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The role played by different types of threading dislocations �TDs� on the electrical properties of AlGaN/GaN heterostructure
grown by plasma-assisted molecular beam epitaxy �MBE� was investigated. Samples with different defect structures and densities
were prepared and measurements were taken from the same sample to study the correlative behavior of various TDs. From the
Hall measurement, the electron mobility in two-dimensional electron gas channel was mainly controlled by the edge dislocation,
which has a dominant amount in the material. The edge TDs acted as Coulomb scattering centers inside the channel and reduces
the carrier mobility and increased its resistance. Screw TDs played a much significant role than edge TDs in determining the
reverse-bias leakage current of Schottky barrier diodes. Leakage current is affected slightly by the reduction of free carrier density
in the channel for samples with a higher edge TD density, but screw TD, which acted as the current leakage path, was more
deleterious to the reverse-bias leakage current of AlGaN/GaN structure.
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GaN high electron mobility transistor �HEMT� devices are ex-
cellent candidates for high power and high frequency applications.1,2

GaN HEMTs are usually achieved by using either AlGaN or AlInN
as the barrier layer on top of a GaN buffer layer. Due to the strong
polarization effect and large amount of surface states, high electron
density can be induced at the AlGaN/GaN or AlInN/GaN interfaces,
as two-dimensional electron gas �2DEG� without any intentional
doping in the materials.3,4 However, GaN and its heterostructure
materials are usually epitaxial grown on a foreign substrate, such as
sapphire, silicon, or silicon carbide because a large-size commercial
grade native substrate is still not available at a low cost. A high
density of threading dislocation �TD� is therefore generated in the
materials as a result of large lattice and thermal expansion coeffi-
cient mismatches between the GaN films and these substrates. TDs
are known to induce electron scattering in the GaN material, thus
reducing the carrier mobility,5-7 and increasing the current leakage
path in GaN-based devices.8,9 High electron mobility in the 2DEG
and low reverse-bias leakage current at the gate are the two most
important parameters for GaN-based HEMTs to achieve a high
power performance at high frequency operations. In a lateral current
flow electron device, the former is controlled by factors affecting
electron moving transversely in the channel, while the later is deter-
mined by factors influencing current flow vertically across the bar-
rier material. Three types of TDs are normally associated with the
hexagonal material of GaN, namely, screw type, edge type, and
mixed type. It is believed that each of the TD types may play dif-
ferent roles in the GaN HEMT. However, most of the previous re-
sults on the dislocation in GaN materials were obtained on the GaN
film,5,10,11 but did not consider the HEMT devices, while others
were measuring the performance of GaN HEMT as a function of the
total dislocation density,6-8 but did not take into account the role
played by each type of dislocation. In fact, the structural and elec-
trical properties of dislocation are not only depended sensitively on
the dislocation type but also on the growth method, growth condi-
tions as well as the presence of dopants and impurities. For example,
theoretical calculation have shown that both the screw and edge TDs
are electrically inactive with a bandgap free from deep levels in the
absence of impurities.12 However, the characterizations on real
samples revealed that most of the TDs in GaN are in fact electrically
active. The dislocation core can be filled up with excess Ga
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atoms11,13 or dopants and impurities �including Mg, Si, and O�,13

and therefore, changing the core structure and creating extra energy
states in the material bandgap. In this paper, we have investigated
the effect of screw and edge TDs on the electrical properties,
namely, the electron mobility and reverse-bias leakage current of
AlGaN/GaN heterostructure grown by plasma-assisted molecular
beam epitaxy �PAMBE�. Both carrier mobility and reverse-bias
leakage current were obtained from the same sample and therefore
their correlative behavior can be studied.

