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Abstract

In this work the lattice matched In0.17Al0.83N/GaN heterostructure was investigated. The
work started by establishing the main features of this heterostructure in a HEMT configu-
ration through the investigation of the DC, small signal and large signal characteristics of
planar HEMTs. The study included heterostructures with variable barrier thicknesses, but
still thinner than what is conventionally used in AlGaN/GaN HEMTs. Using these het-
erostructure a barrier scaling study combined with static simulations revealed an initially
low surface potential, which is combined with the high polarization discontinuity of this
heterostructure, thus yielding HEMTs with high current densities and high aspect ratios.
Current densities above 1 A/mm and up to 2.4 A/mm could be achieved in this work and
the HEMTs demonstrated high cut-off frequencies, scaling with the gate length, up to an ft=
61 GHz and fmax= 112 GHz for 0.1 µm long gates. In addition, the high thermal stability
of the heterostructure was established through a series of storage and operating tests at
temperatures above 500 °C and up to 1000 °C. This allowed the optimization of a thermal
oxidation process to reduce the HEMT gate leakage but most importantly as an efficient
preparation for surface passivation. The oxidation process was investigated by using actual
HEMT structures, with the corresponding DC, small signal and large signal analysis, and
also dedicated structure to investigate the effect of localizing the oxidation process around
the gate area, which is the area of interest for power operation. This passivation scheme
yielded a lag free device at 4 GHz with output power density of 11.6 W/mm at a drain
voltage of 20 Volts, so far the highest reported for this heterostructure. In addition, relying
on the initial experiments indicating the heterostructure stability, nanocrystalline Diamond
overgrowth experiments were conducted for efficient heat extraction from the device, as
was evaluated using thermal simulations. The Diamond deposition conditions were opti-
mized to yield films with high thermal conductivity reaching 1000 W/mK in the vertical
direction of heat flow toward the position where the heat sink would be placed. These
conditions were restricted to deposition temperatures above 700 °C, with bias enhanced
nucleation also conducted above 700 °C, with slow deposition rate of around 0.1 µm/hour.
A series of experiments were conducted to verify the heterostructure stability under these
conditions by fabricating devices after growth and complete removal of the overgrown
Diamond film. After establishing the heterostructure stability, a series of experiments
progressed toward obtaining a fully Diamond coated HEMT by growth experiments on
gateless HEMTs and the subsequent optimization of the ohmic contact, and the growth
on gateless HEMTs with different passivation and the subsequent optimization of the
passivation deposition process, to reach finally a fully processed Diamond coated HEMT
with 1 µm Diamond film thickness. This was done using two different Diamond nucleation
techniques, namely the bias enhanced nucleation and the nanoparticle seeding. The first
Diamond overgrown GaN HEMTs operating at frequencies above 1 GHz were demon-
strated, keeping a relatively high current density above 1 A/mm. The optimization of this
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process also enabled continuous operation at very high temperatures above 500 °C and
up to 1000 °C, thus reaching with this heterostructure to limits beyond the best achieved
with any other semiconductor. Moreover, another approach of combining Diamond with
GaN through direct heteroepitaxy of AlGaN/GaN HEMT structure on single crystalline
Diamond was investigated, and achieved through a dedicated effort from the growers,
enabling the demonstration of the first ever reported GaN HEMT on Diamond substrates.
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1
INTRODUCTION AND THESIS OUTLINE

Silicon semiconductor devices have replaced many conventional electrical parts in the past
four decades in a wide spectrum of applications ranging from military applications to
civil applications and consumer products. Although silicon is expected to remain as the
dominant semiconductor of choice in many applications, wide band gap semiconductors
(usually defined as having a band gap larger than 1.7 eV), like GaN, SiC, and Diamond
are being investigated as a replacement for silicon technology in some applications, where
silicon is reaching its physical limit. These limits are imposed by an increased market need
for electronics that are faster, more thermally stable, more robust and more miniaturized
and compact, in an era that witnesses the wide spread application of wireless communica-
tions like in radars and base stations, and energy conversion like lightening, and optical
communication, and information transmission, while at the same time trying to reduce the
overall energy consumption and losses.

These needs can be met using wide bandgap semiconductors, the properties of which
are summarized in table 1 and compared to Si and GaAs. The difference in the crystal
structure (Diamond-cubic for Si and single crystal Diamond, hexagonal Wurtzite (hcp)
or zinc blind for GaN and SiC, and zinc blind for GaAs) and the composition gives rise
to different widths of the bandgap, dielectric constants, electron and hole mobilities and
saturation velocities and thus fundamentally different electronic properties. But in general,
the properties listed address the fundamental needs mentioned earlier. for example, the
wide bandgap of GaN, SiC and Diamond allows for a higher break down voltage (VBr)
enabling the application of higher supply voltages, which makes these materials attractive
for high power applications [15]. Moreover, the larger bandgap makes these materials less
susceptible for thermal noise (if the material can be grown with a low trap concentration)
and allows operation at higher temperatures [16]. For high frequency applications the
product of mobility and saturation velocity is essential. This makes InP and GaAs prime
candidates for high frequency applications but limited to low voltage applications due to
their relatively low breakdown field. In addition, the higher thermal conductivities of GaN,
SiC and Diamond allow better thermal management for high power applications, where
device self-heating is coupled with output power. Thus GaN, SiC and Diamond seem to
provide the best compromise for achieving high power/high frequency operation, power
switching and high temperature applications.

Based on the arguments above, it is clear that Diamond (in its single crystal form) is
expected to outperform the other materials. However, the maturity of the technology for
the relevant semiconductor has to be taken into account. For example, silicon is still the
dominant semiconductor of choice for electronics due to its long research history, the
maturity of its material growth and fabrication technology, in addition to its ability to form
a stable native oxide. Diamond has been intensively studied and is being used in many
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2 introduction and thesis outline

Eg µ υsat EBr κ εr

[eV] [cm2/Vs] [10
7 cm/s] [MV/cm] [W/cmK]

Si 1.12 1400 1 0.3 1.3 11.9

GaAs 1.42 8500 1.2 0.55 0.55 12.9

GaN (hcp) 3.4 1200 1.3 5 1.3 9.5

6H-SiC 3 400 2 3 4.9 9.7

Diamond 5.43 4500 1.6 1 22 5.7

Table 1: Basic material parameters of GaN, SiC and Diamond compared to Si and GaAs. After
[9, 10, 11, 12, 13]

non-electronic applications in its polycrystalline form as hard coating material but the use
of Diamond in electronic applications is limited by the lack of a large area substrate. The
difficulty to grow single crystalline Diamond on foreign substrates like silicon and the
difficulty of doping seem to have slowed down its advance in the electronics industry[17].
SiC faces a similar limitation due to its high wafer cost compared to GaN. GaN on the
other hand has reached a fairly advanced maturity in terms of material growth technology
and understanding the atomic surface behavior [18] pushed by the intensive research to
use the material as an efficient light emitting source. The main factor driving the wide use
of GaN in optical application is the ability to grow ternary and quaternary GaN based
alloys, referred to as the III-nitride group, thus enabling the engineering of the bandgaps
and quantum wells and thus varying the wavelength of the emitted light, from blue, as
first demonstrated in an LED by Nakamura et. al. in 1994 [19], to even ultra-violet ranges
[20, 21].

Along with the mastery of growth, III-nitride alloys of GaN, AlN, and InN (in Wurtzite
structure) are attractive for electronic applications due to the unique property of obtaining
large polarization fields, which promotes the ability to form heterostructures with large
carrier densities at the interface as a two dimensional electron gas (2DEG) with high
mobilities, as will be discussed in section 2.1. GaN based heterostructures, like the tradi-
tionally used AlGaN/GaN, having a high breakdown voltage and a large carrier density
with high mobility, made it firstly ideal for high frequency/high power applications, as
HEMT devices, the basics of which will be described in section 2.3.2, and now also in
power switching and high temperature electronics. The ultimate performance of such
heterostructures will be gained when both ends of the III-nitride alloys are used, namely
employing an AlN barrier on a GaN buffer (AlN/GaN HEMT structure), the main reason
being that this heterostructure has the highest polarization induced carrier density at the
interface. This will be discussed in details in section 2.1. Starting from GaN or InN this can
be achieved by increasing the Al-content, thus following either an Al-GaN line or Al-InN
line. Along the latter, one encounters the AlInN alloy with 83% Al-content, which is lattice
matched to GaN. This material is the focus of the work presented here and will be denoted
LM-InAlN throughout this work.



introduction and thesis outline 3

Many demonstrations of such GaN based HEMTs (AlGaN/GaN, AlInN/GaN and
AlN/GaN) have already shown the capability to exceed what is achieved by Si technology
[22] in terms of output power and operation frequency, particularly beyond what is reached
by Silicon LDMOS (Laterally Diffused Metal-Oxide-Semiconductor) power amplifiers
and above 2 GHz. High output power densities at operation frequencies above 1 GHz
[23, 24, 25], up to 40 W/mm [26] have been demonstrated. Moreover, the on-resistance (Ron)
- breakdown voltage product is approaching the physical limit of SiC [27, 28, 29, 30, 31]
proving the suitability of GaN HEMTs for power switching applications. High current gain
cut-off frequency and maximum oscillation frequency (ft and fmax) in the GHz regime
can be routinely achieved due to a high channel mobility and high transconductance and
the relatively high device aspect ratios that can be achieved. A recent example is a LM-
InAlN/GaN HEMT with ft of 300 GHz [32], so far the highest reported ft for a GaN HEMT.
Based on the high polarization fields and high breakdown fields in GaN heterostructures a
natural super-junction breakdown voltage of 9000 V was demonstrated [33]. In addition,
these heterostructures are expected to operate more reliably than Si in harsh environment
like elevated temperatures above 200 °C, or in chemical sensing environments that are
aggressive to Si.

But despite this impressive performance, stability issues are not usually reported and
GaN based HEMTs still did not establish their presence commercially due to stability and
reliability issues [25, 34, 35] intrinsic to the HEMT structure. Mainly these are the surface
charge stability issues like current collapse (discussed in section 2.5.1) and the device
self-heating at high output powers (discussed in section 2.5.2). Due to their intrinsic nature,
these limitations can not be completely eliminated but rather the onset of their effects on
the device can be pushed further beyond the targeted operating range. To achieve this,
several technological solutions are proposed. For example, using a cap layer for surface
passivation or to growing the HEMT device on highly thermally conductive substrates
like SiC [11], and lately by direct growth on Diamond substrates [36] as will be shown
in this work, or via hybrid integration by wafer bonding to Diamond substrates [37, 38],
for a better thermal management of the device. However, to apply more advanced and
unconventional solutions, like what will be presented in this work, a proper choice of the
heterostructure material is essential.

The heart of this work is the development of a processing technology for overgrow-
ing high performance LM-InAlN/GaN HEMTs with nanocrystalline Diamond films, for
heat spreading purposes. The work presented here has been part of a larger effort in the
European community (through the EU projects Ultra GaN (http://www.ultragan.eu/)
and Morgan (http://www.morganproject.eu/)) to investigate the potential of this het-
erostructure. The work involved a high level of cooperation with the growth teams, and a
constant feedback with the characterization teams, in order to optimize the heterostruc-
ture for subsequent Diamond growth. The heterostructure growth was performed by
several groups, namely, Ecole Polytechnique Federal de Laussan in Switzerland (EPFL),
Alcatel-Thales III-V labs in France (III-V Labs), AIXTRON in Germany and FORTH in
Greece. The small signal and large signal characterization was performed in the Institute
D’electronique, de Microelectronique et de Nanotechnologie (IEMN) in France. Material

http://www.ultragan.eu/
http://www.morganproject.eu/
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analysis using high resolution TEM was conducted partly in the Materialwissenschaftliche
Elektronenmikroskopie Department at Ulm University (Z. E. Elektronenmikroskopie) and
partly in the Research Institute for Technical Physics and Materials Science (MFA) in the
Hungarian Academy of Sciences in Budapest. The thermal characterization of the grown
nanocrystalline Diamond films was conducted by the University of Glasgow (GLG).

The other side of the technology, namely the optimization of the overgrown nanocrys-
talline Diamond films for heat spreading purposes, was conducted in the Institute of
Electron Devices and Circuits (EBS) in Ulm University by M. Dipalo and S. Rossi. The
work presented here is the result of a common optimization of both technologies.

The application of the Diamond overgrowth technology is allowed by the exceptional
properties of the heterostructure. The LM-InAlN/GaN with 83% Al-content is very close to
the sought-after AlN/GaN heterostructure, which is difficult to grow due to the high stress
between the AlN barrier and the GaN buffer. In the LM-InAlN/GaN 2DEG densities up to
2.6 x 10

13 cm−2 can be achieved, enabling high power densities at moderately low drain
voltages. However, the most attractive feature of this heterostructure is its ceramic-like
stability, first demonstrated in 2006 by short time HEMT operation at 1000 °C in vacuum
[39]. This high thermal stability is invested in this work in applying novel solutions for the
surface passivation problem (or current collapse) using thermal oxidation, and thermal
management for high power applications by combining monolithically integrated poly-
crystalline Diamond heat spreader by direct growth on top of a completely prefabricated
HEMT. Both processes are performed at temperatures above 700 °C , not suitable for the
other heterostructures, like the commonly used AlGaN/GaN, and require optimization of
several aspects of the HEMT design, like the barrier thickness, the metallization schemes
used and the HEMT passivation. The thesis outline will thus follow the rout taken to
optimize, apply and characterize these technologies.

Firstly, an introduction to the III-nitride heterostructure, and specifically of GaN based
HEMTs, will be presented to illustrate the role of polarization charges and surface counter
charges in the formation of the 2DEG. This is followed by outlining the basic model of GaN
HEMTs. These sections will serve as a guide to discuss the technological limitations of GaN
HEMTs (device scaling properties), as well as intrinsic limitations (current collapse and self
heating). After that, an argument will be presented of why the LM-InAlN/GaN HEMT
can be a very good compromise in terms of high performance and high stability, even
when using a simple planar device fabrication technology as in this work. After describing
the fabrication technology used here and identifying the basic HEMT properties, through
modeling and scaling experiments, experimental evidence of the high thermal stability of
this heterostructure is presented together with a first insight into failure mechanisms for
high temperature storage or operation.

As mentioned before, the HEMT high thermal stability will be utilized in applying a
thermal oxidation/nitride passivation scheme efficient to suppress current collapse effects.
After characterization and optimization of the oxidation process the passivation scheme
was applied to a power HEMT. This enabled using the full current density of the device (2.4
A/mm as characterized by pulsed DC conditions) for power operation at 4 GHz, yielding
a record output power density of 11.6 W/mm at relatively moderate drain voltage of 20 V.
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This passivation scheme also proved to be crucial in stabilizing the HEMT surface, specially
around the gate region, and thus allowed high continuous large signal operation at high
temperatures above 500 °C and up to 1000 °C in vacuum, never achieved before for any
other semiconductor. This opens new possibilities for electronics to extend its presence to
harsher environments, which could not be accessed before.

This optimization also paved the way to applying an advanced heat spreader config-
uration, using the high thermal stability of polycrystalline Diamond deposited on top
of a fully fabricated HEMT. The harsh polycrystalline Diamond growth conditions are
difficult to be applied on other heterostructures, even bare and before the fabrication of the
HEMT, without compromising the heterostructure properties. These growth conditions
will be described after presenting a theoretical evaluation of the advantages of using this
configuration. Finally the optimized technological steps leading to the first demonstration
of a Diamond coated HEMT operating in the GHz regime will be described. The technology
developed also served as a base for a Diamond-GaN ISFET for harsh chemical applications,
owing to the inertness of Diamond, as presented in [40, 41, 42].

Together with the demonstration of the world premier high frequency GaN HEMT di-
rectly grown on single crystalline Diamond, also demonstrated in this work in cooperation
with EPFL, both technologies present an ultimate solution to heat management issues in
high power HEMTs if combined.

Finally an outlook concerning possible alternatives for passivation and fabrication
technology, which enables an even higher HEMT thermal stability (required for example to
grow thicker Diamond films on top of the HEMT), are presented followed by a summary
and conclusion of the work.





2
GaN BASED HETEROSTRUCTURES: ADVANTAGES AND CHALLENGES

In this chapter the advantages and challenges of GaN based HEMTs will be discussed. The
advantages of using GaN HEMTs for high power and high frequency applications originate
first from the basic physical properties it possesses by belonging to the wide bandgap
semiconductors class. The III-N group in particular has the unique property of obtaining
large polarization fields due to its crystal structure as will be discussed in section 2.1,
which promotes the ability to form heterostructures with large carrier densities as will be
discussed in section 2.2. GaN based heterostructures, having a high breakdown voltage
and a large carrier density with high mobility, makes them ideal for high frequency/high
power applications, power switching applications and high temperature applications,
as HEMT devices, the basics of which will be described in section 2.3.2. However, the
devices performance is limited below the ideal expectations imposed by the actual material
properties. Section 2.4 will discuss these limitations briefly as a preliminary for the solutions
presented in this work.

2.1 III-N group electronics

The III-nitrides material group GaN, AlN and InN can crystallize in the Wurtzite crystal
structure or zincblende crystal structure. But in contrast to cubic III-V semiconductors like
GaAs and InP, which retain a thermodynamically stable zincblende structure, III-nitrides
retain the thermodynamically stable Wurtzite structure under ambient conditions. Fig. 1a
shows a schematic of the hexagonal Wurtzite lattice of III-nitrides defined by the lattice
parameters a0 (the length of the basal hexagon), c0 (the height of the hexagonal prism)
and u0 (the anion-cation bond length along the c-axis) where the subscript “0” indicates
values at equilibrium. The ideal Wurtzite crystal is composed of two hexagonal lattices
shifted ideally by a ratio of c0/a0= (8/3)1/2 = 1.633 and u0 = 3/8. This will result in
symmetrical tetrahedrons (each atom is bonded with four nearest neighbors atoms) of
equal side lengths and equal angles (Fig. 1b). This unit cell lacks the inversion symmetry
(non-centrosymmetric) which means that each plane is composed of the same atom type
(cation or metal) while the next plane is composed of nitrogen atoms (anions) and gives rise
to polar crystal surfaces, which has either the metal face consisting of group-III elements
(Ga, Al or In) polarity designated (0001) or nitrogen face polarity designated (0001).

In both cases of polarity the small atomic radius and the high electronegativity of the
nitrogen atom shifts the negative charge centroid towards it and away from the metal
thus creating a local polarization. This occurs along the c-axis bond and the basal plane
bonds. If the crystal structure has inversion symmetry and an ideal c0/a0 ratio of 1.633

(called the ideality factor) the resultant polarization vectors will compensate each other.
The III-nitrides with its non-centrosymmetry however deviate from this ideality factor,

7
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(a) (b)

Figure 1: A schematic of (a) the ideal hexagonal lattice of III-nitride and (b) the tetrahedron shaded
in (a) with the polarization vectors induced by the difference in electronegativity of the
constituent nitrogen and metal atoms.

with GaN being the closest by a c0/a0 ratio of 1.625, thus resulting in a net polarization
along the c-axis. This polarization occurring at equilibrium is referred to as spontaneous
polarization (Psp). The degree of the strength of this polarization depends on the c0/a0
ratio. Bernardini et al. presented a calculation of the spontaneous polarization in relation
with the lattice parameter [43]. The different cation and ionic radii of Ga, Al and In gives
rise to different a0 and c0 lattice parameters and thus different lattice parameter u0, or a non
ideal factor, resulting in binary alloys with different bandgaps and different spontaneous
polarization values. The same is true for ternary alloys (InxGaN1−x, InxAlN1−x, . . . ) and
quaternary alloys (InxAl1−xGaN) where the bandgap and spontaneous polarization is
extrapolated through Vegard’s law as a first approximation. Ambacher et al [1] presented
an extensive review of the III-nitrides properties taking into account the bowing parameters.
The empirical formulas presented in this review will be adopted here. Figures 2a and 2b
show the relation between the composition of the alloy and its lattice parameters for a
crystal with Ga face polarity. It is worth noting that an AlInN alloy with 83% Al content has
the same lattice constant a0 as GaN, or in other words it is lattice matched to GaN in the
plane of growth direction [0001]. This alloy (Al0.83In0.17N) will be referred to throughout
the text with “LM-InAlN”. The variation in the lattice parameters leads to a variation in
the bandgap (Fig. 2c) and the spontaneous polarization values (Fig. 2d). The negative sign
of polarization indicates that the polarization vector points towards the substrate, from Ga
atom to N atom, opposite to the [0001] direction. It is to be noted that all III-nitride alloys
have a negative spontaneous polarization.

