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ABSTRACT

We report on the electrical properties of defects as determined by deep level transient
spectroscopy (DLTS) introduced in epitaxially grown n-GaN by 2.0 MeV protons and
5.4 MeV He-ions. After He-ion bombardment three electron traps ER3 (Ec - 0.196 eV),
ER4 (Ec - 0.78 eV), and ER5 (Ec - 0.95 eV) were introduced uniformly in the region profiled
by DLTS with introduction rates of 3270 ± 200, 1510 ± 300, and 3030 ± 500 cm-1

respectively.  Capture cross section measurements revealed that the electron capture kinetics
of ER5 is similar to that of a line defect.  A defect with similar electronic properties as ER3 is
observed after 2.0 MeV proton irradiation.  The emission rate of ER3 depends on the electric
field strength in the space-charge region.  This emission rate is modelled according to the
Poole-Frenkel distortion of a square well with a radius of 20 ± 2 Å or alternatively, a Gaussian
well with a characteristic width of 6.0 ± 1 Å.  Hence, we conclude that ER1 is a point defect
which appears to have an acceptor like character.  Two additional electron traps, ER1 (Ec -
 0.13 eV) and ER2 (Ec - 0.16eV) with introduction rates of 30 ± 10 and 600 ± 100 cm-1 not
thusfar observed after electron or He-ion bombardment were observed after proton
irradiation.

INTRODUCTION

Gallium nitride has recieved a great deal of attention due to its unique properties and
is fast becoming an established material for wide band gap optoelectronic devices.  It
continues to show potential as a suitable material for high temperature and power applications
[1].  It has unique applications in blue, green and ultraviolet light emitting diodes, detectors
and blue lasers [2].  The device performance of several device types, including fast switches
[3] and detectors [4], has been improved by subjecting the devices to controlled doses of
particle irradiation.  For this, and any other form of defect engineering, it is essential that the
electronic properties of the defects involved should be known so that their influence on
materials properties and device behaviour can be calculated.  Further, the structure and
composition of the defects should be known so that they can be reproducibly introduced.  In
the case of GaN, the investigation of particle induced defects is still in its infancy and only a
few papers have appeared concerning the electrical characterisation of radiation induced
defects.

Regarding studies of defects induced in GaN by high energy (MeV) particles, Linde et
al have firstly reported that 2.5 MeV electrons introduced two broad photoluminescence
bands in a 1 µm thick GaN/Al2O3 layer [5].  Thereafter, Look et al used Hall measurements to
detect and identify the nitrogen vacancy at 0.07 eV below the conduction band in GaN,
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introduced during irradiation with 0.7 - 1.0 MeV electrons. [6] Subsequently, Fang et al
observed, using deep level transient spectroscopy, that electron irradiation introduced a
defect, which they labelled E, with a level at 0.18 eV below the conduction band. [7]

In this paper we report the introduction rates and electronic properties of defects
introduced in n-GaN by 5.4 MeV He-ion and 2.0 MeV proton irradiation.  The dependence of
the emission rate on electric field strength of defect ER3 is presented and discussed and we
also present the true capture cross section of a deep lying defect, ER5.

EXPERIMENTAL PROCEDURE

For this study, 5 µm thick GaN epitaxial layers grown at 10800C on a 250 Å GaN
buffer layer on sapphire by metal-organic vapor phase epitaxy (MOVPE) were either exposed
to 5.4 MeV He-ions from a 241Am radio-nuclide source or 2.0 MeV protons from a Van de
Graaff accelerator.  The nominally undoped GaN epitaxial layer had a free carrier
concentration of approximately 2 - 3 x 1016 cm-3. After boiling the samples in aqua-regia for
ten minutes the samples were degreased [8].  Prior to ohmic contact fabrication the oxide
layer was removed form the sample surface using a HCl : H2O (1 : 1) solution for 10
seconds [9]. The composite ohmic contact layer [10] was Ti/Al/Ni/Au
(150 Å/2200 Å/400 Å/500 Å).  The contact fabrication was followed by a five minute anneal
at 500 oC in an inert gas atmosphere. Gold Schottky barrier diodes (SBDs), 0.5 mm in
diameter and 3000 Å thick were resistively deposited, these diodes had reverse leakage
currents of the order of 10-10 A at 1 V and ideality factors between 1.05 and 1.10.  The
samples were exposed to 5.4 MeV He-ions by placing them on an 241Am foil.  The activity of
the radionuclide being 192 µCi.cm-2 and the dose rate was 7.1 x 106 cm-2.s-1. Sampes exposed
to 2.0 MeV protons in the Van de Graaff accelerator recieved a dose of (3 ± 1) x 1011 cm-2 at a
dose rate of approximately 1 x 1010 cm-2s-1.  A two-phase lock-in-amplifier-based (LIA) deep
level transient spectroscopy (DLTS) system was used for the defect characterization in the as-
grown material and the particle bombarded material.  In order to simplify the determination of
the emission kinetics of ER3 at different electrical field strengths in the space-charge region,
isothermal DLTS was used.

