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We report on in situ space charge spectroscopy measure-ments on low-temperature 1.6 MeV proton-bombarded n-type gallium nitride 
thin film samples. The scope of this study was to investigate the introduction and annealing dynamics of radiation-induced lattice 
damage. Using optical excitation allowed for the detection of electronic defect states in the entire GaN bandgap and to detect unstable 
primary defects that would have been invisible in thermal space charge spectroscopic measurements. The introduction of 
compensating acceptor-like primary defects by the bombardment was observed and manifested as a decrease in the sample 
capacitance. After the bombardment the concentrations of deep-levels and acceptor states were monitored by deep-level transient 
spectroscopy and photo-capacitance measurements while the temperature was increased. It was found that annealing and reactions of 
primary bombardment-induced defects occurs even below room-temperature which might account for the radiation-hardness of GaN.

1 Introduction 
It is well known that the opto-electronic 

properties of semiconductors strongly depend on crystal 
imperfections such as impurities or lattice defects. In 
essence this is due to electronic states that are often intro-
duced into the semiconductor bandgap by these entities. Due 
to thermodynamic reasons a certain number of lattice defects 
is always present in a crystal at thermal equilibrium. In 
addition, lattice defects can be introduced when the semicon-
ductor is exposed to high energy particle radiation as found 
in the nuclear industry or in outer space.

The wide-bandgap (≈ 3.4 eV) semiconductor gallium
nitride (GaN) and related compounds are commonly used
materials in UV opto-electronics and white light emit-
ting diodes [1]. The radiation hardness of GaN has
previously been investigated in GaN thin films [2–7],
single crystals [8], nanowires [9], and devices [10, 11].
An overview on radiation effects in GaN can be found
in Ref. [12]. Thereby GaN was found to be far more
radiation-tolerant than for instance GaAs. On the one hand
this can be explained by the stiff GaN lattice for which
the displacement energies are 19 and 22 eV for gallium

and nitrogen, respectively [13, 14]. For comparison the
threshold for lattice damage in GaAs is only 10 eV [15]. On
the other hand an efficient annealing of radiation-induced
defects even below room-temperature could also account
for the previously observed radiation-tolerance. To answer
this question, it is necessary to conduct high-energy parti-
cle irradiation experiments at cryogenic temperatures and
characterise the induced defects in situ in the same setup with-
out exposing the sample to room-temperature in between.
This is the only possibility to avoid annealing or defect reac-
tions of primary defects that occur even at low temperatures.
Most of the studies on the radiation hardness of GaN and
studies on irradiation-induced defects were conducted such
that the sample was exposed to room-temperature between
irradiation and characterisation experiments. Therefore, the
literature on in situ studies is scarce. Optically detected
electron paramagnetic resonance (ODEPR) studies on low-
temperature electron-irradiated GaN samples were carried
out by Chow et al. [3, 4]. They investigated the interstitial gal-
lium and the lattice damage in the gallium sublattice. To best
of our knowledge there are no reports on in situ irradiation
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experiments using space charge spectroscopy to characterise
the defects.

In this work, we investigated the introduction and
annealing dynamics of (primary) lattice defects in proton-
bombarded GaN by means of space charge spectroscopy.
The advantage of space charge spectroscopy compared to
other methods is its high sensitivity to low concentrations(
< 1015 cm−3

)
of electronic defect states. Experiments of this

type date back to the 1970s when Lang et al. [16, 17] inves-
tigated the annealing of deep levels in electron-irradiated
gallium arsenide at elevated temperatures by deep level tran-
sient spectroscopy (DLTS). Thereby the main difficulty is the
breakdown of the validity of the Born–Oppenheimer approx-
imation in which it is assumed that electrons can be in free
or bound states whereas the ion cores can oscillate but are
bound to their lattice sites. In other words in space charge
spectroscopic measurements one assumes the dynamics of
the crystal to be in the electron system and the core system
to be static. However, after particle-bombardment a crys-
tal is in non-equilibrium and annealing processes and defect
reactions occur which means that ion cores change lattice
sites.