The change in the lattice parameters can also occur without changing the composition of
the alloy but by exerting external mechanical forces in form of strain and hence altering
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(a) (b)

(c) (d)

Figure 2: (a) Lattice constant a0 and (b) c0 in dependence of alloy composition. A LM-InAlN
alloy with 83% Al content has the same lattice constant a0 as GaN. (c) Alloy bandgap in
dependence of the lattice constant a0 and (d) the spontaneous polarization in dependence
of a0. After [1].

the net polarization by adding the piezoelectric polarization vector (Ppz). Ppz is described
by Hook’s law as in equation 2.1:

P
pz
i =

∑
j

eijεij (2.1)

Where eij are the piezoelectric coefficients and εj is the strain in direction j. Neglecting
the shear strain and employing the non zero piezoelectric coefficients (e33, e31and e15) the
piezoelectric polarization along the c-axis is then described by equation 2.2:

P
pz
3 = e33ε33 + e31(ε1 + ε3) (2.2)
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Figure 3: Theoretical values of the piezoelectric polarization (Ppz) for III-N alloys grown on relaxed
GaN buffer.

Where ε3 = (c − c0)/c0 is the strain along the c-axis and ε1 = ε2 = (a − a0)/a0,
with a0 the lattice constant of the relaxed alloy and a the lattice constant of the strained
heteroepitaxially grown alloy. The strain along the c-axis is connected to the strain along
the basal plane by the elastic constants c13 and c33 through equation 2.3:

ε3 = −2
c13
c33

ε1 (2.3)

Thus the piezoelectric polarization along the c-axis can be written in terms of the strain
in the basal plane only as equation 2.4:

P
pz
3 = 2

a− a0
a0

(
e31 − e33

c13
c33

)
(2.4)

Since e31 is always negative and e33, c13 and c33 are always positive [43] then for a tensile
stress (a > a0) Ppz is always negative and for compressive stress (a < a0) Ppz is always
positive. The theoretical calculations of the piezoelectric polarization for III-N alloys grown
on relaxed GaN buffer is shown in Fig. 3. The piezoelectric polarization of LM-InAlN on
GaN is implicitly zero.

The net polarization (Ptot) in an alloy is then the summation of the spontaneous
polarization and the piezoelectric polarization as in equation 2.5:

Ptot = Psp + Ppz (2.5)

2.2 Gan based heterostructures for HEMT applications

The advances made in the growth methods and techniques of III-nitride alloys allowed
an advanced stage in engineering materials with parameters like bandgap, polarization,
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dielectric constant, thermal conductivity, etc. . . , tailored for specific applications. However,
the ability to grow heterostructures of III-nitride based materials remains a corner stone
for electronic applications, specially power electronics. The built-in spontaneous and
piezoelectric fields induced by the difference in the lattice constants between the host
substrate and the grown alloy on top, should by theory give rise to high 2-Dimensional
Electron (or hole) Gas (2DEG or 2DHG) at the heterostructure interface, without the need
of external doping, and thus high lateral breakdown field.

2.2.1 The formation of 2DEG

To explain the formation of a 2DEG in III-nitride HEMTs the most commonly used GaN
based heterostructures will be used as an example. In these examples a III-nitride alloy
(usually called a barrier) is grown pseudomorphically on top of a relaxed GaN buffer.
Both layers are assumed to be undoped and grown with Ga-face polarity. Variations on
this configuration (different buffer, N-face polarity) will however follow the general rules
presented here and details can be found in [1, 44, 45, 46].

The gradient of Ptot in GaN or its alloys (see Fig. 4) leads to a polarization induced
bound sheet charge density (σP) to preserve charge neutrality given by:

σP = −∇.
−→
P (2.6)

Holes would then accumulate at the Ga-face and electrons at the N-face. This is illustrated
in Fig. 4.

Figure 4: Schematic of the formation of polarization induced bound sheet charge density in polar
GaN. The source of these charges is not considered at the moment.

Similarly if two III-nitride materials are grown pseudomorphically then an abrupt change
in the polarization would occur at the interface (assuming a smooth interface) leading to
an excess bound sheet charge density at the interface (σpol,interface) as depicted Fig. 5

and given by equation 2.7 (represented here for an alloy grown on relaxed GaN buffer):

σpol,interface = PtotGaN − Ptotalloy (2.7)
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Figure 5: Schematic of polarization-induced interface charge in pseudomorphically grown het-
erostructure.

where PGaN,alloy
tot is given by equation 2.5.

To preserve charge neutrality, a counter charge of the same magnitude but with opposite
sign should form at the interface either as a 2DEG in the buffer, if it has a smaller bandgap,
or 2DHG in the barrier if the barrier has the smaller bandgap, and mirrored by a surface
counter charge. The generated sheet charge density (Ns) would then be the difference in
the total polarization of both materials (also shown in Fig. 5). However, this represents
the maximum Ns that can be obtained for a heterostructure with ideal crystals, without
taking into account the influence of the barrier thickness (i.e. the surface counter charge
and consequently the surface potential), nor the source of the counter charges or the
electrons in the channel. Before discussing these effects, it is worth looking at the expected
generated Ns for different barriers grown on GaN buffer (with Ga-face polarity). This
is shown in Fig. 6, based on the calculations presented earlier in Figures 2d and 3 and
Equations 2.5 and 2.7 after [1]. It is noted that the sheet charge density can be a 2DEG or
2DHG depending on the polarization discontinuity between the GaN buffer and the barrier.
In addition, large Ns values are theoretically predicted for (Al,In)xGa1−xN alloys with
increasing the Al-content, like in the case of LM-InAlN (approximately 2.7 × 10

13 cm−2)
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Figure 6: Theoretical maximum 2DEG sheet charge density (Ns) for III-N alloys grown on relaxed
GaN buffer with Ga-face polarity in dependence of alloy composition.

and AlN (approximately 6.8 × 10
13 cm−2) as a 2DEG moving in the GaN side of the

interface with high mobility (as suggested in table 1) and thus high current values can be
achieved.

Considering first the general case of a GaN HEMT band diagram as sketched in Fig. 7,
an analytical expression of Ns [47] can be written as:

Ns = σpol,interface −

[
εbarrier
dbarrier · q

(
φs + EF (Ns) −4Ecbarrier/GaN

)]
(2.8)

where dbarrier is the barrier thickness, q the elementary charge, EF (Ns) is the energy
difference between the Fermi level and the conduction band at the bottom of the 2DEG,
4Ecbarrier/GaN

is the conduction band offset between the barrier and the GaN buffer and φs

is the surface potential. The energies are in Volts. The charge concentration and polarization
discontinuity are in cm−2. It should be noted that φs is a result of the surface counter
charge (relative to Ns) thus controlling this charge is a key factor in optimizing the HEMT
design, as will be discussed in section 2.3.1.

For a free surface (no gate contact and gate modulation), this apparent Ns (in the
presence of a surface potential φs) is generally less than the polarization discontinuity. In
this case, Ns as a function of the barrier thickness is dependent mainly on the state of φs,
which in turn can be either unpinned or pinned.

If φs is unpinned as depicted in Fig. 7, Ns be independent of dbarrier. Thus Ns will
be constant and equal to σpol,interface (representing the maximum theoretical value), if
the voltage drop across the barrier is zero (flat barrier conduction band) as sketched in
Fig. 9a. This however will occur only if the surface counter charge is eliminated. On the
other hand, taking into consideration the effect of the surface counter charge (and thus
φs), Ns will be constant and equal to equation 2.8, provided that the value of φs is known
for one barrier thickness (see Fig. 7).

On the other hand, φs can be pinned and thus Ns becomes a function of the barrier
thickness. In this case the maximum Ns can not be reached but can only be approached
for very thick barriers. This barrier scaling behavior is observed for most GaN HEMTs
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Figure 7: Band diagram of a GaN based HEMT with barrier of thickness dbarrier and an unpinned
surface potential φs. In this case Ns is constant and independent of the barrier thickness,
and its value is expressed by equation2.8, provided that φs is known. The case of a pinned
surface potential is described in Fig. 9c

like AlGaN/GaN, AlN/GaN and as will be shown in this work, for LM-InAlN, and
initially prevented the use of very thin barriers to achieve enhancement mode devices
without sacrificing the Ns. For better understanding of this behavior and to introduce an
explanation of the source of electrons and the counter charge and surface potential pinning,
the next section will present theoretical modeling of this behavior using experimental data
of LM-InAlN/GaN heterostructures used in this work.

2.3 Lattice matched InAlN/GaN heterostructure barrier scaling properties

In planar HEMT technology dbarrier is a main defining parameter of the HEMT perfor-
mance, controlling the channel density if the surface potential is pinned as discussed above
(see also Fig. 9c). There is no way to ascertain that the surface potential is pinned for a
bare, unprocessed heterostructure. Most likely, surface potential pinning occurs once the
heterostructure is subjected to the processing environment, which normally includes the
use of bases or weak acids, contact deposition and annealing etc..., which alters the original
surface states distribution, through, for example, weakly bonded oxygen-Ga(Al, In) species
at the surface. However, this processing routine is necessary to measure Ns as a function of
the barrier thickness through, for example, Hall measurement. A recent method introduced
lately to directly measure the surface potential via Kelvin probe microscopy [48] becomes
difficult if φs is small. Eventually, fabricating the HEMT will include fabrication steps
similar to to the ones used for conducting the Hall measurement, and thus modeling the
barrier scaling properties using experimental Hall data will be the closest to the actual
state of the surface of the fully fabricated HEMT.



2.3 lattice matched inaln/gan heterostructure barrier scaling properties 15

2.3.1 Estimation of the heterostructure surface potential

In the case of LM-InAlN/GaN heterostructures used here, HEMTs with a total barrier
thickness ranging from 3 nm to 33 nm including the 1 nm AlN spacer were grown and
characterized (using HRXRD) by EPFL. NS as a function of dbarrier was measured by Hall
measurements. φs of the as-grown heterostructures was estimated based on these data.
The heterostructure is simulated using a 2D Poisson-Schrödinger equation solver, fitted to
the experimental Hall data of NS vs. dbarrier data. To account for the source of electrons
in the channel and the surface counter charge effects, a surface donor model was used (as
was also presented for the AlGaN/GaN case in [2]). In this model, surface states (surface
donor-like traps), being either electronic or a chemical redox couple on the surface, act
as a source of electrons for the channel. The surface potential is thus dominated by these
surface state properties, namely their energy level and density. Static simulations were
conducted using the commercial Atlas Poisson-Schrodinger equation solver from Silvaco
[49]. An example of the simulation input file is shown in the appendix with comments on
the simulation.

Figure 8: Experimental Hall Ns values vs. dbarrier compared to calculated values using different
surface potential levels φs. Also shown in the graph data for the AlGaN/GaN case from
[2].

To calculate the band diagram and the resulting 2DEG of the LM-InAlN/GaN free
surface with variable dbarrier, the bandgaps of the LM-InAlN and GaN, the conduction
band offset and the polarization discontinuity have to be defined. Experimental Hall data
for NS vs. dbarrier were used for fitting. The simulations proceeded as the following:

The bandgaps of InAlN and GaN are set to 4.65 eV and 3.42 eV respectively [1]. The
AlN spacer was not included in the simulations but its 1 nm thickness was added to the
InAlN barrier thickness. Gonschorek et al. showed that the AlN spacer does not play a role
in the formation of the 2DEG if it is below a certain thickness (2nm in this case), which
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the 1 nm AlN is, and the main contributor to the 2DEG is the polarization discontinuity
with the InAlN barrier, taking into account an effective conduction band offset ~ 0.8 eV
between the LM-InAlN and GaN [50, 51]. This value was thus used for these simulations.
In addition only 100 nm of the GaN buffer below the InAlN interface is simulated, and a
doping density of 1 x 10

16 cm −3 in both materials is added to simulate the unintentional
doping reported by the growers.

The value of the polarization discontinuity is set according to the experimental values
shown in Fig. 8. As can be seen in the figure, NS increases up to a barrier thickness of
12 nm where it reaches a value of 2.6 x 10

13 cm−2 and remains constant up to 33 nm,
the maximum barrier thickness which was grown. Since the maximum Ns which can be
reached in the heterostructure equals σpol,interface, this value of 2.6 x 10

13 cm−2 is set as
the polarization discontinuity, which is very close to the reported theoretically calculated
value [1]. σpol,interface can be set directly in the simulator but without a counter charge
on the surface the simulator will assume a 2DEG density at the GaN side of the interface to
preserve charge neutrality. This results in the calculated equilibrium band diagram shown
in Fig. 9a where the 2DEG density is constant regardless of the barrier thickness, which is
not the case found experimentally for a free surface and can be reached only with external
gate bias, under the gate metal only, in the absence of any surface states. This case then also
represents the HEMT at fully opened gate (barrier flat band condition). Thus a negative
counter charge on the InAlN surface of the same magnitude should be added. In this case
(shown in Fig. 9b) a constant voltage drop of 3.2 V/nm across the barrier (equivalent to
σpol,interface) exists thus simulating the polarization field. However, without any source
of electrons added so far, no NS will form regardless of the barrier thickness. Even if all
the dopants in the buffer and barrier (doping density of 1 x 10

16 cm −3 in both the InAlN
and GaN layers are assumed as reported by the growers) are ionized and driven to the
approximately 2.2 nm wide quantum well of the channel (assuming equilibrium as in
Fig. 9a) they will amount only to less than 1 x 10

10cm−2 thus the doping can not be the
source of electrons in the 2DEG.

The surface donor-like traps which are the source of electrons in this model are then
added, not distinguishing the type of the traps, whether electronic or ionic (for example
due to desorption of chemical species on the surface). The important parameters here are
the traps energy level below the InAlN conduction band edge and the traps density. Here
only discrete, single energy level traps are simulated. The traps on the surface could have
a distribution of energies, if for example different species are adsorbed on the surface, but
so far no evidence supporting this or information about the distribution width exists. Thus
this case was not simulated. The trap energy was varied between fully ionized (0 eV, being
located at the conduction band edge of InAlN) and 1.6 eV below the conduction band edge
(similar to the AlGaN case [2]) in steps of 0.2 eV. The barrier thickness was varied between
2 nm and 33 nm in steps of 0.3 nm. These configurations are limited by the mesh density
allowed in the simulator.

For very thin barrier thickness (approximately less than 1 nm for the LM-InAlN/GaN as
can be estimated from the Hall measurement data) the surface traps with energies larger
than zero are below the Fermi level and are not ionized yet so no source of electrons for
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(a) (b)

(c)

Figure 9: Simulated LM-InAlN/GaN band diagrams for the case of (a) a fully undepleted surface
resulting in a flat band in the barrier (b) fully depleted surface or no source of electrons
to provide for the channel, resulting in a flat band in the buffer (c) with limited density of
donor like surface traps, equal to the polarization discontinuity, at an energy of 0.8 eV
below the conduction band.

the channel exists and no 2DEG is formed. The band diagram of this case is as shown in
Fig. 9b. However, the constant electric field in the barrier will decrease with increasing
barrier thickness and to keep the conduction band discontinuity constant, the relative
position of the Fermi level will drop, or in other words the traps will become closer to
the Fermi level, and at a certain thickness the traps will cross the Fermi level, and the
ionized electrons are driven to the channel by the polarization field partially screening
the polarization and leaving behind a positively charged trap. φs will then be pinned to
the trap energy level. For AlGaN/GaN the dbarrier where the channel starts to form is
estimated to be around 3 nm [2]. It is very difficult to estimate this value for the InAlN case
since even for barriers as thin as 2 nm the channel is already formed [52]. At such very
thin barriers it is not clear whether the 1 nm AlN spacer starts to play a role in forming the
channel. Quantum confinement effects have to be included in the simulations.
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Since the trap energy is assumed to be a single level, all the traps will be ionized at
once when the mentioned barrier thickness is reached, and φs becomes pinned. Now, if
the surface trap density is infinite, Ns will increase with increasing dbarrier (according to
equation 2.8), up to the value when Ns equals σpol,interface. Until this point the surface
potential will be pinned to the trap energy level. But increasing the thickness further will
cause more electrons to move to the channel and thus more screening of the polarization
occurs, until the equilibrium case shown in Fig. 9a is reached. However, beyond this point
any further increase in the barrier thickness will lead to more traps to be ionized. But
without the driving force of the polarization field, Ns will start to drop, a case comparable
to the GaAs case. This was not observed in the experimental Hall data up to thicknesses of
33 nm.

To account for this behavior, an additional assumption, in contrast to standard models, is
added by considering a limited trap density equal to the polarization charge discontinuity.
This assumption will lead to a similar Ns dependency as the case of infinite trap density,
but with a lower increase rate for the same surface potential, up to the value when Ns

equals σpol,interface. Increasing the barrier thickness further than this point will decrease
the voltage drop across the barrier but no increase in Ns will occur since there are no
more available donor traps, and Ns will remain constant. The simulated data of Ns vs.
dbarrier superimposed on the experimental data are shown in Fig. 8 and compared to
the Al0.34Ga0.66N /GaN case presented in [2]. A surface trap energy between 0.8 eV and
1.0 eV gives the best fit to the experimental data thus indicating a surface potential of the
free surface which is significantly lower than the reported 1.6 eV for Al0.34Ga0.66N or 1.9
eV for AlN. As can be also seen in the figure, due to the lower surface potential and the
higher polarization discontinuity the LM-InAlN/GaN heterostructure can provide higher
Ns values, compared to the AlGaN/GaN, even for very thin barriers, which enables high
current HEMTs with high aspect ratio. The simulated band diagrams of barriers with 5

nm, 8 nm, 10 nm and 12 nm are shown in Fig. 9c.
Although this model, using the assumption of a limited trap density equal to the

polarization discontinuity, can fit the observed experimental data, it does not specify the
nature of the surface traps or why they are limited to the density of the polarization
discontinuity. However, it maybe speculated that the trap formation needs a force, which
must be internal, and linked to the polarization field. It is worth noting that this assumption
was also used to explain the case of AlN/GaN barriers in [53] where the surface trap
density was found to be very close to σpol,interface and a physical atomic arrangement
model was suggested to explain this behavior.

So far, only a free surface case is considered in the simulations, where φs can not
be modulated. However, φs can be modulated using a gate bias but this still does not
apply to the free surface area between the contacts. And thus the direct implication of
the surface potential pinning is the introduction of a current limiter. The depletion of Ns

with decreasing the barrier thickness is in turn the natural way to obtain an enhancement
mode HEMT, as will be shown in the next section. Excessive barrier downscaling will
eventually cause the loss of Ns. Moreover, the surface traps responsible for the surface
potential can not be eliminated, otherwise no channel will form. The surface depletion
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can however be mitigated by using a heterostructure with an initially higher polarization
discontinuity, thus despite the surface depletion, a fairly large Ns value can still be obtained
for relatively thinner barriers. This is done by increasing the Al content as (discussed in
section 2.1) and the case presented here for the LM-InAlN/GaN (see Fig. 8) is certainly
in that direction, aiming ultimately to use an AlN barrier. Another possibility is to have
a heterostructure with an initially low surface potential, which also applies to the case
of LM-InAlN/GaN compared to AlGaN/GaN. Thus the LM-InAlN barrier presents a
good compromise between the surface potential, the polarization discontinuity and the
barrier thickness that can be used. Other technological solutions can also be employed to
mitigate the surface depletion effects, as will be presented later (see section 3.3.1). However,
the existence of surface traps near the gate high field region in the HEMT also causes an
intrinsic limitation to the HEMT power performance known as current collapse, which can
not be eliminated but the onset of its effect relative to the operating voltage and frequency
can be delayed, allowing higher operating voltages and frequencies. Before discussing the
intrinsic HEMT limitations, and to better understand the barrier downscaling effect on the
HEMT performance, it is necessary first to introduce the basic HEMT model, from which
the HEMT technological and intrinsic limitations are discussed.

