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Abstract
The characteristic energies of traps in InAlN/AlN/GaN high-electron mobility transistor
structures on Si(111) substrates formed after irradiation with 75 MeV S-ions are studied by
means of c-lattice parameter analysis, vertical IV-characteristics, micro-photoluminescence
(µ-PL), photocurrent (PC) and thermally stimulated current (TSC) spectroscopy. From the
lattice parameter analysis, point defect formation is concluded to be the dominant source of
defects upon irradiation. A strong compensation effect manifests itself through enhanced
resistivity of the devices as found in vertical IV-measurements. Defect formation is detected
optically by an additional PL-band within the green spectral region, while defect states with
threshold energies at 2.9 eV and 2.65 eV were observed by PC spectroscopy. The TSC spectra
exhibit two defect-related emissions between 300 K and 400 K with thermal activation energies
of 0.78–0.82 eV and 0.91–0.98 eV, respectively. The data further supports the formation of Ga
vacancies (VGa) and related complexes acting mainly as acceptors compensating the originally
undoped n-type GaN buffer layers after irradiation.

Keywords: gallium nitride, high electron mobility transistor, deep defects, ion irradiation,
optical and electrical defect spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

InAlN/GaN high electron mobility transistors (HEMT) struc-
tures are attractive for power operation as lattice-matched
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InAlN/GaN interfaces exhibit very large sheet electron
densities and, consequently, low channel resistivity [1]. These
HEMTs also include an ultra-thin AlN spacer layer for further
improvement of the conductivity of the channel region. High
quality epitaxial growth of these structures can be realized on
large size Si(111) substrates by metalorganic vapor-phase epi-
taxy (MOVPE), which is attractive as an economically pro-
spective technology for GaN-based HEMT transistors [2].
Studies have shown that for GaN on Si HEMTs vertical leak-
age current associated defects in the buffer layer limit break-
down voltage [3].
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Distinct epitaxial designs of GaN-based lateral HEMT
device structures can be realized by different epitaxial growth
techniques and a final choice with regard to, for instance, space
applications demand a detailed analysis of radiation-induced
changes of their characteristics.

Radiation hardness of high power and/or high frequency
electron transistors is a primary requirement for space applic-
ations [4]. GaN based HEMTs have previously shown great
potential for power and high frequency operation, simultan-
eously exhibiting superior radiation hardness as compared to
Si and GaAs-based devices [5].

The larger interatomic binding in GaN leads to higher
thresholds for damage during irradiation. Nevertheless, defect
formation will take place for particle energies exceeding
these thresholds. Radiation induced point defect formation can
therefore be expected also for GaN-based HEMTs operating
in space or other applications with high radiation fields [6].
Charged point defects will have an impact on HEMT charac-
teristics such as breakdown voltage, threshold voltage and sat-
uration current depending on the layer structure and the device
layout [7].

Multiple charged, heavy ions are known to produce struc-
tural nano-holes and nano-hillockswithinGaN layers and/or at
the surface, respectively [8]. Surface etching due to 308 MeV
Xe ions as well as homogeneous lattice expansion has also
been reported [9]. By using Au, the formation of dislocations,
defect clusters, and trapsmay occur in the epitaxial layers [10].
In the case of singly charged ion irradiation, intrinsic point
defects were seen to reduce the free carrier concentration by
compensation effects [11] up to a complete isolation of GaN
layers [12]. Interface defects were also found in GaN based
HEMTs or diodes [13].

Under the conditions of 75 MeV sulfur ion irradiation into
GaN layers, the dominant energy loss process is the electronic
loss in contrast to the nuclear stopping process described in
[7] and [8]. As a consequence, the damage processes in GaN
involve more excitations of the electron clouds than of atom
displacements [7].

As we reported recently, compensation effects upon irradi-
ation lead to highly resistive buffer layers [14]. The impact of
the compensated buffer layer on the transfer characteristics of
the HEMTs has been already discussed in [14].