Obviously the dynamics in both, core and electron sys-
tem, is temperature T activated. If the lattice is at thermal
equilibrium and the defect annealing occurs due to diffusion,
the annealing rate of the defect (core system) is described by
a Boltzmann function [21]

eann ∝ exp

(
−Eann

kBT

)
. (1)

On the other hand, the rate at which a defect-bound elec-
tron is thermally emitted into the conduction band (CB) is
also temperature activated [18]

eth
n ∝ T 2 exp

(
− Ea

kBT

)
. (2)

Eann and Ea denote the activation enthalpies for the
annealing of the defect and its thermal ionisation, respec-
tively, kB is Boltzmann’s constant. Please note that Eann

[16] and Ea [19, 20] can depend on the net doping den-
sity Nnet of the sample or the concentration of the defect
itself. In many cases Eann is furthermore found to be
recombination-enhanced and does therefore depend on the
biasing conditions of the sample [17, 21].

Defects that are considered to be stable, meaning they
do not significantly anneal during the measurements, exhibit
annealing rates eann � 10−4 Hz for all temperatures that the
sample undergoes. In turn this means that Eann � 1 eV. On
the other hand electronic defect states can only be conve-
niently measured by thermal space charge spectroscopy if
the thermal electron emission rate is 0.01 Hz < eth

n < 1 MHz.
For unstable defects the situation is depicted in Fig. 1:
Assume the activation enthalpy for thermal ionisation of the
electronic state of the defect is Ea = 300 meV. For a typi-
cal electron capture cross-section of σn ≈ 10−15 cm2, eth
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Figure 1 Limits of thermal space charge spectroscopic methods
for the investigation of electronic states of unstable lattice defects.
The dashed lines are the annealing rates of the defect for differ-
ent activation enthalpies Eann. (Eann = 1.0 eV corresponds to the
annealing rate reported in Ref. [17].) The solid line is the calcu-
lated (Eq. (2)) temperature dependence of the thermal emission
rate eth

n (T ) for a typical deep level with an activation enthalpy of
Ea = 300 meV. Electronic defect states can only be measured by
thermal space charge spectroscopic methods if a temperature range
exists in which the annealing rate of the defect is low, in particular
eann is in the stable region (hatched area), and eth

n can be conveniently
measured (gray area). In this example the defect would be invisible
for Eann < 0.4 eV.

is given by the bold solid line in Fig. 1. The set of dashed
curves in the diagram represents eann(T ) for different Eann.
For Eann < 0.4 eV there is obviously no chance to investi-
gate the defect since for temperatures where thermal electron
emission is possible, eann is too high such that the defect
anneals before the experiment can be accomplished. For
Eann ≈ 0.7 eV there is a temperature range, 150–270 K in
which the defect is stable and can be thermally ionised. If
Eann > 1.0 eV the defect would be considered stable.

From Fig. 1, it is clear that the investigation of unstable
defects requires a setup in which the defect can be intro-
duced into the semiconductor at low temperatures such that
it will not anneal out. Furthermore the same setup must allow
for in situ characterisation of the defect by thermal space
charge spectroscopy so that the sample is not exposed to
room-temperature for re-mounting.

However, even such a setup is not capable to investigate
defects where eann > eth

n holds for all temperatures. A way out
of this dilemma is to photo-ionise the unstable defect instead
of thermally emitting the charge carrier. The photo-ionisation
rate is in first approximation not temperature-dependent and
is given by

eo
n = σo

n (hν)Φ(hν), (3)

where σo
n (hν) is the photo-ionisation cross-section which

depends on the energy of the incident photons hν. Φ(hν)
is the flux of monochromatic photons of energy hν which is
given by the light source. Adding optical excitation to space
charge spectroscopy has the advantage that electronic defect
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Figure 2 (a) Sketch of the setup. (b) Spectrum of the Hg/Xe lamp including the filters at the exit slit of the monochromator, both optical
fibers and the focusing lens. (Figure adapted from Ref. [22].)

states can be investigated at any temperature 1 and therefore
a temperature where the defect is stable can be chosen. Fur-
thermore, depending on the optical equipment, in principle
the whole bandgap can be scanned for defect states.

In this light we investigated (primary) lattice defects in
GaN thin films that were introduced by proton-bombardment
at 20 K. We recently built a setup for this purpose [22]
in which the proton-bombardment as well as optical space
charge spectroscopy can be conducted and thus introduction
and annealing of lattice defects can be investigated in situ.