2.3.2 Basic model of GaN HEMTs

The basic level analysis of the I-V characteristics of a HEMT (although basically a
Metal Semiconductor Field Effect Transistor (MESFET)), maybe similar to a Metal-Oxide-
Semiconductor FET (MOSFET) using a gradual channel approximation [54] taking into
account two variations:

(a) (b)

Figure 10: Schematic of HEMT band diagram under the gate (a) in case of no applied gate voltage
φs equals the contact potential φSB, and (b) φs is controlled by the gate voltage, as
shown here for the case of a pinched-off channel.

• The capacitively coupled gate modulates the channel charge carriers by altering the
built-in field in the barrier according to equation 2.8. However, under the gate φs
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equals the contact potential φSB (if no gate voltage is applied, see Fig. 10a), and is
controlled by the gate voltage (Vg), in which case φs in equation 2.8 is written as:

φs = φSB − Vg (2.9)

In contrast to MOSFETs, the gate voltage can not be forward biased more than the barrier
flat band condition shown in Fig. 9a without excessive leakage currents, specially if thin
barriers are used, due to tunneling leakage currents.

• The pinch-off voltage (Vp) is defined for the case that Ns equals zero (Vp = Vg |
Ns=0

)(see

also Fig. 10b). This can be derived by replacing equation 2.9 in equation 2.8 and
setting it to zero noting that EF (Ns) equals zero at pinch-off, yielding:

Vp = VBuilt−in −
q · dbarrierσpol,interface

εbarrier
(2.10)

where VBuilt−in is the built-in voltage, and is equal to φSB−
4Ecbarrier/GaN

q , and is defined
by the gate and heterostructure material parameters. Thus Vp for a given GaN HEMT can
be changed by changing dbarrier as will be shown later in chapter 3 for LM-InAlN/GaN
HEMT.

Now the drain-source current (IDS) dependence on applied drain and gate voltages
(VDS and VGS) following the gradual channel approximation as in a MOSFET, can be
written as:

IDS = µCGS
WG

LG

[
(VGS − Vp) · VDS −

V2
DS

2

]
(2.11)

where CGS is the gate-source capacitance, which equals the barrier capacitance (Cbarrier)
in case of HEMT, and given by:

CGS =
εbarrierWGLG
dbarrier

(2.12)

where WG and LG are the gate width and gate length respectively. Here, the term
dbarrier neglects the 2DEG charge centroid and quantum capacitance, but needs to be
corrected to the effective dbarrier in case of a very thin barrier.

The saturation drain current (IDSS) independent of VD can be obtained by deriving
equation 2.11 with respect to VD and setting it to zero yielding:

IDSS = µCGS
WG

LG
(VG − Vp)

2 (2.13)

and thus the transconductance (gm) in the saturation region has no saturation velocity
(υsat) limit and is a function of 1/LG, expressed by:

gm =
dIDSS

dVG
= µCGS

WG

LG
(VG − VP) (2.14)
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However, these equations represent the long channel approximation and are valid only
in the constant mobility regime where the electron velocity is below the saturation velocity
(υ< υsat = µEc), where Ec is the critical field in the channel approximated by Ec = Vc

LG
.

Due to the high mobility in GaN HEMTs, the saturation velocity can be reached even for
small drain biases and hence the device will operate in the velocity saturation mode. IDSS

can be then written using a two-piece linear approximation [55, 56], ignoring hot electron
overshoot and phonon scattering, as:

IDSS ≈WGCGS (VG − Vp)υsat (2.15)

and the transconductance is not a function of LG , and expressed by:

gm =WGCGSυsat (2.16)

thus the linear dependence of the transfer characteristics on VG, in contrast to long-
channel devices. Moreover, the cut-off frequencies of the device, neglecting extrinsic
parameters, can be approximated by [54]:

ft ≈
gm

2π (CGS +CGD)
(2.17)

and

fmax =
gm

2πCGS

√
4(RS + Ri + RG)(gd + gm(CGD

CGS
))

(2.18)

which for the case of small resistances can be reduced to:

fmax ≈

√
ft

8πRGCGD
(2.19)

As in GaAs HEMTs, the natural way to increase the device cut-off frequencies is to
aggressively scale down the device dimensions [57, 58] in addition to better channel
confinement [59, 60, 61, 62]. As can be seen from equations 2.17 and 2.14 and neglecting the
parasitic capacitances, ft is an inverse function of LG. Thus reducing LG would yield higher
ft. However, this approach is limited by the short channel effects known for MOSHEMTs
[54], where the fringing field capacitance can not be neglected anymore and the gradual
channel approximation becomes invalid. In the case of GaN HEMTs, which reach saturation
velocity at fields around 14 kV/s (and thus velocity overshoot also starts to play a role),
the lateral field at the drain side makes the effective gate length asymmetric, and in total
larger than the metallurgical gate length [63]. Thus to keep the internal field distribution
the same, down scaling of the barrier is also required maintaining a certain aspect ratio
LG / dbarrier. In other words, getting the gate closer to the channel. This effect has been
simulated for AlGaN/GaN HEMTs in [64] and observed experimentally in [65] where
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a universal minimum aspect ratio of 15 was found to be a limit to avoid short channel
effects, despite the multiple sample sources and barrier thicknesses. For power amplifiers,
increased operation frequency has another limitation on the output power due to current
collapse effect that will be discussed separately in section 2.5.1.

For linear operation of a class-A amplifier the output power (Pout) can be estimated as
[66]:

Pout =
1

8
IDSmax

(
VDS|VBr

− Vknee

)
(2.20)

Where Vknee is the knee voltage defined at the onset of current saturation and the factor
1
8 is due to undistorted sinusoidal current waveform of the class-A amplifier.

In the case of hard gate overdrive conditions (well into saturation and well into pinch-off)
the microwave current waveform is that of a half wave rectifier, and the output power is
given by [66, 67]:

Pout =
1

4
IDSmax

(
VDS|VBr

− Vknee

)
(2.21)

Before discussing the power performance of GaN HEMTs, it is necessary to describe the
breakdown mechanisms, in on-state and in off-state. In the on-state, the breakdown occurs
through an increased gate leakage current. The gate leakage mechanisms in GaN HEMTs
are dominated by trap-assisted tunneling, specially when using thin barriers (approaching
the tunneling limit). These traps can be located at the barrier/GaN interface, or in the
barrier due to un-intentional barrier doping or can be due to defects. A detailed analysis of
the gate leakage mechanisms is given in [68]. Here only short outline of the most important
phenomena will be given. Considering the case of a single barrier heterostructure, a general
expression of the tunneling current between the gate contact and the source contact across
the barrier, conducted by the 2DEG is given by:

JT = qnνeT(E) (2.22)

Where JT is the tunneling current density, n is the electron concentration, νe is the
electron velocity and T(E) is the transmission probability. Although this case is simplified
(since actual HEMT structures contain an AlN spacer, thus resembling a double barrier),
equation 2.22 is sufficient to describe the main features of the gate gate diode characteristics
shown in Fig. 11. It should be noted that the asymmetry of the forward bias and reverse
bias characteristics is not considered in this schematic.

In forward bias direction, increasing the gate voltage modulates the barrier height, going
from a trapezoidal shape to a flat band condition in the barrier. T(E) in eqn. 2.22 will then
decrease (i.e. the tunneling electron wavefunction sees an effectively thicker barrier), but
is counter balanced by an increase in the electron concentration in the channel (due to
accumulation). However, since νe increases with voltage (constant mobility regime), JT
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Figure 11: Schematic of gate diode characteristics for a single barrier HEMT. The leakage current in
the forward direction follows a tunneling mechanism, and similarly in the reverse bias
direction up to channel pinch-off, where the characteristics resemble a current limiter.

will eventually increase, until sufficiently high enough leakage current destroys the gate
contact.

When reverse biasing the gate, the same behavior is expected (but here T(E) will be
increasing, counter balanced by a decreasing electron concentration) and the reverse
leakage current will increase up to the point where the channel is pinched-off. Naturally,
due to its tunneling nature, the leakage currents will also scale with the barrier thickness
as will be shown in section 3.3.1.

Up to pinch-off, the on-state breakdown and reverse bias leakage current are vertical
field phenomena. Once the channel is pinched-off, the lateral fields can not be ignored
anymore, and the surface properties will dominate the HEMT behavior. After pinch-off,
the diode characteristics exhibit a current limiter behavior, and the leakage current is
conducted laterally at the surface of the barrier, through hopping mechanism. At this stage,
off-state breakdown will occur through an avalanche mechanism, occurring at the high
field region at the gate edge toward the drain.

If power is to be maximized, a maximum of IDSmax
.VBr should be targeted. However,

according to the lateral spreading model [17], since IDSmax
∝ Ns and VBr ∝

1
Ns

, then a
constant power density is expected independent of Ns. Thus for a given heterostructure
configuration, maximizing VBr is a key to maximizing power. One would expect then
relatively small breakdown voltages for GaN HEMTs (with its high Ns), as in the case of
GaAs. However, this is not the case observed, and indeed high breakdown voltages up
to 1200 V have been demonstrated [69]. Clearly, to get a high breakdown voltage in the
lateral mode, the channel between the gate and drain has to be depleted. This occurs by
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neutralizing the surface donor charge, and consequently the channel charge, by lateral
charge injection. But in this case, injection should be fast enough to follow the applied
signal voltage, otherwise the HEMT power performance will suffer from the current
collapse phenomena. This topic will be discussed separately in section 2.5.1.

The previous sections present a discussion on the importance of the barrier thickness
and the surface states as limiting factors to the HEMT performance. The limitations
faced by GaN HEMTs can be divided into two categories, technological limitations and
intrinsic limitations. The technological limitations can be addressed by several technological
solutions and design modifications, like recesses, barrier or buffer doping, cap layers, field
plates, gate dielectrics, which can be applied to all polar heterostructures regardless of the
composition. On the other hand, the intrinsic limitations, namely the current collapse and
self heating, apply to all heterostructures (regardless of it composition) and can not be
eliminated but rather compromised. However, controling these two intrinsic limitations
rely on two basic rules, controlling the high field region near the gate, by optimizing the
surface electronic conditions, and designing an efficient heat management solution.

2.4 Technological limitations: Barrier scaling, thermal and chemical limitations

The barrier scaling effects (in the case of a pinned surface potential) on the GaN HEMT per-
formance according to the previous sections represent most of the technological limitations
and can be summarized as the following:

• IDSmax
∝ Ns ∝ dbarrier and Vp ∝ 1

dbarrier
(see equations 2.8,2.10 and 2.15).

• ft ∝ 1
dbarrier

(see equations 2.16 and 2.17)

• Pout ∝ IDSmax
. VBr (see equation 2.20).

Thus it is a conflict in design rules to aim at maximizing Pout and ft using the same barrier
thickness and planar HEMTs design. In this case the maximum Pout and ft product can
be achieved by choosing a thin barrier of an alloy with a high polarization discontinuity
and at the same time a low surface potential. As was seen before, the LM-InAlN provides
such an advantage. For other heterostructures like AlN and AlGaN the technological limits
are addressed by using the thickest possible barrier, thus minimizing the surface potential
effect, and at the same time employing a gate recess to maximize the transconductance and
the cut-off frequencies, in addition to controlling the high field region using field plates.

Indeed these solution have been applied to many GaN HEMT designs, like using
AlN as a barrier material [70, 71, 72, 73, 74], maximizing VBr by spreading the high
field near the gate region using a T-gate or a slanted gate [75, 76, 77, 78, 79] and by
reducing parasitic leakage currents in the buffer [80]. The buffer leakage can be suppressed
through the optimization of buffer growth conditions yielding highly insulating buffers
[81, 82, 83, 84, 85, 86]. In addition, suppressing other leakage paths is also important, like
suppressing the leakage current of the Schottky contact on the Mesa edge of the HEMT
[87, 88, 89] and improving the mesa isolation of the devices [87, 90, 91]. Reducing Vknee is
also essential in terms of power. This can be done by reducing the gate-source resistance
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(RGS) by reducing the gate-source distance and by reducing the contact resistance (Rc). Due
to the tunneling nature of the ohmic contacts [92, 93] a contact recess could be employed
[74]. Another approach used was the selective doping of the access regions [94], or using
an n+-GaN cap [95] or ohmic contact region regrowth [96, 97].

Additionally, a recess can be employed as mentioned before. Indeed a low damage
recessing process (to avoid nonlinearities in RC and gm [98] and undesired kink effects
[99]) have been applied to AlGaN/GaN devices in [100] yielding an ft of 70 GHz and
an fmax of 300 GHz. Gate recessing was also employed on LM-InAlN/GaN gaining a
record gm of 800 mS/mm [101]. However, even without recesses, using a thinner barrier
but with a lower surface potential (like LM-InAlN) or a higher polarization discontinuity
(like AlN) could increase the frequency performance of the device using planar technology
only and still maintaining current densities above 1 A/mm. An ft of 210 GHz could be
achieved with a dielectric free passivated LM-InAlN/GaN HEMT [102], an ft of 144 GHz
for LM-InAlN/GaN on Si substrate [103], an ft of 205 GHz for LM-InAlN/GaN on SiC
substrate [104] demonstrating the benefit of a thinner barrier. The frequency limit was even
pushed further to an ft 300 GHz using the LM-InAlN [32] still using a planar technology.

These approaches however have their own limitations. Mechanically, increasing the
Al-content increases the piezoelectric polarization (see Fig. 3), which leads to an increase
in barrier strain and strain relaxation and a drop in the electron mobility. For example, in
AlGaN/GaN this occurs when the Al content exceeds ∼ 30% [105]. An exception of course
is lattice matched case of LM-InAlN. In addition, due to the stress in the barriers it is not
possible to grow thick barriers infinitely without inducing defects or cracking. For MOCVD-
grown AlN/GaN for example, barriers thicker than 1 nm already show inhomogeneities
[51] and no barriers thicker than 4 nm where reported until recently [106] using MBE
growth in addition to in-situ Si3N4 passivation to preserve the growth of relatively thick
barriers up to 8 nm [106], with promising electrical performance [27, 71, 72, 73, 107]. Even
if strained barriers were used at a thickness below the critical thickness of strain relaxation,
other effects could still be present due to the presence of the stress. Joh et al. [108, 109]
proposed a device degradation mechanism for the non-recoverable damage caused by
reversed gate bias, which was later correlated with the intrinsic stress in the barrier through
inverse-piezoelectric forces that increases with reverse gate bias until defects and traps
starts to generate causing increased gate leakage [110, 111].

Recessing such relatively thick barriers introduces additional challenges, which are
two-fold. Firstly, the main concern with recessing (either the barrier or the passivation or
the gate dielectric) is causing damage to the polarization of the heterostructure, through a
change in stoichiometry by preferential etching. This is seen seen frequently with many
recessing and etching recipes [112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122]. Secondly,
since gate leakage current in GaN HEMTs in the forward bias are dominated by tunneling
mechanism, gate leakage currents will increase. Although leakage currents can be reduced
by increasing the Schottky barrier height [68] either by using a metal with a higher
barrier height [123, 124] or by increasing the barrier height through changing the surface
potential using plasma or wet chemical treatment [125, 126, 127, 128, 129]. This approach
however has only a small influence. Another approach is to use a gate dielectric [130] to
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form a MOSHEMT [70, 131, 132, 133, 134, 135, 136] but this would increase the the total
barrier height again, contrary to the aim. Another approach commonly used for planar
AlGaN/GaN structures to suppress gate leakage is adding a (In)GaN cap layer on top of
the barrier [137, 138] but here recessing is not possible.

The thermal and chemical limitations are also considered technological since they also
can be avoided by choosing a proper heterostructure design, and depend largely on the
device operation environment. The chemical stability limitations will present itself, if the
HEMT devices will be used as sensors for chemical signals or if the HEMT is subjected to
chemically and thermally harsh environment during processing, like Diamond overgrowth.
For example, in chemical applications of GaN [139, 140, 141, 142, 143] the barrier itself is
not used as the direct sensing component but as an amplifier of the signal provided by
the gate as in the case of the Hydrogen sensor presented in [144] or the Ion-Sensitive-FET
(ISFET) presented in [40], and the free surface of the device will be protected by a stable
passivation. Still the chemical stability of the other HEMT components, like the ohmic and
gate contacts metals and the passivation layer, has to be controlled.

The thermal limitations appear during high power operation at room temperature (self
heating effects as will be discussed later in section 2.5.2), or if the device is operated at high
temperature. The degradation of the device heterostructure can then occur due to reaching
a chemical stability limit in non-vacuum conditions or even by surface decomposition
in vacuum conditions [145] at elevated device temperatures. In the case of self heating
thermal management is the key solution, but in the case of high temperature operation
the heterostructure used has to be apriory thermally stable at the operation temperature.
Simultaneously, the contact metallization and passivation material should also be thermally
stable at the operation temperature.

In addition, and as will be presented in this work for HEMT overgrowth with nanocrys-
talline Diamond in chapter 4, some technological solutions to intrinsic problems, like
the self heating issue discussed in section 2.5.2, require high temperature processing for
extended times, thus presenting a high temperature storage stress, often in a chemically
active atmosphere. As was discussed in chapter 1, the high thermal conductivity of Di-
amond is implemented in designing efficient heat management systems, but up to now
all attempts have been concentrated on hybrid integration of Diamond and GaN. Direct
growth methods, whether growing GaN on Diamond or growing Diamond on GaN, has
its own limitations as will be discussed in details in chapter 4. Specifically, growing highly
thermally conductive Diamond films on GaN is very thermally and chemically demanding,
due to the harsh Diamond growth conditions at temperatures above 700 °C in a hydrogen-
radical rich environment required to obtain highly thermally conductive nano Diamond
films (see chapter 4). Although this approach presents an optimum heat management
solution (as will be shown in chapter 4), it can not be applied to all GaN heterostructures
due to the harsh growth environment, which may lead to GaN decomposition [146]. This
approach has been successfully applied to the LM-InAlN in this work thanks to the het-
erostructure high thermal stability. This high thermal stability is mainly due to the absence
of stress, and consequently defects in the barrier acting as Ga diffusion paths to the surface,
which is known for its chemical instability.
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2.5 Intrinsic limitations: Current collapse and device self heating

All of the above mentioned limitations can be addressed by choosing a proper heterostruc-
ture and device design. What can not be avoided however, are the intrinsic limitations
presented next, which are the main concern for device reliability.

2.5.1 Main power limitation: Current collapse

It is always seen that the power performance of the devices falls short of the predicted
values of the equation 2.20 and the DC-characteristics of the device, even after optimizing
the power related technological parameters described in section 2.4. This is due to the
current collapse phenomenon (called also dispersion effects or lag effects) [147, 148, 149,
150, 151, 152]. This phenomenon is inherit in GaN devices since all will have a polarization
counter charge residing on the surface, responsible for the channel sheet charge density.

As discussed in section 2.3.2, high breakdown voltages in planar GaN HEMTs can be
reached only by eliminating the surface donor charge, in the free surface area between
gate and drain. This may occur by lateral charge injection into the surface traps, through a
hopping mechanism. However, this will cause current collapse, also known as drain-lag, if
the injected charges can not follow the applied voltage frequency swing.

Fig 12 shows a schematic of IV-characteristics of a HEMT in on-state and off-state when
the device is operated in DC or RF along a load line between Vknee at on-state and VBR

at off-state. When the device is in off-state with a high lateral field near the gate edge
[153, 154], charge injection into surface states occurs, and trapping of electrons in the
donor-like surface traps in the free region next to the gate disturbs the charge neutrality
balance thus reducing the sheet channel charge density in that region (see inset at point
B in figure) creating a virtual gate [155]. The charge injection mechanism is most likely
a hopping mechanism [147, 148], rather than a Pool-Frenkel mechanism, which has an
exponential behavior and will not lead to high breakdown voltages as observed in GaN
HEMTs. The injection is temperature and field dependent and can be described by an RC
element as shown in inset (B) Fig. 12.

This situation can be described as two transistors acting as two current sources, connected
in series by a slow gate connection of lateral conduction, and the operation of this dual
gate transistor is limited by the current source with the lower output current.

