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A B S T R A C T

We report a comparative study of the isolation mechanisms of two-dimensional electron gas (2-DEG) in
Al0.2Ga0.8N/GaN heterostructure by room temperature ion implantation with Ar, C or Fe at 15, 20, 18 keV and
fluences of 7 × 1013, 1 × 1014, 5 × 1013 cm− 2, respectively. The samples were annealed up to 900 ◦C post-
implantation and characterized by X-ray Diffraction, X-ray Photoelectron Spectroscopy, Photoluminescence,
Rutherford Backscattering Spectrometry in Channeling mode and Capacitance Voltage profiling. The ion im-
plantation produces unrecoverable crystal lattice damage such as point defects and non-radiative carrier traps
level into the band gap of GaN. As a consequence, a decrease in the number of occupied states at the upper side of
the valence band of GaN was observed. Moreover, defects accumulation at the near-surface region by annealing
at 900 ◦C was observed. Due to the various defects, the concentration of 2-DEG carriers, after ion implantation,
for all three ions investigated, is reduced from 1019-1020 to less than 1013 ––1014 cm− 3. The 2-DEG isolation was
stable up to 900 ◦C for all three ions, while the non-radiative defects and carrier traps produced were slightly
more stable in the case of Fe implantation. The reduction of carrier concentration is responsible for the isolation
of 2-DEG.

1. Introduction

The ever-increasing demand of power density and working fre-
quency in telecommunication, as well as in power train and green pro-
duction of energy applications, pushed the silicon-based IGBT and
MOSFETs power devices to their physical limit [1]. Gallium nitride
(GaN), among the several wide band gap semiconductors, represents one
of the most promising material for the next generation of power elec-
tronic devices [2].

The advantages of GaN are related to its superior band-gap, critical
electric field for breakdown, high carrier concentration, high electron

mobility, and high saturation velocity [3–8].
When a fraction of Ga atoms is replaced in the crystal structure by Al

atoms, the growth of AlGaN/GaN heterojunctions is allowed, resulting
in a very high sheet carrier density named two-dimensional electron gas
(2-DEG). In the presence of the 2-DEG of AlGaN/GaN heterojunctions,
High Electron Mobility Transistors (HEMT) can be fabricated. The
mechanisms producing the carrier density at 2 DEG are represented by
the piezoelectric polarization at the AlGaN/GaN interface due to the
mismatch of the crystal lattice parameters, as well as to the different
electronegativity of Al, Ga and N [9,10].

The formation of crystal defects in AlGaN/GaN by ion implantation,
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which can be exploited for the electrical isolation of 2-DEG, where
required, has been widely reported by several authors [11–18]. Isolation
by ion implantation is a planar process, has several advantages
compared to the mesa process, such as higher breakdown voltage for the
same gate-to-drain distance and the reduction of gate leakage current
[19]. Several types of ions implantation have been reported for the
isolation of the 2-DEG such as Xe+, Kr+, Ar+, C+, Al+, N+, O+, Fe+, F+,
B+ and other [11–18]. The defect creation and evolution in GaN is a
complex process, still not fully understood.

Several authors have reported that the stability of 2-DEG isolation is
guaranteed over a wide temperature range, generally between 400 and
1200 ◦C [11–18]. Some data, especially regarding the temperature at
which the isolation remains stable, in the order of 1011 Ω/□, seem to
disagree with each to other. In addition, the ion energy used in the
implantation is often high, in the order of hundreds of keV, and the
fluences up to 1017 cm− 2. Moreover, multiple implants are proposed to
cover large thickness of the semiconductor and to obtain uniform
damage profiles [13,16].

2-DEG isolation mechanism for most implanted ions, in particular
inert noble gas ions, is attributed to the formation of crystal damage
[12]. The ions of noble gases essentially act with a ballistic mechanism.
Due to the damage created by heavy ions such as 84Kr+ in AlGaN/GaN
lattice, the 2-DEG isolated by ion implantation showed better thermal
stability than implant isolation by e.g., 40Ar+. It has been reported that
heavy ion implantation of inert gas (84Kr+) is a viable solution for the
fabrication of thermally stable planar AlGaN/GaN HEMTs even up to
800 ◦C under long-term isochronous annealing [12].