2 Experimental
2.1 Samples The silicon doped GaN thin film sam-

ple used in this study was grown by metal-organic chemical
vapor deposition onto a 2 inch sapphire substrate, provided
by AIXTRON SE (Germany). The thickness of the film was
3.4 um, obtained from spectral optical transmission measure-
ments. The substrate was cut into approximately 5 × 3 mm2

pieces which were degreased, cleaned and etched using the
recipe suggested in Ref. [23]. For the fabrication of the ohmic
contacts a Ti/Al/Ni/Au structure was deposited and ther-
mally annealed [23] which resulted in a contact resistance
of 1 kΩ. Subsequently 15 nm-thick, semi-transparent Pal-
ladium Schottky contacts were resistively evaporated. The
electrical connection was realised by thin gold wires bonded
to the ohmic as well as to the Schottky contacts by a con-
ductive silver epoxy. In total three samples, in the following
referred to as S1, S2, and S3, were fabricated by this method.

2.2 Setup Figure 2a displays a sketch of the setup we
used in this study. A van-de-Graaff accelerator provided a
mono-energetic proton beam which was focused and guided
into a vacuum chamber. In the chamber, the sample was
mounted on the cold-finger of a closed-cycle helium cryostat
such that the Schottky contact was aligned with the pro-
ton beam. Using thin conductive epoxy-bonded gold wires
the Schottky and the ohmic contacts were contacted and the
capacitance of the sample was measured by an Agilent 4284A

1Provided eo
n � eth

n holds.

LCR meter. The optical setup consisted of a 1000 W Hg/Xe
arc lamp, a grating monochromator, an optical fiber through
which the light was passed into the vacuum chamber and a
lens focusing the light onto the Schottky contact. The photon
flux spectrum is shown in Fig. 2b. The setup was therefore
suitable to photoemit defect-bound electrons into the CB
from defect states in the vicinity of the valence band (VB)
edge up to those approximately 1 eV below the CB edge.
Details of the setup are published in Ref. [22].

2.3 Defect studies From capacitance–voltage (C–V)
measurements the net doping density [24] of the as-grown
samples S1, S2, and S3 was found to be homogeneous
and amounted to Nnet = 1.7 × 1017 cm−3. This agrees well
with the intentional silicon doping of NSi ≈ 2 × 1017 cm−3.
Photo-capacitance measurements and optical C–V (OCV)
measurements [25] at a photon energy of hν = 3.0 eV
revealed the presence of a midgap state approximately 1 eV
above the VB edge. This level is probably identical with
the one previously reported by Calleja et al. [26]. Its con-
centration was determined as 3 × 1015 cm−3. Furthermore
the acceptor concentration was determined as Na ≈ 1.3 ×
1016 cm−3 by OCV using a photon energy of hν = 3.4 eV.

After this pre-characterisation, all samples underwent
the following treatment: (i) cooling to 20 K, (ii) 1.6 MeV
proton (p+)-bombardment at a fluence of ≈ 1014 cm−2, (iii)
slowly heating to 330 K, and (iv) cooling to 20 K. During
steps 1, 3, and 4 capacitance transient experiments were
conducted: In steps of 1 K, a 10 s filling pulse was applied to
the sample and afterwards the capacitance was measured for
180 s. The filling pulse was either a voltage pulse of 0.8 V
in forward direction which flattened the bands or the sample
was kept under reverse bias but illuminated with monochro-
matic light of photon energy hν = 3.45 eV. During the filling
pulses the defect states became occupied by their attributed
charge carriers. Subsequently a reverse voltage of 4 V was
applied and the capacitance transient stemming from the
emission of defect-bound charge carriers was recorded
(sampling rate 11 Hz) at a probing voltage of 100 mV and a
frequency of 100 kHz. The capacitance transients were then
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Figure 3 (a) Quasi in situ measurement of the sample capacitance in dependence of the 1.6 MeV proton fluence. (b) Thin lines: capacitance–
temperature measurements during the p+-bombardment and annealing cycle. Thick lines and points: amplitude of the normalised squared
photo-capacitance peak (hν ≈ 3.4 eV) data which is a measure for the concentration of compensating acceptors. The sample was reverse
biased at 4 V and the probing frequency was 100 kHz in both measurements.

digitally processed and the capacitance–temperature (C–T )
characteristics and the deep-level transient spectroscopy
(DLTS) spectra of the samples were obtained. A further
processing of the DLTS data yielded the thermal emission
rates of electronic defect states.