The amount of injected charge depends on the applied voltages (mainly the gate-drain
voltage) and on the mobility of the electrons on the surface, which follows a hopping
mechanism [147, 148]. This effect of surface charging has been observed experimentally
using direct methods like Kelvin probe microscopy [48, 156, 157, 158, 159] and indirectly
using other methods like pulse measurements and dual gate measurements. Although
some authors refer also to bulk trapping as the cause of current collapse it is more likely
the the charging effects occurs on the surface based on two critical observations: firstly, any
modification of the surface by passivation or surface treatment alters the current collapse
characteristics of the device and secondly, it was shown that GaN/InGaN/GaN do not
suffer from charge instabilities, at the chosen test conditions, since the counter charges are
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Figure 12: Schematic of I-V characteristics of GaN based HEMT under DC operation and under
current collapse conditions. The insets show the surface configuration that leads to the
current collapse, due to lateral charge injection in the surface donor traps.

in the bulk and not on the surface [156]. However, in this configuration a recess is needed
to obtain a blocking gate contact.

Now, when going back to the on-state the biases and fields are reversed. But for the
virtual gate to follow, the surface donor traps have to be discharged again, which is
controlled by the RC time constant of the charging path. In DC operation time periods are
large enough to allow the full trapping and detrapping to occur and the device will go
back to the state depicted at point A. If the RC time constant of the charging/discharging
element is larger than the applied frequency, the modulation of the virtual gate lags behind
that of the actual gate. Then, the virtual gate will not be removed and the device will suffer
from current collapse, as depicted at point C in the figure, with lower maximum current
and an increased Vknee thus providing output powers below expected values. The current
collapse will not occur if the traps are fixed but then the advantage of high breakdown
voltage will be lost.
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This phenomenon is not observed for the small signal case, and not reflected on ft or
fmax, but appear only during power operation mode. Current collapse can also be detected
in switching operation and by large signal pulsing experiments. In these experiments
pulses on the gate and drain voltages are provided in widths typically in the 100 ns range
(corresponding to frequencies up to 10 MHz) where the trapping phenomena is usually
observed. A dual gate method to quantify the amount and location of the injected charges
was developed by Neuburger et. al [160] using an MOS electrode near the gate region to
detect the injected charges. This method was applied to the passivation schemes developed
in this work by P. Herfurth in [161] and some relevant results will be shown here also.
Moreover, the dual gate method was extended further to study the device instabilities by
C. Ostermier in [123]. In addition to these measurements, an observation of the dynamic
load lines at RF operation superimposed on the DC characteristics of the device can show
the losses suffered from the current collapse.

Thus, to reduce the current collapse effect lateral charge injection must be controlled. This
can be done by making the injected charges inaccessible to the surface using passivation
[153, 162]. Here injection will still occur since the surface traps should be present in order
to form a channel but the charge centroid will be in the passivation and away from the
surface depending on the type of passivation and the surface treatment before passivation.
As will be shown in this work, for an efficient passivation the charges can be as away as
50 nm from the surface thus reducing greatly the effect of the virtual gate on thin-barrier
devices (a barrier of 10 nm LM-InAlN is mostly used here). The use of a lossy dielectric can
also increase the mobility of the injected charges and the current collapse will be shifted
to frequencies higher than the operation frequency. Using field plates and gate recesses
have also been shown to reduce this effect [163, 164]. However, the main factor in reducing
the current collapse is to control the charging and discharging properties of the surface
traps between the gate and drain. This process starts from the first fabrication steps and up
to controlling the passivation deposition precursors [165], as will be shown in this work.
Typically used passivation schemes for GaN HEMTs are PCVD Si3N4 [23, 26], in-situ or ex-
situ MOCVD Si3N4 [31, 107, 166, 167, 168]. In addition, used as both passivation and gate
dielectric ALD-Al2O3 [125, 169, 170, 171, 172, 173] and other high dielectric constant oxides
(high-k oxides) [174, 175, 176] like ZrO2, HfO2 and MgO [134, 177, 178, 179, 180, 181] have
been tested with varying degrees of current collapse reduction.

2.5.2 Device self-heating

Device self-heating is a major concern for GaN HEMTs due to its impact on the device
performance and reliability. With increasing the device output power, the dissipated power
eventually increases leading to an increase in the device temperature. Measurements and
simulations have shown that self heating causes a reduction in mobility and drift velocities
affecting both the output current and the operation frequency [182, 183, 184]. Moreover,
the increased device temperature affects the reliability of the device through accelerated
aging and accelerated electromigration of the device metallization leading to device failure
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[185, 186]. Thus efficient heat dissipation and management is a key to enable reliable and
efficient GaN HEMT power operation.

Several measurement techniques can be used to estimate the device temperature, like
microphotoluminescence [186], scanning thermal microscopy [187], photo-current mea-
surements [188], infrared thermography, micro-Raman spectroscopy and a combination
of both [189]. It was shown that the high currents of the device can lead to very high
device temperatures. It was reported that temperatures above 200 °C were reached in
AlGaN/GaN HEMTs with dissipated power of 4 W/mm [185] and a channel temperature
up to 700 °C was estimated, using lateral resolved microphotoluminescence, in InAlN/GaN
HEMTs with drain bias of only 20 V due to the high current levels (around 2 A/mm) [186].
The device design and packaging plays an important role in the thermal management
of the device. But all sources agree that the substrate plays the major role, since it is the
major heat path component connected to the package heat sink, thus a substrate with a
higher thermal conductivity is more efficient in managing the heat. The commonly used
substrates are SiC, Sapphire and Si and it is routinely reported that SiC is the most efficient
in terms of thermal management due to its superior thermal conductivity, which lead to
the attempt to use Diamond substrates since the crystalline Diamond phase at RT has
the highest known thermal conductivity. The substrate type determines the efficiency of
heat extraction from the bottom of the device, but heat can also be extracted from the
top of the device if the device is coated with a highly thermally conductive material like
Diamond. An evaluation of those two approaches for heat dissipation (bottom and top
heat dissipation) will be presented in chapter 4 together with the challenges presented in
each case and the technological steps to realize it. But first an overview of the HEMTs used
in this work, their fabrication technology and temperature stability tests are given in the
next chapter.



3
LATTICE MATCHED InAlN/GaN HETEROSTRUCTURE FOR HEMT APPLICATIONS

The previous chapter introduced basic guidelines and limitations to GaN HEMT design
and performance. These guidelines can be met by a proper choice of heterostructure and
technology parameters. In this chapter the advantages of using InAlN/GaN in lattice
matched configuration for HEMT application will be discussed. The chapter starts with
summarizing the advantages of the LM-InAlN/GaN HEMT in connection to what was
discussed earlier. The evidence for these advantages will be then built up in the following
sections, after introducing the basic HEMT fabrication technology and scaling properties
used mainly throughout this work.

3.1 Advantages and state-of-the-art of LM-InAlN/GaN HEMTs

The properties of LM-InAlN/GaN heterostructure combine together several advantages
allowing a larger degree of freedom in device design to address generic applications using
a simple planar technology and allows unconventional process to be applied without
compromising the HEMT performance. The LM-InAlN/GaN heterostructure has the
following advantages:

• A relaxed barrier with no stress, thus avoiding stress related degradation like what
was presented by Joh et. al in [108, 109, 110] (see section 3.4). In fact it was shown
that such stress related degradation mechanism are not seen in first experiments for
the case of LM-InAlN [190].

• The absence of stress contributes greatly to the high mechanical/thermal stability
of the heterostructure. This is the most prominent advantage of this heterostructure
which enabled very high temperature storage/operation of the HEMT (discussed in
section 3.4) above 500 °C and up to 1000 °C [191, 192, 193, 194, 195] and the application
of high temperature processes like thermal oxidation at 800 °C, for surface passivation
preparation to address the current collapse phenomena as discussed in section 2.5.1.
This will be presented in section 3.5 and in [196, 197, 198]. The high thermal stability
also allowed successful nanocrystalline Diamond (NCD) overgrowth at temperatures
above 700 °C in H-radical rich atmospheres for heat dissipation purposes to address
the self heating problem as discussed in section 2.5.2. This will be presented in
chapter 4 and also appears in [40, 42, 199, 200]. Up to now, the processing/operation
of HEMTs in this temperature regime is restricted to LM-InAlN.

• The high Al-content (83%) and the relatively low surface potential (below 1 eV)
yielded high Ns values (above 2 x 10

13 cm−2) [50] and high IDS (above 0.5 A/mm)
for barriers thinner than 15 nm (discussed in sections 2.3.1 and 3.3.1 and appears
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in [201]). This has enabled high aspect ratio devices with high cut-off frequencies
(summarized below), and the ability to use gate dielectrics without compromising the
aspect ratio [131, 132, 134, 169, 178, 179, 180], and high performance enhancement
mode (E-mode) devices to be realized [52, 123, 202, 203].

• The high current densities allowed demonstration of high power densities at high
frequencies (summarized below) and low drain voltages, promoting the LM-InAlN
as a an alternative barrier material to the conventional AlGaN barrier [24, 39, 191,
204, 205, 206].

Indeed the interest in using this barrier for HEMT applications is evident in the increasing
number of publications from several institutes and research groups. Although the tech-
nology optimization is not yet as mature as AlGaN/GaN case, key enabling technological
parameters, like high quality crystal growth and efficient surface passivation have been
developed. A time line summary of the state-of-the-art LM-InAlN/GaN, achieved world-
wide on different substrates, in terms of frequency and power performance is shown in
table 2. The results presented in this work are comparable to the state-of-the-art results,
and the main task in this work concentrates on developing a technology of nanocrystalline
Diamond overgrowth on HEMTs that is compatible with these applications.

3.2 Heterostructure growth

The heterostructure can be grown either by Metal Organic Chemical Vapor Deposition
(MOCVD) or by Molecular Beam Epitaxy (MBE). Details of these techniques can be found
in [215, 216].The main difference between the two techniques is that while MOCVD is an
equilibrium process, where the GaN growth is conducted at high temperatures (typically
1050 °C), MBE is a non equilibrium process conducted at lower temperatures (max. 800

°C) but at a much slower growth rate [85, 217]. The difference in the growth temperature
might prefer some substrates to others due to the lattice and thermal mismatch between
GaN buffers and the typically used SiC, Sapphire or Si substrates. Table 3 summarizes
these parameters.

The difference in thermal expansion coefficient and the thermal mismatch to the substrate
causes cracking of the grown GaN, while the lattice mismatch causes rotated GaN domains.
The growth on non-polar substrates (Si, Sapphire or Diamond) can cause mixed polarity
and inversion domains [14, 217]. The dislocations affect the thermal conductivity of the
buffer and the mixed polarity affects the polarization and in turn the sheet charge density.
Thus using AlN would be the best choice but is limited by the availability of AlN substrates.
Instead, AlN buffers grown at low temperature are used between the non polar substrate
and the GaN buffer. A view to the state of the art data presented in table 2 shows clearly
that the performance of GaN on SiC is superior to Sapphire and Si, but due to the relatively
high cost of SiC substrates, growth techniques were optimized for GaN on Sapphire
and recently good quality GaN on Si is being used. The unique case of GaN on single
crystalline Diamond growth is discussed in section 4.3. The mismatch effects can be reduced
by inserting an AlN nucleation layer grown at low temperature between the substrate



Ye
ar

Su
bs

tr
at

e
P o

u
t

PA
E

V
D
S

,F
re

q.
Pa

ss
iv

at
io

n
L G

f t
f m

a
x

(W
/m

m
)

(%
)

(V
),

(G
H

Z
)

(µ
m

)
(G

H
z)

(G
H

z)

2
0
0
7

[2
0
7
]

Si
C

6
.8

3
4

3
0

V,
1
0

G
H

z
PC

V
D

Si
3

N
4

0
.2

5
-

-

2
0
0
8

[2
0
8
,2

0
9
]*

Si
C

5
4
2

3
0

V,
1
0

G
H

z
PC

V
D

Si
3

N
4

**
0
.2

5
4
2

6
1

2
0
0
9

[2
1
0
]

Si
2
.5

2
3

1
5

V,
1
0

G
H

z
PC

V
D

Si
3

N
4

0
.1

1
0
2

1
0
4

2
0
0
9

[1
9
4
,1

9
6
]*

Si
C

1
1
.6

3
7

%
2
0

V,
4

G
H

z
PC

V
D

Si
3

N
4

**
0

.1
6
1

1
1
2

2
0
1
0

[1
0
4
]

Si
C

-
-

-
PC

V
D

Si
3

N
4

0
.0

5
5

2
0
5

1
6
5

2
0
1
0

[2
1
1
]

Si
C

1
0
.3

5
1

3
0

V,
1
0

G
H

z
PC

V
D

Si
3

N
4

0
.2

5
2
7

6
5

2
0
1
0

[1
0
3
]

Si
C

-
-

-
PC

V
D

Si
3

N
4

0
.1

1
4
4

1
4
5

2
0
1
0

[2
1
2
]

Si
C

5
.8

4
3

.6
2
0

V,
3
5

G
H

z
PC

V
D

Si
3

N
4

0
.1

6
7
9

1
1
3

.8

2
0
1
1

[1
0
2
]

Si
C

-
-

-
D

ie
le

ct
ri

c
fr

ee
0
.0

6
2
1
0

5
5

2
0
1
1

[2
1
3
]

Si
C

-
-

-
PC

V
D

Si
3

N
4

0
.0

3
2
0
5

2
2
0

2
0
1
1
[2

1
4
]

Sa
pp

hi
re

2
.9

2
8

1
5

V,
1
8

G
H

z
PC

V
D

Si
3

N
4

0
.2

2
5

5
2

1
1
0

Ta
bl

e
2
:T

im
e

lin
e

su
m

m
ar

y
of

th
e

st
at

e
of

th
e

ar
t

LM
-I

nA
lN

/G
aN

H
EM

T.
It

sh
ou

ld
be

m
en

ti
on

ed
th

at
al

lb
ar

ri
er

s
us

ed
ar

e
th

in
ne

r
th

an
1

5

nm
.*

Pe
rf

or
m

ed
in

Th
is

w
or

k.
**

T
he

Si
3

N
4

is
co

m
bi

ne
d

w
it

h
th

er
m

al
ox

id
at

io
n.

33



34 lattice matched inaln/gan heterostructure for hemt applications

GaN SiC Sapphire Si Diamond (single crystal)

Thermal expansion
coefficient
(10

−6K−1)

5.59 4.2 7.5 2.59 1.18

Lattice mismatch
(GaN/substrate in
%)

- +3.5 -16 -17 26.4

Thermal mismatch
(GaN/substrate in
%)

- +25 -24 +54 +300

Table 3: Lattice and thermal mismatch to substrates used for GaN growth. After [9, 14].

Figure 13: Cross section of the typically used heterostructure and device dimensions.

and GaN along with other techniques that can be found in [218, 219, 220, 221]. High GaN
buffer insulation is usually achieved by Fe-doping or C-doping [81, 82, 84, 85, 86, 222, 223].

Most of the LM-InAlN/GaN heterostructures used here were grown by MOCVD on
SiC and Sapphire. The GaN buffer thickness used is 2-3 µm grown on an AlN nucleation
layer. As in AlGaN/GaN [224, 225] before the InAlN growth a thin 1 nm AlN spacer is
introduced. This spacer reduces the alloy interface scattering thus increasing the mobility
up to 2 fold [51, 83]. Mobilities up 1200 cm2/Vs are reached, in the used heterostructures,
compared to around 500 cm2/Vs for heterostructures without the spacer which were
previously used [226, 227]. The grown InAlN was originally used for optical applications
(Bragg reflectors and in GaN based laser diodes [20]), but the growth optimization of both
the barrier and the buffer insulation was gradual during this work. Fig. 13 shows a cross
section of the typically used heterostructure in this work along with the device dimensions
routinely fabricated. Barriers ranging from 3 nm to 30 nm were investigated but most of the
work was performed using a 10 nm barrier on SiC substrate. The Al content varied slightly
between 81% and 84% depending on the buffer template of supplier to achieve the lattice
match configuration, confirmed by the growers using High Resolution X-Ray Diffraction
(HRXRD). The defining features of the heterostructure and the device dimensions will be
pointed out later.
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3.3 HEMT basic fabrication technology and characterization

The early stages of the work concentrated on defining the potential and limits of InAl-
N/GaN heterostructures, with variable Al content and variable barrier thickness using
a simple planar fabrication technology. This was used for comparison and qualification
between the different heterostructures. Later on, a decision to concentrate on using the 10

nm barrier LM-InAlN/GaN (including the 1 nm AlN spacer) grown on SiC substrates was
made. This choice was based on the heterostructure properties, which will be discussed
in this chapter and the thermal stability under NCD growth that will be discussed in
chapter 4.

The following is a summary of the standard HEMT fabrication steps used routinely.
All fabrication steps are performed in a continuous routine and thus the choice of the
technology is limited by the available technological facilities. Modifications of this process
according to the technological needs will be mentioned in place. Except for the optical
lithography resist developer, the use of acidic or basic solutions was avoided (unless
intentionally applied as will seen shortly) to avoid changing the heterostructure properties
through uncontrolled modification of the surface potential. The lithography process details
and materials are listed in the appendix.

The mask set used enabled the fabrication of a matrix of devices with variable width
(2 x 25 µm, 2 x 50 µm, 2 x 100 µm and 2 x 200 µm), variable source-drain distance (3 µm
and 4 µm) and variable gate lengths (0.5 µm, 0.25 µm, 0.1 µm). Dedicated measurements
structures (TLM structure, 4-point Van der Pauw, vertical diodes and open and short
calibration pads for RF measurements) are also on the same mask set. Mostly used was the
device dimensions shown in Fig. 13.

Device isolation was achieved by Ar- dry etching in a plasma sputter-etch chamber.
Although removal of only the barrier is sufficient for device isolation, an etch depth of 250

nm to 400 nm was used to enable proper mask alignment in the next optical lithographic
step. Ohmic contacts were patterned by lift-off optical lithography. The samples were
then dipped for 15 minutes in HCl:H2O solution ( 1:1 ratio and heated to 70 °C) for
native surface oxide removal to ohmic metallization deposition. This step proved crucial
in obtaining linear ohmic contacts routinely. Ti/Al/Ni/Au (30 nm/200 nm/40 nm/100

nm) metallization was deposited in an electron beam (E-beam) evaporator. After lift-off
the ohmics were annealed in a Rapid Thermal Annealing (RTA) chamber in nitrogen
atmosphere at 850 °C for 30 seconds. Due to the tunneling nature of the ohmic contact,
provided by TiN surface defects generated at the annealing step [92], the contact resistance
depends largely on the barrier thickness as will be seen later. However, it was found that
long time annealing improved slightly the contacts resistance probably due to enhanced
alloy mixing but this step was not usually used, since it requires a controlled process in a
vacuum chamber to avoid surface oxidation [228]. Controlled surface thermal oxidation at
800 °C in O2 atmosphere was performed on the LM-InAlN HEMTs for surface passivation
purposes. This process will be discussed in detail in section 3.5. For quick heterostructure
evaluation this step was skipped. E-beam evaporated 50 nm Ni / 100 nm Au gates were
defined by E-beam lithography with the dimensions mentioned above. Devices were
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passivated with PCVD Si3N4 films deposited at 300 °C with varying thicknesses between
30 nm and 200 nm using Silane and Ammonia precursors. Eventually the passivation
process were varied according to the specific experiment as will be shown later. Contacts
pads were opened in a Reactive Ion Etching (RIE) chamber using CF4 plasma.

DC measurements and high temperature measurements were monitored to characterize
the fabricated HEMTs. After technology optimization, selected microwave devices were
characterized by small signal s-parameter, large signal load pull measurements and pulse
measurements. High resolution TEM (HR-TEM) analysis were used to analyze specific
structures like the thermally oxidized InAlN, the ohmic and gate contacts or the NCD
overgrown HEMTs. This set of experiments was used to define the features of HEMTs with
variable barrier thickness and variable passivation and metallization schemes.

3.3.1 Barrier scaling properties

Although the surface potential could be underestimated in the simulations presented in
section 2.3, due to uncertainty in the conduction band offset value, the barrier scaling
effects are present experimentally and affect the HEMT properties as will be discussed
shortly.

