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Abstract
To establish a correlation between dislocations and deep levels in GaN, a
deep-level transient spectroscopy study has been carried out on GaN samples
grown by metalorganic chemical vapour deposition. In addition to typical
undoped and Si-doped GaN samples, high-quality crack-free undoped GaN
film grown intentionally on heavily doped cracked Si-doped GaN and cracked
AlGaN templates are also chosen for this study. The purpose of growth of such
continuous GaN layers on top of the cracked templates is to reduce the screw
dislocation density by an order of magnitude. Deep levels in these layers have
been characterized and compared with emphasis on their thermal stabilities and
capture kinetics. Three electron traps at Ec–ET ∼ 0.10–0.11, 0.24–0.27 and
0.59–0.63 eV are detected common to all the samples while additional levels
at Ec–ET ∼ 0.18 and 0.37–0.40 eV are also observed in the Si-doped GaN.
The trap levels exhibit considerably different stabilities under rapid thermal
annealing. Based on the observations, the trap levels at Ec–ET ∼ 0.18 and
0.24–0.27 eV can be associated with screw dislocations, whereas the level at
Ec–ET ∼ 0.59–0.63 eV can be associated with edge dislocations. This is also in
agreement with the transmission electron microscopy measurements conducted
on the GaN samples.

(Some figures in this article are in colour only in the electronic version.)

1. Introduction

GaN-based materials have received a great deal of attention due to their unique properties
and, thus, are fast becoming established materials for wide band-gap optoelectronic devices.
However, due to the lattice mismatch (of 13.5%) between GaN epilayer and the commonly
used sapphire substrate [1], they inherently suffer from the drawback of having a substantially
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high density of dislocations. The presence of threading dislocations, intrinsic point defects
and point-defect clusters can act as non-radiative carrier recombination sites or levels reducing
light-emission efficiency [2]. Besides their influence on optical performance, dislocations can
act as acceptor-like centres, which can capture electrons. They can lead to the formation of
defect clouds along the dislocation lines [3]. This behaviour reduces the carrier mobility due
to scattering effect and could affect the performance of electronic devices, such as MOSFETs
and HEMTs. The output emission from light-emitting diodes (LEDs) will also be substantially
reduced as they act as diffusion channels for carriers across the p–n junctions [4]. It is
therefore obvious that the formation of these dislocations as well as the electrically active
defects must be minimized using optimized growth conditions and suitable starting substrates.
Further reduction in the density/concentration of the dislocations related to deep levels as well
as point defects can be achieved by means of postgrowth processing steps such as thermal
annealing [5]. Identification of the trap levels by deep-level transient spectroscopy (DLTS)
would provide more information on the characteristics and origin of the deep levels in GaN.
There are variations in the assignment of deep levels in GaN [6–11] and it is the purpose of
this work to identify the origin of these deep traps.

We have carried out a detailed investigation of the defects mainly by DLTS measurements
of Si-doped GaN and high-quality crack-free undoped GaN grown on cracked templates. This
intentional cracking at the template through the use of high Si doping GaN (∼1019 cm−3) or
high composition of Al in AlGaN layer is aimed to relax the strain in the subsequent layers. It
has been found that the screw dislocations are lowered by an order of magnitude in density on
the crack-free epilayer. Three common electron traps at Ec–ET ∼ 0.10, 0.24–0.27 and 0.60–
0.63 eV have been detected from all the samples, while additional levels at Ec–ET ∼ 0.18 and
0.37–0.40 eV have also been found in Si-doped GaN. It has been reported that the E1 deep level
[6–8] with activation energy in the range 0.18–0.27 eV are associated with linear line defects
along the dislocation core. However, these deep levels can originate from different sources,
possibly vacancies, VGa [8–10], VN or C impurities [11–13] or its complexes such as (VGa–ON)
[14] and (VGa–Hn) [10], which act as extended defects when decorated along dislocation lines.
It is also reported that the E2 level with activation energy in the range 0.50–0.60 eV is believed
to be related to the N antisite [15–17]. To understand the origin of these deep levels in the GaN
samples, we have studied the effect of thermal annealing and pulse width variation by DLTS
measurements, which enable their nature, such as the capture kinetics of these trap levels to
be determined. Based on the experimental results, we address the origin of these trap levels
in GaN.