Experimental

The AlGaN/GaN heterostructures were grown by PAMBE �UL-
VAC Molecular Beam Epitaxy �MBE� System� on sapphire �0001�
substrates. The epi-ready substrates were first thermally cleaned in
the growth chamber at 820°C until the reflection high energy elec-
tron deflection �RHEED� pattern became streaky. Nitridation of the
substrate was then performed at 600°C to form a starting layer for
the deposition of AlN buffer and followed by 1.5 �m GaN film. In
this study, a series of AlGaN/GaN heterostructures with different
amounts of screw and edge TDs were achieved by modifying the
growth condition of AlN and the initial growth condition of GaN
layers. In all cases, the final surfaces of GaN layers were smooth as
indicated by the streaky RHEED patterns. Finally, AlGaN layers
with constant Al composition of 25% with two different thicknesses
�20 and 25 nm� were grown on the GaN layers. Atomic force mi-
croscope �AFM, Digital Instrument, D3100� was used to investigate
the as-grown sample surfaces. Defect structure of the AlGaN/GaN
heterostructures was determined by high resolution X-ray diffrac-
tometry �HRXRD, Bede D1 system� scanning on the rocking curves
of different diffraction planes. The aluminum composition and
thickness of each AlGaN barrier layers were also determined by
HRXRD, using �-2� and X-ray reflectivity scan modes, respec-
tively. After the structural characterization, each of the samples was
divided into two parts and prepared for Hall measurement and
Schottky barrier diodes �SBDs� fabrication. From the Hall measure-
ment using the van der Pauw contact configuration, electron mobil-
ity, sheet resistance, and carrier density of 2DEG were obtained.
SBDs fabricated on the AlGaN/GaN samples were used to measure
the reverse-bias current. Before the fabrication, any metal droplet on
the wafer surfaces was removed using diluted hydrochloric acid.
The circular SBDs consist of a Schottky contact with diameter of
130 �m at the center of diode, and an ohmic contact formed as the
outer ring. Using standard photolithography and lift-off methods, the
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ohmic contacts of SBD were first fabricated by depositing Ti �200
Å�/Al �1200 Å�/Ni �250 Å�/Au �1000 Å� and followed by rapid
thermal annealing at 800°C for 1 min. Then, the Schottky contact
was formed by depositing Ni �200 Å�/Au �3000 Å�.

Results and Discussion

In a previous study,14 we have shown that the defect structure of
GaN can be controlled by the growth condition of AlN buffer layer.
Generally, if the starting surface of the AlN layer was relatively
rough, the edge TDs in GaN were grown in the inclined direction
and their self-interaction was enhanced. Therefore, the amount of
edge TD density could be reduced through the recombination and
annihilation processes. The formation of screw TD in GaN was sup-
pressed on a smooth buffer surface. In this work, samples A, B, C,
and D were prepared by using different AlN growth temperatures
with constant thickness of 15 nm. By changing the growth tempera-
ture of AlN buffer from 550 to 800°C, GaN layers with different
dislocation densities, as indicated by the full width at half-maximum
�fwhm� values of the rocking curves, were prepared as shown in
Table I. To further reduce the edge TD density, a second buffer layer
of GaN grown under Ga-lean condition was also deposited on the
AlN for samples M and N. The GaN materials grown under this
condition would have surface with inclined facets which could fur-
ther enhance the bending of edge TD propagation direction and
reduce its density.15,16 On top of all these buffers, initial GaN layer
grown under Ga-rich growth condition was first applied to recover
the rough surface of these buffer layers. Once the GaN surface be-
came smooth �within tens of nanometers�, as indicated by the
streaky RHEED patterns, the effective Ga/N ratio was set to slightly
larger than unity for the rest of the growth to ensure a smooth
surface of GaN layer was maintained. AFM images show the typical
surface morphologies of GaN �Fig. 1a� and AlGaN �Fig. 1b� grown
in this study. The surface of AlGaN decorated by small “mounds” is
believed to be the result of kinetic roughening in the MBE growth of
the AlGaN material.17 The root-mean-square roughnesses were 0.44
and 0.65 nm, respectively, on a 4 �m2 area. The RHEED patterns
of these surfaces are also shown in the insert of each diagram.

The dislocation densities of the GaN samples were determined
using HRXRD. X-ray rocking curves ��-scan� of both symmetric
�0002� and asymmetric �10–12� planes were scanned for these
samples. Due to the specific defect structure of screw TD �with
Burgers vector b = �0001��, edge TD �b = 1/3�11–20��, and mixed
TD �b = 1/3�11–23��, the �0002� rocking curve is broadened by
screw- and mixed-type TDs, while the �10–12� rocking curve is
broadened by all TDs.18,19 The contribution of both screw and edge
TDs to the rocking width can be distinguished using the following
equation

��10–12�
2 = �s

2 + �e
2 �1�

where ��10–12� is the fwhm of �10–12� plane and �s and �e are the
contributions of screw and edge TDs, respectively, to the fwhm of
�10–12� plane.18 To simplify the calculation of the dislocation den-
sities, the mixed TDs have been divided into their screw- and edge-

Table I. fwhm of GaN(0002) and (10–12) planes prepared on
buffers with different growth conditions.