The scaling properties with barrier thickness of the LM-InAlN/GaN HEMT used in this
work are discussed in [192, 201, 229] but the main features of the barrier down-scaling
will be presented here, since they will serve as guidelines in identifying degradation
effects of the HEMT due to high temperature processes like the thermal oxidation of the
barrier or the high temperature deposition of an NCD top heat spreader. Figures 14 and 15

summarize the barrier down-scaling effect on HEMTs grown on Sapphire substrates with
2 µm GaN buffer and 1 nm AlN spacer with variable LM-InAlN barrier thicknesses down
to 3 nm. The planar device fabrication followed the steps described in section 3.3.

The dependence of IDS,max (with a fully opened channel with Vg = +2 V) on dbarrier

shown in Fig. 14 follows the trend of Ns dependence on dbarrier shown in Fig. 8. The
surface potential of the free surface can only act in the source/gate and gate/drain access
regions mainly as parasitic current limiter on the FET open channel current. The reduction
of Ns underneath the gate at fully opened channel is not expected, if no stress is added
to the barrier, in particular for thin barriers. However, this correlation is still indirect and
not quantitative. The insets of the figure show the DC-output characteristics of HEMTs
with 15 nm barrier and 3 nm barrier. For thick barriers IDS,max is approx. 1.8 A/mm and
decreases to 0.6 A/mm for the 3.0 nm barrier which is still significantly high. It can be
also seen that current compression, indicating an Ns limit is not seen in the thin barrier
device prior to forward gate breakdown. Thus, for thin barriers IDS,max is still gate barrier
limited and not Ns limited. After PCVD Si3N4 passivation IDS,max increased specially for
thin barriers indicating reduction the surface potential in the access regions (which also
enhances the RF performance of the device as was discussed in section 2.5.1). In addition
to the high aspect ratio, thin barriers can also provide a reduction in the contact resistance
(see Fig. 15a). Moreover, VP scales linearly with the barrier thickness (see Fig. 15b) and
an enhancement mode of operation would be reached for a total barrier thickness of 2.0
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Figure 14: The barrier down-scaling effect on the HEMT characteristics causes a decrease in IDS,max

and increase in gm (not shown here). PCVD Si3N4 passivation seems to reduce the
surface potential effect. However, due to the relatively small surface potential of LM-
InAlN/GaN HEMT, fully functional devices can be obtained with barriers as thin as 3

nm.

nm, when using a Ni gate. Indeed, C. Ostermaier in [52] showed that this is the case by
demonstrating an E-mode HEMT with a barrier thickness of 2 nm. The depletion of the
access regions in this case was prevented using an n++- GaN cap layer.

The drawback of aggressive barrier scaling discussed in section 2.4 would be the increase
in the gate leakage current as shown in Fig. 15c. In this work a novel method of barrier
thermal oxidation was used to obtain a high quality gate dielectric that allowed a reduction
in the gate leakage current and at the same time served as an important step in surface
preparation for efficient passivation. Since this process is performed at 800 °C, it requires a
very high heterostructure thermal stability, which the LM-InAlN/GaN could provide. The
heterostructure stability is discussed next in section 3.4.

The barrier scaling properties presented here lead to the choice of 10 nm barrier to be
largely used for subsequent power HEMT fabrication. The 10 nm barrier is thick enough to
provide a high Ns close to the maximum value but not too thick for a relatively low contact
resistance and the device has a transconductance around 300 mS/mm which is sufficient
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(a) (b)

(c)

Figure 15: The barrier down-scaling also causes a (a) decrease in the contact resistance (b) decrease
in the pinch-off voltage and (c) increase in the reverse gate leakage current.

for operation frequency in the GHz regime. The gate leakage and the surface passivation
were optimized using the thermal oxidation method as will be discussed in section 3.5.

3.4 Thermal stability and high temperature operation of LM-InAlN/GaN HEMT

Since the demonstration of LM-InAlN/GaN HEMT short operation at 1000 °C in 2006 [39]
the very high thermal stability of the LM-InAlN/GaN layer has been identified as one of
its most attractive feature , which would indicate not only reliable operation at high power
but would also enable the application of unconventional processes at high temperatures
without degrading the device performance. It would also enable operation at very high
temperatures above 600 °C not accessed so far by any other material. A lot of effort was
spent in optimizing the device design for high temperature processing/application and
the thermal stability of the HEMT was evaluated using storage or operation tests at high
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temperatures. The HEMT properties developed in the previous sections along with direct
observations with TEM cross sections was used to identify possible degradation mechanism
in the HEMT structure. These guidelines are as the following:

• In a high temperature storage test, a change only in IDS,max indicates a modification
of φs by a modification of surface state distribution at high temperature. If the HEMT
is passivated and the change still occurs this means that the passivation should
be modified for better protection of the surface. The change in φs can however be
intentional like in the case of obtaining an E-mode LM-InAlN/GaN HEMT with a
5 nm barrier, by modifying φs through Fluoride plasma treatment localized under
the gate, to decrease the density of the surface counter charge and consequently the
sheet charge density. The results of this study will not be discussed here but can be
found in [202].

• A decrease in the RC indicates either diffusion of the contact metal in the barrier or
enhanced alloy mixing. The later case is more probable since the barrier exhibits a
ceramic-like stability and no metal diffusion either from the ohmic or gate contact was
observed by HR-TEM cross sections. This was also shown for the HEMT operated at
1000 °C using a Ni gate, where intermixing of the Ni and Au contact metals occurred,
but no diffusion of either metals in the barrier was seen in HR-TEM images.

• An increase in Vp would indicate gate sinking. This case was not observed as
mentioned above, but could be confused with the case of modifying φsunder the
gate like what was shown in [230].

If IDS, or Ns, and Vp are preserved, this means that the basic properties of the het-
erostructure, namely the polarization and the barrier thickness, are preserved and the
degradation seen in the HEMT characteristics is more likely due to either degraded ohmic
or gate contact metallization or degraded passivation or both. This is demonstrated for
example in the case of storage tests at high temperature. In this experiment PCVD-Si3N4

passivated HEMTs were stored under vacuum at temperatures from 500 °C to 1000 °C in
steps of 100 °C for 30 minutes. The HEMTs were characterized after each heating step after
cooling to room temperature. Fig. 16 shows the DC characteristics of the tested HEMTs
(15 nm and 3 nm barriers) after cooling down from 1000 °C. As can be seen, even for the
HEMT with 3 nm barrier the device characteristics are largely unchanged, which indicates
very high thermal stability of the heterostructure. The change in the access resistance for
the 3 nm barrier case is due to changes in metal alloying of the ohmic contact. But most
importantly, the gate diode characteristics did not change (see Fig. 16c), nor the pinch-off
voltage shifted, which (if occurred) could be easily seen in a barrier as thin as 3 nm.

This experiment indicates that the heterostructure is capable of handling process steps
up to 1000 °C for elongated times in vacuum conditions. However, any alloying instability
of the metals will usually lead to degradation effects, if the device is operated at high
temperatures. Electromigration of soft metals, like in the ohmic contact metallization stack,
namely Au and the non alloyed part of the Al film, will be amplified during operation
at high temperatures. The flow of metal on the device surface can then short circuit the
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(a) (b)

(c)

Figure 16: DC output characteristics of PCVD-Si3N4 passivated LM-InAlN/GaN HEMTs before
and after 30 min. stress at 1000 °C in vacuum for (a) a 15 nm barrier (b) 3 nm barrier and
(c) gate diode characteristics of the 3 nm barrier HEMT before and after the stress test.

source, drain and gate contacts. This is demonstrated for example in stability tests under 1

MHz large signal operation of the HEMTs with 10 nm barrier at temperatures from 500 °C
in vacuum, in temperature steps of 100 °C increased after continuous operation for 250

hours and until failure. Measurement details can be found in [194, 231]. The HEMTs were
processed with the standard routine, which means Ni/Au gate metallization was used
for the gate, and has a 2-finger layout. Fig. 17a shows the mean HEMT current density
recorded during the test period, for one finger. The tested HEMT operated for 250 hours
at 500 °C followed by another 250 hours at 600 °C and failed suddenly after operating
for 25 hours at 700 °C and did not show apparent degradation throughout the entire test
period, as was shown by DC measurements performed periodically at the RT and the test
temperature before each temperature change [228, 231]. The sudden failure of the device
was due to metallization breakdown and melting that short circuited the device as can
be seen in the SEM image in Fig. 17b. It is interesting to note that such degradation did
not appear in the adjacent device (the unbiased second finger) which, along with other
unbiased devices on the same tested sample, could be operated normally after cooling
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(a) (b)

Figure 17: (a) Long time operation test of 10 nm InAlN/GaN HEMT. The HEMT operated for 250

hours at 500 °C and 250 hours at 600 °C and 25 hours at 700 °C. (b) The sudden HEMT
failure at 700 °C is due to metallization break and melting short circuiting the source
and drain. The unbiased devices were not damaged and could be operated normally
after the test.

down to RT. This supported the assumption that the main degradation mechanism of
the HEMTs at high temperature is due to the metallization or the passivation but not
the heterostructure itself. The presence of a ductile metal like Au is thus undesired and
has to be replaced for high temperature operation, but in this case the gate conduction
is compromised. HR-TEM images (see Fig. 18) showed that the non uniform alloying of
Au starts as early as the ohmic contact annealing step. The same can be expected for the
Ni/Au gate stack, if stored at high temperatures. A modification of the ohmic and gate
contact for high temperature processing/operation was conducted in this work to enable
the growth of NCD top layers and will be shown in section 4.1.3. These modifications also
lead to an extended operation of the HEMT at even higher temperatures and up to 25

hours at 1000 °C. The details of these experiments will not be shown here but the results
are reported in [194, 195, 228].

3.5 Thermal oxidation of InAlN

The exceptional high thermal stability of InAlN/GaN heterostructures enables to perform
thermal oxidation at high temperature (above 800°C) resulting in extremely slow oxidation
rates comparable to those seen in Silicon MOS-FET technology. The thermal oxidation
process was conducted in an annealing oven in O2 atmosphere at a temperature of 800 °C
measured by a thermocouple mounted directly above the sample surface. The optimization
of the oxidation temperature is described in detail in [68], where oxidation at temperatures
between 600 °C and 900 °C was tested and a temperature of 800 °C was found to be the
optimum. It should be mentioned that the optimum temperature differs with different
oxidation furnaces, and should be optimized for each case. The experiments conducted
here were all under the same conditions and were reproducible. In the FET, two oxidation
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(a) (b)

Figure 18: TEM color-coded elemental maps (performed by E. Elektronenmikroskopie, Ulm) of the
ohmic contact stack (a) before the annealing step and (b) after annealing at 850 °C for 30

seconds. Ti largely stays at the interface with the HEMT and Al disperses everywhere.
Au and Ni on the other hand tend to segregate causing an excess of non alloyed metal
which could later electromigrate at high temperatures specially for a ductile metal like
Au.

schemes were used, namely the global oxidation scheme as proof of concept experiment,
and the local oxidation scheme. In the global oxidation scheme the fabrication of the
HEMTs proceeded as in section 3.3 up to the ohmic contact annealing step. Thereafter,
oxidation was performed on the gateless HEMT, including the access region and the contact
metals, followed by the gate lithography and passivation (see Fig. 19a). A modification
was done on this fabrication routine, by processing the HEMTs up to the ohmics and then
passivate them with PCVD Si3N4 and perform the oxidation in a localized area defined by
a recess in the passivation (see Fig. 19b). This scheme will be denoted “local oxidation”. A
T-gate was aligned to the oxide recess opening followed by gate metallization to fabricate a
MOSHEMT with thermally generated oxide (see Fig. 19c).

At first the nature of the formed oxide had been investigated by HR-TEM and High
Angle Annular Dark Field (HAADF) STEM of the same TEM cross section in the Materi-
alwissenschaftliche Elektronenmikroskopie Department in Ulm University, using a bare
heterostructure oxidized for 10 minutes resulting in a 2 nm thick oxide layer as seen in
the cross sections. Fig. 20 shows these cross sections, from which the identification of the
heterostructure layers and the nature of the formed oxide are inferred. The HAADF-STEM
analysis showed that the oxide is mostly Al2O3 with a high degree of crystallinity (see the
HR-TEM insert in the image) which was the first indication of a high quality oxide. There
is however an approximately 1 mono layer of Indium enriched material on top of the oxide,
which on one hand shows that this oxidation temperature prefers the formation of Al2O3,
and on the other hand can cause severe trapping effects at high operation frequencies if
the Indium enriched layer acts as a fast metallic trap. After the oxidation, the surface was
treated by HCl.
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(a) (b)

(c)

Figure 19: Cross section of (a) a MOSHEMT fabricated using a global oxidation scheme (b) local
oxidation scheme used to characterize the effect of oxidation before gate deposition and
(c) MOSHEMT with thermally generated oxide recess.

The quality of the thermally generated insulator was investigated firstly using structures
fabricated using the global oxidation scheme. Oxidation was conducted for 2 and 5 minutes
on separate pieces of the identical 10 nm barrier heterostructure, with identical device
dimensions (0.25 µm x 50 µm). The as-grown LM-InAlN/GaN heterostructure had a
mobility of 1000 cm2V−1s−1 and an Ns of 1.6 x 10

13cm−2. A piece was left unoxidized for
comparison and a set of DC measurement were conducted to evaluate the FET performance
both before and after passivation. Fig. 21 shows the DC characteristics of the unpassivated
devices. The effect of oxidation on the surface depletion is visible through the drop of
the maximum current density with increased oxidation time. Likewise, an increase in the
access resistances is also visible. The reduction of IDS,max can be explained by an increase
in the surface potential and a decrease in the InAlN barrier thickness, as was shown in
sections 3.3.1and 2.3.1 and can not be avoided using this global oxidation scheme.

A significant drop of the gate leakage is observed by increasing the oxidation time, up
to 4 orders of magnitude after 5 minutes of thermal oxidation at 800°C (see Fig. 22a),
which reveals a high insulator quality. This had a clearly visible effect on the 3-terminal
breakdown defined at 1 mA/mm (see Fig. 22b). The 3-terminal breakdown of the HEMT
was around VDS = 80 volts, while the oxidized layers had no visible breakdown up to 100

volts. Biasing beyond this voltage has not been possible due to test equipment limitations.



Figure 20: HAADF-STEM and HR-TEM cross sections (performed by E. Elektronenmikroskopie,
Ulm) of initially a 15 nm barrier LM-InAlN/GaN oxidized thermally for 5 minutes at
800 °C. The HAADF-STEM elemental analysis (right insert) identifies the composition of
the heterostructure after oxidation, and shows that the formed oxide is mostly Al2O3.

Figure 21: Transfer characteristics of 0.25 µm x 50 µm MOSHEMTs prepared by thermal oxidation
compared to non oxidized HEMT. The insets show the output characteristics (Vg in 1 V
steps) of the devices.

44
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A shift in the turn-on voltage (see inset of Fig. 22a) of no more than 1 V for the longest
oxidation time was also observed. The pinch-off voltage and transconductance have not
been changed essentially by the short time oxidation treatment, which means that the
barrier layer kept the same capacitance values and the same overall dielectric constant.
The gm of 300 mS/mm and the ft of more 42 GHz of the passivated devices (the power
performance of the passivated devices will be discussed in section 3.6) indicate also no
degradation in the channel transport properties. However, the oxygen diffusion continues
with time and the oxide layer thickness appears also to increase with time, leaving a thinner
InAlN barrier layers. Therefore, for long oxidation times (5 minutes in this case) the sheet
carrier density and thus the maximum drain current density are significantly reduced.

(a) (b)

Figure 22: (a) Gate diode characteristics and (b) 3-terminal breakdown defined at 1 mA/mm of the
HEMT and MOSHEMTs shown in Fig. 21. In addition to an increase in the gate turn on
voltage, reduction in gate leakage current and increase in the 3-terminal breakdown of
the devices were observed with increased oxidation time.

Using the diode characteristics shown in Fig. 22a enables the speculation of the oxidation
mechanism to be diffusion limited. With such thin InAlN barriers it is expected that the
dominant current leakage mechanism in a diode is the tunneling mechanism. As in the
case of Silicon oxidation, insertion of a thin dielectric would reduce the leakage current (I0)
exponentially with the oxide thickness as described in equation 3.1 below [130, 232]:

I0 ∝ C1
V0

doxide
exp

(
−C2

doxide
V0

)
(3.1)

where C1 and C2 are material related constants, doxide is the thickness of the oxide
and V0 is the voltage across the tunneling barrier. Moreover, the thickness of the oxide
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for a diffusion limited oxidation mechanism is proportional to the square root of time as
described in equation 3.2 below [233]:

doxide ≈
√
Bt (3.2)

Where t is the oxidation time and B is the parabolic rate constant. From equations 3.1
and 3.2 the logarithm of the leakage current is linearly dependent on the square root of
oxidation time. From Fig. 22a, recording the current values at a chosen gate source voltage
(V0), -20 V in this case, and plotting it with the square root of oxidation time reveals a
linear dependence (see Fig. 23), which indicates a diffusion limited oxidation mechanism
similar to the case of Silicon oxidation.

Figure 23: Dependence of leakage current (at Vg = -20 V) on the square root of oxidation time
indicates an initially diffusion limited oxidation mechanism similar to the case of Silicon
oxidation.

To correlate the effect of oxidation with the intrinsic properties of the heterostructure,
namely Ns, the structure shown in Fig. 19b (local oxidation) was used, fabricated from
a 10 nm barrier layer on GaN buffer on SiC substrate. The gateless device was oxidized
for different times, while shielding the ohmic contact metals and the access region with
a Si3N4 mask. The drop in the saturated current density (IDS) relative to the saturated
current density prior to oxidation (IDS0) was recorded and TEM cross sections on similar
unprocessed layers were used for calibration of the oxide thickness (see Fig. 24). The drop
in IDS is relatively slow up to 4 min. of oxidation (with an oxide thickness reaching 1.5
nm) and accelerates up to 8 min. of oxidation (with oxide thickness of 3 nm) where the
heterostructure starts to suffer a structural degradation as seen in the TEM cross sections.
The initial oxidation rate is about 0.4 nm/min.

Since the access regions are protected during oxidation we can assume a direct propor-
tionality between IDS and Ns for oxidation times up to 8 minutes before the heterostructure
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Figure 24: Relative change in IDS with oxidation time. The insets show TEM cross sections (per-
formed by MFA) of the layer before oxidation and after 4 and 8 minutes of oxidation.

starts to degrade (before oxidation Ns = 2.6 x 10
13 cm−2 from Hall measurements) . By

superimposing these data on the calculated Ns dependency on φs and barrier thickness
presented earlier in Fig. 8, and taking into account the actual InAlN barrier thickness seen
from the TEM cross sections, a quantitative description of the oxidation effect can be made.
As shown in Fig. 25 for oxidation times up to 4 minutes, Ns drops with thickness but
following a constant surface potential contour. At higher oxidation times the drop in Nscan
not be explained by only a reduction in the barrier thickness, and to fit the tendency an
increase in the surface potential is required. The TEM analysis showed that at 8 minutes
of oxidation the concentration of Indium is higher near the InAlN/GaN interface, which
could cause a polarization change and a surface potential shift. A verification of this process
needs more detailed elemental analysis at smaller oxidation time steps. However, the above
analysis shows that 4 minutes of oxidation is the optimum time since it is the limit at
which the thickest possible oxide can be generated before degrading the heterostructure.

3.6 HEMT passivation and output power performance

To use the thermal oxidation process in subsequent NCD-coated power HEMT, the oxide
should not introduce additional surface or bulk traps that causes current collapse and
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Figure 25: The effect of oxidation on carrier density using the data obtained from Fig.24 and 8 can
be explained by (I) a constant surface potential for reduced barrier thicknesses at short
oxidation times and (II) an increase with the surface potential and barrier thickness.
After 8 min. of oxidation, φs increases to approximately 1.1 eV.

should be an efficient diffusion barrier to ensure gate stability in case of the high NCD
deposition temperature, or if used in high temperature operation. This section and the
next will provide evidence for the suitability of the thermal oxide for very efficient surface
passivation and will also provide preliminary evidence for the high temperature stability.
The final verification of the thermal stability will be shown under actual NCD growth
conditions in the next chapter.