2. Experiment

To carry out DLTS measurements, two different series of samples were grown by metalorganic
chemical vapour deposition (MOCVD) on (0001)-oriented sapphire. Typical undoped and Si-
doped GaN samples on LT-GaN buffer were first grown under optimized growth conditions. In
addition, two sets of high-quality crack-free undoped GaN samples were intentionally grown
on cracked Si-doped GaN and cracked Si-doped AlGaN templates. Trimethylgallium (TMGa)
and ammonia (NH3) were used as the source gas and SiH4 was introduced to serve as Si dopants
for the n-type layer. For the undoped and Si-doped GaN samples, the growth followed the
sequence as stated below: (i) a LT-GaN buffer layer of thickness 35 nm was first deposited
on sapphire at 530 ◦C and (ii) a 2.0-µm-thick undoped and Si-doped GaN layer of carrier
concentration, n ∼ 5.0×1016 and 3.0×1017 cm−3, respectively, was grown at 1010 ◦C. For the
high-quality crack-free GaN layer grown on cracked Si-doped GaN template, the same sources
were used and the deposition procedure is based on the sequential growth of (i) a LT-GaN
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buffer layer with thickness 25 nm on (0001) c-plane sapphire (Al2O3) substrate at 520 ◦C;
(ii) a 1-µm-undoped GaN layer at 1020 ◦C; (iii) a 3 µm cracked Si-doped GaN layer (n >

1019 cm−3) at 1000 ◦C followed by (iv) a 1.5 µm continuous undoped GaN (n ∼ 8×1015 cm−3)
[18]. Another set of crack-free GaN samples were grown on heavily doped cracked AlGaN
templates in step (iii), where the Al composition is approximately 25%. The purpose of
such growth of different sets of GaN samples on cracked template is to reduce the screw
dislocation density on the top undoped GaN layer compared with the dislocation density in
cracked templates. Cooling down the heavily doped GaN : Si layer induces cracks along the
{11̄00} cleavage planes. This leads to a different growth rate in different crystallographic
directions for the subsequent layers resulting in a crack-free GaN layer above the cracked Si-
doped GaN layer. During such a growth process, grains with larger size and lower strain have
a faster growth rate and these islands will laterally overgrow the others leaving them buried.
The above technique suppressed the propagation of screw dislocations to the top undoped
crack-free GaN epilayer. Also, to study the deep levels in the cracked GaN : Si, the crack-free
GaN film was etched to a depth of ∼1.2 µm to reach the interface of cracked Si-doped GaN
template. Dry etching was carried out using BCl3/Cl2 (20/8 sccm) plasmas at 5.0 mTorr where
the rf chuck power and ICP power were 300 and 500 W, respectively.

To evaluate the thermal stabilities of these deep levels in GaN, rapid thermal annealing
(RTA) was carried out in N2 ambient at 750, 850 and 950 ◦C for 4 min, and the results were
compared with the as-grown samples. For electrical measurements, contacts were deposited
on the sample surface. In the case of the ohmic contact, Ti/Al/Pd/Au (25/220/60/160 nm)
was deposited followed by rapid thermal annealing at 550 ◦C before the Schottky contact using
Pd/Au (35/250 nm) was fabricated. A circular mask was used for lithography to deposit a
circular dot pattern (of diameter 1 mm) for Schottky contact. Good I–V characteristics with
low leakage current and low series resistance were observed for all the samples. The Bio-
Rad DL8000 DLTS system was used for DLTS and C–V measurements, with the sample
placed inside the liquid-helium cryostat. For temperature scan, DLTS spectra were obtained
over a temperature range of 50–300 K. During DLTS measurements, period width tw of 2.0 s
was used under a quiescent reverse-bias voltage of −1 V and it was periodically pulsed at
2 V for trap filling. Saturated capacitance transient was obtained with a filled pulse width
of 50 ms. The C–V data was used to establish the carrier profile and to ascertain that
carrier concentration is much larger than the trap concentration at all temperatures. Carrier
concentrations n ∼ 5.0 × 1016, 3.0 × 1017 and 8.0 × 1015 cm−3 were obtained for the
undoped GaN, the Si-doped GaN and the continuous undoped GaN, respectively, with trap
concentrations in the range 1013–1015 cm−3. To determine the parameters of the electron traps
and their capture kinetics behaviour, DLTS spectra for a set of pulse widths tp ranging from
10−6 to 100 s were recorded.

