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Abstract—In this work the advantages of GaN HEMTs grown
on native GaN substrates over GaN/Si or GaN/Sapphire sub-
strates are investigated, and correlated with epitaxial quality.
TEM plane view and cross section analysis of GaN/GaN revealed
dislocation density lower than 1 × 106cm−2, which is at least
3 orders of magnitude lower than the case of GaN/Si or
GaN/Sapphire. In the case of GaN/Si, the dislocations did not
necessarily originate from the substrate/nucleation layer inter-
face, but the strain relief and isolation buffer stacks were main
contributors to the dislocation density. GaN/GaN HEMTs demon-
strated superior electrical and thermal performance. GaN/GaN
demonstrated 3 orders of magnitude lower off-state leakage,
current collapse (Ron increase) after stress bias less than 15%
compared to 50% in the case of GaN/Si, and 2% drop of the on-
state current due to self-heating in DC operation as compared
to 13% and 16% for GaN/Si and GaN/Sapphire respectively.
The GaN/Si thermal performance approached GaN/GaN only by
substrate removal. Therefore GaN/GaN can allow high on-state
current, low off-state leakage current, minimal current collapse,
and enhanced thermal dissipation capability at the same time,
which can be directly correlated to the absence of high dislocation
densities.

Index Terms—bulk GaN, current collapse, GaN HEMT

I. INTRODUCTION

THE increased demand for more reliable and efficient
power conversion systems [1], [2], with focus on more

efficient semiconductor power switch, which being the main
component in the system determines the overall performance,
reliability and efficiency of the whole system [3], promotes
wide bandgap semiconductors, such as Silicon Carbide (SiC)
and G Gallium Nitride (GaN), as prime candidates to replace
the traditional Silicon (Si) technology [4]. GaN-based High
Electron Mobility Transistors (HEMTs) are considered to be
the future power semiconductor switches [5], [6] at least for
voltage operation range up to 650 V. However, the higher
GaN cost and poorer reliability compared to Si counterparts
are two major obstacles hindering the much anticipated wide
commercialization of GaN power switches [7], [8]. The cost
issue is addressed by the considerable development in GaN
on large area Si wafers (GaN/Si) epitaxy (up to 200mm
wafer diameter), which are capable of high voltage operation
with relatively low leakage current [9]. However, GaN/Si
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is considered the worst case scenario in terms of epitaxy,
having a larger thermal and lattice mismatch compared to the
traditional GaN/sapphire or GaN/SiC, which in turn yield a
higher defect density in the order of ≈10 cm−2, compared
to GaN/Sapphire (≈ 109cm−2) and GaN/SiC (≈ 109cm−2).
Therefore, addressing the cost issue by relying on epitaxy on
foreign substrates, which yield a degraded epitaxial quality
compared to the ideal case of GaN grown on GaN [10],
might come at the expense of increasing or complicating the
reliability issues as will also be shown here.

The main reliability issues in GaN power HEMTs are the
increase in dynamic on-resistance (Ron) [11], the off-state
leakage currents, and the thermal management. Those main
reliability issues can be traced directly to the quality of the
epitaxial material [12], [13], exhibited in the dislocation den-
sity, and can be reduced or eliminated with a near dislocation
free material, such as GaN/GaN substrates. The increase in
Ron occurs due to charge trapping, mainly in the bulk of
the material in the case of DC power switching [11]. The
increase in Ron has a significant impact on the device, and
consequently, the whole system in terms of efficiency and
switching performance [14], [15] and has to be taken into
account at the system design stage. As will be argued here,
reducing the current collapse (Ron increase) and at the same
time decreasing the leakage currents by making the buffer
layers more insulating (e.g. using compensation doping), might
not be achievable at all, if the density of threading dislocations
are not drastically reduced, for example by using native GaN
substrates for the subsequent GaN epitaxy.

The fundamental approach of using GaN/GaN substrates
instead of GaN on foreign substrates did indeed indicate an
improved electrical performance [16], as was also demon-
strated by the authors in an earlier publication [17]. In this
work, the electrical and thermal analyses are extended and sup-
plemented with structural Transmission Electron Microscopy
(TEM) analysis. The significantly reduced dislocation density
in GaN/GaN yielded significantly superior electronic and
thermal properties of the HEMTs in DC and pulsed operation
modes. In addition, it was evident that some of the strategies
taken in the epitaxy of GaN/Si substrates to reduce the residual
stress in the wafer and to increase the voltage operation range
might inadvertently amplify the dynamic Ron increase.