As discussed earlier in sections 2.5.1, the surface traps causing the current collapse
should not only be minimized but also localized as far as possible from the surface and
moved into the passivation. Thus the thermal oxidation alone is not expected to reduce the
current collapse effects except when it is combined with a thicker passivation. The nature
of the thermal oxide makes it an ideal platform for subsequent Al2O3 growth, which can
serve as both passivation and gate dielectric but this material was not available to this
work.

Typically, a traditionally used PCVD Si3N4 film was employed in this work, deposited
using ammonia and Silane precursors, on the globally oxidized MOSHEMTs of Fig. 21, with
a thickness of 200 nm. Fig. 26 shows the DC characteristics after passivation. Compared
to the unpassivated devices, an unpinning of the surface due to the Si3N4 overlayer is
visible through an increase of the maximum current density of about 25%, thus reducing
(or eliminating) the already small surface potential of the unpassivated surface further.
The passivation however caused a degradation of the gate diode characteristics compared
to the unpassivated devices (see Fig. 27a) due to surface current leakage in the Si3N4

layer or at its interface, which is reflected on the 3-Terminal breakdown of the device (see



3.6 hemt passivation and output power performance 49

Figure 26: Transfer characteristics of 0.25 µm x 50 µm MOSHEMTs shown in Fig. 21 after passivation
with 200 nm PCVD Si3N4. The insets show the output characteristics (Vg in 1 V steps)
of the devices.

Fig. 27b) limiting it to 35 volts of source-drain bias (in the best cases). This effect may not
be considered for the moment, but have to be dealt with in the case of NCD overgrowth as
will be seen later.

Pulse and power measurements, performed by IEMN, were conducted on the MOSHEMTs
with 2 min. oxidation. Fig. 28a shows the pulsed I-V measurements of the passivated de-
vices with 500 ns pulse duration and 10 µs intervals. The thermal oxidation proved efficient
in suppressing the gate lag (see Fig. 28a), which indicates a clean and widely trap free
interface (confirming that the drain current increases due to a widely unpinned interface).
Moreover, As compared to identical devices fabricated without thermal oxidation, the
oxidation process did not have any apparent effect on the drain lag, indicating that the
oxidation process did not introduce additional bulk trapping effects in the oxide layer.
This is discussed in details in [209]. The load-pull power measurements, performed by
IEMN, showed encouraging results in terms of the maximum output power achieved at
10 GHz and up to 30 V drain bias (see Fig. 28b). With 2 minutes oxidation, a maximum
output power of 5.06 W/mm with a power added efficiency of 42% was obtained despite
the added parasitics due to the oxidation of the ohmic contact metal. The s-parameter
measurements yielded an ft of 42 GHz and fmax of 61 GHz (compared to ft of 37 GHz and
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(a) (b)

Figure 27: (a) Gate diode characteristics and (b) 3-terminal breakdown defined at 1 mA/mm of the
devices shown in Fig. 22 after passivation with 200 nm PCVD Si3N4. The passivation
caused a degradation of the gate diode characteristics compared to the unpassivated
devices (see Fig. 27a) due to surface current leakage in the Si3N4 layer or at its interface,
which reflected on the 3-Terminal breakdown of the device (see Fig. 27b) limiting it to 35

volts of source-drain bias in the best cases.

fmax of 60 GHz for HEMT device of the same gate length of 0.25 µm without oxidation),
indicating no degradation of the small signal channel transport properties.

These results confirm the high efficiency of the thermal oxide + PCVD Si3N4passivation
scheme. The thermal stability of the oxide was confirmed by TEM cross sections of the
same HEMTs annealed at 800 °C for 30 minutes in vacuum. Despite the segregation and
flow of Au in both the ohmic and gate contact no inter-diffusion into the oxide was seen,
and the interface remained sharp and well defined (see Fig. 29).

3.6.1 MOSHEMT with local oxide recess

The realization of a MOSHEMT with the local oxidation scheme as in Fig. 19c, confined
under the gate to the gate area only, avoids the oxidation of the entire surface and prevents
the increase in the access resistances, employing the native oxide as an oxide recess. As
discussed earlier, the high field region near the gate is the main area which should be
controlled in power operation. Thus in this case the oxide recess was not confined only to
the region under the gate, but also extended 50 nm on each side of the gate. MOSHEMTs
(0.25 µm and 0.1 µm x 50 µm) were prepared by this method by oxidizing a 10 nm barrier
layer for 4 minutes. The as-grown wafer had a mobility of 1290 cm2V−1s−1 and an Ns of
1.9 x 10

13cm−2. Despite the higher number of fabrication steps required in this scheme
compared to the global oxidation, its benefit can be seen by comparing the MOSHEMT
current with the current of the passivated gateless HEMT before recessing and oxidizing,
which represents the maximum current that could be driven in the HEMT. As can be
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(a) (b)

Figure 28: (a) Pulsed IDS-VDS characteristics (VGS swept from -3 to 2 V by step of 2 V) at the
quiescent bias points (VDS0 = 0 V, VGS0 = 0), (VDS0 = 0 V, VGS0 = -3) and (VDS0 =
20 V and 25 V, VGS0 = -3) of MOSHEMT with 2 min. oxidation and (b) the load-pull
measurements of the MOSHEMT at VDS = 30 V. The measurements were performed by
IEMN.

seen in Fig. 30a, the full current density could be recovered with no change in the access
resistance.

Pulse measurements with a 500 ns pulse duration (see Fig.30b) did not show any
apparent gate or drain lag effects, thus the full channel density was accessible during
power operation. Load-pull measurements conducted at 4 GHz (see Fig. 31a) yielded a
saturated output power density of 11.6 W/mm at a drain bias of 20 V, the highest reported
for LM-InAlN/GaN up to the time of this work.

This output power density is higher (almost 2 fold) than what can be expected theo-
retically from the approximation of equation 2.20, but follows the equation 2.21, with a
1/4 factor instead that of a 1/8, which is the case, if the microwave current waveform is
half wave rectifier [66, 67]. This can be achieved by hard gate overdrive conditions, well
into saturation and well into pinch-off as shown in the dynamic load lines (the output
load line for various input power levels up to saturation as recorded as a function of time)
superimposed on the DC cold-point pulse data in Fig. 31b. No current compression is
observed in the output ellipse, and the full current density of 2.4 A/mm could be accessed.
The ability to operate the device in such conditions indicates a high breakdown strength of
the gate dielectric and hence, in essence, of the thin native oxide layer. Thus the thermally
generated oxide is electrically stable. This is in addition to the high thermal stability shown
earlier. The s-parameter measurements yielded an ft of 44 GHz and fmax of 105 GHz
for LG = 0.25 µm. For LG = 0.1 µm (Fig. 32) an ft of 61 GHz and fmax of 112 GHz were
achieved.

Due to the high electronic stability and most importantly the high thermal stability the
thermal oxidation passivation scheme was adopted as a standard fabrication process. This
was also applied to the HEMTs overgrown with NCD layers as will be discussed next.



Figure 29: TEM cross section (performed by E. Elektronenmikroskopie, Ulm) of the MOSHEMT
with 2 min. oxidation after thermal stress at 800 °C for 30 min. Despite the segregation
and flow of Au in both the ohmic and gate contact no inter-diffusion into the oxide was
seen, and the interface remained sharp and well defined.

(a) (b)

Figure 30: (a) DC output characteristics of 0.25 µm x 50 µm MOSHEMT with thermally generated
oxide recess. The maximum current density of 2.4 A/mm in the layer could be accessed
after oxidation. (b) Pulsed IDS-VDS characteristics (performed by IEMN) of the device
indicated a largely lag free device.
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(a) (b)

Figure 31: (a) Load-pull measurements of the oxide recessed MOSHEMT at VDS = 20 V and (b)
Measured RF load lines for a class-A bias point superimposed on pulsed DC characteris-
tics (cold point) of the device. No current compression is observed in the output ellipse,
and the full current density of 2.4 A/mm could be accessed. The measurements were
performed by IEMN.

Figure 32: s-parameter measurements of 0.1 µm x 50 µm MOSHEMT with oxide recess.

However, the PCVD Si3N4 layer needed a modification in the deposition precursors to
cope with the thermally demanding process of NCD deposition.





4
COMBINING DIAMOND AND GaN: ADVANTAGES AND CHALLENGES

This chapter will discuss the technological steps needed to combine GaN HEMT devices
with Diamond overlayer, largely directed toward heat spreading. Thermal aspects are not
discussed, since the heat sink technology had not been part of this study. However, the
efficiency of the methods applied here can be evaluated initially by thermal simulations
and an investigation into the thermal properties of the used Diamond films.

At high output power densities, like the ones demonstrated in the previous section,
device self heating is the main limiting factor for stable operation of the device, as discussed
in section 2.5.2. Heat extraction is mainly through the substrate, and is therefore dependent
on the substrate type. But heat can be also extracted from the top. Thus their are three
possible combinations for heat management. The first approach would be using either a
SiC, Sapphire, Si, single crystalline Diamond or polycrystalline Diamond (in the form of
Nanocrystalline Diamond or NCD) as substrates, with an attached heat sink for bottom
heat extraction. The second approach would be combining the same set of substrates with
nanocrystalline Diamond (NCD) on top but the heat sink still on bottom (thus it is still a
bottom heat dissipation approach). The third approach would be the same as the second
approach but with attaching the heat sink to the NCD top layer, instead of attaching it
to the substrate, thus extracting the heat from the top of the device. The later approach
puts the heat sink in close proximity to the channel, providing a shorter thermal path for
the heat to dissipate and avoiding thermal barriers like the GaN buffer layer, the thermal
conductivity of which is affected by its quality [234, 235]. A first insight on the efficiency of
top heat heat extraction using Diamond was given by P. Schmidt and M. Neuburger et. al.
in [236]using thermal simulations. However, due to its relevance to this work 2D thermal
simulations are also performed to evaluate the efficiency of both approaches (bottom and
top heat spreading), and to estimate the maximum HEMT temperature as a function of the
power loss in the device, in view of the data obtained and results achieved in the course of
this work.

The thermal simulations were performed using Finite Element Method (FEM) software
(COMSOL) with a 2D model. The simulated structure is based on the building blocks of a
HEMT as shown in Fig. 33, with GaN buffer thickness of 2 µm, 10 nm thick InAlN barrier,
Cu as metallization for ohmics and gate, and 50 nm Si3N4 as passivation. The source-gate
distance is 0.75 µm and the gate-drain distance is 2 µm. The simulator assumes a 1 µm
width of the device for purposes of unit normalization.

Different substrates were used for bottom heat spreading, namely, Sapphire, SiC, Si,
nanocrystalline and single-crystalline Diamond. The thermal properties of the used ma-
terials used in this simulation are listed in table 4. The 10 nm InAlN barrier is ignored
since it does not significantly influence the heat spreading compared to the buffer or the
passivation. The device self heating is simulated by introducing a 1-dimensional heating
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Figure 33: GaN HEMT device geometry used in the 2D FEM simulation.

zone, representing the hot spot region in the channel between gate and drain (0.5 µm
long) adjacent to the gate metal contact stripe, as was demonstrated also for AlGaN/GaN
HEMTs [189, 237]. This is done by introducing an inward heat flux (in units of W/m2)
across the heating zone area shown in Fig. 33. The heat flux is calculated by dividing
an assumed RF power loss, ranging between 1 and 20 W/mm, by the heat zone area.
Thus, the simulations do not calculate the device self heating as a function of the output
power but rather introduces a pre-calculated amount of power loss, which is expected
to be generated during device operation. Heat dissipation is then simulated using the
aforementioned configurations of a heat spreader on bottom or on top, taking into account
the thermal boundary resistances (TBR) at the interfaces. Adiabatic boundary conditions
were used at all interfaces and surfaces except for the heat sink. At the bottom (when the
simulated heat sink is placed at the substrate side), or at the top (when the simulated heat
sink is placed above the top heat spreading layer) an isothermal boundary condition is
assumed with T=25 °C (i.e. the heat sink is considered an ideal heat sink at a constant
temperature of 25 °C obtained by forced cooling). To simulate the thermal resistances at
the interfaces at the bottom and top (between substrate and the GaN buffer and between
device passivation and the NCD top layer respectively) a thermal resistive layer (thickness
100 nm, kTBR=1 W/mK) is included in the model. Solving the heat diffusion equation, the
simulator will calculate the peak channel temperature in the HEMT as a function of the
power loss (dissipated heat flux) for each different configuration.

Firstly, the heat dissipation effect of the substrate with an attached heat sink on the
bottom is simulated. Here the device is passivated with 50 nm Si3N4 and is without
an NCD top layer. Fig. 34 shows the maximum HEMT temperature as a function of the
device power loss. As can be seen in Fig. 34, the device maximum temperature is greatly
influenced by the type of substrate. A higher thermal conductivity of the substrate yields
in a higher thermal dissipation efficiency.

Of course, the most efficient configuration would be, using a single crystalline Diamond
substrate. But despite its very high thermal conductivity (2000 W/mK at R.T.) the device
temperature can still reach high values. For example the device temperature will reach
100 °C at a power loss of approximately 5 W/mm using single crystalline Diamond and
will reach 100 °C at 3 W/mm when using SiC (the most commonly used substrate in this
work). The bottle neck for heat extraction from the bottom is the GaN buffer (ranging from
1 µm to 3 µm in thickness) and its thermal interface resistance with the substrate. A slight
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Figure 34: HEMT maximum channel temperature as a function of power loss for different heat
dissipation configurations. (a) For bottom heat spreader and heat sink, the device
temperature depends on the substrate type. (b) For bottom heat spreader and heat sink
but with a 2 µm NCD layer on top, a slight reduction in the maximum temperature of
the device can be achieved. (c) Using a 2 µm NCD heat spreading layer with an attached
heat sink on top, the device temperature is significantly reduced and is independent of
the substrate type.
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Material Thickness (µm) κ(W/mK)

GaN 2 130

Cu metallization 0.2 340

Si3N4 passivation 0.05 15

Sapphire 3000 40

Si 3000 150

SiC 3000 340

Nanocrystalline Diamond 3000 500

Single crystalline Diamond 3000 2000

Table 4: Material parameters used in the thermal simulations.

reduction in the maximum temperature of the device can be achieved by adding a top
NCD heat spreader (without heat sink). Fig. 34b shows the effect of adding a 2 µm thick
NCD layer on top of the device with a thermal conductivity of 500 W/mK (only 1/4 of
the ideal Diamond thermal conductivity) but without a heat sink. The heat sink is still
attached to the bottom of the substrate only and the heat dissipation is again still strongly
dependent on the type of substrate. The NCD layer on top of the device distributes the heat
across the surface of the device, which is then however hardly removed (see Fig. 35). When
using a SiC substrate a maximum device temperature of 100 °C is reached at a power loss
of approximately 7 W/mm. The alternative is to deposit an NCD heat spreader and ideal
heat sink on the top of the device structure. Fig. 34c shows such a case with a 2 µm thick
NCD top layer and attached heat sink. Similar to a flip-chip configuration, no heat sink
at the bottom was used. In this configuration the device temperature is only marginally
influenced by the GaN buffer and is essentially independent of the substrate type used.
To appreciate the difference between the three heat dissipation methods the temperature
distribution in the HEMT for the different configurations is shown in Fig. 35.

The key factor for efficient heat extraction in the last configuration is the close proximity
of the heat source to the ideal heat sink. Despite using a heat spreader containing only 1/4

of the ideal Diamond thermal conductivity, the maximum channel temperature will reach
the 100 °C temperature now at a power loss of 18 W/mm. Thus, using NCD on top of
the HEMT structure with an attached ideal heat sink presents the most efficient method
of heat dissipation but the Diamond films have to be grown on top of the GaN HEMT
without inducing damage.

Epitaxial combination of Diamond and GaN, whether on top or on bottom, is however
not straight forward, and each approach has its own limitations as will be discussed next.
Both of these approaches (Diamond on bottom and Diamond on top) were demonstrated
successfully in this work. The very high thermal stability of the LM-InAlN is highly valued
for reliable device operation but also provides an opportunity to coat the HEMT NCD
films for heat extraction from top. This requires first a verification of the heterostructure
stability under actual NCD growth conditions (section 4.1.2) and certain modifications
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(a) (b)

(c)

Figure 35: Temperature distribution in the simulated HEMT structure on SiC substrate using
different heat spreading configurations at a power loss of 20 W/mm (a) with heat
spreader and heat sink on bottom (b) with heat spreader and heat sink on bottom but
with top NCD layer (c) with top NCD heat spreader with an attached heat sink.

on the HEMT processing routine as will be discussed in section 4.1.3. The results of
this technology are presented in sections 4.2.1 and 4.2.2 but can be used in applications
other than heat dissipation, like, for example, electrochemical applications combining the
inertness of Diamond and the high transconductance of the InAlN/GaN in a monolithically
integrated ISFET. The application of Diamond for chemical sensing and the InAlN/GaN -
Diamond ISFET will not be discussed here but can be found in [40, 41, 42]. This approach
could be combined in the future with GaN HEMT grown on single crystalline Diamond
substrates, which through a joint effort with the GaN material growers, was demonstrated
for the first time in this work (see section 4.3).
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4.1 Nanocrystalline Diamond on GaN

This section will briefly present the main challenge of growing NCD films on GaN and
the basic properties of the grown films. This required a common optimization of the NCD
films (carried on by the Diamond growth group M. Dipalo and S. Rossi), and the GaN
technology. Discussed here are the NCD optimization results relevant to HEMT overgrowth.
Details about the growth mechanism and conditions of the NCD films used in this work
are presented in the work of M. Dipalo [238].

In general, Diamond will only nucleate on carbide forming materials like many refractory
metals or Si and will not outgrow in the single crystal phase even on cubic substrates
(except for growth on Iridium [239]). The attempt to grow oriented polycrystalline Diamond
on GaN resulted in a non closed film with islands few micrometers wide [240], which is
not suitable for heat extraction. An alternative is to grow randomly oriented polycrystalline
Diamond, nucleated or seeded on InAlN or GaN.

The most common polycrystalline Diamond growth processes are based on methane
providing the carbon atoms for incorporation into the Diamond lattice and H-radicals as
catalytic element in the reaction cycle. The gases are dissociated and radicals are formed
by the energy provided either by a Microwave Plasma (Microwave-Plasma CVD Diamond
growth) or thermally by a hot source like a heated wire (Hot-Filament Diamond growth
or HF-CVD). Since carbon may be incorporated as SP3 continuing the Diamond phase
or as SP2, forming graphitic inclusions a high content of H-radicals is needed to etch the
graphitic phase continuously.

An HF-CVD growth chamber was used to grow the NCD films in this work. In a HF-
CVD reaction chamber the substrate holder is facing a set of filaments (wires), which are
needed to split the precursor molecules into radicals. This is mainly the splitting of H2

into 2H∗ above 1600 °C. As mentioned before, to achieve hetero epitaxial Diamond growth
on foreign substrates nuclei are needed. These nuclei can be created in-situ or deposited by
seeding. In the case of seeding they are deposited as nanoparticles from a slurry. Care has to
be taken to obtain a widely monolayer thin coverage avoiding agglomerates. Furthermore,
for good adhesion and good thermal contact covalent bonds need to be formed with the
substrate, in general requiring alloying. The other option is the formation of Diamond
nuclei within carbide clusters and their outgrowth. To create cubic carbon clusters within a
carbide matrix, C-atoms need to be implanted. Thus, such a process needs ionization and
a high electrical field. Such a process is Bias Enhanced Nucleation (BEN) developed for
the case of a Si substrate. Again, this is a hydrogen/methane process and carbon ions are
implanted into a SiC cluster, which has formed on the Si substrate surface in the H2/CH4

gas environment. The implantation of further carbon ions leads to increased stress and
pressure within the crystalline SiC cluster forming an encapsulated cubic C-cluster. At
high temperature the SiC cluster will be etched in the presence of the high H-radical
density. Thus, the cubic C-cluster may penetrate the surface, serving as nucleus for further
outgrowth.