3. Results and discussion

3.1. Characterization of high-quality crack-free undoped GaN

The properties of the crack-free GaN films on cracked Si-doped GaN have been studied by XRD
and TEM. As shown in figure 1, the 2θ scan curve for (11̄02) diffraction gives a narrower peak
from the crack-free GaN superimposed on the broad peak from the underlying cracked Si-doped
GaN, indicating the much higher crystal quality of the top continuous GaN epilayer. To get a
clear picture of the layer microstructure, we have carried out transmission electron microscopy
(TEM) measurements for both symmetrical and asymmetrical diffractions. Figures 2(a) and
(c) show the dark-field TEM images of crack-free undoped GaN film grown on a cracked
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Figure 1. XRD 2θ scan for the high-quality crack-free GaN film grown on a cracked Si-doped
GaN template.

Si-doped GaN template and AlGaN template, respectively. It is known that screw and/or
mixed dislocations can be evaluated by symmetric diffraction measurements [19]. From the
image taken along the diffraction vector (0002), dislocations in the crack-free GaN epilayer
are less (by an order of magnitude) than the underlying cracked template. It appears from
figure 2(a) that the dislocations near the crack are bounded together over the cracked line
and hence dislocations are substantially reduced in the epilayer. Since only screw and mixed
dislocations have the contrast in the dark-field image in the (0002) diffraction vector, based
on figures 2(a) and 2(c), we found that screw and mixed dislocation density (∼108 cm2) is
greatly reduced in the epilayer compared with the cracked GaN template (where dislocation
density ∼109 cm2). On the other hand, the reduction in dislocation density was not found in the
TEM picture for the GaN epilayer taken along the (12̄10) diffraction vector on both Si-doped
cracked GaN template andAlGaN template as shown in figure 2(b), where pure edge and mixed
dislocations are visible. Since edge and mixed dislocations can be viewed from asymmetric
diffraction measurements, it implies that there is no effective reduction of edge dislocation
density in the crack-free GaN layer. TEM pictures confirmed that the growth technique has
effectively suppressed the extent of screw dislocations, whereas edge dislocations still remain
dominant in these samples. To further explore the structural properties of the crack-free GaN
layers grown on cracked Si-doped AlGaN template, TEM and XRD measurements were also
carried out. The TEM micrographs show a reduction of the screw dislocation density in the
top high-quality crack-free undoped layer. The dislocation density in the GaN samples is also
estimated using Ayer’s model [20] based on the XRD linewidth and is presented in table 1.

3.2. Identification of trap levels in undoped, Si-doped and crack-free GaN

Before discussing the effectiveness of high-quality crack-free GaN in suppressing dislocation-
related traps, the deep levels existing in undoped and Si-doped GaN were investigated. For
the undoped GaN, three DLTS peaks A2, A3 and A5 are identified as shown in figure 3(a).
The detected trap levels are Ec–ET ∼ 0.17 eV for A2, Ec–ET ∼ 0.24 eV for A3 and
Ec–ET ∼ 0.59 eV for A5, based on the fitting and spectral deconvolution. These observations
agreed well with the results from Arrhenius plots. The ability of thermal annealing in
passivating some of the defects such as vacancies and impurities decorated along the dislocation
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Figure 2. Dark-field TEM pictures of different areas of the continuous undoped GaN film grown
on both cracked Si-doped GaN with scan taken at a diffraction vector of (a) (0002), and (b) (11̄20),
and AlGaN template with the scan taken at a diffraction vector of (c) (0002) and (d) (11̄20).