In the present paper, we study the defect formationmechan-
ism by analyzing the lattice constants of the GaN buffer layer
by x-ray diffraction (XRD) and trap related energies using
micro-photoluminescence (µ-PL) spectroscopy in the device
region of irradiated HEMT structures as well as photo-current
(PC) and thermally stimulated current (TSC) spectroscopy of
these structures. By comparing the observed characteristics
with those of previously reported defects, the formation of Ga
vacancies and related complexes is confirmed.

2. Experiment

The samples were grown by MOVPE in an AIXTRON
AIX200/4 RF-S MOVPE reactor using standard precursors.
Highly conductive n++-Si(111) was chosen as the substrate.
The layer structure comprises an AlN/AlGaN/GaN sequence

Figure 1. Schematic cross section of the investigated
AlInN/AlN/GaN HEMTs heterostructures (for more details see [8]).

wherein the threading dislocation density was reduced and the
stress of the layer stack was adjusted to avoid cracks upon
cooling to room temperature. The actual device layer struc-
ture follows an undoped, 1.5 µm thick GaN buffer on which
the barrier layer sequence consisting of 1.5 nmAlN and 10 nm
Al 0.87 In 0.13 N was grown. Finally, a thin GaN cap and a SiNx

insulation layer were applied as is shown in figure 1.
Dual-finger gate and depletion mode HEMTs were struc-

tured with Ohmic contacts using an alloyed Ti/Al/Ni/Au
(20/50/14/60 nm) metal stack on the surface and a Ni/Au gate
contact. All five dual-gate HEMTs used here were isolated
against each other by the SiNx passivation layer. The HEMT
structure as well as the contact formation are described in
detail in [14].

Dual-finger gate and depletion mode HEMTs were struc-
tured with gate width and length of WG = 50 µm and
LG = 1.5 µm, respectively, and with source-gate and source-
drain spacing of SG = 1.5 µm and SD = 4.5 µm, respectively.
Each HEMT has a dimension of 650 × 450 µm2.

The 75 MeV sulfur ion irradiation experiments were per-
formed at room temperature in the heavy ion Microbeam
(MiP) line of the TANDAR accelerator in Buenos Aires,
Argentina. The MiP features a focusing and scanning system
for high-energy heavy S-ions at normal incidence allowing for
a spatial resolution of about 500 × 500 µm2 centered around
the gate area of each dual gate HEMT. The whole irradiation
equipment is explained in more detail in [12, 14].

A chip area was selected for the irradiation experiments
where five dual-finger gate HEMTs arranged in a row and sep-
arated by 50 µm from each other. These five devices were irra-
diated with 75 MeV sulfur ions at fluences of 7.05 × 1013,
3.4 × 1014, none, 6.97 × 1014, and 1.4 × 1015 ions cm−2,
respectively.

Devices were chip-mounted, including wire-bonding of the
gate contacts using a 25 µm diameter Al wire and an electrical
contact to the backside of the Si substrate. These chip-mounted
devices were placed in a cryostat for electrical measurements
between the gate contacts and the substrate.

The conductive Si-substrate served as the backside contact
for all used HEMTs and was connected from the bottom of the
chip carrier by silver conducting paste.
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All the investigated HEMTs showed identical IDS–VDS-
and IDS–VGS-characteristics before irradiation measured at
room temperature using an SCS 4200 characterization system
fromKeithley Instruments. The contact resistance between the
needle probe and the gate contact was negligible compared to
the sample resistance.

Taking into account layer thickness, both the Si-substrate
and the GaN buffer layers contribute to the electrical
responses. Since both the silicon substrate and the GaN buffer
have strongly differing optical absorption and emission spec-
tra and different thermally activated electrical behavior, their
signature within photocurrent, photoluminescence or thermal
stimulated current spectroscopy can be easily separated.

