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ABSTRACT

Energy levels due to intrinsic point defects are identified by deep-level transient spectroscopy (DLTS). Electron-beam (EB) irradiation created
nitrogen vacancies (VN) and nitrogen interstitials (NI) in n-type GaN layers grown via metalorganic vapor phase epitaxy on freestanding GaN
substrates, where the irradiation energies were selected to be within 100–401 keV to displace only nitrogen atoms in GaN. Two electron traps,
EE1 (0.13 eV) and EE2 (0.98 eV), were observed in the DLTS spectra. The production rates of EE1 and EE2 were 0.093 and 0.109 cm�1 under
401 keV irradiation, which were nearly equal values. In the DLTS spectra recorded for EB-irradiated samples at the energy ranging from 100 to
401 keV, EE1 and EE2 were found to appear simultaneously at an irradiation energy of 137 keV and were observed at energies greater than
137 keV. On the basis of a comparison with the results of recent first-principles calculations, we attributed the EE1 and EE2 peaks to nitrogen
vacancies VN (þ/0) and nitrogen interstitials NI (0/�), respectively. Furthermore, annealing led to reductions of the densities of these traps at
the same rate. The reduction of the densities of EE1 and EE2 can be explained by the migration of NI and the subsequent recombination with
VN. The displacement energy of 21.8 eV for nitrogen in GaN was obtained from the irradiation-energy dependence of EE1.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035235

Gallium nitride (GaN) is one of the most promising materials for
next-generation power devices because of its high breakdown electric
field,1 good mobility,2,3 and high saturation velocity,4 which have led
to vertical GaN-based power field-effect transistors (FETs) with low
energy consumption. Vertical power FETs such as heterojunction
FETs and metal-oxide-semiconductor FETs have been reported by
several groups.5–9 Point defects in semiconductors strongly affect their
material properties and, consequently, the device performance. In Si-
based devices, the behavior of point defects has been extensively stud-
ied and the intentional introduction of defects has been used to
enhance switching performance.10,11 By contrast, the properties of
point defects in GaN are not well understood. Various point defects
are introduced during growth and device fabrication12–14 and subse-
quently act as shallow levels (donors/acceptors), carrier traps, and/or
recombination centers. If shallow levels or carrier traps are uninten-
tionally introduced, the effective donor concentration varies. The dop-
ing level variation in the power device structure leads to degradation
of the blocking voltage. Meanwhile, acceptor-like traps in n-type

materials cause degradation of electron mobility because of an increase
in ionized impurity scattering,3 which results in an increase in the on-
resistance. Understanding the relationship between point defects and
energy states in the bandgap and controlling them are critical for the
development of high-performance GaN power devices.

Electron-beam (EB) irradiation is an effective method for investi-
gating intrinsic point defects. EB irradiation can introduce intrinsic
point defects, i.e., vacancies and interstitials, intentionally without
introducing impurity atoms, as demonstrated in other materials.15–17

In the EB irradiation process, the concentration of point defects can be
well controlled by the fluence and uniformly distributed in the depth
direction because of the large penetration depth of the electron beam
(�200lm for 400 keV EB for GaN). Traps in EB-irradiated GaN have
been studied by several groups by deep-level transient spectroscopy
(DLTS).18–25 In the early stage of these studies, several electron traps
in the range of EC � (0.06–0.20) eV, where EC is the energy of the
conductance-band minimum, were reported after 1–2.4MeV EB irra-
diation of n-type GaN grown on sapphire substrates by metalorganic
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vapor phase epitaxy (MOVPE), where some of the electron traps were
severely overlapped.18–23 A broad peak that consists of several deep
electron traps in the range of EC� (0.7–1.2) eV has also been observed
in n-type GaN grown by MOVPE on sapphire substrates.21,23 One of
the possibilities for multiple peaks is the overlap with the deep levels
due to the threading dislocations originating from heteroepitaxy. In
recent years, n-type GaN layers on freestanding GaN substrates with
low threading dislocation densities have been used to investigate iso-
lated point defects created via EB irradiation. Duc et al. reported three
major electron traps with energy levels of EC � 0.15 eV, EC � 0.8 eV,
and EC � 1.14 eV in DLTS measurements of thick n-type GaN layers
grown by hydride vapor phase epitaxy (HVPE) after 2MeV EB irradi-
ation.25 In these previous studies, the authors suggested that a portion
of the EC � (0.06–0.20) eV levels is related to nitrogen vacancies
(VN)