II. ROLE OF THREADING DISLOCATIONS IN GAN HEMTS

The GaN HEMT system is based on a tight charge balance,
where injection and trapping of electrons either on the surface
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of the device or in the bulk of the material (GaN buffer) is at
the expense of the two dimensional Electron Gas (2DEG) den-
sity. In RF applications, where low off-state voltages and high
frequencies are employed, the current collapse is dominated
by charge injection and trapping on the surface [18], while
charge injection and trapping in the bulk is minimal. In power
switching applications, however, the off-state operation voltage
is much higher than in RF applications, while the operation
frequencies are much lower (MHz compared to several GHz).
This induces charge injection in the bulk of the material,
especially when using a conductive Si substrate, which is
usually grounded, therefore introducing not only a lateral field
component between the source and drain, but also a vertical
component between the drain and the substrate. The current
collapse in this case is dominated by bulk charges trapping,
which are not released before the next switching cycle [11].

In general, in order for the carrier trapping process to occur
there should exist 1) trapping centres and 2) a path through
which the electrons are transported to the trapping centres. In
order to minimize the current collapse, either 1) the density
of trapping centres have to be minimized, or 2) the leakage
paths conducting electrons to the trapping cites have to be
inhibited. If this is not possible, then the detrapping process
should be facilitated. A discharge path has to be made available
for trapped electrons to be conducted away from the trapping
centres towards the surface electrical contacts.

Trapping centres in GaN HEMT can exist at the surface,
which is usually inhibited using a proper surface passivation
[19], or in the bulk of the material. These can be the compen-
sation doping species such as Carbon or Iron, which are used
to obtain an insulating GaN buffer (denoted here as C-GaN),
or at the interfaces between the nucleation layer, stress relief
layer, C-GaN buffer, and the unintentionally doped GaN buffer
(UID-GaN), or in dislocations and point defects. The path to
charging can be background conductivity due to unintentional
doping, or threading dislocations. Therefore, threading dis-
locations can act as charging centres, and/or charging paths
depending on their type. A considerable amount of previous
work has been dedicated to investigating the effect of threading
dislocations on the leakage current and dynamic performance
of the GaN material system [20]. Leakage currents have been
successfully imaged along screw-type threading dislocations
[21], and edge-type threading dislocations have been shown to
be responsible for electron trapping and mobility degradation
in GaN material system [22]. Therefore, the existence of
threading dislocations impacts the leakage current adversely
and introduces electron trapping centres [23].

The current collapse due to charge trapping in the bulk
can be modelled using a lumped-components RC equivalent
circuit representing the coupling between the channel and the
different trapping locations as depicted in a simplified way
in Fig. 1. The equivalent circuit depicts resistive elements
featuring the leakage current through the layers, either due
to unintentional doping or due to conductive threading dislo-
cations among other crystalline defects, whereas the capacitor
elements represent the capacitive coupling between the layers.
The strain relief layers are not considered in the equivalent
circuit for the sake of simplicity. In the case of GaN/Si many

stress relief layers are usually employed, in addition to a
relatively thick (> 2µm) C-GaN buffer layer. This however,
does not prevent a high dislocation density, and therefore, the
existence of trapping centres and charging paths is inevitable.
In this case, the current collapse severity can be reduced by
increasing the leakage current in the channel layer towards the
surface to release trapped electrons, as suggested in [24]. This
implies that there would be a trade-off between the leakage
current in the HEMT and the severity of the current collapse
such that a simultaneous improvement in both parameters is
not possible. However, this is only valid under the assumption
that the limiting factor in the current collapse is the conduction
to and from the trapping centres but not the trapping and
detrapping process itself. Although this is true in some cases,
the detrapping process of deep levels related to carbon, Ga-
vacancies, N-vacancies among others could be in the order of
milli-seconds to seconds depending on the position of the trap
energy level within the bandgap which makes the de-trapping
process itself the limiting factor [25]. This can be verified
by looking at the case of an insulating substrate such as
Sapphire, as will be shown here, where current injection from
the back side is minimal. Here, the source of trapped electrons
is not any more the substrate but in this case the free carrier
concentration in the channel layer and/or the surface contacts,
and the charging path is the same as the discharging path
(through the channel layer and the surface of the device). The
devices yet showed a significant current collapse, implying
that the detrapping process of carriers is, by itself, a limiting
factor.