Sample

AlN buffer
growth

temperature
�°C�

fwhm of rocking curve �arc sec� AlGaN
thickness

�nm��0002� plane �10–12� plane

A 740 71 2404 20
B 700 85 2276 20
C 550 264 1890 20
D 800 75 2584 20
M 800 100 1460 25
N 750 233 1221 25
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type components. So the “screw TD” in this study is referred to the
contribution from pure screw and the screw component of mixed
TDs, while the “edge TD” is consisted of pure edge and the edge
component of mixed TDs. Furthermore, it was also demonstrated by
Gay et al.20 that the dislocation density is related to the XRD result
through the equation

Ddis � �2/9b2 �2�

where Ddis is the TD density in the material, � is the fwhm of a
given XRD peak, and b is the length of Burgers vector of their
corresponding dislocation. From Eq. 1 and 2, both the screw and
edge TD densities in GaN can be calculated.14

The effects of dislocation in the GaN film were compared with
the electron mobility obtained from the Hall measurements. Figure 2
shows the relationship between the electron mobility and edge TD
density in the AlGaN/GaN samples. The mobility is decreased
monotonically with the increase in the edge TD density in the
samples. For sample D, with an edge TD density of more than
1.7 � 1010 cm2, the mobility cannot be measured due to the over-
ranged sheet resistance ��106 ohm/square� and has been set as
zero. The reduction in the electron mobility in the AlGaN/GaN
samples can be explained by considering the edge-type TD as the
scattering centers for electrons moving in the 2DEG. The dangling
bonds along the edge dislocation line can act as an electron
acceptor5,6 and filled up with electrons from the channel. Therefore,

Figure 1. �Color online� AFM images of the typical as-grown �a� GaN and
�b� AlGaN surfaces. Inserts show their corresponding RHEED patterns.
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these negatively charged edge dislocations scattered and reduced the
carrier mobility. This is supported by the reduction of sheet carrier
density with the increase in the edge TD density as shown in Fig. 3.
All the AlGaN layers were grown under the same growth condition
�despite two different thicknesses, these thicknesses are well above
the critical thickness ��35 Å� required to induce carriers into
2DEG 3 from the surface state� and the carrier concentrations in-
duced in the 2DEG are supposed to be similar for all the samples. It
is the occurrence of trap sites in the dislocations that has reduced the
availability of electron as free carriers in the 2DEG. As a result, the
measured sheet resistances also increase accordingly. For a better
illustration of the effect of the edge TD, the sheet resistance and free
carrier concentration for sample D are set as 106 �/� and zero,
respectively.

In AlGaN/GaN structure, electrons are confined in the 2DEG
formed at the close vicinity of the heterostructure interface. These
carriers are moving parallel to the AlGaN/GaN interface and there-
fore their mobility can be affected by a variety of factors, such as
phonon scattering, interface roughness, alloy scattering from the Al-
GaN barrier, and scattering from the charged defects �dislocations,
dipoles, residual impurities�.21 Because the growth condition of
AlGaN/GaN is similar for all the samples in our experiment, these

Figure 2. Hall electron mobility of AlGaN/GaN samples as a function of
edge TD density. Insert shows the effect of screw TD density on electron
mobility. Open symbols in the diagrams represent the values for sample D.

Figure 3. �Color online� Sheet resistance and carrier concentration of the
AlGaN/GaN samples as a function of edge TD density. Open symbols rep-
resent the values for sample D.
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factors are the invariance properties except the TD density. The
electron mobility decreases proportionally with the increase in the
edge TD density, at least in the density range in this study.

There is no clear relationship between the electron mobility and
screw TD density �insert of Fig. 2�. This is understandable because
the edge TD densities in all the samples are at least 2 orders of
magnitude larger than the screw TD densities. For GaN materials
grown on sapphire by common methods such as MBE and metallor-
ganic chemical vapor deposition, the dislocation is always domi-
nated by edge TD. The effect of the screw dislocation on electron
mobility could have been overshadowed by the presence of the large
number of edge dislocations. However, it is still reasonable to sug-
gest that the screw TD does not play a significant role in controlling
the electron mobility in most of the common cases.