In the case of sample S1, photo-capacitance transients
were recorded at constant temperature for different photon
energies. As in the thermal transient measurements, a fill-
ing pulse of 10 s length and 0.8 V forward bias ensured the
defect states in the sample to be initially filled. Afterwards a
reverse bias of 4 V was applied, the monochromator shutters
were opened and the capacitance was recorded for 360 s. For
photon energies hν suitable to ionise electronic states in the
vicinity of the VB edge the sample capacitance increased.
Assuming that the majority of these states are acceptors, the
acceptor compensation degree can be obtained [25] from the
capacitance change 2

Nnet + N ion
a

Nnet

=
(

C∞(hν)

C∞(dark)

)2

, (4)

C∞(dark) is the equilibrium capacitance without illumina-
tion, C∞(hν) is the capacitance under illumination and N ion

a

is the concentration of photo-ionised acceptors.
Using this method, the photo-capacitance of sample S1

was measured at 300 K and the acceptor compensation degree
was determined, see Fig. 3b. Afterwards the sample was
cooled to 30 K and a second photo-capacitance spectrum was
recorded. From this spectrum the determined acceptor com-
pensation degree was a bit higher than at 300 K. This can
be explained by high thermal hole emission rates of some of
the photo-ionised acceptor states at 300 K making the states
invisible in the photo-capacitance spectrum. After sample S1
was further cooled to 20 K the p+-bombardment was carried

2In principle for t → ∞, here at the end of the transient.

out in six steps. After each bombardment the capacitance of
the sample was measured (frequency 3 10 kHz, 4 V reverse
bias). The results of these quasi in situ measurements are
displayed in Fig. 3a. Thereby the capacitance is related to
the free electron concentration. It is remarkable that proton
fluences <5 × 1012 cm−2 cause an increase in the capaci-
tance and therefore in the electron concentration. 4 A further
increase of the fluence resulted in a decrease of the capaci-
tance. This can be explained by the drop of the Fermi level
caused by the introduction of Frenkel pairs.

After the bombardment, the temperature was slowly
increased and, starting at 30 K, photo-capacitance transients
were recorded every 30 K. In Fig. 3b, the C–T data as
well as (C∞(3.45 eV)/C∞(dark))2, which is a measure for
photo-ionised shallow acceptors, are displayed for the whole
process. The p+-bombardment increased the freeze-out tem-
perature of the sample, an effect that persisted even after the
sample was annealed at 330 K. This can be explained by the
introduction of thermally stable nitrogen vacancies VN. Look
et al. [7] determined their ionisation energy to 70 meV which
is higher than that of the SiGa donor (26 meV, [27]). After
the bombardment the concentration of VN (and thus also
that of interstitial nitrogen acceptors) is in the same order
of magnitude as the concentration of the silicon donors. In
turn the Fermi level is lower than in the as-grown sample at
low temperatures. This directly translates into a lower elec-
tron concentration and a higher temperature for charge carrier
freeze-out.

3For the 20 K measurements the probing frequency was chosen 10 kHz
instead of the otherwise used 100 kHz because of the remarkable increase
of the series resistance at low temperatures. Ten kilohertz were found to be
below the cut-off frequency of the diode such that the capacitance could be
reliably measured.

4This effect is definitely no artefact as it was reproduced at a different
contact of the same sample and the observed change in the capacitance is
greater than the noise level of the system.
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Figure 4 Net doping density in the p+-bombarded sample
measured by optical capacitance–voltage spectroscopy at room-
temperature. The oscillator frequency was 100 kHz and the reverse
voltage range was −1 V < V < 4 V. The peak corresponds to
bombardment-induced surface states.