RESULTS AND DISCUSSION

Fig. 1 depicts the DLTS spectra of control (curve (a)), 5.4 MeV He-ion irradiated
(curves (b & c)) and 2.0 MeV proton irradiated (curves (d & e)) epitaxial n-GaN.   Consider
the spectra for the as-grown material (curve (a)).  In this defect labelling nomenclature, "E"
implies electron trap and "O" that the material was grown by MOVPE.  From the literature it
appears that EO2 and EO5 are the same as the E1 and E2, respectively, observed by Hacke et
al in n-GaN grown by hydride vapor-phase epitaxy [11]. These two defects also have similar
sigantures as E2 and E1, respectively, detected by Götz et al in MOCVD grown GaN [12].
After exposing the GaN to 5.4 MeV He-ions, three prominent additional defects, ER3, ER4
and ER5, were observed (curves (b) and (c) in Fig. 1), defects, ER4 and ER5, were detected
after recording DLTS spectra using a filling pulse frequency of 100 mHz, i.e. an emission rate
of about 0.23 s-1. The DLTS signatures of ER4 and ER5 were determined (Table I and Fig. 2)
by using pulse frequencies of between 4.6 and 220 mHz. Note that under "typical" DLTS
recording conditions (emission rates of 50 - 200 s-1) the DLTS peaks of ER4 and ER5 would
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occur at (430 – 450 K) and (470 – 500 K) respectively, which is probably why they were not
previously detected.

 The levels of ER4 (EC -
 0.78 eV) and ER5 (EC - 0.95 eV)
are the deepest radiation induced
levels below the conduction band
yet detected by DLTS. The only
radiation induced defect related
transitions with roughly the same
energy as the ER4 and ER5 are
those reported by Linde et al after
a photoluminescence (PL) study of
electron irradiated GaN [5]. These
authors found that electron
irradiation introduces two PL
bands centred around 0.85 and
0.93 eV, respectively, and using
optically detected magnetic
resonance, they tentatively
identified the latter as a GaI

2+-
complex. Due to the fundamental
differences in the origin of DLTS
and PL spectra, no direct
comparison between their PL and
our DLTS spectra is possible.

TABLE I. Electronic properties of defects introduced in
epitaxial n-GaN by 5.4 MeV He-ion and 2.0 MeV proton
irradiation.

Defect

label

ET

(eV)

σna

(cm2)

Tpeak
(a)

(K)

η
(cm-1)

Similar

defects

EO1 0.21 4×10-14 114 grown in

EO2 0.27 8×10-15 156 grown in E1[11]

EO3 0.45 7×10-13 208 grown in

EO5 0.61 1×10-14 322 grown in E2 [11]

2.0 MeV PROTON

ER1 0.13 2×10-16 98 30±10

ER2 0.16 4×10-15 103 400±150

ER3 0.20 4×10-15 121 600±100 E [7], VGaNi
2– [14]

5.4 MeV He-ION

ER3 0.20 4×10-15 121 3270±200 E [7], VGaNi
2– [14]

ER4 0.78 1×10-15 323(b) 1510±300 –––

ER5 0.95 3×10-14 377(b) 3030±500 Ni [13]i VGaNi
–  [14]

(a) Peak temperature at a LIA frequency of 46 Hz, i.e. an
emission rate of 108 s-1. (b) Peak temperature at 0.1 Hz

D
LT

S
 S

ig
na

l (
ar

b.
 u

ni
ts

)

Temperature  (K)
50 100 150 200 250 300 350 400

0

1

2

3

4

5

EO5

EO2

ER3

(a)

(b)

(d)

(c)

(e)

EO5

ER4

ER5ER1
ER2

46 Hz

10 Hz

0.1 Hz

46 Hz

46 Hz

EO1
EO3

EO5

EO2

ER3

ER4

ER1

EO1

EO3

E

1000/T (K-1)

2 4 6 8 10 12

T
2 /e

 (
K

2 .s
)

101

102

103

104

105

106

107

EO5
EO2

ER3

ER5

ER4

E

E,  Fang et al [7]

E1 and E2,  Hacke et al [8]

E2
E1

ER2

ER1

E1

E2

E1 and E2 ,  Gotz et al [12]

Figure 1: Curve (a): DLTS spectrum of as-grown
MOVPE n-GaN. Curves (b) and (c): spectra
recorded after 5.4 MeV He-ion irradiation.
Curves (d) and (e): spectra recorded after
2.0 MeV proton irradiation. Curves (a) – (c) were
recorded using a reverse bias (Vr) of 2.0 V and
filling pulse amplitudes (Vp) of 2.2 V.  For curves
(d) and (e), Vr = 2.0 V and Vp = 0.5 V.