Based on the previous discussion, one can conclude that, in
order to simultaneously achieve an improvement in the leakage
current and dynamic performance of GaN HEMTs, the density
of dislocations, acting as both charging centres and charging
paths, has to be reduced, as also shown by [26]. Current
collapse would be reduced accordingly but not completely
suppressed, as will be shown here. The presence of other
parasitic leakage paths due to unintentionally doped layers and
carrier injection from the metal electrodes, and the trapping of
those carriers in lattice imperfections caused by compensation
doping would still cause current collapse. Ultimately, the use
of highly resistive native GaN templates would reduce the
threading dislocations density to a minimum, and at the same
time avoid the use of compensation doping, thus, yielding
HEMTs that are current collapse free. The availability of such
insulating GaN Bulk templates is, however, very limited until
now.

Rsurface-channelRchannel-C-GaNRC-GaN-substrate

Csurface-channelCchannel-C-GaNCC-GaN-substrate

GaN ChannelC-GaNSubstrate

AlGaN
Gate

Source

Drain

2DEG

Fig. 1. Electrical equivalent circuit of the coupling between the 2DEG channel
and the most important trapping sites in the GaN material system
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III. EXPERIMENTAL WORK

The impact of threading dislocations on the device DC,
dynamic and thermal performance is investigated through a
comparative study between GaN HEMTs fabricated on GaN
grown on different substrates. Semi-insulating 2-inch GaN on
HVPE native GaN substrates were overgrown with 3.5µm
thick C-GaN layers, followed by 400nm UID-GaN (GaN
channel) and 25nm AlGaN barrier in an MOCVD reactor.
Another set of 2-inch GaN/Sapphire were overgrown with
the same layers in the same reactor. In addition, externally
acquired 2-inch GaN/Sapphire wafers with similar buffer and
barrier properties, and 6-inch GaN/Si wafers were acquired
from research oriented and commercial supplier respectively,
and added to the comparison. Since it is not possible to grow
the same layers of GaN interlayers and GaN buffer on both
the GaN/Sapphire and GaN/GaN on one hand, and GaN/Si on
the other hand, the GaN/Si wafer choice was based on meeting
the specifications of minimal wafer bow, low leakage 600 V
rating. All wafer types were then processed in the same process
run with minimal process steps comprised only of simple test
structures and HEMTs, in order not to induce material defects
or degradation due to the process steps. More details about
the fabrication steps and the DC device performance of the
resulting devices can be found in [17]. Therefore, all 2-inch
wafers include a compensated buffer layer with similar doping
concentration, but vary in the dislocation density depending
on the substrate type. Free areas from the processed wafers
were diced and analysed by TEM using plane view and cross
sections, while electrical and thermal characterization was
conducted using dedicated structures.

A. Structural Investigation

The dislocation density was estimated using the TEM plane
view images of the surface, as shown in Fig. 2. These are
manifested by the dots on the surface. The thick white stripes
are thickness contrast and are not related to the defects in the
material. Using this method, the defect density was estimated
to be 2.7 × 109cm−2 for GaN/Si, and 9 × 108cm−2 for
GaN/Sapphire. On the other hand the dislocation density on
the GaN/GaN was below the detection threshold, and therefore
is estimated to be below 106cm−2. Therefore the GaN/GaN
does indeed have at least 3 orders of magnitude lower defect
density than GaN/Sapphire or GaN/Si. However, the defects
imaged here are the defects reaching the surface of the sample,
and not necessarily the defect in the bulk which could be
terminated before reaching the surface. Such defect can still
play a role in current collapse, if extending from the substrate
to the bulk of the material. The higher structural quality of
GaN/GaN is confirmed using cross sections as shown in Fig.
3, where no evidence of threading dislocations could be seen.
In the case of GaN/Sapphire, the presence of such dislocations
is clear, where some are terminated before reaching the surface
and some extend all the way up to the surface.

A detailed analysis has been performed for the GaN/Si
due to its complicated epitaxial structure. Starting with the
GaN/Si, the full epitaxial stack is shown in Fig. 3a where
the multiple layers needed for the strain relief as well as

compensation doping are resolved in the TEM images. Given
the large number of interfaces and for the sake of simplicity,
only 3 interfaces will be discussed here. Initially, all the layers
contained dislocations extending in some case all the way from
the substrate to the surface. Some of the defects originate from
the interfaces, such as interface I, shown in detail in Fig.
3b. This interface is composed on an AlN spacer between
two C-GaN layers. Interesting to observe was the presence
of voids mixed with crystalline bridges across the interface.
The AlN grows as islands, and where the islands meet they
form V-shape defects, out of which a defect is initiated. At
the interface between the AlGaN buffer layer and the C-GaN
buffer layer, denoted here as interface II and shown in detail
in Fig. 3c, defects (parallel to (001)) in the two layers are
very common and could be inversion boundary or anti-phase
boundary. This is seen more clearly in the colour-coded phase
shift map using the 002 reflection shown in Fig. 3d.