18,20,21,23,25 and that the EC � (0.7–1.2) eV levels are related to
nitrogen interstitials (NI)

21 or other intrinsic defects.25 If VN–NI

Frenkel pairs are produced by irradiation, the production rates of both
peaks should be one-to-one. Even when homoepitaxial layers were
used, however, the broad peaks exhibiting the multiple energy levels
were observed, especially in the region EC � (0.7–1.2) eV, which
makes discussing the production rates difficult. One possible cause of
multiple peaks is that the EB irradiation displaced both Ga and N
atoms, resulting in the formation of complexes.19,20 Here, the EB irra-
diation energy strongly affects the introduced defect type. Look et al.
reported that EB irradiation with an energy greater than 450 keV gives
rise to the displacement of both Ga and N atoms.26 The relationship
between the threshold irradiation energy Eth for atom displacement
and the displacement energy ED is given by the following equation:27

ED ¼
2Eth 2mc2 þ Ethð Þ

Mc2
; (1)

whereM and m are the mass of the nucleus and electron, respectively,
and c is the speed of light. As a result of theoretical calculations, ED
values of 2228 and 17 eV29 for Ga and 2528 and 39 eV29 for N were
reported, which result in Eth values of 480 and 390 keV for Ga and 140
and 210 keV for N, respectively. These results suggest that low-energy
EB irradiation between 100 and 400 keV can eliminate Ga
displacement-related point defects and introduce only VN–NI Frenkel
pairs. To simplify the system of intrinsic point defect production,
detailed analysis of GaN with low-energy EB irradiation is essential.
Fang et al. reported DLTS results for 400 keV EB-irradiated GaN;
however, they used only one irradiation energy.24

In the present study, we performed EB irradiation with various
energies less than 450 keV for n-type GaN grown on freestanding
GaN substrates, which produces only N displacement. The production
rates of irradiation-induced electron traps allow these traps to be
assigned to VN and NI. Furthermore, thermal annealing demonstrates
the reduction of these two traps at the same rate, which gives strong
evidence that the electron traps originate from the Frenkel pairs. The
displacement energy of N atoms was also obtained from the irradia-
tion energy dependence of the VN-related peak.

Si-doped n-type GaN layers were grown by MOVPE on HVPE-
grown freestanding GaN substrates with a threading dislocation den-
sity of 3� 106 cm�2. Even if point defects are introduced along thread-
ing dislocations by EB irradiation, the trap density would be only
1.6� 1014 cm�3 at most.30 n-Type GaN with various Si concentrations
was used, where the effective donor concentration (ND,net), as

evaluated by capacitance–voltage (C–V) measurements, was in the
range of 2� 1015 to 3� 1016 cm�3 with a flat depth profile (see the
supplementary material). The thickness of MOVPE-grown layers was
4lm for the samples with ND,net less than 1� 1016 cm�3 and 2lm for
the other samples. Secondary-ion mass spectrometry (SIMS) measure-
ments indicated that the carbon impurity concentration was (2–3)
� 1015 cm�3. The oxygen impurity concentration was lower than the
detection limit of the SIMS measurement (1� 1016 cm�3). EB irradia-
tion was performed in the energy range of 100–401 keV and in the flu-
ence range of (5.4–65) � 1015 cm�2 at room temperature, where
samples were placed on a water-cooled metal plate. Ohmic contacts of
Ti/Al with thicknesses of 20 nm/200nm, respectively, were deposited
onto the backside of the substrates by resistive heating evaporation
and then sintered at 920K for 5min. This sintering was performed
before the EB irradiation to avoid the migration and reaction of EB-
induced point defects via annealing. Ni Schottky contacts with a thick-
ness of 200 nm and a diameter of 1mm were deposited by resistive
heating evaporation after the EB irradiation. In the characterization by
DLTS, first, temperature-scan DLTS and isothermal capacitance tran-
sient spectroscopy (ICTS) measurements were performed, where the
maximum measurement temperature was limited to 370K. This tem-
perature limitation prevents the migration of EB-induced defects and
enables the samples to be characterized in the irradiated state. The
DLTS measurement with multicycle temperature scans was subse-
quently carried out with elevation of the maximum temperature.
Because the sample was annealed at a temperature near the maximum
temperature, the annealing behavior of traps can be evaluated by this
method. DLTS measurements for electron traps were performed using
a PhysTech HERA FT1234 instrument in conjunction with a Boonton
7200B capacitance meter. The reverse bias (VR) was�5V, and the fill-
ing plus voltage (VP) of 0V with a width tp of 0.2 s was applied. The
leakage current at VR was less than 3nA for all recorded Schottky bar-
rier diodes in the temperature less than 370K (see the supplementary
material). The DLTS signals were obtained by deep-level transient
Fourier spectroscopic analysis.31 When the trap density was obtained
from DLTS signals, we considered the so-called k-effect. In addition, a
GaN dielectric constant of 10.4e0