Taube and co-workers reported that double ion implantation with C
produce 2-DEG isolation characterized by a thermal stability up to
600 ◦C [13]. Carbon is a deep acceptor in GaN. The authors in the work
maintained the vacancy concentration, no less than 1020 cm− 3.

Pągowska and co-workers reported that Fe ion implantation pro-
duces an isolation of the 2-DEG stable up to 1100 ◦C. The formation of
high resistance and thermally stable isolating regions in GaN needs the
Fe concentration to be at least around 1 × 1019 cm− 3 [16].

Theoretical study by Umeda and co-workers reported that Fe
implanted atoms in Ga sites of GaN form deep levels. Accordingly, the
resistivity of the Fe ion-implanted regions was found over 1010 Ω/□
even after the annealing at 1200 ◦C [17].

In our previous paper, we described the effects on the 2-DEG isola-
tion by Ar ion implantation at relatively low energies of 15, 22, 5 and 60
keV and fluence of 7 × 1013 [20]. We used an experimental procedure
based on wafer level characterization of the defects by photo-
luminescence (PL) and the isolation measurement by capaci-
tance–voltage profiling. We found that the electrical isolation was stable
up to 900 ◦C.

This work provides a contribution to understanding the mechanisms
of defect formation and isolation of 2-DEG by implantation of Ar, C or Fe
ions. According to the literature, we chose C and Fe, and compared the
results with those obtained for Ar, since these three species are expected
to produce 2-DEG isolation by different mechanisms. The mechanisms
were studied in detail using X-ray diffraction (XRD), photoluminescence
(PL), X-ray photoelectron spectroscopy (XPS), channeling mode Ruth-
erford backscattering spectrometry (RBS/C) and capacitance–voltage
profiles (CV).

Ar, C or Fe, were implanted into 18 nm Al0.2Ga0.8N/GaN hetero-
structures at different ion energies and doses. We still used a simplified
procedure based on wafer level defect characterization and measure-
ments of the electrical isolation by mercury probe. This approach does
not require the fabrication of test patterns which need thermal annealed
metal contacts. Thus, we avoid or, at least, minimized the effects at the
semiconductor–metal pad interfaces in the electrical characterization of
the 2-DEG. The implanted samples were annealed at 600, 750 and
900 ◦C, to characterize the defect evolution and the thermal stability of
the isolation. The temperature range was chosen to cover conditions
encountered in most processes involved in the manufacturing of a HEMT

device, i.e., the temperatures typical for the formation of ohmic contacts
to the AlGaN/GaN heterostructure.

2. Experimental

The investigated samples consist of Al0.2Ga0.8N 18 nm thin layer,
with a GaN capping layer 1 nm thin, deposited onto intentionally carbon
doped n-type GaN, by metal–organic chemical vapor deposition
(MOCVD). Six-inches Si semiconductor wafers (111) were used as
substrates for the growth of the Al0.2Ga0.8N/GaN heterostructure
(Fig. 1a). The wafers were grinded to a thickness of 400 µm and then
sawed into 20 mm × 20 mm dice. The ion implantation process was
simulated by SRIM software [21]. The ion energies were chosen in order
to have peak concentration of the vacancy defects located at a depth
close to the Al0.2Ga0.8N/GaN interface, i.e., 19 nm. The cross section
(not to scale) of the heterostructure is schematized in Fig. 1. Fig. 1b
highlights the region affected by the ion implantation. The ion im-
plantations were done at room temperature. Ar was implanted at 15,
22.5 and 60 keV and 7 × 1013 cm− 2 of fluence; C at 20 keV and 1 × 1014

of fluence; Fe at 18 keV and 5 × 1013 cm− 2 of fluence, respectively. The
implantations were done by an ion implanter equipped with Cockroft-
Walton linear accelerator, operating in the voltage range between 10
and 400 kV, (High Voltage Engineering Europe BV). Typical current of
the ion implantations of Ar, C and Fe was ~ 70nA.

After ion implantation the samples were annealed at 600, 750,
900 ◦C, respectively, under N2 flux at ambient pressure, for 15 min in a
Carbolite Gero tubular oven. Then, the samples were cooled down to
room temperature under N2 flux and removed from the oven.

