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We report a comprehensive analysis of the leakage current mechanism in ion implantation
isolation (1/1/1) regions of GaN HEMTSs. We applied a three-step high-energy low-dose N 1/1/]
to AIGaN/AIN/GaN heterostructures. High-quality isolation is achieved with isolation sheet
resistances Rgn in the range of 103-10%° Q/sq. Analysis of isolated heterostructures with varied
AlGaN or AIN thicknesses indicates common electron leakage paths at the surface of GaN.
The electrostatics of the leakage path is determined by an interplay between the high densities
of defects created by the I/1/1, the net sheet polarization charges between Ill-nitrides, and the
AlGaN surface states. We find that the activation energy of the Rq, positively correlates with
the energy level of the leakage path. The energy band diagram of the isolation region is
constructed by correlating the activation energies of Rs, with the heterostructure electrostatics.
Moreover, our study makes a novel method to estimate the net active defect density caused by
the I/1/1: net active defect densities of ~2x10%° cm™ and ~2x10%® cm® are extracted in the GaN

and AlGaN layers, respectively.

I. INTRODUCTION

LGAN/GAN high electron mobility transistors (HEMT) are

key devices for power electronics and radio-frequency
applications [1,2]. The AlGaN/GaN HEMT features a high
current density and a high breakdown voltage, which enable
energy efficient circuits at compact form-factors. Device
isolation of HEMT is achieved with either mesa etching or ion
implantation. Advantages of ion implantation isolation (1/1/1)
techniques over mesa etching have been experimentally
demonstrated: lower leakage and higher breakdown voltage of
isolation regions are observed [3,4]. I/l/l of AlGaN/GaN
heterostructures with many different ion species have been
reported, such as P/He [5], Zn [6], O [7], Fe, Ar, B, N [8], C,
Al [9], Kr [10].

Research on ion implantation/radiation damages in GaN has
shed light upon the mechanism of the I/I/l [11-13]. lon
implantation introduces several types of defects into GaN,
including point defects (Ga, N vacancies and interstitials Vga,
Vn, Gai, and N;), foreign ion impurities, defect complexes, local
lattice disorder and amorphization [11]. These defects act as
carrier trapping centres which trap carriers and pin the Fermi
level away from the conduction band or the valance band of the
GaN [14,15]. Without conductive free carriers the ion
implanted region becomes electrically insulating. While
significant lattice disorder or amorphization only occurs to
heavily ion-implanted GaN, point defects and their associated
complexes are the dominant defects in lightly and moderately
ion-implanted GaN [11,13]. Complete annealing (recovering)
of ion implantation induced damages requires temperature

above 1200°C [11], which is far above the thermal budget of
standard GaN device manufacturing. Therefore, the I/1/1 is
broadly compatible with various GaN devices.
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Fig. 1 Benchmarks of the Rsh of AlIGaN/(AIN/)GaN heterostructures
subjected to I/I/l. Data in literature [5-9] and in this work are
summarized. Room-temperature Rsh is correlated with (a) its activation
energy and (b) annealing temperature. The dash line in (a) is guidance
for the eye. Two exception points in (a) are from heterostructures that
receive particularly thermally stable Fe I/1/1 and 1000°C annealing [8].
Rsh of Ino.18Alo.s2N(10 nm)/AIN(1 nm)/GaN heterostructure with 1/1/1
is included in (a) and (b) as a reference that shares the correlation.
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The quality of the I/1/1 is reflected by the sheet resistances Rsn
of isolation regions. A Rs benchmark of isolated
AlGaN(/AIN)/GaN heterostructures is provided in Fig. 1.
Consistent Ry, dependences of AlIGaN/GaN heterostructures on
the activation energy E, of the Ry, (Fig. 1a) and on annealing
temperature (Fig. 1b) have been observed among experimental
AlGaN/GaN I/1/1 studies [5-9]. The strong correlation between
the Ry and its E, (Fig. 1a) suggests a common physical
mechanism that is independent of implantation ion species. The
sensitivity of the Ry, to annealing temperature (Fig. 1b) suggests
its dependence on point defect annihilation/transformation in 1
nitrides [13,14,16]. Despite the high R, reported in Fig. 1 that
reflects effective isolation, a full understanding of the leakage
mechanism in the isolated I1I-N heterostructures has not been
achieved. Among the few studies [17,18,34] that are dedicated
to this subject, Lo et al. [17] and Moereke et al. [18] report a
Poole-Frenkel path through the epitaxial buffer under high bias
voltages while Zhu et al. [34] reports variable hopping
conduction mechanism through localized states under such high
bias voltages; it is reported in all three studies that the Rsy under
low bias voltages is governed by ohmic mechanism, but the
exact location of the ohmic path remains still unclear. Locating
the ohmic leakage path in isolated heterostructures is difficult
because the polarization charges and high-density defects
complicate the potential profile.