High-resolution x-ray diffraction (HR-XRD) measure-
ments inΘ/2Θ-scanmode were used to investigate any change
in the c-lattice parameter after irradiation. We also used a
GaN (0002) ω-scan to observe changes in the coherence
length and tilt of the crystalline layers. Each irradiated HEMT
could be assessed individually using a spatially resolving
HR-XRD setup (Rigaku SmartLab µHR). The lattice strain
in the c-direction is measured as (cmeas−crel)/crel, taking the
relaxed lattice constant in the c-direction (c-value) as 5.1855 Å
after [13].

µ-PL measurements were performed at 4 K with a He-Cd
laser operating at 325 nm wavelength. The spot diameter was
nearly one micrometer and located between the source and
drain contacts of each HEMT structure. A calibrated white
light source allowed us to de-convolute the spectral transfer
characteristics of the optical setup.

PC spectroscopy of the samples under vacuum conditions
was realized by front side illumination in the wavelength range
between 250 nm and 600 nm using a 30 W Xe-lamp and a
Spectra Pro 300monochromator fromActon Research at room
temperature. The total incident photon dose was measured by
placing a calibrated UV-enhanced bolometer at the sample
position. For these wavelength regions, the bolometer signals
are kept spectrally independent by using a quartz window.

TSCs can be measured when traps are filled with charge
carriers at low temperatures that are re-emitted from the
traps upon heating in dark ambient. We used high-intensity
UV light from a mercury lamp to generate charge carriers
at 80 K for the initial trap filling process and heated the
samples under vacuum in a cryostat setup up to temperatures
of 400 K. Each TSC spectrum is obtained by subtracting a
non-stimulated (or dark) spectrum from the optically stimu-
lated spectrum. If persistent photocurrents were strong, the
samples are shown only up to 200 K. For the non-irradiated
and irradiated samples, the bias was set at 5 V and 10 V,
respectively, yielding comparable current densities in both
samples.

3. Results and discussion

In our previous work, atomic displacement effects upon sulfur
irradiation were already simulated using a so-called stopping
and range of ions inmatter (SRIM) software tool (see [14, 15]).
The estimated ion stopping range is 21 µm.

Figure 2. Expansion of the GaN c-lattice constant as determined
from GaN Θ/2Θ-HRXRD measurements (left) and the
corresponding c-lattice strain (right) in dependence of the
irradiation fluence.

The measured c-lattice parameters shown in figure 2
depend strongly on the fluence of the S-ion irradiation. While
the non-irradiated HEMT showed a nearly relaxed value for
the c-lattice constant (a moderate tensile thermal strain is typ-
ical for our GaN- on -Si(111) structures), an increased value
was obtained with increasing fluence. This can be explained
by irradiation-induced point defects due to stopping processes
at this ion energy /7/ leading to a slight expansion in the c-
direction of the GaN lattice. Similar results were also reported
in [16] using 180 keV Ar and Ca ions. There, the lattice mis-
match was between (0.001–0.009) ‰ and (0.003–0.014) ‰
for Ca-ions and Ar-ions, respectively, according to fluences
between 1013 to 2 × 1015 ions cm−2. Such lattice expansion
detected byHR-XRDalso occurred in [9, 17]where irradiation
with 308 MeV Xe-ions or implantation processes with differ-
ent ions and fluences were studied, respectively. For higher
ion energies, both surface damage recognized by atomic force
microscopy and changes in the a-lattice constant in HR-XRD
are to be expected. The latter kind of damage implies biaxial
and hydrostatic strain, leading to tilt and dislocation generation
as reported in [9]. For multiple charged ions with high fluence,
strong structural damage by nuclear energy losses should be
small for the used sulfur ion energy as seen in [7] and [8].