XRD analyses were done by a Smartlab Rigaku diffractometer,
employing the Cu Kα X-ray source with a rotating anode operated at 45
kV and 200 mA.

XPS analyses were done by the Kratos AXIS Supra Instrument,
equipped with monochromatic Al Kα (1486.6 eV) and Ag Lα (2984.3 eV)
X-ray sources. XPS high resolution spectra were acquired over an area of
700 µm× 300 µm employing the Al Kα X-ray source at a power of 450 W
and an emission current of 30 mA. XPS depth profiling were obtained by
sputtering the sample with a 10 keV Ar1000+ cluster ions and acquiring the
Al 2p, Ga 2p, O 1 s, C 1 s and Ga LMM signals at the various etching steps.
The etching crater was 2 mm × 2 mm and the analyzed area 110 µm of
diameter. The binding energy scale was corrected for the charging up
effects, fixing the C 1 s adventitious component at 285 eV.

PL characterization was done at room temperature by Nanometrics
RPM 2000 Photoluminescence Mapper. The PL spectra were excited by
Nd-YAG laser source operating at a wavelength of 266 nm.

RBS characterization was done by the 3.5 MV HVEE ((High Voltage
Engineering Europe, Netherlands) Singletron Accelerator System. The
experimental setup of the RBS/C analyses was optimized to have the
maximum sensitivity towards crystallographic damage in the first 20 nm
of the samples. The primary He+ ion beam, at a current of 150nA, was
accelerated at 1 MeV of energy, and 40 µC of total charge was used. The
Si detector was placed at a backscattering angle of 165◦, with a 1 mm slit
in front of it by reaching a solid angle of 1 mstr. The system energy
resolution (detector, beam energy, electronic chain) and dead time were
checked during each measurement with a dedicated voltage pulser,
showing that the energy resolution was 16 keV and dead time below 1
%.

3. Results

Fig. 2 shows the simulations of total vacancy concentration distri-
butions obtained by each ion implantation process by Ar, C, Fe, at en-
ergies of 15, 20, 18 keV, and fluences of 7 × 1013, 1 × 1014, 5 × 1014

cm− 2, respectively. The ion energies were selected to have the peak of
defect concentration close to the 2-DEG. Furthermore, the ion fluences
were selected to obtain defect concentrations above 1021 cm− 3 over a
thickness of approximately 40 nm for Ar and Fe and 85 nm for C.
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Fig. 3a-c shows the XRD diffractograms in the 2θ range of 71-75◦, of
the Al0.2Ga0.8N/GaN virgin (green line), implanted with Ar, C, Fe,
(black, blue and red solid lines) and post-implant annealed at 900 ◦C
(black, blue and red dashed lines). The reported range comprises the
reflections peaks assigned to GaN 0004 and Al0.2Ga0.8N 0004, respec-
tively [13]. The 0004 peaks give a better balance between intensity and
peak separation than 0002 peaks [22]. In the virgin sample, the GaN
0004 peak is centered at 73.10◦, while the peak of Al0.2Ga0.8N 0004 is
centered at 73.70◦. In the diffractograms of the Ar and C implanted
samples, the peaks are centered at 73.00◦ and 73.60◦, respectively. In
carbon post-implant annealed sample, the peak positions remain at
73.00 and 73.60◦. Conversely, in the diffractogram of the Ar post-
implant annealed sample the peaks positions were found once again at
73.10◦ and 73.60◦. In the diffractogram of the Fe implanted sample the
peak positions are not affected by implantation, neither by post-implant
annealing. Taube and coworkers observed a new damage peak GaN
0004, located at about 72.60◦, in addition to the undamaged peak
located at 72.80◦, appearing in Al0.16Ga0.84N/GaN after ion implanta-
tion with carbon at 250 keV 4 × 1013 and 520 keV, 5 × 1013 cm− 2, or
with aluminum at 300 keV, 1.4 × 1013 cm− 2 and 800 keV, 1013 cm− 2,
respectively [13]. Turos observed damage peaks after ion implantation
of GaNwith Ar ion at 320 keV. The peak (GaN 0002) is located at 2θ 0.1◦