The steps 5 in the C–T curve of the bombarded sample
in combination with the drop in the acceptor compensa-
tion degree (solid lines) indicate that either bombardment
induced acceptors anneal out or donors are formed by defect
reactions at these temperatures. From the step at ≈ 150 K,
we deduce that approximately 5% of the defects in the as-
bombarded sample anneal and hence a significant proportion
of defect reactions observed in this study occur at this tem-
perature. At T > 270 K, the acceptor compensation degree
in the bombarded sample before and after annealing (solid
lines and dashed lines, respectively) are identical whereas
the C–T characteristics still differ and defect annealing is
still observed in the as-bombarded sample. This can best
be explained by existing donors reacting, forming shallower
donors which ionise immediately. The squared normalised
photo-capacitance at 30 K for the annealed sample was
almost double that of the un-annealed sample, suggesting
that during the annealing stable acceptors were formed whose
electronic states are deeper than those of the unstable primary
acceptors. The shallow primary states would then be invisi-
ble because they immediately emit the photo-generated hole
into the VB. This would explain the higher concentration of
photo-ionised acceptors after annealing compared to directly
after the p+-bombardment.

Finally C–V and OCV measurements where conducted
at 300 K, Fig. 4. From theC–V measurement conducted in the
dark the net doping density was found to be homogeneous and
amounted to Nnet = 1.2 × 1017 cm−3. The peak in the doping
profile was found to originate from surface states approxi-
mately 1 eV below the CB edge which were introduced by the
p+-bombardment. From the theory of OCV [25] it is known
that the difference in the net doping densities measured in
the dark and under illumination is equal to the concentration
of the photo-ionised defect states. Using photon energies of
hν = 3 eV, the concentration of the midgap state was deter-
mined to N ≈ 1016 cm−3 and was therefore higher than in

5The primary defect reactions occurred during the photo-capacitance
measurements which lasted for 8 h.
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Figure 5 Capacitance–temperature characteristics for the
bombardment-annealing cycle of sample S2. The probing
frequency was 100 kHz and the reverse voltage was 4 V.

the as-grown sample. OCV measured at 3.4 eV revealed a
concentration of photo-ionised acceptors of 3 × 1016 cm−3.

The p+-bombardment-annealing cycle was repeated a
second time with another fragment of the GaN thin film,
sample S2, but with no optical excitation. This was done in
order to avoid that the annealing rate of primary defects is
affected by the illumination, for instance because of the dif-
ferent charge state of primary defect due to photo-ionisation.
In Fig. 5, the capacitance–temperature characteristics of sam-
ple S2 for the as-grown state, after p+-bombardment and
after bombardment and exposure to 330 K are displayed.
As expected, the C–T characteristics of the as-grown sam-
ple does not significantly differ from the one measured on
S1. However, after p+-bombardment the C–T characteris-
tics of S1 and S2 are different. Obviously directly after the
p+-bombardment the concentration of compensating accep-
tors in sample S2 was higher than in S1 as can be deduced
from the lower "freeze-out" step in the C–T characteristics
at ≈ 60 K. This might be due to "photo"-annealing of accep-
tors in the case of sample S1. It could also originate from
slightly different shading of the contacts by the epoxy blobs
which were used for bonding the gold wires to the Schottky
contacts.

The difference in the capacitances of sample S2 directly
after the p+-bombardment and after annealing the bombarded
sample hints to a significant annealing of p+-bombardment-
induced acceptor states already at approximately 150 K as
was also observed in the experiments on sample S1. For T >

250 K the C–T curves are equal meaning that from thereon
until 330 K no more annealing occurred in this sample.

The digital correlation of the capacitance transients with
the correlation function used by Ellguth et al. [28] yielded
the DLTS spectra shown in Fig. 6a. Only one deep-level was
found in the spectrum of the as-grown sample, see inset of
DLTS spectrum in Fig. 6a. From standard Arrhenius analysis
of eth

n (T ) [18], see Fig. 6b, thermal activation enthalpy and
high temperature limit of the electron capture cross-section of
this level were determined to Ea ≈ 490 meV and σ∞

n = 2.5 ×
10−17 cm2. This deep-level is most likely the E1 state reported
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Figure 6 (a) DLTS spectra recorded on sample S2 using 10 s forward voltage pulses that almost flattened the bands. The reverse bias
during the recording of the capacitance transient amounted to 4 V and the rate window frequency was 1/32 Hz. The filling pulse was
0.8 V in forward direction for 10 s. (b) Arrhenius plot of eth

n (T ) of the deep-levels E1, EP2, and EPA2.

by Götz et al. [29], which commonly occurs in metal-organic
chemical vapor deposition grown GaN.