In contrast, (0002) ω-scans in HR-XRD taken on S-
irradiated structures yield full width at half maximum
(FWHM)-values of (315± 1.8) arcsec independent of the flu-
ence. Therefore, coherence length in the a-direction as well as
any tilt and dislocation density has not changed upon heavy
ion irradiation and formation of extended defects such as dis-
locations or grain boundaries can be excluded.

Additionally, atomic force microscopy measurements of
the SiNx surfaces of all HEMTs showed no discernable
changes in the surface roughness (about 1.0 ± 0.3) nm with
increasing fluence, which suggests unchanged surface proper-
ties and negligible damage to the layer surfaces.

The vertical IV-characteristics between substrate and gate
electrode are shown in figure 3. For HEMTs irradiated with the
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Figure 3. IV- characteristics of current transport between
Si-substrate and gate contact for all irradiated HEMTs revealing a
reduction of reverse and of forward currents.

highest dose, the characteristics are typical for Schottky-type
heterojunctions with forward and depletion current regions. In
contrast, the non-irradiated sample and the one with the low-
est dose exhibited weak rectifying behavior in forward as well
as in reverse (depletion) directions. This behavior of the non
or weakly irradiated HEMT was due to high intrinsic reverse
currents caused by the high free carrier concentration of the
GaN buffer resulting in a small depletion region of the recti-
fying gate/InAlN/undoped GaN buffer contact. With increas-
ing fluence, the series resistance obtained from the forward
region increases by about one order of magnitude and the res-
istivity of the depletion region rises by about five orders of
magnitude.

We determined the non-irradiated, undoped buffer GaN
layer to be n-type conductive with residual donor concentra-
tions in the low 1016 cm−3 range from capacitance-voltage-
measurements between gate and back contacts. Since all
HEMTs investigated here shown to have nearly identical ver-
tical IV-characteristics before irradiation, the increase in res-
istivity of the 1014 ion cm−2 irradiated HEMT corresponds to
changes in the transfer characteristics of the devices without
and with irradiation, as reported in [14].

The ion stopping range is 21 µm estimated by the SRIM
calculations [12]. Therefore, the ions reach the Si-substrate
and introduce deep defects. However, the Si-substrates were
highly doped with a free carrier concentration of nearly
1019 cm−3 which is hard to compensate. Additionally, a high
resistive Si substrate should leave an optical absorption edge
within the photocurrent spectra below 1.1 eV, which was not
observed. Therefore, the rectifying IV-characteristics repres-
ent the metal—gate/InAlN/GaN contact with the depletion
rangewithinGaN.As a consequence, irradiation induced com-
pensation of free electrons causes enhancement of resistiv-
ity by acceptors. This electrical insulation or carrier reduc-
tion of n-type GaN layers upon MeV ion irradiation is well
known, from [11, 18], for instance. Strong damage within the

Figure 4. µ-PL spectra of all samples at 4.2 K. Donor-bound
exciton (DBE) emission with its longitudinal optical phonon replica
(−1LO/−2LO) is strongly reduced whereas blue band luminescence
(BL) decreases weakly in intensity with higher fluence. The inset
shows irradiation induced green band luminescence (GL).

gate/InAlN/GaN channel part of the HEMTs was not observed
in the HEMT transfer characteristics [14].

µPL measurements were performed on all samples dis-
played in figure 4. The spectrum of the non-irradiated HEMT
exhibits a strong and dominant emission within the near band
edge (NBE) region of GaN at 3.471 eV, mainly recombin-
ation of donor-bound excitons (DBE) [19]. These peaks are
accompanied by longitudinal-optical phonon replica at about
3.39 eV and 3.29 eV. The weak shoulder at 3.24 eV may
originate from donor-acceptor pair recombination [19]. As
can be seen, a broad blue luminescence (BL) band occurs
at ∼2.85 eV.