lower diffraction angles from the undamaged substrate peak. The shift is
a measure of the lattice parameter variation and, thus, the residual stress
in the bombarded region of the crystal [23,24]. Fig. S1 of Supplementary
Information shows the simulation obtained by VESTA software [25] of
the 0004 reflection of unstrained GaN. The structure parameters of GaN
wurtzite reported by Xu and co-worker have been used [26,27]. The
peak is centered at 2θ of 72.85◦. Thus, the experimental value of 0004
reflection position of virgin sample we found is attributable to a com-
pressed layer of GaN. The shift we observed in the GaN 0004 after ion
implantation may be interpreted as the results of an unresolved convo-
lution of the peak assigned to undamaged crystal with that of the
damaged GaN. The damage peak indicates the existence of a defects-rich
layer with larger lattice parameter than that of virgin material.

Fig. 4 shows the Ga 2p and Al 2p core level spectra of virgin and Ar,
C, Fe post-implant annealed samples at 900 ◦C. The spectra were ac-
quired from the unetched surfaces, before the ion-etching by Ar 1000+ at
10 keV, employed for the depth profiling. The Ga 2p3/2 and Ga 2p1/2
spin–orbit doublets of virgin, Ar and C post-implant annealed samples
are centered at 1117.8 eV and 1144.8 eV of binding energy, respectively.
The values of binding energy are assigned to Ga atoms bonded to N
atoms in the GaN compound and are in good agreement with those
found by Qin and co-workers [28]. In the Fe post-implant annealed
sample, the Ga 2p3/2 and Ga 2p1/2 peaks were found at 1118.3 eV and
1145.5 eV, respectively, that can be attributable to a Ga-O oxidation
state [28]. The corresponding Al 2p spectra were fitted by single
Gaussian components with FWHM of 1 eV, centered at 73.65, 73.51,
73.63, 73.62 eV, for virgin, Ar, C and Fe post-implant annealed sample,
respectively. The spectra of Al 2p can be entirely attributed to Al-N
bonds of AlGaN, and are in good agreement with the literature data
[28]. Notable, we did not find any component attributable to the bonds
of aluminum with oxygen, which excludes oxidation phenomena of the
samples that could be expected in annealing at 900 ◦C, even in presence
of oxygen trace. The results confirm the high stability against oxidation
of GaN and AlGaN alloys [29].

Fig. 5 shows the normalized Ga L2M45M45 Auger structure of the
virgin and post-implant annealed samples, recorded at various depths
after Ar1000+ sputtering. The Ga L2M45M45 spectrum excited by Al Kα is
close to the N 1 s core level component. At the depths of 0.45, 9 and 13.6
nm the Auger spectra of the post-implant annealed samples, deviate
from the spectrum of the virgin sample. At the depths 9 and 13.6 nm,
according to Fig. 2, the highest concentration of defects produced by ion
implantation are present. At the depth 0.45 nm we expect a high con-
centration of defects corresponding to that of the sub-surface. In
particular, a reduction of the intensity of the Auger signal at the high
side of the kinetic energy may be observed. Therefore, the analysis of the
L2M45M45 Auger spectra gives information on the crystal damage. At
depths corresponding to the peak concentration of defects, the Auger

Fig. 1. (a) Cross section of the Al0.2Ga0.8N/GaN heterostructure; (b) representation of the region involved by the ion implantation. Note that the thicknesses of the
various layers are not to scale.

Fig.2. Simulation by SRIM software of the total vacancy depth distributions
induced in Al0.2Ga0.8N/GaN heterostructure by implantation with: Ar at 15 keV,
7 × 1013 cm− 2 of fluence; C at 20 keV, 1 × 1014 cm− 2 of fluence; Fe 18 keV, 5 ×

1013 cm− 2 of fluence, respectively.
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spectrum is deviated less in the sample implanted with C, compared to
the samples implanted with Ar or Fe, due to the lower concentration of
defects, according to its smaller fluence and its lower atomic mass.