This work provides understanding of the leakage mechanism
in heterostructures with 1/I/l. By studying isolated
AlGaN/AIN/GaN with varied AlGaN and AIN thicknesses
(tacn and tan, respectively), we pinpoint the ohmic leakage path
at the GaN surface. Moreover, we construct the energy band
diagrams for the isolation regions and estimate the net defect
densities in the AlGaN and the GaN caused by the I/1/1. We
have also summarized the key technological advances that
contribute to the high-quality isolation.
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Fig. 2 llustration of experiments for the I/1/1 study. (a) N ion and
(b) interstitial/vacancy profile calculated by TRIM after 3 steps of N
ion implantation. Two dash lines mark GaN surface and i-GaN/C-GaN
boundary respectively. The tacn and the tan are too small to vary these
boundaries notably. Interstitials and vacancies have almost
identical distribution.

Il. EXPERIMENTAL

AlGaN/AIN/GaN structures were grown by MOCVD on
high-resistivity 200 mm Si (111) substrates as described in [19].
The epitaxial buffer consists of AIN nucleation layer, AlGaN
and AlGaN/AIN superlattice layers, and a 1 um thick C-doped
GaN layer [20]. 300 nm unintentionally doped GaN channel
layer (i-GaN) is grown on top of the buffer layers. Next, two
sets of samples with varied tan or tagn Were prepared: one set

has a common tagn of 15 nm but a varied tany 0f 0, 0.5, 1, 1.5,
or 2 nm; the other set has a common tan of 1 nm but a varied
tagn Of 4, 10, or 15 nm. The AlGaN/AIN layers were undoped.
The AlGaN surfaces of all samples were in-situ passivated with
5 nm thick SiN [21] and ex-situ capped with extra 150 nm thick
dielectrics. To compare with the AlGaN barrier devices, we
grew a heterostructure of Ing 18Alps2N(10 nm)/AIN(1 nm)/GaN
with similar cap dielectrics [20].

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
8x10%? cm?, 150 keV 2x10% cm?, and 375 keV 3x10™ cm??,
respectively. The profile of the N ion and the associated
interstitial/vacancy were calculated with the Transport of lons
in Matter (TRIM) Monte Carlo simulator in Fig. 2 [22]. The
TRIM profile in Fig. 2 provides guidance on point defect
distribution and density. It indicates a maximum possible
carrier removal rate [36] per N ion—supposing that each point
defect may effectively remove one carrier—is about 1000. But
the effective carrier removal rates per N ion in experiments are
much compromised due to dynamic annealing (from processing
heating) induced point defect annihilation. Since the
annihilation of point defects are not simulated in the TRIM [22],

the point defect densities are much overestimated in Fig. 2b.
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Fig. 3 (a) Schematic top view and (b) cross-sectional view of TLM
structures with the 1/1/1.

After the 1/I/1, 4 mm wide transmission line model (TLM)
structures were fabricated, as illustrated in Fig. 3. A spacing of
0.25 um was left between the contact and the isolation region
to enable ohmic contacts to 2DEG. The spacing between active
regions range from 8.15 to 11.425 um among TLM structures.
There was no intentional annealing after the 1/I/l. Our HEMT
devices employ recessed source/drain based low-temperature
contact formation [20,35]. The highest thermal budget that the
isolation region received was 565°C 90s annealing in N for
ohmic contact formation. The rest of the post-isolation
processing of our devices, including back-end-of-line (BEOL)
steps, feature low temperature below 500°C [1, 20]. Current-
voltage measurements of TLM structures were performed with
a Keysight B1500A semiconductor device parameter analyzer.

