion implantation at the fluence of 7×1013 cm-2 stable isolation of 

the 2DEG up to 900 °C can be obtained. 

 

Conclusions 

In this work we adopted a time and cost-saving methodology for the study of 2DEG isolation in 

Al0.2Ga0.8N/GaN heterostructure by Ar ion implantation. The methodology is based on the analysis, 

by photoluminescence spectroscopy, of the peak assigned to the radiative recombination of pairs at 

the BE and on the capacitance-voltage profiling of ion implanted and then post-annealed samples. 

The present study was conducted at the wafer level without the use of test structures that require the 
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fabrication of photolithographic metal pads for the ohmic contacts necessary for electrical 

characterization. We have shown that argon ion implantation at the energies of 15, 22.5 and 60 keV 

and fluence of 7×1013 cm-2 produces a significant reduction of the PL intensity of the BE peak. This 

finding is confirmed by a significant reduction of the 2DEG carrier density. The reduction of carrier 

density was found about six orders of magnitude with respect to the reference sample. The isolation 

was found stable at temperature up to 900°C. The methodology can be extended to the study of other 

ion implanted species. In a future work, the methodology described here will be extended to the study 

of the isolation effects on the 2DEG by carbon and iron ion implantation, comparing the results with 

those obtained by argon. The actual study has important technological implications, since shows that 

Ar ion implantation is able to produces stable isolation up to 900 °C. Implant conditions necessary 

for an effective electrical isolation of AlGaN/GaN 2DEG by ion implantation were also described. 
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