From these observations, one can conclude that dislocations
originated from inner interfaces and did not just propagate
from the highly defective interface at the Si/nucleation layer
interface. Fig. 3d depicts the so called Interface III which
is the interface between the nucleation layer (in this case
AlN) and the Si substrate. This layer is concluded to be more
amorphous than crystalline. However amorphous the layer is,
the subsequent growth of epitaxial layers had a crystalline
structure, while some of the upper interfaces initiated a higher
defect density than the bottom most interface. The defect
density is reduced in the UID-buffer compared to other in-
terlayers. Therefore it can be said that the strategies taken
to mitigate the lattice and thermal mismatch between Si and
GaN, and to achieve certain isolation specifications might be
in fact a cause for increased leakage currents and deteriorated
dynamic performance. The effect of the now identified defect
density is correlated next to the electrical performance. In Fig.
3e-f the cross-sections of GaN/Sapphire and GaN/GaN are
shown respectively. It is clear that in GaN/Sapphire threading
dislocations initiate at the Sapphire/GaN interface where in
GaN/GaN no trace of threading dislocations could be detected.

B. Electrical Investigation

The difference in the structural quality between the different
substrates is reflected in the electrical performance of the
test devices. Fig. 4 shows the DC output characteristics of
a 100µm HEMT with a gate length of 4µm and a gate drain
distance of 15µm. It is obvious that the GaN/GaN HEMT
possesses lower on-resistance, higher saturation velocity and
lower self-heating and, thus, higher current density compared
to those HEMTs on Si and Sapphire.

The 4-terminal DC leakage current in off-state operation of
the device under high drain bias with a grounded substrate is
shown in Fig. 5. In this measurement, the HEMT device is
biased below pinch-off (Vgs < Vthreshold) and the drain bias
is swept from 0 V up to 600 V or up to the device breakdown.
The GaN/GaN HEMT features the lowest leakage current level
as compared to the other samples. This low leakage can be
correlated to the significantly lower dislocation density, which
acts as current conduction paths, especially if compared to
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a: GaN on GaN b: GaN on Sapphire c: GaN on Si
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Fig. 2. Images (a), (b) and (c) depict plan view images of near the surface region of GaN/GaN substrate, GaN/Sapphire substrate and GaN/Si substrate
respectively. The wide thick stripes in (a) are thickness contrast and not related to the defects in the material. Unlike (a), structural defects can be detected
in (b) and (c)

a: GaN on Si I b: GaN on Si II c: GaN on Si III 

d: GaN on Si IV e: GaN on Sapphire f: GaN on GaN
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Fig. 3. TEM cross-sections of the different samples under investigation. Images (a) to (d) belong to the commercial GaN/Si sample. In (a) the full epitaxial
stack is depicted with reference to 3 important interfaces that are shown in (b), (c) and (d). Image (e) depicts the TEM cross-section of the GaN/Sapphire
sample and image (f) depicts that of the GaN/GaN sample as a whole and with a zoom at the AlGaN/GaN channel interface

GaN/Sapphire II, which was grown in the same reactor with
similar epitaxial layer design. It is worth mentioning that this
leakage represents the total leakage current in the device;
namely the vertical leakage current through the substrate and
the lateral leakage current through the epitaxial and passivation
layers. In the case of GaN/Sapphire the vertical leakage
through the insulating Sapphire substrate is very low, so that
it is safe to assume that the leakage current in the case
of GaN/Sapphire is mainly lateral. In a previous publication
[27], the authors showed that the vertical component of the
leakage current follows a space-charge-limited-current (SCLC)
by means of carrier injection from the backside electrode

(substrate) into the material. The abundance of threading
dislocations provides, on one hand, leakage current path which
contribute to the total leakage current of the devices. On
the other hand, the injected electrons are also susceptible to
electron trapping mechanisms in the trapping centres available
in the material. Therefore, the leakage currents should also
impact the dynamic performance of the device. This can
be visualized by performing pulsed stress-bias measurement
for the different samples under investigation. This stress-bias
experiment is conducted on the GaN/Si I, GaN/Sapphire I and
native GaN (with referral to Fig. 5).