Another important parameter of HEMT device is the reverse-bias
leakage current at the gate contact. This current can be originated
from both the surface and bulk material of the AlGaN/GaN struc-
ture. In this work, only factors controlling the bulk component are
investigated and the surface leakage currents are assumed similar for
all the samples because they were grown under the same condition.
Bulk leakage mechanism play the dominant role in the reverse-bias
current22 and it is believed that the TD is the major factors control-
ling this property, as suggested by the literatures.9,23 The leakage
currents of the AlGaN/GaN structures were determined from the
fabricated SBDs. For useful comparison, only samples A, B, C, M,
and N, with measurable sheet resistances and current densities, have
been fabricated into SBDs. Leakage current in SBDs is flowed ver-
tically across the AlGaN layer as in contrast to the Hall measure-
ment with electrons moving transversely in the 2DEG. The quality
of AlGaN layer is, therefore, crucial under this circumstance. In the
present study, crystal qualities of the AlGaN layers are too thin to be
determined using HRXRD. Because they were all grown continu-
ously on GaN without applying a growth stop, the dislocations in
AlGaN are presumed to be similar to or imitate most of those from
the GaN layers. The strain induced from the lattice mismatches be-
tween these two materials was believed only to bend TDs slightly in
the growth direction, but did not obstruct dislocation from propagat-
ing to the sample surface. The leakage currents measured at reverse-
bias for the AlGaN/GaN samples are shown in Fig. 4. For samples
A, B, and C, all with AlGaN thickness of 20 nm, the amount of
leakage current increases with increasing screw TD density. Insert of
Fig. 4 shows the values of leakage current measured at the reverse-
bias of 5 V for these samples. For MBE grown GaN materials, the

Figure 4. The reverse bias currents of AlGaN/GaN SBD samples. Insert
shows the reverse bias current for samples A, B, and C at �5 V as a function
of screw TD density.
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screw dislocations acted as a leakage path for reverse-bias current as
suggested by Hsu et al.9 Their study also revealed that the screw
dislocations, which are likely to be associated with excess Ga under
Ga-rich growth condition, have a relaxed core and become electri-
cally active.11 For samples M and N, with AlGaN thickness of 25
nm, their leakage also increased with screw TD density, but with a
much slower rate. This has suggested that the longer leakage paths
in the thicker AlGaN layers have increased the resistance for the
leakage current.

The influence of the edge TD density on the leakage currents is
not following a clear trend. At first thought, the availability of the
free carrier density in the 2DEG �decrease with edge TD density�
seems to limit the amount of leakage current as shown in samples A,
B, and C �with thinner AlGaN layer�. But it is not the case for
samples M and N �with thicker AlGaN layer�. Although the edge TD
densities are much higher than the screw TD densities, the role of
the latter is dominant in this case. If only samples A, B, and C are
compared, the slope of the insert of Fig. 4 is much steeper than the
one in Fig. 5. This has suggested that the screw dislocation plays a
more important role than the edge dislocation in affecting the
reverse-bias leakage current of the AlGaN/GaN structure.

Conclusion

In this study, the roles of TD on the electrical properties of
AlGaN/GaN structure have been investigated. These properties,
namely, electron mobility in the 2DEG and reverse-bias leakage
current at the gate contact, were determined from the Hall measure-
ment and SBDs, respectively. GaN materials with different defect
structures and densities, which have been estimated using HRXRD,
were first achieved by controlling the growth conditions of both AlN
and GaN buffer layers. As the dominant type of dislocation in GaN,
the edge TD affects the electron mobility in the 2DEG. They tended
to trap carriers in the channel and in turn, acted as the scattering
center to reduce the electron mobility. As a result, the availability of
the free carrier density was reduced, while the channel resistance
was increased with the increase in the edge TD density. The screw

Figure 5. The reverse bias currents of AlGaN/GaN SBD samples as a func-
tion of sheet carrier density in the 2DEG.
TD seemed to not affect the electron mobility significantly, but
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served as the major player in controlling the reverse-bias leakage
current. Each of the screw TD may provide a conducting path in the
AlGaN layer for the leakage current and therefore a thicker barrier
layer could be used to suppress the leakage current. This is because
the current resistance was increased due to the longer leakage paths
in the thicker AlGaN layer. The availability of free carrier density in
the 2DEG, which is a function of edge TD density, also seems to
affect the leakage current for sample with thinner AlGaN layer, but
the effect is relatively insignificant as compared to the effect of the
screw TD density.
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