Figure 2:  DLTS Arrhenius plots of defects in as
grown n-GaN (open circles) and high ebergy He-
ion and proton irradiation (open squares).  Other
lines are for defects detected in GaN by other
authors.
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However, since Ga interstitials are formed during irradiation, they, or complexes
including them, are likely to yield deep levels which can be detected by DLTS. Alternative
possibilities for structure of ER5 is the N-interstitial, which was predicted to result in levels
near the center of the band gap [13],  and the VGaNi

– and VGaNi
2– states with levels calculated

to be in the upper half of the bandgap [14].
Curves (d) and (e) in Fig. 1, recorded using different filling pulse conditions, show

that proton bombardment introduces the defects ER1 – ER3.  Defect, ER1 could only be
clearly detected when using pulse widths, tp, of less than 2 µs. Using a filling pulse width of
tp = 400 ns, we have determined the activation energy of ER1 as 0.13±0.01 eV below the
conduction band (Fig. 2). For pulse widths larger than 1 µs, the ER3 peak appears and seems
to reach a maximum for a pulse width of about 1 ms at 121 K, indicating that ER3 has a small
electron capture cross section.

As the ER3 amplitude grows with increasing pulse width, it obscures the detection of
the much smaller ER1 peak. When increasing the pulse width to above 1 ms, the ER3 peak
showed a broadening.  The extraordinary large pulse widths required to detect ER2 indicate
that its real electron capture cross section is even smaller that of ER3 (unlike their almost
identical apparent capture cross-sections).

The signature of ER3 was determined using tp = 50 µs. This pulse width yields a
strong ER3 signal but it is too narrow for ER2 to capture a significant amount of carriers and
thus to contribute to the DLTS signal at the temperatures where we studied ER3. The energy
level thus determined, EC - 0.20±0.01 eV, is similar to that of a defect, labelled E, with a level
at EC - 0.18 eV, observed by Fang et al [7] after electron irradiation of MOVPE (metal-
organic vapor phase epitaxy) grown GaN. These authors pointed out that, should this defect
have a temperature activated capture cross section, its actual position in the bandgap may be
close to that of VN (EC - 0.07) [6], but no firm identification has yet been made. To extract the
electronic properties of ER2, spectra which were recorded at different frequencies, using
pulses just sufficient to saturate ER3, were subtracted from spectra recorded with a wide
enough pulse to clearly show the ER2 signal. This procedure yielded an activation energy of
0.16±0.03 eV.

In Fig. 3 the experimentally measured emission rate of ER3 as a function of the square
root of the electric field in the space charge region is shown.  In order to establish the
potential associated with this defect the experimental data was modelled making use of
various simple defect potential models. It would appear that the square well and the gaussian
well with their particular physical dimensions, both provide an adequate description of defect
ER3.  In an attempt to understand how both potentials describe the experimental results, a
comparison of the distortion of these potentials at a reasonably high (2.5 x 105 V/cm) electric
field strength was investigated.  Figure 4 schematically represents the distortion of a square
and a gaussian well.  It is clear from this figure that using either a gaussian or a square well
with the specified physical attributes can adequately describe the enhanced emission kinetics
of ER3.

Capture cross section (σn) measurements of ER5 were performed using pulse widths, tp, of
between 50 ns and 50 ms. As shown in Fig. 5, the DLTS signal of ER5 increased
monotonically with tp for the whole pulse width range investigated.  Because the total
concentration of radiation induced defects in the sample used for this measurement was much
lower than the free carrier concentration, this incomplete filling of ER5 is not due to a
competition for electrons between ER5 and the shallow donors. The presence of a straight
line region in the plot of ∆C/C vs log(t) in Fig. 5 is similar to what has been observed for
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carrier capture by traps which are not
randomly distributed, but which are arranged
along lines [15].  In such a case the capture
rate is limited by a Coulomb barrier which
increases with increasing charge capture onto
the extended defects. The data presented
here strongly suggests that ER5 is a line
defect, or an extended defect, where charge
build-up governs the capture rate. 

Regarding the formation mechanism
for such a defect, it should be noted that
5.4 He-ions can transfer sufficient energy to
the GaN  lattice to cause defect spikes or
extended  regions of disorder.

CONCLUSIONS

In conclusion, we have determined the electronic properties of 4 electron defects
(EO1 – EO3, EO5) present in as-grown MOVPE n-GaN.  This material was then subjected to
high energy He-ion or proton irradiation, wherupon additional electron defects were
introduced.  After the 5.4 MeV He-ion irradiation 3 additional defects (ER3 – ER5) were
measured.  The emission charateristics of defect ER3 does not exhibit the typical dependence
on F½ that is classicaly used to determine the electronic type of the defect.  The temperature
dependance of the capture cross-section of defect, ER5 suggests that it may be a line or an
extended defect.  After 2.0 MeV proton irradiation 3 defects (ER1 – ER3) were observed.
Thusfar the major proton irradiation induced defect ER2 has not been observed in similar
material exposed to high energy He-ions.  Defect ER3 is similar to that observed after
5.4 MeV He-ion irradiation.
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Figure 4: The reduction in potential for a gaussian
and a square well, when the electric field strength in
the space charge region is 2.5 × 105 V/cm.

Figure 5: DLTS signal (S(t) = ∆C/C) as function of
log(t) for ER5.  The error in S(t) is about the same
as the height of the symbol.

Figure 3: The experimental and modelled
emission kinetics of defect ER3 as a function of
electric field strength in the space charge region.
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