I1l. RESULTS AND DISCUSSION

First, it is worth stressing the high room temperature Rg, in
the range of of 1013-10'° Q/sq achieved in this work by N ion
implantation. The Ry is extracted with TLM structures (Fig. 4).
As compared in Fig. 1, the Rq in this work are among the
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highest reported in literature, indicating high-quality isolation.
The N I/1/1 technique has been frequently studied [8,14], as the
N is an intrinsic atom to the I1I-N. Besides (a) a proper design
of the N ion implantation doses and energies (see Fig. 2), the
high Rsn strongly benefits from (b) the low thermal budget in
post-isolation processing and (c) the dielectric cap during the N
ion implantation.

To achieve successful I/l/l, the combination of ion
implantation and the following thermal budgets should
eventually provide a sufficiently high point defect density to
remove carriers but not too high a defect density to cause
hopping conduction. Pearton et al. [14] have demonstrated an
exemplary study how to achieve this delicate combination. This
work features low-dose high-energy N ion implantation plus
low post-isolation thermal budgets. Through all post-isolation
processing steps, our HEMT devices employ low-temperature
contact formation [20,35] and BEOL processing [1]. The 565°C
5 min contact annealing makes the dominant heating. As noted
in Fig. 1b, limiting the post-isolation thermal budgets is the key
to high Rsh, because it helps avoid point defect annihilation in
the 1/1/1 region. In addition, the dielectric cap helps put the GaN
surface at a proper depth, which helps guerantee a high point
defect density near the GaN surface. As shown in Fig. 2b, the
point defect density is relatively low at the exact sample surface
(the dielectric surface), because high energy ions have
relatively lower chances of collisions with target lattice atoms

near the surface.
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Fig. 4 lllustration of the measurement procedure on heterostructures
with 15 nm AlGaN and various AIN thicknesses. (a) 1V of TLM with
varied spacing measured at 100-200°C. 1V is linear; double-direction
sweeps overlap each other. (b) Rsh is extracted from Rrim as a function
of spacing between active regions. (c) Ea of Rsh is extracted from the
Avrrhenius plot.

After demonstrating the technological keys to a high Rsh, we
extensively analyze the leakage mechanism in the isolation
region learned from experiments. The TLM resistance Ryim
slightly increases with bias voltages at temperature below
100°C, but the TLMs become fully ohmic (confirmed within 30
V bias voltages) within the temperature range of 100-200°C
(Fig. 4a). This may be due to enhanced electron injection into
the isolation region at relatively high temperature. We extract
the activation energy Ea rsh OF Rsn at 100-200°C in the Arrhenius

plot (Fig. 4c) by
E
a,Rsh) (1)

Ry, = Aexp (— T
where A is a constant, k is the Boltzmann constant, T is
temperature. (The activation energies of the 2DEG density N
and mobility p in later texts are defined in a similar way with
Rsh. ) As shown in Fig. 5, the Ry, and the |Earsh| decrease with

the tan but increase with the tagn. These tac)n dependences will
be explained from the band diagrams of the isolated
heterostructures which are presented in the next section.
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Fig. 5 Experimental |Ea| of Rsh and Rsh Of isolated heterostructures
at room temperature as a function of (a) tan or (b) tacn.
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Fig. 6 Schematics illustrating leakage mechanism in GaN
heterostructures. (a) Surface leakage path vs bulk leakage path in
TLM. (b) Energy band diagram of GaN surface showing polarization
charge induced band bending.