32 and an electron density-of-states
effective mass of 0.2m0

33 were employed, where e0 andm0 are the per-
mittivity of vacuum and the electron mass, respectively.

Figure 1 shows DLTS and ICTS spectra for as-grown and EB-
irradiated GaN samples, where an EB irradiation energy (Eirrad) of
401 keV was used. In the spectra of the as-grown GaN samples, two
electron traps, E1 and E3, located at EC � 0.24 eV and EC � 0.56 eV
are observed, respectively; these traps have previously been observed
in the spectra of MOVPE-grown GaN on freestanding GaN sub-
strates.34 After the EB irradiation, two trap levels, EE1 and EE2, were
also observed, where EE1 was at the temperature of 123K in the DLTS
spectra and EE2 was at the time constant of 25 s in the ICTS spectra.
These peaks appeared to be too broad to belong to a single discrete
defect level; however, for the moment, we performed analyses for
Arrhenius plots and trap densities using the peak top. Notably, the
variation of the E3 peak intensities in Fig. 1 was not due to the EB irra-
diation but rather to the E3 variation in the as-grown samples because
there are a certain degree of E3 trap density distributions in the sam-
ples of as-grown n-type GaN epilayers.35 Figure 2 shows Arrhenius
plots obtained from DLTS measurements in a wide temperature range.
The activation energies were 0.13 and 0.98 eV, and the capture cross
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sections were 2� 10�18 and 4� 10�16 cm2 for EE1 and EE2,
respectively.

We now consider the trap density. The trap densities of both EE1
and EE2 linearly increased with increasing fluence of EB irradiation in
the range of (5.4–65) � 1015 cm�3, as shown in Fig. 1(c). The produc-
tion rates, which are the ratio of the trap density to the fluence, for
401 keV EB irradiation were 0.093 and 0.109 cm�1 for EE1 and EE2,
respectively. For each fluence sample, the densities of EE1 and EE2
were uniform in depth in the whole MOVPE-grown layer.

Here, we discuss the origin of the trap levels observed in the
DLTS spectra. Recent first-principle calculations based on a hybrid
functional, such as the calculations in studies on substitutional carbon
on nitrogen sites, have accurately predicted carrier traps formed by
point defects.36–38 First-principles calculations based on the hybrid
functional for vacancies and interstitials39–43 are summarized in
Table I. The energy levels of VN and NI were predicted to be EC
� (0.004–0.30) eV39,41–43 and approximately EC � 1 eV,40,42 whereas
those of VGa and GaI were EC � (0.71–1.11) eV42,43 and EC
� 0.94 eV,42 respectively. The activation energies of EE1 and EE2
listed in Table II match the energy levels of VN and NI rather than
those of VGa and GaI. Moreover, compared to the peaks at energies

less than EC � 0.7 eV reported in the previous studies, which are also
listed in Table II, the EE2 peak had a narrow width and was not
observed as apparent multiple peaks. Ga displacement was suppressed
by the low-energy irradiation, as previously discussed, which resulted
in peak narrowing. Therefore, the EE1 and EE2 peaks are most likely
attributable to VN (þ/0) and NI (0/�), respectively, which is supported
by the observation that the production rates of EE1 and EE2 are
approximately the same. Since the penetration depth of EB is much
larger than the thickness of MOVPE-grown layers, VN and NI could
be introduced uniformly in the whole MOVPE-grown layer, which
results in the constant depth profiles of EE1 and EE2.