After the p+-bombardment majority carrier emission
from defects resulted in a negative DLTS signal in the whole
temperature range (second spectrum in Fig. 6a). Thereby
DLTS peaks of at least two deep-levels, EP1 and EP2, were
found. In addition the spectrum is superimposed on a sig-
nal stemming from non-exponential transients that increases
slightly with increasing temperature. Most-likely this is due
to the emission of electrons from bombardment-induced sur-
face states, see Fig. 4. The DLTS peaks of the deep-levels
EP1 and EP2 can be evaluated by Arrhenius analysis of eth

n (T )
resulting in:

Ea(meV) σ∞
n (cm2)

EP1 200 3 × 10−13

EP2 225 4 × 10−23

For the sake of completeness we remark that the EP1 DLTS
peak exhibits a shoulder on the high-temperature side,
probably stemming from another deep-level.

On the first glance the DLTS spectrum of the bombarded
sample did not change significantly after the sample was
exposed to room-temperature (Fig. 6a). As directly after
the p+-bombardment two deep-level peaks, in the following
labelled EPA1 and EPA2, were found. Arrhenius analysis
yielded:

Ea(meV) σ∞
n (cm2)

EPA1 225 8 × 10−13

EPA2 425 1 × 10−19

It is reasonable to assume EP1 and EPA1 as well as EP2 and
EPA2 to be the same defects but in a different environment.
In both cases Ea is lower and σ∞

n is smaller after the irradi-
ation. Whereas this difference is marginal for EP1/EPA1 it
is remarkable for EP2/EPA2 and manifests in the Arrhenius
plots of eth

n (T ) displayed in Fig. 6b. Most likely this obser-
vation can be explained by the high defect density in the
as-bombarded sample whereas it was lower after the sam-
ple was exposed to 330 K. In the first case, there will be a
stronger overlap of defect orbitals, which is known to lead
to lower defect ionisation energies but also smaller capture
cross-sections. Especially the presence of a high acceptor
density, as was found directly after the p+-bombardment,
could account for this effect. The Arrhenius plots of EP1 and
EPA1 are similar to those of the ER3 deep level reported by
Goodman et al. [6]. There ER3 was found to be introduced
by high-energy electron irradiation as well as by proton or
alpha-particle bombardment.

A third sample, S3, underwent the same bombardment-
annealing cycle but the capacitance transient measurement
was conducted using 3.45 eV optical pulses instead of a
forward bias. In doing so electron–hole pairs were generated
in the space charge region during the pulse and empty 6 hole
traps close to the VB became occupied by photo-emitting
a bound electron into the CB. The capacitance–temperature
measurements for the cycle under these conditions are
displayed in Fig. 7. A major difference to the C–T cycles
measured on the samples S1 and S2 is that in this case,
because of the UV pulses, most of the acceptor states in
the vicinity of the VB were photo-ionised. Therefore the

6Can also be seen as occupied by an electron.
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Figure 7 Capacitance–temperature characteristics for the
bombardment-annealing cycle of sample S3. The probing
frequency was 100 kHz and the reverse voltage was 4 V. A
magnification of the temperature range from 220 to 280 K (inset)
reveals the annealing of an acceptor-like defect which manifests in
a drop of C with increasing T for the as-bombarded characteristics.

capacitance is much larger and almost equal to that of the
as-grown sample. In other words, the difference in the
capacitances measured on sample S2 and S3 (Figs. 5 and 7)
reflects the acceptor compensation degree of the samples.
A very remarkable observation is that the capacitance of the
as-bombarded sample is higher than in the bombarded and
annealed sample in the temperature rage from 180 to 270 K.
The drop in the capacitance of the as-bombarded sample, see
inset of Fig. 7, does not depend on the oscillator frequency
and vanished after exposing the sample to 330 K. This is a
clear indication that an acceptor state that was photo-ionised
by the UV pulses annealed at approximately 260 K.