~

The TLM characteristics help distinguish the dominant
leakage mechanism in isolated heterostructures (Fig. 6). The
ohmic behavior of the isolated heterostructures under a
relatively low electric field (<10° V/cm) is consistent with
previous studies [17,18]. The ohmic IV excludes hopping-
conduction-via-defect-site  as the dominant conduction
mechanism [14], under which the current would have
exponential dependence on the electric field [23]. Rather, the
ohmic behavior suggests band conduction of free carriers.
Furthermore, the conductive free carriers are electrons rather
than holes—otherwise supplying the minority hole carriers
from 2DEG regions into the isolation region (see Fig. 6a) would
lead to significant non-linear 1V of the TLM. In addition, the
distinct Rsy of heterostructures with varied taen (Fig. 5)
suggest against dominant conduction via the GaN bulk. This is
because the GaN bulk potentials defined by the same I/I/]
processing are similar between various heterostructures (see
Fig. 3a-b, where the small tagn and tan are negligible compared
to the depth of defect distribution) and would result in similar
conduction in magnitudes via the bulk. In summary, the leakage
in the isolation region is dominated by the electrons via the GaN
surface conduction band (Fig. 6).
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Under the ohmic regime, the Rq, of electron band conduction

at the GaN surface has the following expression [24]
1 1

Ry, =

- E,—E
WNsh quDe gykTexp (—20==5)
1
= 5 (2)
quDc gnkTexp (— (;C—NTSh)

where Ngh is the sheet electron density in the leakage channel,
u is the electron mobility, Dcen is the 2D conduction band
effective density of states of GaN, Ey is the first sub-band in the
conduction band of GaN due to quantization, Eansh iS the
activation energy of Nsh. Dcon and Eg are introduced in (2),
because the net polarization charges induced high electric fields
near the GaN surface cause quantization in the conduction
band [24] (the upper sub-bands in the GaN well are neglected
due to the high surface electric field). This high electric field is
evidenced in simulation in the next section. With (2), the
correlations between Eagrsh and Rsy in Fig. 1a and Fig. 5 are
qualitatively understood: the higher the energy level of the
leakage path is at the GaN surface, the fewer carriers present in
the path, and the higher Rq obtained.

Further, formation of the leakage path at the GaN surface of
isolated AIGaN/AIN/GaN heterostructures is theoretically
expected. The path forms due to interaction between interfacial
polarization charges and the GaN bulk defects caused by the
I/1/l. Net positive sheet charges locate at the Al(Ga)N/GaN
interface due to the differences in spontaneous and piezoelectric
polarization charges between the Al(Ga)N and the GaN [25].
The positive polarization sheet charges attract negative charges
from the defective GaN bulk. This is accompanied by
downward bending of GaN energy bands, as illustrated in Fig.
6b: the net charges are negative in the band bending region, as
the Fermi level Er is above the charge neutrality level Ecnien.
As aresult, the band bending induces leakage paths at relatively
low energy levels at the GaN surface compared to the
conduction band minimum Ec in the GaN bulk.

The above leakage path formation mechanism is not unique
to the AlGaN/GaN heterostructure but also applies to other
wurtzite I11-N stacks. In Fig. la, isolated InAIN/AIN/GaN
heterostructure shares the same Rsh-Earsh COrrelations with the
AlGaN/(AIN/)GaN ones. The relatively low Earsh and the Rsh
of the InAIN/AIN/GaN sample are consistent with the fact that
the net polarization charge density between the
Ino.18Alo.s2N/GaN is almost two times as high as that between
the Alp2sGao7sN/GaN [25]. This causes stronger GaN band
bending and thus a lower E,rsh Of the isolated INAIN/AIN/GaN
heterostructure than those of the AlIGaN/AIN/GaN. Clearly, the
aforementioned leakage mechanism in isolated heterostructures
further applies to other piezoelectric systems.

The discussion in this section has laid foundations for
understanding the electrostatics of isolated AlGaN/AIN/GaN
heterostructures. In the next section, exploiting extra
information contained in the Esrs-tan and Earsh-tacn
relationships in Fig. 5, we will reconstruct the full energy
diagrams of the isolated heterostructure and estimate defect
densities in the AlGaN and the GaN.

IV. MODELING

Detailed modeling of defective heterostructures is helpful for
understanding the electrostatics, quantifying charge densities,
evaluating processing conditions, and learning reliability
concerns [26]. In addition, in GaN-on-Si HEMTs, knowledge
of the electrostatic modification by the I/I/l is crucial to
understanding its impact on Si substrate RF losses and
harmonic distortion [27]. But in an isolated heterostructure, the
multiple layers and many defect types make complex
electrostatics. We confront the challenge by simplifying the
scenario and applying available knowledge in literature.