lines were investigated in Si-doped GaN. Figure 3(b) shows the DLTS spectra measured on the
as-grown and annealed Si-doped GaN. Five DLTS peaks are identified, indicating the presence
of five deep-level traps before thermal annealing was carried out. The A1 level, which has an
energy position of Ec–ET ∼ 0.10 eV and a trap concentration of ∼1.34 × 1013 cm−3, can be
related to point defects, such as the nitrogen vacancies (VN) [21]. This deep level was also
found in the undoped GaN but was not noticed due to its relatively low trap concentration.
The activation energy of the donors found using Hall measurements (Ea ∼ 70 meV) for the
Si-doped GaN can be correlated to this trap level observed by DLTS [21, 22]. The energy
position as determined from the DLTS Arrhenius plot is E0 + �0, where E0 is the thermal
activation energy at 0 K and �0 is the energy of the capture cross-section barrier [11, 21].
Taking into account the potential barrier for electron capture, it is probable that the trap levels
identified using DLTS and Hall effect measurements are of the same nature. Besides the A1

level, four other deep-level traps A2, A3, A4 and A5 were identified with their corresponding
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Table 1. (a) The trap parameters for the GaN layers determined from the Arrhenius plots. (b)
Thermal stability for various defects.(a)

Level A1 A2 A3 A4 A5

Undoped GaN (dislocation density ∼1 × 109 cm−2)
Ec–ET (eV) – 0.17 0.24 – 0.59
σN (cm2) – 8.7 × 10−18 2.6 × 10−18 – 9.0 × 10−16

NT (cm−3) – 3.5 × 1014 5.5 × 1014 – 8.5 × 1013

Si-doped GaN (dislocation density ∼2.2 × 108 cm−2)

Ec–ET (eV) 0.10 0.18 0.24 0.40 0.62
σN (cm2) 2.4 × 10−20 7.9 × 10−18 4.5 × 10−18 5.2 × 10−17 5.4 × 10−16

NT (cm−3) 1.3 × 1013 5.5 × 1013 8.8 × 1013 6.9 × 1013 9.0 × 1013

Crack-free undoped GaN epilayer grown on cracked Si-doped GaN template (dislocation density ∼1.0 × 108 cm−2)

Ec–ET (eV) 0.11 – 0.24 – 0.63
σN (cm2) 2.8 × 10−19 – 3.4 × 10−17 – 6.8 × 10−15

NT (cm−3) 1.1 × 1013 – 2.0 × 1013 – 1.0 × 1014

Continuous undoped GaN grown on cracked Si-doped AlGaN template (dislocation density ∼5.0 × 109 cm−2)

Ec–ET (eV) 0.10 – 0.24 – 0.62
σN (cm2) 3.3 × 10−19 – 3.1 × 10−17 – 7.2 × 10−15

NT (cm−3) 1.1 × 1013 – 1.3 × 1013 – 5.8 × 1013

Cracked Si-doped GaN template (dislocation density ∼2.0 × 109 cm−2)

Ec–ET (eV) 0.11 – 0.27 0.37 0.60
σN (cm2) 3.7 × 10−19 – 8.0 × 10−16 8.5 × 10−17 1.3 × 10−15

NT (cm−3) 2.4 × 1013 – 1.2 × 1014 9.0 × 1013 1.5 × 1014

(b)

Origin Nitrogen Defect clusters along screw- Si dopants-induced Linear array of
vacancies and mixed-type dislocations defects defects due to

dangling bonds
along edge dislocations

Thermal stability 750 ◦C 850 ◦C 750 ◦C 950 ◦C

energy positions at 0.18, 0.24, 0.40 and 0.62 eV, respectively. Thermal annealing at 750 ◦C
caused the A1 and A4 levels to be annealed out, which suggests that they are most probably
associated with the point defects. The effective reduction in DLTS signal from A4 level enables
the DLTS peak intensity due to A5 level (with an energy position Ec–ET ∼ 0.62 eV) to be seen
more clearly. A5 trap level exhibits the highest thermal stability and remains stable even for
an annealing temperature of 950 ◦C. On the other hand, the A2 and A3 trap levels, experience
a significant drop in trap concentration under thermal annealing at 850 ◦C (from ∼0.13 to
0.02 pF). It is likely that these two levels are related to the defect clustering along mixed or
screw dislocations. Further increase in the annealing temperature caused these clusters to
dissociate. This leads to a decrease in the mobility as deduced from the Hall measurement data
shown in figure 4. The reduction in effective screening by defect clusters can lead to stronger
dislocation scattering effect, which can be expressed as