To determine the minimum irradiation energy for defect forma-
tion, we investigated the irradiation energy dependence. DLTS spectra
of samples irradiated at various energies are presented in Fig. 3. The
EE1 peak was not observed at 100 keV but appeared at 137 keV or
higher EB energies. Because the threshold irradiation energy of N is
lower than that of Ga, as previously discussed, this result supports the
hypothesis that the origin of EE1 is VN. By contrast, the EE2 peak
appears to shift toward a longer time constant with decreasing Eirrad.

FIG. 1. (a) DLTS spectra for the time constant of s¼ 1.63 ms and (b) ICTS spectra
for the temperature of T¼ 370 K; the as-grown n-type GaN sample
(ND,net¼ 2� 1016 cm�3) and samples after 401 keV EB irradiation at fluences of
1.2� 1016 and 2.4� 1016 cm�2 are shown. To avoid the migration of point defects,
the measurement temperature was limited to 370 K, where a DLTS measurement
was carried out for shallower trap levels and then an ICTS measurement was per-
formed to detect deeper trap levels. (c) The densities (NT) of EE1 and EE2 electron
traps as a function of fluence for the EB-irradiated samples at the energy of
401 keV.

FIG. 2. Arrhenius plots of sT2 for electron trap levels EE1 and EE2 observed in the
n-type GaN sample (ND,net¼ 2� 1016 cm�3) after EB irradiation (an Eirrad value of
401 keV and a fluence of 5.4� 1015 cm�2). The electron traps E3 and E1 are also
shown for reference.

TABLE I. Calculated values (in eV) for the charge-transition level below the
conduction-band minimum for intrinsic point defects in GaN, which are based on the
hybrid functional. The highest levels of the charge transition for each point defect are
shown.

VN (þ/0) NI (0/�) VGa (2�/3�) GaI (2þ/þ)

Ref. 39 0.24 � � �
Ref. 40 � 1.01 � �
Ref. 41 0.004 � � �
Ref. 42 0.30 0.99 0.71 0.94
Ref. 43 0.23 � 1.11 �
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In addition, a small peak was observed at an Eirrad value of 100 keV.
We speculated that the EE2 peak corresponds to at least two levels,
where one is NI and the other is a defect caused by low-energy EB irra-
diation. With increasing Eirrad, a trap level with a shorter time con-
stant, which originates from NI, becomes dominant. Although further
investigation is needed to elucidate the details of EE2, we speculate
that EE2 observed for the sample irradiated at 401 keV mainly arises
from NI.

Because the appearance of the EE1 peak is related to N displace-
ment, the ED value of N can be experimentally determined. From the
Eirrad dependence of the EE1 production rates under the constant flu-
ence shown in Fig. 3, Eth for N displacement was estimated to be
125 keV, which results in an ED value of 21.8 eV for N according to
Eq. (1).

Migration and annihilation of point defects through annealing at
temperatures as high as 630K were investigated by multicycle temper-
ature scans in the DLTS measurements. Figure 4 shows DLTS spectra
obtained by repeated measurements upon gradually raising the maxi-
mum temperature (Tmax) for one Schottky barrier diode in an n-type
GaN sample EB-irradiated at 401 keV. The EE1 and EE2 peaks were
simultaneously decreased by annealing. In the relationship between

the densities of EE1 and EE2 trap levels shown in the inset of Fig. 4,
the density of EE2 was consistently higher than that of EE1. This trend
may be due to the inclusion of defects other than NI in the EE2 peak.
Nevertheless, the reduction rate of EE2 was nearly equal to that of
EE1, indicating annihilation of VN and NI in pairs, which supports
the suggestion that the origins for EE1 and EE2 are VN and NI,
respectively.