Fig. 6 shows the PL spectra in the range of 300–650 nm of wave-
length of virgin, Ar, C and Fe, as implanted and post-implant annealed
Al0.2Ga0.8N/GaN samples at 600, 750 and 900 ◦C. The spectrum of the
virgin sample shows an intense and narrow peak centered at about
363.3–363.8 nm, which is assigned to radiative recombination at band
edge (BE) of GaN, and a less intense peak centered at about 335 nm,
assigned to radiative recombination at BE of Al0.2Ga0.8N. Moreover, a
broad band which extends between 500 and 650 nm is assigned to the
yellow band (YB) [30]. The YB is attributed to donor to acceptor radi-
ative recombination process at the defects consisting of carbon

impurities in the nitrogen substitution position (CN) [31], as well as to
substitution oxygen (ON) and gallium vacancy (VGa) recombination
[32,33].

The photoluminescence peak assigned to BE of GaN, in the samples
implanted with C or Fe, undergoes the greatest reduction in intensity
with respect to the virgin sample, compared to the sample implanted
with Ar. In the samples annealed at 900 ◦C, a slight increase in the in-
tensity of the BE peak in the order C ˃ Ar ˃ Fe is noted, showing a greater
stability of the non-radiative defects produced by the Fe implantation
compared to that of C or Ar. In all the spectra of the implanted samples,
the intensities of the peaks assigned to BE of GaN and Al0.2Ga0.8N are
reduced by approximately two orders of magnitude. The significant
reduction of BE peaks is attributed to the defects produced by the ion
implantation, that consist of non-radiative centers [9]. The intensities of
the BE peaks assigned to GaN and Al0.2Ga0.8N are no longer restored to
the that of virgin sample, even at 900 ◦C, demonstrating that defects
produced near the BE, assigned to non-radiative centers, are stable up to
this temperature.

Carrier concentration of virgin, annealed, implanted and post-
implant annealed samples were obtained by Mott-Schottky elaboration
of the capacitance–voltage profiles [20]. Table 1 shows the carrier
concentrations, Nmax, at the 2-DEG of virgin and as function of the ion
energy, fluence and the post-annealing temperature. For comparison, we
reported the carrier concentrations found in the samples that only un-
derwent thermal annealing. The carrier concentration has been obtained
by elaboration of the CV profiles by the Mott-Schottky Equation (1):

NCV =
C3

eε0ε
dV
dC

(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.

Annealing at 600 ◦C induces an improvement in the crystal quality
due to the reduction of the concentration of point defects and disloca-
tions, allowing the detection of a greater carrier concentration of 2-DEG
with respect to the reference sample. Further increase in the annealing
temperature up to 900 ◦C has the opposite effect by inducing the partial
modification of the AlGaN layer. Conversely, the ion implantation pro-
duces a significant stable reduction of the carrier concentration of about
six to seven orders of magnitude and the corresponding isolation up to
900 ◦C, with respect to the virgin sample.

Fig. 7 shows the RBS/C spectra of the virgin (scattered data in
Fig. 7a), Fe implanted at 18 keV, 5 × 1013 cm− 2 of fluence (scattered
data in Fig. 7b), and Fe 18 keV, 5 × 1013 cm− 2 of fluence post-implant
annealed at 900 ◦C (scattered data in Fig. 7c) samples. The intense
peaks located at about 810 keV are attributed to the backscattering
induced by the surface defects. The RBS spectra were simulated by
McChasy code [34], trying several point defect concentrations profiles.
The best simulation of the spectrum of the implanted sample was ob-
tained considering a point defect concentration profile of 7 % at. in the
first 10 nm and 1 % at. up to 20 nm deep (inset in Fig. 7b). Fig. 7c shows
the simulation of post-implant annealed sample, where we hypothesized
the accumulation of point defects towards the surface as consequence of
the post-implant annealing. In this case the best simulation was obtained
assuming a defect concentration profile of 25 % at. in 5 nm and 2 % at.
up to 20 nm deep (inset in Fig. 7c). Interesting, the surface peak in-
creases with respect to the situation of Fig. 7a and 7b. The defects cause
an increasing of the surface peak in the RBS/C spectra as well as the
appearing of a backscattering peak at energies just below the surface
peak. The main difference in the RBS/C spectra is highlighted in the
comparison (Fig. 7d) and concerns the surface peak intensity, that is
greater in the spectrum of post-implant annealed sample (cyan) with
respect to both virgin (magenta) and implanted sample (dark yellow).
This result is assigned to the formation of surface damage. Notably, the
backscattered He+ ions are due to the scattering by Ga atoms. Indeed,