The DLTS spectra, recorded using optical instead of volt-
age pulses, are shown in Fig. 8a. The spectrum measured on
the as-grown sample showed very little features and the DLTS
signal was almost zero in the whole temperature range which
is a further indication for the high purity of the GaN mate-

rial. However, after the p+-bombardment the DLTS signal
became positive meaning that the thermal emission of charge
carriers from the hole traps prevailed the electron emission
from deep-levels in the vicinity of the CB. Remarkably, only
after the sample was exposed to 330 K the emission of a
distinct hole trap manifested as a peak at ≈ 60 K in the spec-
trum. In the following this hole trap will be labelled HPA1.
Form the temperature dependence of the thermal hole emis-
sion rate eth

p (T ) of HPA1 its thermal activation enthalpy and
high-temperature limit of the hole capture cross-section 7

were determined to Ea ≈ 100 meV and σ∞
p ≈ 2 × 10−14 cm2,

respectively. The Arrhenius plot of eth
p (T ) is depicted in Fig.

8b. There is evidence that HPA1 is related to the L1 level
observed by ODEPR by Chow et al. [4]. In their study the
L1 signal also emerged after the low-temperature electron-
irradiated sample was exposed to room-temperature and was
only observed under 3.41 or 3.53 eV illumination. Chow et
al. attributed L1 either to a nitrogen vacancy complex or a
gallium vacancy complex.

3 Conclusions We employed thermal and optical
space charge spectroscopic measurements to study proton-
bombardment induced electronic defect states in GaN thin
films. The samples were bombarded at 20 K such that
the introduced primary defects did not anneal before they
could be studied. Quasi in situ measurements enabled us to
monitor the capacitance during the bombardment. In accor-
dance with previous experiments [5, 10] a high resilience of
GaN to 1.6 MeV protons even up to a fluence of 1014 cm−3

was observed. Photo-capacitance transient measurements
allowed for the measurement of the degree of acceptor com-
pensation in the sample. Directly after the bombardment the
acceptor concentration was at least a factor of 1.5 higher
than the net doping density compared to less than 0.25 in
the as-grown sample. After bombardment, the annealing of

7Assuming an effective hole mass of m�
h = 1.25me [30].
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Figure 8 (a) DLTS spectra recorded on sam-
ple S3 using optical (hν = 3.45 eV) filling
pulses instead of voltage pulses. The fill-
ing pulse length was 10 s, the reverse bias
amounted to 4 V and the rate window fre-
quency was 1/32 Hz. (b) Arrhenius plot of the
thermal hole emission rate of the HPA1 hole
trap visible at approximately 60 K in the DLTS
spectrum of the bombarded and annealed
sample.
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acceptor states was observed by measuring the capacitance
and the acceptor concentration while the temperature was
slowly increased. It was concluded that a significant frac-
tion of primary defect reactions occur at 150 K which could
in part account for the radiation hardness of GaN at room-
temperature.

Conventional deep-level transient spectroscopy revealed
the existence of the E1 deep-level in the as-grown material.
The low-temperature proton-bombardment introduced two
further deep-levels which did not anneal out up to 330 K.
However, it was observed that their activation enthalpy and
their electron capture cross-sections increased during the
annealing. The usage of UV light pulses instead of voltage
pulses for the C–T and the DLTS experiments confirmed
the high acceptor compensation degree that was observed in
the photo-capacitance measurements. Furthermore the
annealing of a primary, proton-bombardment induced accep-
tor state was observed at approximately 260 K. A shallow,
stable hole trap, HPA1, was formed in the bombarded sample
after the sample was exposed to 330 K. HPA1 is possibly
related to the previously observed L1 ODEPR signal in elec-
tron irradiated GaN after exposure to room-temperature [4].

In summary, we demonstrated that our recently built
setup is capable to investigate electronic states of primary,
particle-radiation induced lattice defects in wide bandgap
semiconductors. Future work will be the determination of
annealing rates of these defects and proposing microscopic
models describing the experimental findings.
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[29] W. Götz, N. M. Johnson, H. Amano, and I. Akasaki, Appl.
Phys. Lett. 65, 463–465 (1994).
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