µdis = CdisT
x, (1)

where x is the mobility scattering factor [23]. For as-grown Si-doped GaN, x ∼ 0.1. Upon
thermal annealing, dislocation scattering factor for the doped GaN increased to 0.18 and 0.40
for annealing at 750 and 850 ◦C, respectively (see inset of figure 4). This is possibly related
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Figure 3. (a) DLTS spectra of a typical undoped GaN. (b) Effect of rapid thermal annealing on
the Si-doped GaN. The DLTS measurement is performed using a period width tw = 2.0 s and
filling pulse width tp = 50 ms at a bias, Vr = −1.0 V. (c) DLTS measurements carried out on the
high-quality crack-free GaN film and the underlying cracked Si-doped GaN using tw = 2.0 s and
tp = 50 ms with Vr = −1.0 V and VP = 2.0 V.

to the dissociation of these point defects and defect clusters along screw dislocations, which
enhance the dislocation scattering effect in these samples.

To investigate the origin of these trap levels, DLTS measurements have also been carried
out on the crack-free undoped GaN top layer as well as on the underlying cracked Si-doped
templates. The doping profile as obtained from the C–V measurements show that the crack-
free undoped GaN top layer typically extends to a depth of ∼1.5 µm. Figure 3(c) shows a
typical DLTS spectra of undoped crack-free GaN layers grown on both cracked Si-doped GaN
and AlGaN templates. In this figure, we have also shown the DLTS spectrum for the deep
levels in the cracked Si-doped GaN template, where measurements were possible due to the
removal of the top crack-free GaN layer by plasma etching. It can be seen that the two GaN
layers contain basically the same electron traps that were detected in Si-doped GaN sample
(see figure 3(b)), except that the A2 level is absent in both the layers and the A4 level is reduced
to noise level in the undoped crack-free GaN layer. Since the A4 trap level is only present in
Si-doped GaN, but absent in the undoped and high-quality crack-free undoped GaN layer, we
can conclude that the A4 level is associated with Si-related defects. The A2 trap level, which
is also reported by Fang et al [24] in electron-irradiated n-type GaN, has been attributed to N
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ln T for the determination of dislocation scattering effect in Si-doped GaN after thermal annealing.

vacancy (VN). However, based on the high thermal stability for trap level A2 as mentioned
earlier, we believe that it is probably related to an extended defect structure, probably defect
decoration along the dislocation site. Since theA2 level is absent in both the crack-free undoped
GaN layer on cracked Si-doped templates, it is likely that this deep level is associated with
screw dislocations. Similarly, when compared with the underlying cracked GaN template, the
observation of a much lower concentration of A3 level in the top crack-free GaN layer suggests
that it is associated with dislocations, as their presence has been observed to be significantly
lower in the top crack-free epilayer. The A5 level is likely related to a linear array of defects
due to dangling bonds along edge dislocation based on the two experimental observations:
(i) the level showed the highest thermal stability under RTA and (ii) no effective reduction
of edge dislocation was observed in the top crack-free layer (see figure 2(b)). Additional
experimental evidences for these assignments are presented and discussed in the following
section. A summary of the trap parameters obtained from the DLTS measurements is shown
in table 1. For the higher temperature (>300 K) DLTS measurements, we are expected
to get emission from deeper trap levels of the band gap, for instance, the hole trap level
associated with VGa at Ev + 0.85 eV, which plays an important role in yellow luminescence
emission [25].