For irradiated samples, NBE intensity is strongly reduced
with increasing fluence. Compared to the reference sample,
DBE peak intensity is almost one order of magnitude less
for 7.1 × 1013 ions cm−2 and reaches the noise level for the
highest irradiated sample. The BL also occurs for irradiated
samples, but its peak intensity decreases with higher fluence
only weakly compared to NBE, like in [12], and remains con-
stant in spectral position.

Moreover, ion irradiation induces an additional emission
at lower energies overlapping with the BL. This additional
feature has been magnified by subtracting the PL spectrum
of the non-irradiated sample normalized to BL peak intens-
ity (see inset figure 4). Thereby, a green luminescence (GL)
band at ∼2.5 eV is revealed. With increasing ion fluence, the
GL intensity decreases only weakly.

In GaN layers, the GL usually occurs in combination with
a yellow luminescence band (YL). Both emission bands show
different saturation effects with enhanced excitation intens-
ity [19, 20]. The origin of YL and GL was discussed in [20]
as a radiative recombination to different charge states of the
acceptor-like VGa–ON complex. Based on theoretical studies
[21], other hole capture processes of acceptors such as NGa

−,
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Figure 5. Optical response of photocurrent versus photon energy for
the non-irradiated and the irradiated sample with the highest dose at
room temperature. Dotted lines represent spectral contributions by
deep defect absorption processes (for details see text).

Ni
0 and VGa

−3 defects are further candidates for emissions at
2.54 eV, at 2.49 eV, and at 2.35 eV, respectively.

In as-grown GaN epilayers, only YL at 2.2 eV and neither
BL or GL were reported [9]. After irradiation with 308 MeV
Xe-ions, YL vanished and BL at 2.75 eV as well as GL at
2.4 eV that appeared while their intensities were not affected
by higher fluence.

In our as-grown undoped buffer layer, the occurrence of BL
and the absence of YL indicates the presence of only shallow
acceptor levels, such as Mg, C, or Zn as well as low concen-
trations of intrinsic deep acceptors [19]. After 75 MeV S-ion
irradiation, the concentrations of shallow acceptors remained
virtually unchanged since the BL intensity remained constant.
However, the appearance of GL is strong evidence for intrinsic
defect generation acting as deep acceptors and, therefore, com-
pensated by the n-type conductive buffer layer towards highly
resistive behavior. Due to the associated Fermi level shift
towards the mid-gap, the involved acceptor-like traps can be
assumed to be in a new charge state triggering the occurrence
of GL instead of the YL band.

Figure 5 shows the optical response of the irradiation series
obtained from photo-current spectroscopy below the GaN
absorption edge at about 3.4 eV. The absolute optical response
is 20 times higher for the non-irradiated HEMT as compared
to the irradiated samples, which indicates strong trap incorpor-
ation strongly reducing the overall optical response.

The optical response function S of the HEMTs used here
is defined as S = (Iph − I0)/I0) × P(hν) with Iph being the
measured photo-current at fixed bias, I0 dark current andP(hν)
the spectral optical power.

Near band gap peaks in the photo-current spectra in figure 5
appear at 3.33 eV, which differs strongly from the room-
temperature band gap edge at about 3.45 eV. This is caused
by strong non-radiative recombination at the surface. Due to
the low penetration depth of light with wavelengths close to

the absorption edge, strong non-radiative surface recombina-
tion dominates and reduces the PC signal even though absorp-
tion is strong (see also [22]). At longer wavelengths with lower
but non-zero absorption by GaN light penetration expands into
deeper sections and, therefore, a PC peak can be observed
below the absorption edge.

Under the condition of a weak generation rate (low excit-
ation power density) the optical response S is related to
the photo-ionization cross-section of deep defects σ with
σ ≈ K (hν − Etrap)1/2 after [22]. Here, K is a constant includ-
ing the trap density, the photon-energy hν and Etrap represents
the energy difference of the trap state to the respective band
into which the carrier is emitted.