Fig. 6 depicts pulsed stress measurement in milli-seconds



IEEE TRANSACTION ON ELECTRON DEVICES, VOL. 14, NO. 8, AUGUST 2017 5

resolution for the GaN/GaN, GaN/Sapphire and the GaN/Si
sample. The stress-bias is applied in the off-state of the device
(with a grounded substrate except for the GaN/Sapphire). The
results show the degradation of the maximum on-state current,
and its recovery during the on-state half period as a function
of the substrate type and the stress-bias. GaN/GaN HEMTs
were more robust to stress-bias as compared to those on Si
and Sapphire substrates.

The GaN/Sapphire sample exhibited a relatively large leak-
age current in the off-state which, as mentioned previously,
is composed of mainly lateral leakage current through the
unintentionally doped GaN channel. If, as discussed in section
II, the current collapse is reduced by increasing the leakage
current, one expects the GaN/Sapphire to have less current
collapse. This is true if GaN/Sapphire is compared to GaN/Si,
but is the opposite in the case of GaN/GaN. The current
collapse was more severe than that of GaN/GaN. Therefore,
it is necessary to take into consideration not only the charge
transport mechanism and path, but also the capture/emission
process itself. During off-state stress-bias the charge carriers
are being trapped under high bias conditions. In on-state
operation the field in the epitaxial layers is much lower as
compared to the case of the off-state stress-bias, and trapped
carriers are being emitted (thermally and by Poole-Frenckel
assisted emission) from their trapping centres at a finite time
constant which depends on the trap signature.

This implies that even by designing the epitaxial stack so
that the vertical leakage current is suppressed (in the case
of Sapphire substrates) and even if the unintentionally doped
GaN channel layer is leaky, thus, enabling carrier transport
to and from trapping centres, current collapse still occurs
due to the presence of a high density of trapping centres
at all heterointerfaces (not necessarily propagating from the
substrate as in the case of GaN/Si), which get charged from
the surrounding free carriers under stress-bias and cause
current collapse. The ultimate solution to the current collapse
phenomena would be to use a material of a fundamentally
higher quality (lower threading dislocations density), which
in this work is represented by GaN/GaN substrates. In this
case leakage paths serving as electron conduction paths to
the trapping centres are minimized as well as the reduction
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Fig. 4. Comparison of the output characteristics measured in continuous mode
between (a) GaN/GaN and GaN/Si and (b) GaN/GaN and GaN/Sapphire
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Fig. 5. DC leakage current for the sample on different substrates under
investigation. The current is measured at room temperature with a grounded
substrate

in the trapping centres density. This technique would yield
lower leakage currents and simultaneously minimal current
collapse as demonstrated in Fig. 5 and 6, and a compromise
between a higher leakage current and lower current collapse
is not necessary anymore.
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Fig. 6. The normalized drain current measurement is plotted during the pulsed
stress-bias experiment. Stress biases of 50 V and 100 V have been chosen and
applied GaN/Si, GaN/Sapphire and GaN/GaN samples (only the substrate type
is depicted in the legend for simplicity). The HEMTs under test are 100µm
wide and have a gate length of 4 µm

C. Thermal Investigation

The effect of the epitaxial layer quality on the overall
thermal properties of the device is investigated indirectly
by monitoring the change in the device current in different
thermal conditions, using two different techniques. In both
experiments, dies from the same processed wafers were used
in addition to dies from the GaN/Si wafers, where the Si
was thinned down to 44µm (from the initial 1mm thick Si),
and dies where the Si was removed from the back side. In
addition, a second GaN/GaN wafer from a different supplier
is fabricated and added to the comparison. The dies were
contacted to the thermal chuck using metal based thermal glue.

In the first experiment the degradation in the on-state current
versus time is recorded for HEMTs with 2 W power dissipa-
tion (Fig. 7). Here the thermal chuck is at room temperature
and will act as a heat sink. Therefore, the dies with the lower
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thermal resistance to the heat sink should show less current
degradation. As Fig. 7 shows, the GaN/GaN HEMT shows a
fairly stable thermal transient with a current drop less than
5%, which was the lowest among other die. The enhanced
thermal dissipation in GaN/GaN dies is believed to be due
to the absence of the amorphous nucleation/stress relief layers
and the low defect density, which can act as thermal barriers, is
not dominated by the thermal conductivity of the native GaN
substrate itself. This is supported by the observation of the
thermal behaviour of the GaN/Sapphire dies, and the GaN/Si
dies.