Fig. 3. Diffractograms of Al0.2Ga0.8N/GaN virgin, as implanted and post-
implant annealed at 900 ◦C: (a) Ar at 15 keV, 7 × 1013 cm− 2 of fluence; (b)
C at 20 keV, 1 × 1014 cm− 2 of fluence; (c) Fe 18 keV, 5 × 1013 cm− 2 of fluence.
The vertical lines were added to help the eye to visualize the centroid of the
GaN 0004 peaks.
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the Rutherford scattering cross section depends on the atom mass and
the Ga atoms represent the principal scattering center. The absence or
very low de-channeling, which is produced primarily by dislocation

defects, is evidenced in the comparison of the spectra. This is an indi-
cation that the damage produced in our samples, in the portion of
thickness sampled by RBS technique, are mainly point defects [35].

Fig. 4. X-ray photoelectron spectra of Ga 2p and Al 2p core level regions of the unetched surfaces of (a) Al0.2Ga0.8N/GaN virgin; (b) Ar-implanted at 15 keV, 7 × 1013

cm− 2 of fluence and post-implant annealed at 900 ◦C; (c) C-implanted at 20 keV, 1 × 1014 cm− 2 of fluence and post-implant annealed at 900 ◦C; (d) Fe-implanted at
18 keV, 5 × 1013 cm− 2 of fluence and post-implant annealed at 900 ◦C. The dashed vertical lines identify the positions relative to the binding energies of Ga2p3/2
assigned to Ga-N and Ga-O.

Fig. 5. Normalized GaL2M45M45 Auger spectra, recorded at various depths, of Al0.2Ga0.8N/GaN virgin and Ar-implanted at 15 keV, 7 × 1013 cm− 2 of fluence, C-
implanted at 20 keV, 1 × 1014 cm− 2 of fluence and Fe-implanted at 18 keV, 5 × 1013 cm− 2 of fluence and post-implant annealed at 900 ◦C. At depths of 9 and 13.6 nm
the Auger spectra of post-implant annealed samples are significantly lower than of virgin.

A. Scandurra et al.
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Fig. 8a compares the RBS/C spectra of the Al0.2Ga0.8N/GaN virgin,
Ar, C, Fe post-implant annealed at 900 ◦C. Interesting, an increase in
surface peak intensity is observed in all spectra, with that relating to Fe
slightly more intense. Fig. 8b shows the area of the surface damage peak
as a function of ion and annealing temperature. This peak increases with
the annealing temperature, which can be explained by the damage
diffusion to the surface. We propose the following hypothesis, that the
annealing causes the accumulation of the defect to the surface. This is
further verified by the increasing surface peak and that at 900 ◦C, the

lattice is not entirely restored.

4. Discussion

The results of the characterizations obtained by the several tech-
niques suggest different mechanisms, induced by the implantation of Ar,
C, Fe ions, which lead to the formation of defects in the Al0.2Ga0.8/GaN
heterostructure and, therefore, the 2-DEG isolation. One mechanism
responsible of the 2-DEG isolation is represented by an increase in the
lattice parameters of GaN compared to the virgin sample [23]. The
simulations show that the GaN layer in the virgin heterostructure is
compressed, according to the literature [24]. Implantation with Ar and C
produces a clearly visible effect in the increasing of the crystal lattice
parameters. This increase can be explained through a reduction in the
mechanical compressive stress, exerted on the GaN, by the Al0.2Ga0.8N
layer which, in turn, partially relaxes its original tensile stress after ion
implantation [24]. The partial relaxation of the initial stresses of both
Al0.2Ga0.8N and GaN reduces the piezoelectric polarization that con-
tributes to the formation of the 2-DEG carrier concentration. In the post-
implant annealed samples, in the case of argon, the conditions of virgin
sample are restored, while in the case of C the effect remains. In the
samples implanted with Fe, no significant variations were observed in
the XRD pattern. We do not have a simple explanation of this finding,
but it can be hypothesized that argon can be released as gas in the post-
implant annealed sample while carbon cannot. Fe, owing to its high
atomic mass, has a projected range closest to the interface with the
Al0.2Ga0.8N layer, thus the damaged layer is shallower than in other
cases. Furthermore, Fe atoms can replace Ga atoms at substitutional sites
[17]. According to Usman and co-workers, in particular for Ar and Fe
ions, ion implantations of GaN is expected to induce the formation of a
significantly higher concentration of nitrogen defects than gallium de-
fects, due to the smaller displacement energy of N compared to Ga [36].