The curve of the non-irradiated sample is featureless at
energies around 3.1 eV, 2.9 eV and 2.65 eV, whereas the spec-
tral response curves of the irradiated sample clearly exhibit
steps at those energies. Accordingly, the spectra of the irra-
diated samples were fitted with three respective absorption
states as indicated by dash-dotted lines in figure 5. The appear-
ance of these defect-related absorption states upon irradiation
is another consequence of the defect formation.

Absorption-related thresholds for emission from traps have
been found in as-grown GaN-field effect transistor (FET)s
at 3.2 eV, 2.85 eV and 1.8 eV by photoionization spectro-
scopy [23, 24] and also at 3.28 eV, 2.62 eV and 1.28 eV by
drain-current deep-level optical spectroscopy [25]. Because
of a limited sensitivity below 1.8 eV, the 1.28 eV absorp-
tion was not detectable in our measurement. The absence of
the 2.8 eV-related absorption might be due to a significantly
lower response than for the 2.9 eV and 2.65 eV states. How-
ever, reported peak energies at 2.85 eV and 2.62 eV are also
present in the PC spectra shown in figure 5. Defect-induced
photon absorption at 2.85 eV has been discussed as caused by
a deep acceptor-like carbon defect at about EV + 0.8 eV in
[23], as related to an AlGaN surface state in [24] or as due
to a VGa–H–O complex in [26]. A 2.64 eV transition, which
is similar to our threshold at 2.65 eV, was interpreted as Ga
vacancy [25]. All observed photoluminescence and photocur-
rent peaks in our samples as well as their interpretations with
regard to literature are summarized in table 1.

As we can exclude any carbon incorporation upon irradi-
ation, the threshold at 2.9 eV must be assigned to VGa-related
complexes such as VGa–O–H rather than to a carbon acceptor.
This is supported by the energies of the main trap absorption
confirming VGa generation during irradiation.

Figure 6 shows TSC spectra of the non-irradiated HEMT.
Thermal defect emissions appear only above 250 K with two
peaks at 260–270 K (A) and 300 K (B). Above 320 K only
detector noise was observed (magnified by ten).

In contrast, four emissions were detected for the irra-
diated sample (red curve): peak A as a shoulder at 260–
270 K and peak B at 300 K and further two well sep-
arated peak structures C at 320–340 K and D at 350–
380 K which must be related to irradiation-induced traps.
TSC activation energies Eact were extracted by applying the
same heating rate β at each peak temperature Tm using
the relation ln(Tm

4/β) = (Eact/k) × 1/Tm while assuming
temperature-independent capture cross sections for the trap
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Table 1. Sulfur-ion irradiation-induced signals in photoluminescence, photo-current and TSC spectroscopy (DD and DA—deep donor and
deep acceptor, ET-electron trap, HT-hole trap, the different properties see within the text).

Methode Energy (eV) Range (eV) Interpretation/ References

PL GL ≈ 2.48 ≈2.5 DA: VGa
2+ (VGa–ON)− [19]

2.35–2.54 DA: VGa
3−or Ni

0 or NGa
− [10, 21]

PC 2.9 2.85–2.93 DA: CN
− related [23, 24]

2.9 DA: VGa–H–O complex [24]
2.65 2.64 DA: VGa-related [25]

TSC C: 0.78–0.82 0.75 HT [27]
EC−(0.8–0.85) ET12: DD—Gai [28]

D: 0.91–0.95 EC−(0.9–0.95) ET13: DA—Ni [28]
EV + 0.95 HT1: DA—(VGa–Si)2− [28]

Figure 6. Thermally stimulated current spectra of the
non-irradiated and the irradiated sample with the highest dose. Both
spectra are magnified vertically by a factor of 20 above 290 K
(irradiated HEMT) and a factor of ten above 320 K (non-irradiated),
respectively. The TSC peaks A, B, C, and D are described in detail
in the text.

states [22]. Accordingly, thermal activation energies of the
traps of 0.56 eV (A), 0.65 eV (B), (0.78–0.82) eV (C)
and (0.91–0.98) eV (D) were determined. However, it is
not possible to distinguish between electron and hole traps
(see [22]).