Two main criteria should be met for an efficient heat extraction using a top Diamond layer.
Firstly, the Diamond layer should have the highest possible thermal conductivity. Since
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the grain boundaries are the main limiter, vertically oriented large grains are preferred,
resulting from a 2D growth mode, where the thermal conductivity is anisotropic and
higher in the vertical direction. A 3D growth mode would yield an isotropic thermal
conductivity but generally has lower thermal conductivity [241]. The grain boundaries
should also contain a limited content of graphitic phases and a-carbon clusters. In addition,
the thermal conductivity of both modes will depend also on the film thickness Fig. 36a.
These properties are typically obtained at growth temperatures above 650 °C in CH4 highly
diluted in H2 with growth rates below 1 µm/hour and thus long growth times.

The second criteria for efficient heat extraction is a low thermal resistive interface between
the NCD and the GaN passivation. The BEN method described above meets this criteria
due to the covalent bonding of the NCD with the nuclei originating from the substrate (the
passivation in this case), and thus provides strong phonon coupling across the interface
and mechanical stability. In addition, voids between the NCD film and the interface should
be avoided, which requires a high nucleation density in the range of 10

10 cm−2, which is
typically obtained at nucleation temperature above 700 °C.

Although the top heat extraction approach using NCD films was proposed as early
as 1992 [242], only few successful attempts have been reported to overgrow GaN HEMT
structures with NCD, the main reason being the thermal/chemical stability of the het-
erostructure in the harsh growth environment, along with the high thermal stress on the
HEMT components. Under these conditions GaN may even decompose into metallic Ga
and N2 in the presence of a high H-radical density [146]. The only reported attempt so far
has therefore been based on rather low temperature growth below 500 °C, in order not to
degrade the GaN and AlGaN materials and damage their surfaces [243]. Additionally, the
attempts reported on the thermal management of GaN heterostructures using Diamond
films (either from top or bottom) were mostly based on technologies like wafer bonding to
the rear of the chip [37, 38, 244, 245], but with no clear thermal advantage of the Diamond
layer yet [246]. This is probably due to the added thermal boundary resistance of the
bonding material.

4.1.1 NCD growth conditions and film properties

The NCD overgrowth on LM-InAlN/GaN HEMTs used in this work was performed
using HF-CVD growth with BEN nucleation (nanoparticles seeding was also tested in a
specific case, as will be seen later). The nucleation and growth conditions were optimized
considering the aspects for efficient heat dissipation as summarized below, but with the
lowest nucleation temperatures possible:

• The NCD films to be grown should have the highest possible thermal conductivity:

This was achieved by tuning the growth parameters for vertical 2D growth mode, mainly
by growing the NCD films at a minimum temperature of 700 °C with a growth rate of
approximately 0.1 µm/hour with an average grain size of 100 nm (for films thicker than
650 nm). The content of the films grown under these conditions was investigated by Raman
spectroscopy (using UV light) as shown in Fig. 36b. The spectrum confirms that the peak
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(a) (b)

Figure 36: (a) Collected thermal conductivity data of NCD films as function of the film thickness
and structure([3, 4, 5, 6, 7, 8]). Also shown in the figure the thermal conductivities
(measured by GLG) of the films grown in this work (denoted by stars) optimized for
vertical thermal conductivity. (b) Raman spectroscopy of the grown films, showing the
dominant Diamond content in the film.

at 1332 cm−1, characteristic of Diamond sp3 bond, is predominant. The G-band peak at
1580 cm−1, characteristic of graphite phases in the grain boundaries, is much lower in
intensity. Moreover, no D-band peak at 1355 cm−1 is seen. The D-band is in fact shown
to be related to small size graphite clusters [247] which in turn are found to be present
in NCD with small grain size [248], the higher intensity of the D-band peak is therefore
an indication of higher content of graphitic phases in the grain boundaries of the NCD
layer. The absence of the D-band peak and the dominant Diamond peak are therefore a
clear indication that Diamond is the main configuration of carbon in the layer. The vertical
growth mode and the minimum graphitic content in the films is reflected on its thermal
conductivity. Fig. 36a shows the thermal conductivity of the obtained films as compared
to reported values. As can be seen in the figure, the grown films follow the 2D-growth
mode with thermal conductivities approaching the best reported values. These data were
obtained using a combination of SThM measurements and thermal simulations not taking
into account the anisotropy in the thermal conductivity and thus limited by the lower
lateral component of the thermal conductivity. Measurements on dedicated structures
indicated a vertical thermal conductivity of 1000 W/mK (for films 800 nm thick) which
is sufficient for efficient heat extraction according to the thermal simulations presented
earlier. It should be mentioned that the optimization of both the thermal conductivity and
the measurement method is still a work under progress.

• The interlayer and nucleation or seed layers used in the NCD overgrowth process
should create the lowest thermal interface resistance possible with a high nucleation
density to reach a grain configuration of high vertical and lateral thermal conductivity
within a minimum of thickness.



(a) (b)

(c) (d)

Figure 37: SEM images of (a) BEN nucleation and (b) NCD overgrowth on LM-InAlN/GaN. (c)
TEM cross sections (performed by MFA) showed a continuous void free NCD layer
nucleated from SiC clusters (d) propagating from the nucleation layer.
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This is achieved by BEN, performed at a minimum temperatures of 700 °C (maximum
nucleation temperature used in this work was 800 °C), using an insulating Si interlayer
deposited by PCVD on top of the device passivation. The minimum thickness of this layer
was 50 nm to allow a nucleation density larger than 10

10cm−2 [249]. Initial experiments
used SiO2 as device passivation, and the Si interlayer thickness varied between 50 nm and
100 nm. The replacement of this passivation by Si3N4 will be discussed later. Figures 37a
and 37b show an SEM image of a nucleated surface and the subsequent NCD grown film
on LM-InAlN/GaN. The high nucleation density allowed the growth of the NCD film with
the properties described above. TEM cross sections (see Fig. 37c) showed a closed layer
with no voids, and the SiC clusters, which forms during the BEN process, extending up to
10 nm into the Si interlayer (see Fig. 37d). Thus, the interface between NCD and the top of
the Si nucleation layer is continuous and covalently bonded.

The NCD films grown under these conditions are primed for efficient heat extraction
but a final verification would require the addition of a heat sink on top, a feature which is
not covered in this work.

4.1.2 HEMT stability under NCD growth conditions

The above discussed requirements apply to the NCD side. On the HEMT side, a high
thermal budget tolerance is required from the heterostructure and the device metallization
and passivation to tolerate the growth. Although the LM-InAlN/GaN showed very high
thermal stability as was shown in section 3.4, this does not ensure the stability under
actual growth conditions. To verify the stability, a bare heterostructure was coated with
a PCVD SiO2/Si interlayer. The nucleation step (1.5 hrs at 750 °C) was followed by
outgrowth of a 500 nm thick Diamond for 5 hrs at 740 °C. After growth, the NCD film
was removed completely by plasma etching in RIE and HEMT structures were processed
using standard fabrication process. The maximum output current density (1.2 A/mm)
was identical to that of devices fabricated from the same wafer but without undergoing
the Diamond overgrowth step, indicating that the polarization of the heterostructure was
entirely preserved, and the heterostructure stable under such overgrowth conditions.

The next step was to grow a gateless HEMT. At this stage the ohmic contact stability has
to be considered also. The standard Au-containing ohmic contacts were optimized for low
contact resistance, but at high temperature operation or storage showed limited stability
due to the ductility of Au as discussed in section 3.4. The NCD overgrowth experiments
performed on gateless HEMTs using this type of ohmic contacts (after mesa etch) showed
similar behavior of Au instability. Overflow of Au was observed even in the beginning
of the growth process, short-circuiting the source and drain contacts (see Fig. 38a). To
overcome this problem, the Au layer was completely removed and substituted by a top 25

nm Ta layer to protect the Ni surface from oxidation. The removal of Au from the ohmic
contact allowed NCD overgrowth without degradation (see Fig. 38b). Further optimization
of the ohmic contact stack was performed later as will be discussed in section 4.1.3.

So far these experiments used SiO2 passivation, since it was routinely used as part of the
NCD interlayer and known for its stability. However, this passivation is not the common
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Figure 38: (a) Standard Au-containing contacts did not survive the NCD growth process. (b) Au
was removed from the stack and the gateless HEMTs could be overgrown.

passivation material in GaN based HEMT structures. Here it is disadvantageous, because
of its extremely low thermal conductivity (the thermal conductivity of SiO2 (quartz) is
0.064 W/Kcm), which might represent a bottle neck for the heat transfer. Si3N4 passivation
on the other hand is widely used in GaN based HEMTs and most importantly proved
very efficient, when combined with the thermal oxidation of LM-InAlN, as discussed in
chapter 3. and has a thermal conductivity of around 1.05 W/Kcm, which is approx. 20

times that of SiO2.
However, first experiments of NCD overgrowth on top of a nucleation layer / passivation

layer stack of 100 nm Si3N4/100 nm Si, both deposited by PCVD, using NH3 as nitrogen
precursor, were not successful and resulted in the formation of bubbles (see Fig. 39a) after
the nucleation step, which indicated outgasing from one of the materials of the stack.
Since the interlayer stack was compromised in the areas where outgasing took place, NCD
could not be outgrown to a coalescent layer. Since the pattern of bubble generation was
homogeneous and not confined to the mesa pattern nor to the buffer layer outside the mesa,
the problem seemed indeed confined to the Si3N4/Si stack. Both materials are known
to contain hydrogen (depending on the deposition conditions), which tends to escape at
high temperature, but the Si layer did not cause this problem, when deposited on top
of the SiO2 under the same deposition conditions. Thus the Si3N4 is the likely source
of outgasing. In the beginning, it has not been clear, whether both films were the source
of outgasing. Si could also act as non-transparent cap to the outgasing flux originating
from hydrogen in the Si3N4 film, when the sample is exposed to a nucleation temperature
above 700 °C as well as to a high H radical density. Thus, a PCVD deposition routine,
using N2 as nitrogen precursor was developed in first overgrowth experiments, and tested
onto bare InAlN/GaN heterostructures. Fig. 39b shows an SEM image of Si/Si3N4 (50

nm Si nucleation layer on top of 60 nm Si3N4) after the nucleation step of 2 hrs at 750 °C
and after subsequent 300 nm NCD outgrowth (3 hrs at 750 °C) in Fig.39c. Clearly, there
was no uncontrolled hydrogen out-diffusion during NCD overgrowth. In addition, a high
nucleation density of 1 x 10

11 cm-2 could be achieved, and a uniform NCD growth on 2”
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(c)

Figure 39: (a) Optical image and SEM image of BEN on Si3N4 passivation deposited with ammonia
precursor. Outgasing in the film prevented the growth of a closed layer. (b) BEN on
Si3N4 passivation deposited with N2 precursor. No outgasing was observed and high
nucleation density is achieved allowing (c) closed films to be grown uniformly up to 2”
wafers.

wafers could be obtained. The overgrowth on fully fabricated HEMTs discussed later used
this Si3N4passivation deposited as described above.

4.1.3 Development of high thermally stable metallization scheme

A low contact resistance, highly thermally stable metallization scheme was developed to
enable both the NCD growth and high temperature operation. The previous experiments
showed that Au is the main contributor to contact degradation due to an excess, non-
alloyed Au ratio. Since Al could also play the same role, specially since it has the lowest
melting temperature among the used metals, the first modification on the standard ohmic
stack was to reduce the Al thickness from 200 nm to 100 nm, and increase the Ti thickness
slightly to 15 nm (from 10 nm). The second modification was to replace Au with an equally
conductive metal but with less ductility. Cu was used for this purpose, with a thickness of
100 nm. Fig. 40 shows the complete contact stack used for HEMT overgrowth experiments.
The Ta cap layer is used to protect the Cu surface from oxidation, but is etched away after
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Figure 40: TLM measurement of the Au-free ohmic contact stack (shown in inset) at temperature
up to 1000 °C. This stack is compatible with NCD overgrowth.

the complete fabrication and overgrowth step, when performing the pad opening step. The
stack is annealed at 900 °C. TLM structures fabricated on LM-InAlN/GaN heterostructure,
with 10 nm InAlN barrier, were prepared by optical lithography using this stack. After
device passivation with 200 nm Si3N4, pads for ohmic contacts were opened through the
passivation layer and the top Ta layer, which was replaced by Pt. This was accomplished
by dry-etching followed by deposition of a 20 nm thick Pt layer deposited in-situ in the
same etching/deposition reactor. Variation in the ohmic contact stack configuration was
investigated by varying the Ta interlayer thickness between 0 nm, 12 nm and 25 nm, and
varying the Cu layer thickness between 50 nm and 100 nm. Shown here is the results for the
stack used in the NCD overgrowth later on and the detailed results of this experiment are
reported in [250]. To evaluate the contact stability, Rc was extracted from TLM structures
measured at room temperature, at 300 °C and then up to 1000 °C in steps of 100 °C, and
after cooling down to room temperature (see Fig.40 ). The contact stack was structurally
stable during the measurements cycle. The fluctuation of the extracted Rc values during
the heating cycle is due to the difficulty in applying the same pressure for contacting
the Tungsten probes each time the measurement was conducted with the difference in
temperatures and the mechanical vibration of the vacuum chamber pump. Nevertheless,
the contact maintained a relatively low value below 1.0 Ωmm up to temperatures of 1000

°C. Most importantly, after the whole heating cycle and cooling down to room temperature,
Rc did not increase (it was even lower than before the measurement cycle due to enhanced
alloying) which indicates the suitability of this metallization scheme for NCD overgrowth
experiments. This metallization scheme also serves as the base for the contacts used in the
HEMT high temperature operation reported in [194, 195, 228, 231].
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(a) (b)

Figure 41: (a) SEM images of 5 µm NCD layers grown on gateless LM-InAlN/GaN HEMT. (b) The
DC characteristics are comparable to HEMTs with 1 µm NCD and without NCD.

4.2 NCD coated HEMTs

This metallization scheme allowed direct verification of the HEMT stability under over-
growth conditions including the modified PCVD Si3N4, during different steps of growth.
A set of experiments were conducted, where Diamond was grown on a 10 nm LM-
InAlN/GaN gateless HEMT structure on SiC substrate. The growth was periodically
interrupted and the HEMT current density was monitored. The NCD growth was confor-
mal across the sample and no rupture occurred at the mesa edge and ohmic contact steps,
which demonstrates homogeneous Diamond overgrowth with no cracks. Moreover, the
ohmic contacts showed no structural degradation despite the long growth time at high
temperature and frequent thermal cycling.

The thickest layer grown in gateless HEMT structures had 5 µm thickness (see Fig. 41a)
deposited at 750 °C for 50 hours. As can be seen in Fig. 41b, the full current density of
around 2 A/mm could be maintained after growth of 1 µm and also after growth had
continued to 5 µm. This confirms indeed the exceptionally high thermal/electrical stability
of the heterostructure and the ability to grow thick NCD layers, if required. The increase
in the access resistance of the overgrown HEMTs compared to the ungrown HEMT seen
in the graph is due to the Ta ohmic contact cap layer (which was not removed in this
experiment), which has a higher resistivity than the Au top layer (in the control sample).

A similar approach was used to modify the gate contact. The Ni/Au stack was replaced
with Cu, and capped by Ta. Ta is very difficult to evaporate in the E-beam chamber. So
a sputtering source was used. To avoid oxidation of the Cu gate, the Cu metallization
was also sputtered in the same chamber. Growth on fully fabricated HEMT including the
gate, using the modified metallization (both ohmic and gate) and the modified Si3N4 in
combination with the thermal oxide with 1 µm NCD layers is presented next.
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4.2.1 Fully overgrown HEMTs using BEN

Initial experiments of overgrowth on fully fabricated HEMTs used the modified metal-
lization scheme but with SiO2 passivation. These results are reported in [200]. Here are
the main conclusions of this experiment. A 0.5 µm thick NCD layer was nucleated and
grown on the HEMTs of a 7 nm barrier LM-InAlN/GaN heterostructure. The devices
were fully functional and the device did not show degradation as compared to the DC
output characteristics before NCD growth. The characteristics of the devices before and
after NCD growth were largely identical and neither the maximum channel current nor the
pinch-off voltage has changed essentially. Thus, at the substrate side, the channel isolation
and the GaN buffer layer properties have not been degraded. S-parameter measurements
(performed by IEMN) yielded cut-off frequencies of ft = 4.2 GHz and fmax = 5 GHz.
These values, although the first one for such an NCD overgrown device structure, are still
essentially lower than what can be expected. However, the RF-tested device showed high
gate leakage. Therefore it had not been possible to identify the influence of any additional
residual leakage caused by the NCD nucleation layer or the buffer layer. Moreover, the
unchanged on-resistances illustrated also that the source and drain contact resistances and
the electrical potential of the free surface between the contacts have not noticeably changed.
The unchanged pinch-off voltage shows that neither the differential interfacial polarization
nor the barrier layer separation between channel and gate metal have changed. Thus no
gate sinking is observed.

Next was the growth of thicker NCD layers on HEMTs passivated with the thermal
oxidation passivation scheme developed in chapter 3, but using the modified contact
metallization and the modified Si3N4deposition recipe discussed before.

In this case a heterostructure with 10 nm barrier on SiC substrate has been used. The
channel charge density Ns and the sheet resistance Rsheet of the fabricated devices were
2.7 x 10

13 cm−2 and 199 W/� respectively. In these devices a stack of Ti/Al/Ni/Pt (15 nm
/100 nm /40 nm /60 nm) annealed at 900 °C was used for the ohmic contacts. The gate
contact was Cu. The devices were passivated with 50 nm thick Si3N4 and a 50 nm thick Si
layer was used as a nucleation layer. It should be mentioned that the fabricated devices
were subjected to uncontrolled oxidation in one of the fabrication steps, thus lowering the
maximum drain current and yielding a contact resistance of 2 W-mm and a sheet resistance
of 400 W/�. Also, due to the unavailability of the Ta sputter source at the time the Cu
gate metallization was not capped. Thus, due to Cu oxidation, gate line and gate feed
resistances are high. The devices however were fully functional after overgrowth with 1

µm of NCD (10 hours at 730 °C after nucleation at 780 °C for 1
1
2 hrs).

Fig. 42a shows SEM images of the overgrown HEMT and a cross section of the 1 µm
NCD overlayer, where no visible damage was observed even after such long process at 730

°C. The DC characteristics of the device before and after Diamond overgrowth (see Fig. 42b)
are again largely identical with no change in the maximum drain current density or the
pinch-off voltage. S-parameter measurements (see Fig. 42c) yielded cut-off frequencies of
ft = 16.8 GHz and fmax = 6.4 GHz. Here the low fmax is due to the high resistive gate
line and the high on-resistances. The ft x Lg product of 4.2 GHz.µm is however larger
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Figure 42: (a) SEM image of 10 nm barrier LM-InAlN/GaN nucleated by BEN and grown with
1 µm NCD layer. (b) The DC characteristics of the device are largely identical to the
characteristics before growth and (c) the cut-off frequencies are in the GHz regime but
still limited by parasitics (measurements performed in EBS, Ulm University).

than the one obtained from the previous device with SiO2 passivation (1.05 GHz.µm).
A conclusion on the role of the Si interlayer (especially concerning gate/drain feedback
characteristics) could not be drawn, despite an attempt to identify this feature by equivalent
circuit modeling. Nevertheless the cutoff frequencies would already allow operation in
L-band (around 2 GHz). There is the possibility, that the BEN process results in lossy
dielectric surface conditions. Although detrimental at microwave frequencies, these would
indeed be very desirable in low frequency power devices. An alternative to the nucleation
using BEN would be nanoparticles seeding, which is discussed next.

Growing thicker NCD films on full HEMTs was not successful in first attempts. No
gate modulation was possible , and in best cases significant gate leakage currents were
observed. This could be due to degradation of the gate diode, caused by stress generated
by the thicker NCD films, or by a degradation of the passivation layer due to long growth
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Figure 43: (a) TEM cross section (performed by MFA) of NCD layer nucleated by nanoparticles
seeding and grown by MP-CVD followed by HF-CVD growth on InAlN/GaN HEMT (b)
SEM image of the 1 µm NCD overgrown HEMT (c) DC characteristics of the 0.25 µm
x 50 µm HEMT and (d) the cut-off frequencies of the HEMTs with 0.1 µm long gates
(measurements performed in EBS, Ulm University).

times at high temperature. Suggestions on improving the gate and passivation technology
for thick NCD growth will be presented in chapter 5.