The analysis of the Ga 2p1/2-Ga 2p3/2 and Al 2p XPS core levels did
not show significant oxidation of the surface. The Fe post-implant
annealed sample shows the presence of a more pronounced defect-
rich, partially oxidized shallow layer. The L2M45M45 Auger process in-
volves the levels 3p1/2 (L2) and 3d (M45M45). In GaN compound we can
assume an interaction of the hybridized 3d and 4p orbitals of gallium
with 2 s and 2p of nitrogen in the valence band [28]. Therefore, the

Fig. 6. Photoluminescence spectra of Al0.2Ga0.8N /GaN virgin and (a) Ar-
implanted at 15 keV, 7 × 1013 cm− 2 of fluence; (b) C-implanted at 20 keV, 1
× 1014 cm− 2 of fluence; (d) Fe-implanted at 18 keV, 5 × 1013 cm− 2 of fluence,
post-implant annealed at 600, 750 and 900 ◦C.

Table 1
Carrier concentration of the 2-DEG in the investigated samples, obtained by
Mott-Schottky elaboration of the CV profiles.

Sample ID Ion Energy
(keV)

Fluence Annealing
temperature (◦C)

Nmax
(cm− 3)

Virgin − − − − (4.0 ± 0.2)
× 1019

Annealed
only

− − − 600 (6.7 ± 0.3)
× 1020

Annealed
only

− − − 750 (3.7 ± 0.2)
× 1019

Annealed
only

− − − 900 (3.9 ± 0.2)
× 1019

Ar 15 keV Ar 15 7⋅1013 As implanted <1013

Ar 15 keV Ar 15 7⋅1013 600 ~1014

Ar 15 keV Ar 15 7⋅1013 750 ~1014

Ar 15 keV Ar 15 7⋅1013 900 ~1014

Ar 22.5 keV Ar 22.5 7⋅1013 600 <1014

Ar 60 keV Ar 60 7⋅1013 600 <1014

C 20 keV C 20 1014 As implanted <1014

C 20 keV C 20 1014 600 <1014

C 20 keV C 20 1014 750 <1014

C 20 keV C 20 1014 900 <1014

Fe 18 keV Fe 18 5⋅1013 As implanted <1014

Fe 18 keV Fe 18 5⋅1013 600 <1014

Fe 18 keV Fe 18 5⋅1013 750 <1014

Fe 18 keV Fe 18 5⋅1013 900 <1014

Fe 30 keV Fe 30 5⋅1013 600 <1014

Fe 80 keV Fe 80 5⋅1013 600 <1014
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L2M45M45 Auger process involves electrons present in the valence band.
The modification of the Ga L2M45M45 Auger spectra, shows that ion
implantation produces the reduction in the density of occupied states in
the upper side of the valence band. This means that the disorder induced
by the ion implantation reduces the number of occupied states in the
high energy region of the valence band [37]. According to this inter-
pretation, we can observe that the reduction of the number of occupied
states in the valence band is maximum for Fe in a region close to the
surface, while it is comparable for C and Ar. This experimental result is
in good agreement with that obtained theoretically by Umeda and co-
workers [17]. At the depths corresponding to the highest defects con-
centrations, i.e. between 9 and 13 nm, the reduction in the density of
occupied states is slightly less for C than for Ar or Fe, in agreement with
the lower fluence and its lower atomic mass.

The reduction in the density of occupied states at the valence band
may be associated with the formation of defect centers and carrier traps

characterized by non-radiative recombination of pairs. This is indicated
by the strong reduction of the PL peaks assigned to the BE of GaN and
Al0.2Ga0.8N, respectively.