In general, the trap characteristics C and D between 300 K
and 400Kwere described bymany references for samples pre-
pared either by different growth and/or irradiation conditions.

In particular, in non-irradiated AlGaN/GaN HEMTs sim-
ilar trap emissions between 300 K and 400 K were observed
in the TSC spectra [27]. Two defects with activation ener-
gies of 0.54 eV and 0.75 eV are assigned to hole traps, while
for 0.65 eV an electron trap was concluded from back-gating
measurements. These trap energies correlate well with emis-
sions A, C, and B.

According to [28], TSC-emissions C and D in the irradi-
ated sample could also be correlated to ET12 with EC−(0.8–
0.85) eV, ET13 at EC−(0.9–0.95) eV, HT4 at EV + (0.85–
0.9) eV and HT1 at EV + 0.95 eV. For all of these traps,
an enhanced peak intensity was found after irradiation with

neutrons or ions. Furthermore, Fermi-level pinning between
traps ET12 and ET13 takes place at around EC−1.0 eV in
heavy neutron-irradiated GaN. In those experiments, ET12
was discussed as a donor-like Ga-interstitial related trap and
ET13 as a nitrogen-interstitial related acceptor. Addition-
ally, the hole trap HT1 is described as a dominant trap in
MOVPE samples and related to a two-fold negatively charged
(VGa–Si)2−complex [28].

Theoretical studies further assign ET12 to a VGa
2− defect

and trap emissions at 0.95 eV to an interstitial Ga defect [21].
Table 1 also contains a summary of the trap-related TSC

emissions between 300 and 400 K with possible assignments
to characteristic defects. All acceptor-like intrinsic defects are
described as VGa-related or other deep acceptor-like intrinsic
defects, such as Gai, Ni or NGa.

Please note that the DD and DA states are deduced from
experiments conducted at equilibrium conditions, while ET
and HT are deduced under non-equilibrium conditions.

4. Conclusion

We have investigated the impact of 75 MeV sulfur ion irra-
diation on the dual-finger gate and depletion mode HEMTs.
The focus of our work was on the impact of the undoped GaN
layer and its compensation caused by irradiation. The com-
pensation effect was revealed by a systematic increase in the
resistivity both in forward and in reverse directions in the ver-
tical current–voltage characteristics between the gate contact
and Si-substrate. Since the non-irradiated undoped GaN buffer
layer has n-type conductivity, deep acceptors must have been
generated to compensate the buffer of the irradiated HEMTs.

The expansion of the lattice in the c-direction without
broadening of the corresponding ω-FWHM corresponds to
only moderate damage to the crystal structure, mainly from
the generation of point defects.

As the irradiation induced an additional PL-band within the
green spectral region a two-fold charged VGa-related trans-
ition is identified as a possible defect, which is suppor-
ted by threshold energies of 2.9 eV and 2.65 eV in PC-
measurements. These energies have been discussed in the
literature as VGa–O–H complexes acting as acceptors. Such
an interpretation for VGa-related acceptors also holds for the
irradiation-induced thermal emission in TSC.
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In particular, any allocation of irradiation induced trap
emissions and optical transitions to carbon could be omitted.

Other interstitial defects such as Gai and Ni or the
NGa− antisite defects are, however, not excluded as they are
typical point defects resulting from strong displacement pro-
cesses as induced by heavy ions. The shallower VN-defect
states and transitions were not detected.

Our results demonstrate the importance of GaN buffer qual-
ity for irradiation hardness of the device. The buffer must be
optimized for both the HEMT transfer characteristics as well
as the avoidance of strong radiation induced changes in the
resistivity and number of deep defects. In conclusion, an initial
buffer should include as many deep defects as the additional
induced defects create minimal changes.
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