The migration barriers of VN and NI have been reported to be 4.0
and 1.6 eV, respectively, suggesting that NI is mobile at temperatures
near 473K, whereas the migration barrier for VN is too high for it to dif-
fuse at similar temperatures.44 These results suggest that the simulta-
neous reduction of EE1 and EE2 peaks was caused by the diffusion of
NI and the subsequent recombination with VN. During the multiple
temperature scans, the densities of E1 (9.0� 1014 cm�3) and E3
(8.2� 1015 cm�3) barely changed (the change was within 1%), whereas
the concentrations of EE1 (4.3� 1014 cm�3) and EE2 (4.7� 1014 cm�3)
were simultaneously reduced. Assuming that the migration length of NI

reaches several tens of nanometers during the DLTS measurements, this
result means that NI diffuses and recombines with VN without any

TABLE II. Energy depth (in eV) of EB-induced electron traps below the conduction-band minimum obtained by DLTS measurements in this work and in previous studies by
other groups.

Irradiation energy EC� (0.06–0.20 eV) EC� (0.7–1.2 eV)

This work 137–401 keV 0.13 (EE1) 0.98 (EE2)
Ref. 23 0.25–2.5MeV 0.20 (ER3) 0.72–1.02 (EEx1–4)
Ref. 24 0.4MeV 0.18 (E) 0.9–1.0 (A1), 1.2 (A2)
Ref. 25 2MeV 0.12 (D1) 0.89 (D5I), 1.14 (D6)

FIG. 3. Irradiation energy dependence of (a) DLTS (s¼ 9.34ms) and (b) ICTS
(T¼ 360 K) spectra for n-type GaN samples (ND,net¼ 2� 1015 cm�3). The fluence
was fixed at 2� 1016 cm�2. The inset shows the Eirrad dependence of the produc-
tion rates for EE1 under the constant fluence. The threshold of Eirrad for the appear-
ance of EE1 was estimated by linear approximation.

FIG. 4. Variation of the DLTS spectra resulting from multicycle temperature scans
in the DLTS measurements for the n-type GaN sample (ND,net¼ 2� 1016 cm�3)
after 401 keV EB-irradiation at a fluence of 5.4� 1015 cm�2. DLTS measurements
with s¼ 9.34ms were carried out 22 times in the range of 80 K to Tmax, where
Tmax was gradually raised for each measurement. Tmax was set to 500 K three
times, 550 K five times, 600 K eight times, and then 630 K six times. As an approxi-
mation, the annealing time for temperatures greater than Tmax � 20 K was 10 min.
The inset shows the relationship between the trap densities of EE1 and EE2 for
each measurement.
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reaction with the origin of E1 or E3, implying that the origin of E1 and
E3 is not related to VN. For E3 traps, this result is consistent with the
reports that the E3 trap originates from Fe on a Ga site.35,45

In summary, EB irradiation with an energy less than 450 keV was
performed for MOVPE-grown n-type GaN on freestanding GaN,
where only N displacement occurred. Two electron trap levels, EE1
(0.13 eV) and EE2 (0.98 eV), were observed in DLTS spectra. The pro-
duction rates of EE1 and EE2 were 0.093 and 0.109 cm�1 for 401 keV
irradiation, which were almost the same values. From the irradiation
energy dependence of the DLTS spectra, EE1 and the main compo-
nent of EE2 appeared at the same energy of 137 keV. In addition, these
peaks decreased in intensity at the same reduction rate during multi-
cycle temperature scans in the DLTS measurements. These results
indicate that the EE1 and EE2 peaks are mainly formed by VN and NI,
respectively. Indeed, the EE1 and EE2 peaks include other low-
intensity components that should be identified in future work.
Nevertheless, it is notable that the origins of the main components of
EE1 and EE2 have been clarified by experimental methods. The dis-
placement energy of 21.8 eV for nitrogen in GaN obtained from the
irradiation energy dependence is a critical value for simulations of
defect formation in fabricated devices.

See the supplementary material for the current–voltage and C–V
characteristics of Schottky barrier diodes for the as-grown and EB-
irradiated GaN samples.

This work was supported by the Council for Science, Technology
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