In undoped AlGaN/Al/GaN heterostructures, an increased
tan increases the 2DEG density [28,29]. This is theoretically
explained by an interplay between the polarization charges o,
the surface state charges of the AIGaN Qss, and the
2DEG [29,30]. As for isolated heterostructures, where the
2DEG density is small, the electrostatics are controlled by the
o, the Qss, and the bulk defect charges in AlGaN/AIN/GaN
induced by the I/I/l. With presence of multiple types of bulk
defects exist, we reduce the simulation complexity by using
charge neutrality level Ecne and net bulk defect density npe to
describe the electrostatics. Even with this simplification, three
sets of Ecne and npet are still needed for the AlGaN, the AIN,
and the GaN respectively to describe the electrostatics near the
GaN surface. The unknowns outnumber the variables that can
be accurately extracted from the two curves in Fig. 5. Therefore,
we focus on net defect densities in the AlGaN and the GaN, and
make the following simplification assumptions:

(i) no implant damage in the AIN (considering that the tan
of 0-2 nm is small);

(if) auniform n, aen of the AlGaN and a uniform n, ey near
the GaN surface (considering that the tagn and the leakage path
are small compared to the ion implantation depth, see Fig. 2b);

(iii) no net charges in cap dielectrics;

(iv) the bulk defects are discrete in energies;

(v) the Ecnien Of GaN is 0.8~1.0 eV below the bulk GaN
conduction band minimum Ecgn;

(vi) strain is preserved after the I/1/1 plus the 565°C ohmic
annealing (the lattice of heterostructures that receive
comparable I/1/1 recovers mostly after 400-800°C [9]).

The assumption (iv) has an important implication: in the
defective GaN bulk at equilibrium, only the discrete bulk
defects with energy levels closest to the Ecni.on may vary the
trapping status as a function of the depth in the band bending
region (see Fig. 6b for instance). The other defects whose
energies differ much from Eg and Ecnien are either constantly
filled or constantly emptied.

The assumption (v) is justified by experimental
observations [14,15,31]. The Er pinning is dominated by the
interstitials— N;~ acceptors and Gaj* double donors, which
locate around 1.0 eV and 0.8 eV below Ec cn, respectively [13].
In the isolated heterostructures of this work, the point defects
induced by the 1/1/1 are preserved in a large amount because of
the <600°C thermal budget in fabrication [13,16]. This is also
supported by observations of the Rsh-annealing dependence in
Fig. 1b—the high Rs, induced by the populated point defects
remain with <600°C annealing.

Together with these assumptions, the parameters in Table |
were used to simulate the isolated heterostructures. Aligning
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with the assumption (iv) and (v), the E; gy and the E; gy mimic
the N;” and the Gaj* energy levels in the GaN [13] and
establish the presumed Ecnien. We use the Ez acn to describe
the defects induced net charging in the AlGaN. As marked in
Table I, only four unkowns remain in our simulation: the
densities of E1 en, E2.en, and Es agn, and the polarity/the energy
level of the E3 aen. The number of variables is small enough for
meaningful parameter extraction.

TABLE |. Parameters in simulation of isolated heterostructures

Symbol Description Value
OGN Polarization charge of GaN 2.13x10% g/cm™2 [25]*
Polarization charge of 13 2 b
GAGN Aly5Gag 7N 3.56x10* g/fcm? [29]
Gan Polarization charge of AIN 7.03x10" g/cm? [29]°

AlGaN surface state density

12 b
Dss (passivated by in-situ SiN) 2.9x10% /(eV-cm) [29]
Eonts Charge AnIeGu;rsl gﬁriz\égl of the Ecacns-0.95 eV [29]°¢
Activation energy of the
(= electron mobility with ion 0.17 eV [33]
implantation damage
E Presumed acceptor defect in Ecen-1.0 eV [13];
16N bulk GaN Density to be extracted
E Presumed donor defect in bulk Econ-0.8 eV [13];
26N GaN Density to be extracted
Eancn Presumed defect in bulk Energy level and

AlGaN; polarity to be extracted  density to be extracted

#q is the elementary charge

Experimentally extracted values from undoped heterostructures in our
previous experiments

°Ec acns IS the AlGaN conduction band minimum energy at the surface

%Value from experiments with He ion implanted GaN [32]
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Fig. 7 Eansh as a function of (a) tan and (b) tacn. Both experimental
and simulated data are included. Simulation SIM1-4 applies varied
input defect densities, listed in TABLE Il. SIM1 aims to fit
experimental data; SIM2-4 serve as comparison.