3.3. Capture kinetics of trap levels

The nature of the deep levels in Si-doped GaN was further examined by monitoring the
dependence of A3 and A5 levels on filling pulse time tp. Saturation pulse widths tp of 1 s,
30 and 20 ms, were obtained for A2, A3 and A5 levels, respectively, compared with 10 µs for
the A1 level, which is typical for a point-like defect [26]. Furthermore, the plots of peak height,
�C, versus the filling pulse width, tp, in figure 5 show that the magnitudes of A2, A3 and A5

levels increase linearly with the logarithm of filling pulse width up to tens of milliseconds.
This is an indication of the nature of trap levels associated with the extended defects [27–29].
The A4 level has a saturation pulse time of 1.0 ms and exhibits a logarithmic capture kinetic
behaviour for lower pulse width. We can attribute this level to the Si dopant, some of which
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may be segregated along the dislocation core sites. This accounts for its anomalous behaviour
based on its low thermal stability, which is a feature of point defects. For dislocation-induced
defects (attributed to either interaction between closely spaced dislocations or core sites along
a particular dislocation), carrier capture depends logarithmically on the filling pulse width
[26–28] and is given by the expression

nT (tp) = σn〈νn〉nτNT ln

[
1 +

(
tp

τ

)]
, (2)

where the capture time constant,

τ =
(

kT

q�0

)(
nT 0

NT

)(
1

σn〈νn〉n
)

. (3)

Here, �0 is the time-dependent potential barrier of carrier trapping and is found to be ∼50–
60 meV for dislocation-related trap levels A2, A3 and A5. The above results show that the
deep levels A2, A3 and A5 are indeed related to the linear arrays of defects due to the dangling
bonds along the dislocation core sites, where charge build-up governs the capture rate. The
curve will only saturate at longer filling pulses when the trap levels are effectively filled.
Further increase in filling pulse width caused the trap levels to emit during the capture process,
which accounts for the subsequent reduction of the DLTS peak amplitude. Based on the
logarithmic capture kinetics, we can conclude that the trap levels A2 (at Ec–Et ∼ 0.18 eV), A3

(at Ec–Et ∼ 0.24–0.27 eV) and A5 (at Ec–Et ∼ 0.61–0.63 eV) are related to extended defects.
Hasse et al [17] and Hacke et al [30] have reported similar trap levels at Ec–Et ∼ 0.60–0.66 eV
and believed that it may correspond to nitrogen antisite point defects (NGa) based on the tight-
bonding theory. On the contrary, based on the logarithmic capture kinetics behaviour and
its relation to the linear array of defects due to dangling bonds along edge dislocations as
illustrated from TEM images of continuous crack-free undoped GaN, we can associate this
deep level to extended defects.
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4. Conclusions

In summary, the nature of the deep levels in GaN has been investigated with particular
emphasis on the effect of rapid thermal annealing. DLTS measurements were carried out
on the undoped GaN, Si-doped GaN and crack-free undoped GaN grown on cracked Si-doped
GaN/AlGaN templates. A deep level at Ec–Et ∼ 0.62 eV remains prominent after RTA at
950 ◦C. This coupled with its logarithmic capture kinetics behaviour led to the conclusion
that it is attributed to threading dislocations, more specifically, the edge dislocations in GaN.
Although deep-level traps at Ec–Et ∼ 0.18 and 0.24–0.27 eV display a logarithmic capture
behaviour, subsequent RTA treatment at 850 ◦C caused these deep levels to suffer a significant
reduction in their trap concentration. From this behaviour, we conclude that these deep levels
arise from defect clusters along screw dislocations. In addition, the decrease in Hall mobility
with RTA further substantiates this observation, where less contribution from the screening
effect caused by these defect clusters leads to a higher dislocation scattering effect. The
Ec–Et ∼ 0.24–0.27 eV trap levels are identified in all the samples. Based on the significant
decrease in trap concentration of Ec–Et ∼ 0.24–0.27 eV in the crack-free GaN layer grown
over the underlying cracked Si-doped GaN, it is concluded that this defect level is associated
with screw and mixed-type dislocations since screw dislocations are effectively suppressed
in the continuous crack-free GaN epilayer. This is further confirmed by the TEM images.
The defect level at Ec–Et ∼ 0.59–0.63 eV has approximately the same trap concentration
in both the crack-free and cracked Si-doped GaN templates. Therefore, the defect level at
Ec–Et ∼ 0.59–0.63 eV could be related to the linear array of defects due to dangling bonds
along edge dislocations. A deep level at Ec–Et ∼ 0.4 eV, identified in Si-doped GaN, is related
to point-like defects, possibly SiGa formation since it is effectively annealed at 750 ◦C despite
having a saturation pulse width higher than the value normally observed for point defects.
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