For GaN/Sapphire, a generally lower thermal dissipation
to the heat sink is expected due to the lower thermal con-
ductivity of Sapphire compared to GaN, which was also
observed. However, the thermal transient response is different
for GaN/Sapphire from different suppliers, despite a similar
epitaxial layer thickness (total of 4µm) and substrate thickness
(400µm). This indicates that the thermal dissipation depends
mainly on the substrate/nucleation layer interface quality,
which could be different in the different GaN/Sapphire wafers.

For the GaN/Si case, the higher thermal conductivity of the
Si substrate, compared to GaN or Sapphire, did not impact
the thermal dissipation capability. GaN/Si showed a thermal
transient response comparable to the GaN/Sapphire, and only
slightly improved when the substrate thickness was drastically
reduced from 1mm to 44µm. This indicates that the epitaxial
layers with alternating interfaces and high dislocations density
visualized in the TEM analysis introduce a significant thermal
boundary resistance, which dominates the thermal resistance
to the substrate.

In order to eliminate the role of the substrate/thermal
glue thermal boundary resistance, which could be different
for different substrates, a second measurement configuration
is conducted. In this configuration, the temperature chuck
is swept between R.T. and 200C, and the change in the
drain current is monitored by measuring the HEMT transfer
characteristics at each temperature. In this configuration, the
dies with higher channel degradation as a function of the
backside temperature has the lowest thermal resistance, since
the backside heat flow is conducted more efficiently to the
channel causing current drop. In order to avoid device self-
heating, the transfer characteristics were taken at very low
drain biases of 0.1 V, so that the dominant heat flow path is
from the substrate to the channel not the other way around.
Fig. 8 shows the drop of the maximum current in dependence
of the chuck temperature.

GaN/GaN HEMTs demonstrated the highest sensitivity to
temperature, confirming the earlier observations in Fig. 7 of a
lower overall thermal resistance. The differently supplied bulk
GaN substrates did not influence the thermal behaviour. Inter-
esting to observe was the lower thermal response of GaN/Si,
especially if compared to GaN/Sapphire, where GaN/Sapphire
was expected to have a lower thermal response due to the much
higher thermal resistivity of the substrate. As shown in Fig.
8, this was not the case, and thinning down the Si substrate
did improve the thermal response only slightly. Only by
completely removing the Si from the back side (and possibly
the nucleation layer with it, but this could not be confirmed)

did the GaN/Si die show a thermal response comparable to
the GaN/GaN dies. Therefore it can be safely assumed that the
amorphous Si/nucleation layer interface dominates the thermal
behaviour of GaN/Si HEMTs. This layer is unavoidable for the
epitaxy of GaN/Si, and its effect on the thermal properties of
the HEMT can only be avoided during process by substrate
removal. GaN/GaN on the other hand do not require such
process step.
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IV. CONCLUSION

In this work the approach of using GaN HEMTs on bulk
GaN substrates as a solution to the reliability, leakage and
thermal limitations of GaN HEMTs is experimentally verified
through a comparative study between HEMTs on different
substrates (GaN, Sapphire and Si) and from different suppliers.
The better epitaxial layer quality of GaN/GaN HEMTs, mani-
fested in at least 3 orders of magnitude lower dislocation den-
sity as verified by TEM images, had a very noticeable effect on
enhancing the device performance. GaN/GaN HEMTs demon-
strated higher current densities, lower 3-terminal off-state
leakage, and lower current collapse. This demonstrates the
possibility of simultaneously achieving low leakage currents
and low current collapse if the charging paths and trapping
centres, considered here to be the threading dislocations, are
effectively eliminated, as in the case of GaN/GaN. The extent
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of the role of dislocations in leakage and current collapse
will be more visible by extending the dynamic measurements
to include different stress times, different temperatures, and
different techniques. However, in the case of GaN/Si, it is not
expected to find an optimum test condition where the current
collapse is minimized, due to the presence of necessary stress
relief and isolation layers, with many interfaces, different
Aluminium and doping concentrations, and with each interface
generating its own set of dislocations, which can all or partially
play a role in each test configuration. The reduction of the
dislocation density also impacted the thermal performance of
the devices. The nucleation layer between the substrate and
the GaN buffer dominated the thermal dissipation through the
substrate, but despite having the same nucleation layer in the
GaN/GaN HEMT, the thermal dissipation was noticeably more
efficient than GaN/Si and GaN/Sapphire, which indicates an
initially more crystalline nucleation layer, and consequently
much less defective GaN buffer.
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