TABLE II. Input defect densities in simulation

RuN Acceptor E; gy Donor E;gn Acceptor Ez acn
(cm?) (cm?) (cm®)
SIM1 1.9x10%° 3.0x10%° 1.9x10'8
SIM2 1.5x10% 3.0x10" 1.9x10'8
SIM3 1.9x10% 1.0x10% 1.9x10'8
SIM4 1.9x10% 3.0x10% 5.0x10'8

Since the energy level of the leakage path at the GaN surface
is apparently linked to the Eansh rather than the Earsn (Se€ Fig.
6b), we derive Eansh-tayn dependences in Fig. 7 before curve
fitting. The Eansh is derived by sorting the T dependence of R,
Nsh, and p in (2)

Eqnsn = _E<,1,Rsh - Ea,u 3)

where the E, .y, is the activation energy of the Re-T. Small
positive E, ,, (<200 meV) have been experimentally reported in
defective GaN because of the high defect density induced lattice
potential fluctuation [32,33]. We assume the same E,, in
Table | for all samples, because impurity scattering dominates
p degradation in the defective GaN, and the total defect
densities created by the same I/1/1 process are similar between
samples. The trend of the Eansn-ta)n curves in Fig. 7 follows
closely that of the Earsh-ta)n curves in Fig. 5.

Next to the scenario and parameter setup, the electrostatics
of the isolated AlIGaN/AIN/GaN heterostructures at equilibrium
are simulated obeying criteria of charge neutrality and
Kirchhoff's voltage law. A proper combination of the Ejcn,
E2cn, and E3 agn—the SIM1 condition in TABLE I1—enables
good fitting of Eansh-tais)n CUrves in Fig. 7. The densities of the
Eion, Ezen, and Ezacn are 1.9x10%° cm3, 3x10'° cm®, and
1.9x10'8 cm3, respectively. The E3acn is of the acceptor type
and locates in the lower half of the band gap of the AlGaN. In
Fig.7, we show simulated energy band diagrams of the
heterostructures with parameters that fit the experimental Eansh-
ta@)n curves in Fig. 7. The energy band diagrams help clearly
interpret how Rsn and Eansn Vary with the tan and the tagn.
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Fig. 8 Simulated energy band diagrams of (a) 15 nm AlGaN/GaN, (b)
15 nm AlGaN/1 nm AIN/GaN, (c) 15 nm AlGaN/2 nm AIN/GaN, (d)
15 nm AlGaN/1 nm AIN/GaN. The input densities of E1,on, E2,6n, and
Esacn apply the SIMU1 condition in TABLE 1l. Energies of AlGaN
surface potential qos and sub-band Eo of GaN conduction band are
marked in plots.

The tan impact is clarified by comparing Fig. 8a-c. With a
much higher can than the cagn and the ogn [25], an increased
tan adds the effective band offset between the AlGaN and the
GaN [27,28]. Effectively, the energy band of the AlGaN is
shifted up with respect to the Er. This makes the net charges in
the bulk AlGaN, and at the AlGaN surface, more positive,
which in turn induces more negative charges from the GaN
bulk, i.e. enhanced band bending at the GaN surface. Therefore,
an increased tan enhances GaN surface band bending, decreases
Eansh (Fig 6b), and thus decreases the R (Fig. 5b).