The RBS/C analyses showed low de-channeling as expected due to
the low fluence implantation. Furthermore, from the rise of the surface
peak intensity after post-implant annealing, we can hypothesize the
accumulation of point defects in a region closest to the surface. The
simulations by McChasy code are in agreement with the hypothesis that
point defect concentration increases in the 5 nm below the surface upon
post-implant annealing. This result is in agreement with Turos et al.,
showing an accumulation of nitrogen vacancy in a region close to the
surface upon ion bombardment with Ar at 320 keV of GaN [23].
Moreover, at 900 ◦C, the lattice and electronic structure of the virgin
Al0.2Ga0.8N/GaN are not restored. This phenomenon is more pro-
nounced in the Fe post-implant annealed sample, demonstrating that the
damage in the first 20 nm of the sample persists and cannot be restored.

Fig. 7. RBS/C spectra of Al0.2Ga0.8N/GaN: (a) virgin; (b) Fe implanted at 18 keV, 5 × 1013 cm− 2 of fluence; c) Fe 18 keV, 5 × 1013 cm− 2 post-implant annealed at
900 ◦C. The scattered data (empty circles) refer to the experimental spectra; colored lines refer to the simulated spectra by McChasy code. The inset in b and c
represent the point defect concentration profiles used in the simulation; (d) comparison of the simulated spectra of Fig. 7a-c. Conditions: energy of He+ beam: 1 MeV;
ϕ = 15◦.

Fig. 8. RBS/C of Al0.2Ga0.8N/GaN: a) comparison of the spectra virgin and Ar-implanted at 15 keV, 7 × 1013 cm− 2 of fluence, C-implanted at 20 keV, 1 × 1014 cm− 2

of fluence and Fe-implanted at 18 keV, 5 × 1013 cm− 2 of fluence and post-implant annealed at 900 ◦C; b) surface damage peak area of Al0.2Ga0.8N/GaN virgin and Ar-
implanted at 15 keV, 7 × 1013 cm− 2 of fluence, C-implanted at 20 keV, 1 × 1014 cm− 2 of fluence and Fe-implanted at 18 keV, 5 × 1013 cm− 2 of fluence, post-implant
annealed at 600, 750 and 900 ◦C.

A. Scandurra et al.



Applied Surface Science 674 (2024) 160885

8

The peak areas assigned to the surface defects of the RBS/C spectra of
the post-implant Ar, C, Fe samples annealed at 900 ◦C are higher than
that of the virgin sample spectrum. As a consequence of the formation of
lattice and electronic structure defects, all the implanted samples show a
reduction of 2-DEG carrier concentration by six to seven orders of
magnitude. The reduction of the carrier concentration is stable up to
900 ◦C and is the basis of the isolation of the 2-DEG.

5. Conclusions

In this paper we described the isolation mechanisms of 2-DEG in
Al0.2Ga0.8N/GaN heterostructure by low energy, low fluence Ar, C or Fe
ion implantation. We adopted a time and cost-saving methodology
based on wafer level spectroscopic characterization of defects formation
and evolution. Moreover, capacitance–voltage profiling was used to
characterize the 2-DEG carrier concentration. The techniques we used
for the characterization, show that the defects formation by ion im-
plantation at the conditions we used are stable up to 900 ◦C. This tem-
perature is well beyond that typically required to withstand in device
manufacturing processes, such as metal annealing for the formation of
gate and source contacts, e.g. 600 ◦C. In all the implanted and post-
implant annealed samples, we observed a reduction of the carrier con-
centration of six to seven orders of magnitude with respect to the virgin
sample. We have demonstrated that low ion energy implantation (few
keV) is suitable to achieve high temperature stable 2-DEG isolation. Our
study shows that Ar, C, Fe ion implantations are able to produce a stable
isolation in the temperature range of 600–900 ◦C. Moreover, the defects
produced by Fe implantation are more stable than the other ions. The
choice of the type of ion can be dictated by the conditions of the device
manufacturing processes; it increases the design flexibility of the indi-
vidual process steps in the fabrication of an AlGaN/GaN HEMT. The
present study represents an important technological guide, since the
implantation conditions and effects produced, necessary for effective
and stable electrical isolation of AlGaN/GaN 2-DEG, have been
described in detail.
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