The tagn impact is clarified by comparing Fig. 8b and Fig.
8d. A monotonous increase of increase of E,nsi—enhanced
GaN surface band bending—with the taen (Fig. 8b) indicates
that the net bulk defect charge in the AlGaN is negative in
polarity (when Er is around 1~1.5 eV below the Ec of the
AlGaN according to Fig. 8b and Fig. 8d). With net negative
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charges in the bulk AlGaN, an increased tagn adds negative
charges to the system; both the AlGaN surface charges and the
GaN bulk charges get more positive to maintain charge
neutrality in the system. Therefore, an increased tacn reduces
GaN surface band bending, increases Eansh (Fig 6b), and thus
decreases the Rs, (Fig. 4b). With the available data and
knowledge in literature, we cannot determine the exact energy
level of the dominant acceptors that provide negative charges
in the AlGaN. Therefore, we arbitrarily assume the acceptor
Esacn at 2.5 eV below the Ec of the AlGaN (see Fig. 7), so that
the Es acn are constantly ionized in all simulation scenarios.
The good fitting of Eansh-tae)n curves is accomplished with
a proper combination of densities of the states E; gn, E2en, and
Esacn—a2as the SIM1 condition in TABLE Il. Although the
E1en, E2en, and Ez agn are imaginary trapping states, they help
well reproduce electrostatics of the isolated heterostructures.
The density extraction that is based on Eansh-taen fitting is
very sensitive for Eign and Esacn (see Fig. 7). This is
understood since the acceptor Eign represents net negative
charges that establish the GaN surface band bending, and the
acceptor Es acn represents net negative charges in the AlGaN.
However, the density extraction is not sensitive to the Ejgn,
because the donor E,cn is neutral in the band bending region;
the main role of the E, g in this simulation is to compensate the
Eien in the GaN bulk and establish the frequently observed
Ecneen [14,15,31]. Therefore, the E;gn and the Es agn provide
good references to estimate the net defect densities created by
the I/1/1 in the GaN and the AlGaN. Since the E; gy mimic the
N; interstitials in the GaN [13], we speculate that the
N interstitials play a crucial role in isolation of the GaN based
heterostructures that do not receive high-temperature annealing.
To our knowledge, only few quantitative methods exist to
measure or estimate (point) defect densities in highly defective
I11-N. The TRIM simulation in Fig. 1b provides useful large-
range distribution of the point defects caused by the I/1/1. But
the point defect density is much overestimated in the TRIM
simulation without considering dynamic annealing [22]. The
Eansh-ta@n fitting method in this work provides a novel way to
estimate the realistic net defect densities in the defective 111-N.

V. CONCLUSIONS

We demonstrate high-quality N ion implantation isolation
(1n/1y of AIGaN/AIN/GaN heterostructures. The sheet
resistances Rg of isolated heterostructures are as high as 10%3-
10%® Q/sq at room temperature, among the highest reported to
date. The high Ry benefits from processing advantages
including a key low thermal budget in device fabrication.

For the first time, we elucidate the underlying leakage
mechanism in isolated GaN based heterostructures. The leakage
occurs via an ohmic path of electrons at the GaN surface. The
ohmic path forms with downwards band bending of the GaN
conduction band near the GaN surface. The band bending is
caused by interaction between the net positive polarization
charge at the Al(Ga)N/GaN surface and the high-density bulk
defects in the GaN induced by the I/I/l. We use isolated
heterostructures with varied AlGaN and AIN thicknesses (tacn
and tan) to help clarify the leakage mechanism. We observe that
the Ry and the absolute activation energy of the Rsw—the
|Earsh|—decrease with the tan but increase with the tagn. The

aforementioned leakage mechanism help well interpret the Ry
and |Earsh| dependences on the taen. Moreover, we construct
the energy band diagrams for the heterostructures, which
clearly illustrate the electrostatics of the isolated
heterostructures. By fitting experimental |Eagsh| With varied
ta@)N, We manage to estimate the net defect densities caused by
the 1/1/1, which are ~2x10° cm3 and ~2x10'® cm in the GaN
and in the AlGaN, respectively. We find a common Rgh-|Ea rsh|
dependence of isolated heterostructures among this work and
several other studies in literature, suggesting that the leakage
mechanism reported in this work is widely applicable.

Data availability
The data that supports the findings of this study are available
within the article.
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