4.2.2 Fully overgrown HEMTs using nanoparticles seeding

The alternative to initiate Diamond growth by nanoparticles seeding was investigated in
collaboration with the National Cheng Kung University (NCKU) in Tainan, Taiwan, where
the nanoparticles seeding was applied on the fabricated devices. With the seeding the
carbide forming Si interlayer is not needed. Instead, a layer of Diamond nanoparticles
is deposited on the surface of the passivation layer using an ultrasonic stimulation (in a
liquid bath).
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The same metallization and passivation schemes of the previously discussed device were
applied on a heterostructure with a 10 nm barrier on SiC. The channel charge density
Ns and the sheet resistance Rsheet of the as-grown wafer were 2.1 x 10

13 cm−2 and 2.1
W/� respectively. The nanoparticles nucleation was conducted in NCKU (with an average
particle size of 30 nm) and followed by short growth at low temperature (around 80 nm at
550 °C) in a H2/HC4 plasma process (MP-CVD) to obtain a closed layer film. Due to the
high seed density, the films are indeed continuous and without voids. The growth was then
continued at Ulm in the HF-CVD equipment with growth parameters discussed earlier.
Fig. 43a shows TEM cross section of the overgrown stack. It can be seen that the average
grain size of the initial MP-CVD film grown directly after seeding at low temperature (550

°C), with the thickness of approximately 80 nm, is smaller than that of the HF-CVD layer
grown at 750 °C. Thus, the first 80 nm thick MP-CVD layer may effectively result in an
increased thermal transfer resistance as discussed earlier. However, this increase could be
counter balanced by the absence of the additional Si nucleation interlayer needed for BEN.

Fig. 43b shows SEM images of the grown device. The outgrown Diamond film showed
the same texture as the ones obtained by BEN, and thus no effect of the nucleation method
on outgrowth was observed. The DC characteristics and the cut-off frequencies of the
overgrown device are shown in Figures 43c and 43d respectively. The maximum drain
current density of about 1.3 A/mm and the pinch-off voltage are identical to the one
of devices fabricated on the identical wafer (but on a different piece) without the NCD
overgrowth. The cut-off frequencies of the devices are the highest ever achieved for NCD
overgrown HEMTs with an ft of 35.4 GHz for a 0.25 µm long gate and 56 GHz for the
0.1 µm long gates (shown in the figure). The ft x Lg values obtained for these overgrown
devices are largely identical to what is usually obtained from HEMTs without NCD growth
using SiC substrates. It can be assumed that the passivated surface does not possess the
properties of a lossy dielectric in this case. It was however not possible to identify this
feature as the main source for the different microwave performance of the device structure
with seeded NCD overgrowth as compared to the structure with BEN initiated overgrowth.
Certainly, seeding will be the preferred step for overgrowth, if thin NCD layers are desired,
where the thermal conductivity is not of prime concern, like the case of the electrochemical
sensor reported in [40], but the mechanical stability and adhesion of the seeded layers on
large area has to be confirmed first for thick NCD growth used for thermal management
applications.

4.3 GaN on single crystalline Diamond

The second heat dissipation approach would be using Diamond on bottom. The main
challenges to this approach are the large lattice mismatch (26%), the large thermal mismatch
(300%) (see table 3) and the non polarity of Diamond. As discussed in section 3.2 this
may result in cracks or high dislocation density, rotated or inverted domains, thus a
mixed polarity preventing the realization of a HEMT structure as was shown in [251]. The
problem is complicated further by Diamond surface reconstruction at high temperatures
[252] usually used in GaN epitaxy. To reduce these effects the low temperature MBE growth
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Figure 44: Cross section of AlGaN/GaN on (001) Diamond grown by MBE in EPFL. The inset is a
photo of the fabricated devices on the 3 mm x 3 mm Diamond substrate.

approach was used by several labs. In 2003 Miskys et al. [253] demonstrated a p-n junction
of Si doped (0001) AlN grown on (100) Diamond. However, no GaN heterostructure
(using AlGaN as a barrier material) was demonstrated since then due to the still high
dislocation density in the AlN. The first successful attempt to grow a GaN heterostructure
was demonstrated in 2009 by A. Dussaign [254] and the first demonstration of GaN HEMT
on single crystalline Diamond was presented in 2010, as part of the work presented here.

Here GaN is grown on (111) single crystal Diamond substrate by ammonia source MBE
by EPFL. The growth was carried out on a 3×3 mm2 (111) s. c. Diamond substrates supplied
by Element Six Ltd.. An AlN buffer layer was first grown at low temperature. Details of the
nucleation phase are reported in [254]. After the growth of the AlN layer, strain engineered
interlayers, composed of 200 nm thick AlN and GaN multi-layers, were introduced to place
the subsequent GaN layer under compressive strain before the epitaxy of a 800 nm thick
GaN layer. The growth temperature and growth rate of GaN (AlN) were 800°C (900°C) and
1ML/s (0.1ML/s), respectively. Finally, a HEMT structure, composed of an AlGaN layer of
24 nm with an Al content of 28% and followed by 2 nm GaN cap-layer. A schematic cross
section is shown in Fig. 44. Hall effect measurements show an electron mobility of 731

cm2/Vs (1740 cm2/Vs) and a sheet carrier density of 1.3 x 10
13 cm−2 (1.4 x 10

13 cm−2) at
room temperature (77 K), respectively, approaching those grown on Si. More details on the
electronic properties of this heterostructure are reported in [255].

Since the single Diamond substrate available could not be diced, a conservative process-
ing routine was carried on and the the HEMTs were fabricated as described in section 3.3,
without recessing the GaN cap layer which yielded an Rc of 4.6 Wmm as measured by TLM.
The sheet resistance was 364 W/� after passivation with 100 nm PCVD Si3N4. Fig. 45a
shows the DC output characteristics 0.2 µm x 50 µm devices. The maximum IDS is 0.73

A/mm but the characteristics are still limited by parasitics caused by a relatively large
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Figure 45: (a) DC output characteristics of 0.2 mm x 50 µm AlGaN/GaN HEMT on (001) Diamond.
Complete pinch-off of the device at Vp = -5 V was seen throughout the devices with no
significant buffer leakage. (b) The HEMT cut-off frequencies (measurement performed
by IEMN)..

source drain distance of 4.5 µm and the high contact resistances. Complete pinch-off of the
device at Vp = -5 V was seen throughout the devices with no significant buffer leakage.
Devices with 0.2 µm gate length showed an ft = 21 GHz and an fmax = 42 GHz respectively
(measured by IEMN), as shown in Fig. 45b.

These results demonstrate the ability to grow high quality GaN heterostructures directly
onto single crystal Diamond substrates, resulting in a GaN based HEMT structure with
monolithically integrated Diamond heat spreader. The thermal aspects were not the subject
of this work, but thermal analysis on similar structure reported in [256] revealed a thermal
resistance reduced by almost 50% compared to SiC substrates. Although the (111) Diamond
substrate provides a 3-fold symmetry preferred as a template for the growth of hexagonal
GaN it is more expensive and more difficult to obtain and process than the widely available
(001) substrates. Thus research has lately focused on the growth of GaN on (001) Diamond
and was demonstrated in 2011 using MOCVD [257] and MOVPE [258].



5
CONCLUSIONS AND OUTLOOK

A conclusion of the work presented here is made as the following:
Technological steps were developed to fabricate an NCD-coated LM-InAlN/GaN HEMT,

as a solution for the device self heating problem. However, for the device to suffer from
this effect, it has first to be capable of delivering high output powers, thus the developed
overgrowth technology should be compatible with the power device fabrication routine,
and should not degrade the heterostructure. This is a main concern when using NCD films
for heat spreading purposes, since growing highly thermally conductive films requires
long growth times at temperatures above 700 °C in H-radical rich atmosphere. These
growth imposes restrictions on the the heterostructure and the device components. The
heterostructure itself should be initially highly thermally stable, and the device fabrication
technology should also withstand the growth conditions and allow the fabrication of a
power HEMT device. For example, despite the expected high performance of AlN, the
limitations of mechanical stability due to the high lattice mismatch would not make it
suitable for NCD overgrowth using simple planar technology. InAlN on the other hand
can be grown lattice matched to the GaN buffer with an Al-content of 83%, thus gaining
the advantage of a high Al-content and avoiding the mechanical stability problems, while
maintaining a very high sheet charge density due to the larger polarization discontinuity
with the GaN buffer.

Although this heterostructure was known for optical applications, little was known
about its performance as a HEMT structure, so the first part of this work was focused on
defining the capabilities and limitations of the LM-InAlN/GaN in a HEMT configuration.
Experiments and simulations indicated a relatively low surface potential, allowing a high
aspect ratio, and also indicated very high thermal stability of the heterostructure. The very
high thermal stability of the heterostructure allowed unconventional processing to address
intrinsic HEMT limitations like current collapse, and technological limitations like gate
leakage, using thermal oxidation of the LM-InAlN, which proved efficient in reducing the
gate leakage but most importantly was very efficient as a surface passivation component.
Lag-free devices (at 4 GHz and up to VDS of 20 V) could be demonstrated thus allowing
high output power density of 11.6 W/mm, using simple planar technology.

Initial high temperature storage and operations tests up to 800 °C indicated that the
NCD growth conditions were within the heterostructure capability. However, degradation
in the other HEMT components, like metallization and passivation, was observed. An
investigation of these components through spectroscopic means, SEM, TEM and electrical
measurements helped in optimizing a highly thermally stable scheme capable of with-
standing the Diamond growth process. The thermal stability of the optimized full HEMT
was verified in high temperature tests and also under actual growth conditions, and lead
to the first demonstration of a Diamond coated HEMT operating at frequencies in the GHz
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regime and up to ft of 56 GHz. The fabrication routine developed for high temperature
stability also helped in the demonstration of continuous operation of a HEMT at 1000

°C, and in a monolithically integrated Diamond-GaN ISFET for harsh electrochemical
applications.

It was clear after the conclusion of this work that the heterostructure did not reach
its limit yet, and further optimization of the HEMT structure can lead to even higher
temperature applications. The degradation observed was due to the other HEMT elements
like the metallization and passivation. Thus essentially further optimization of the HEMT
elements can lead to very high temperature applications to be accessed without reaching
the physical limits imposed by the semiconductor stability. A case in question is the growth
of even thicker NCD films, more than 1 µm, on the full HEMTs. The first experiments used
a direct approach of overgrowing fully processed HEMTs with more than 1µm NCD films
without any change on the fabrication routine used to obtain HEMTs with 1 µm NCD films
described earlier, except that the ohmic contacts did not contain Cu, but was used only
as gate metal. No current modulation by the gate was possible on these devices and no
current saturation was observed (overgrown with 3 µm NCD in this case takes 30 hours at
750 °C). In addition, gateless devices fabricated on the same sample also showed the same
behavior. However, devices without BEN interlayer (thus without the Si interlayer) stressed
with high temperature storage up to 1000 °C in vacuum did not show such degradation.
These efforts to identify the source of the problem, lead to the following conclusion: local
Cu diffusion into the Si3N4 passivation layer had caused local conduction paths on the
surface between the contacts, effectively causing a short circuit. Finally, this could be traced
to the CVD deposited Si3N4 passivation layer, being rich in Si, and alloying the mixing of
excess Si with the Cu gate metallization during the long growth process at 750 °C. To rule
out any possible interaction of Cu with a Si rich Si3N4 passivation layer, experiments were
performed with a set of samples, where Cu had been replaced by Mo or Pt respectively and
where the PCVD Si3N4 deposition conditions have been modified. This experiment was
actually an outcome of the technological optimization for ultra high temperature stable
devices operation reported in [195]. The process modifications performed during this last
set of experiments were in essence focused on the improvement of the passivation layer
system and included a further adjustment of the deposition precursors. This modified gate
and passivation scheme was used to fabricate a full HEMT from a 10 nm barrier layer. After
that the BEN interlayer system was deposited and the structures nucleated and outgrown
by approximately 3 µm NCD layer (28 hours at 750 °C) shown in Fig. 46b. Despite a still
persistent leakage, current saturation was observed and the devices showed the expected
open channel current density as compared to uncoated devices. Most importantly, current
modulation by the gate could be verified (see Fig. 46b). The leakage of the devices still
needs further investigation, because it may also be stress related (which may be related to
the high brittleness of the Mo film). Nevertheless the experiments may still be viewed as
an important achievement, indicating that successful overgrowth of fully processed HEMT
device structures with thick NCD layers should be possible with further passivation layer
optimization.
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A possible alternative to the PCVD Si3N4 is the use of in-situ Si3N4, but stoicheometry
is not easy to establish at the GaN growth temperatures. However, reports have shown the
suitability of this passivation for high power GaN HEMTs. In addition, the passivation is
deposited at high temperatures, around 800 °C, and thus is expected to be more stable
than the PCVD Si3N4 deposited at 300 °C. For overgrowth purposes the passivation is also
required to withstand the growth conditions, which is harsher than operation temperatures
equal to the NCD growth temperatures, due to the presence of Hydrogen radicals. Initial
experiments conducted on such passivation grown on LM-InAlN/GaN show encouraging
results. No visible degradation was seen on the films and the usual NCD growth pattern
could be achieved (see Fig. 46c).

Another alternative would be using ALD-deposited Al2O3, which also passed initial
NCD growth tests as shown in Fig. 46d, indicating a high thermal stability. Combined
with the thermal oxidation of the InAlN, this passivation can be used in a MOSHEMT
configuration thus increasing the gate diode stability under high temperature operation
by reducing the gate leakage significantly. In addition, when grown on the thermal
oxide, which is largely crystalline Al2O3, it is highly likely that the interface between
the heterostructure and passivation is smooth and continuous thus reducing the thermal
resistance at this interface.

Since the growth of GaN on single crystal Diamond could also be demonstrated, a future
goal would be to combine such substrates with the top NCD layers coating, thus creating
an all-Diamond-encapsulated HEMT, with a maximum heat extraction configuration and a
robust and inert surface, making it suitable not only for very high power applications, but
also for operation in harsh environment.



(a) (b)

(c) (d)

Figure 46: (a) SEM image of 10 nm barrier LM-InAlN/GaN HEMT nucleated by BEN and overgrown
with 3 µm NCD film (b) Despite the harsh and long growth conditions the HEMT could
be modulated but suffered from a parasitic leakage due to a degradation of the PCVD
Si3N. An alternative to this passivation would be using (c) in-situ deposited Si3N4

passivation or (d) a ALD-deposited Al2O3. Both passivation passed initial NCD growth
tests.
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APPENDICES

Here the routinely used lithographic steps are described and an example of a Silvaco
simulation input file is shown.

a.1 HEMT FABRICATION LITHOGRAPHIC STEPS

The lithography process details used for HEMT fabrication was as follows:

• Cleaning the wafer with acetone and 2-propanol

• Mesa isolation:

– AZ 5214 photo resist coating at 6000 rpm

– Hot plate Baking at 100 °C for 90 seconds.

– Exposure at a constant intensity of 276W for 6.5 seconds.

– Development using MIF-AZ 726 developer for 30 seconds.

– Ar-plasma dry etch in RF-sputtering chamber with a power of 150 W, Ar flow
of 17.6 sccm and a pressure of 50mT.

– Resist removal in 1M-2p at 150 °C.

• Ohmic contact lithography:

– LOR 7B photo resist coating at 6000 rpm, hot plate baking at 190 °C for 5

minutes.

– Ti 09 photo resist coating at 8000 rpm, hot plate baking at 100 °C for 60 seconds.

– Exposure at a constant intensity of 276W for 3.7 seconds.

– Development using MIF-AZ 726 developer for 25 seconds.

– Metal deposition in E-beam or sputtering in Ion-beam.

– Lift off in 1M-2p at 150 °C.

– Ohmic contact annealing in RTA at 800 °C for 30-45 seconds.

• Gate E-beam lithography:

– PMMA/MA 33% resist coating at 3000 rpm, hot plate baking at 180 °C for 5

minutes.

– PMMA-950K resist coating at 6000 rpm, hot plate baking at 180 °C for 5 minutes.

– E-beam exposure with 50 KV.
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– deposition and lift off as in the ohmic contacts.

• Device passivation was done in a PCVD chamber.

a.2 HEMT STATIC SILVACO SIMULATION FILE

go atlas
# SECTION 1: Mesh input 8nm AlInN
mesh nx=140 ny=140

x.m n=1.0 l=0.0 r=1.0
x.m n=140.0 l=0.1 r=1.0
y.m n=1.0 l=0.0 r=1.0
y.m n=10.0 l=0.008 r=1.0
y.m n=70.0 l=0.03 r=1.0
y.m n=140.0 l=0.15 r=1.0
# SECTION 2: Structure Specification, The polar.scale is used to adjust the default values

of the simulator. The simulator does not recognize InAlN so InN is used as name and the
material parameters are redefined later

region num=2 material=InN x.min=0.0 x.max=0.1 y.min=0.014967 y.max=0.023033 polar-
ization polar.scale=-1.9

region num=1 material=Air y.min=0.0 y.max=0.014967

region num=3 material=GaN x.min=0.0 x.max=0.1 y.min=0.023033 y.max=0.15 polariza-
tion polar.scale=-0.9

#electrodes which should be defined in the simulator
electrode name=source number=1 x.min=0.0 x.max=0.0 y.min=0.15 y.max=0.15

#contacts, the above electrode is set to neutral
contact num=1 name=source
#background doping
doping region=2 uniform n.type conc=1e15

doping region=3 uniform n.type conc=1e15

#The interface counter charge is inserted as a line charge
interface charge=-2.6E13 region=2 S.I
#surface donor traps can not be inserted as a line charge but inserted in a 0.3 nm wide

line
trap e.level=3.85 donor density=7e20 degen=1 x.min=0 x.max=0.1 y.min=0.014967 y.max=0.015333

# SECTION 3: Material parameters. The band offsets are adjusted in this simulator by
adjusting the affinities

material material=InN eg300=4.65 permittivity=11.6 affinity=3.8 alattice=3.189

# material
material=GaN eg300=3.42 permittivity=10.28 affinity=4.6 3 alattice=3.189

# material
material=Air
#model
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model srh fldmob fermidirac print mobility material=GaN fmct.n fldmob.n
# SECTION 4: method and solution
method gumits=300 newton trap itlim=35 maxtrap=10 vsatmod.inc=0.1 carriers=1 elec
output con.band val.band j.total polar.charge charge
solve initial
save outf=8nmInAlN.str
quit





Bibliography

[1] C. Miskys A. Link M. Hermann-M. Eickhoff M. Stutzmann-F. Bernardini V. Fiorentini
V. Tilak B. Schaff O. Ambacher, J. Majewski and L. Eastman. "Pyroelectric properties
of Al(In)GaN/GaN hetero- and quantum well structures". J. Phys.: Condens. Matter,
14:3399, 2002. doi: doi:10.1088/0953-8984/14/13/302. (Cited on pages vi, 8, 9, 11, 12,
15, and 16.)

[2] J. P. Ibbetson, P. T. Fini, K. D. Ness, S. P. DenBaars, J. S. Speck, and U. K. Mishra.
Polarization effects, surface states, and the source of electrons in AlGaN/GaN
heterostructure field effect transistors. Applied Physics Letters, 77(2):250 –252, jul 2000.
ISSN 0003-6951. doi: 10.1063/1.126940. (Cited on pages vi, 15, 16, 17, and 18.)

[3] K. E. Goodson, O. W. Kading, M. Rosler, and R. Zachai. Experimental investigation
of thermal conduction normal to diamond-silicon boundaries. Journal of Applied
Physics, 77(4):1385–1392, 1995. doi: 10.1063/1.358950. (Cited on pages ix and 62.)

[4] J. E. Graebner, J. A. Mucha, L. Seibles, and G. W. Kammlott. The thermal conductivity
of chemical-vapor-deposited diamond films on silicon. Journal of Applied Physics, 71

(7):3143–3146, 1992. doi: 10.1063/1.350981. (Cited on pages ix and 62.)

[5] J. Philip, P. Hess, T. Feygelson, J. E. Butler, S. Chattopadhyay, K. H. Chen, and L. C.
Chen. Elastic, mechanical, and thermal properties of nanocrystalline diamond films.
Journal of Applied Physics, 93(4):2164–2171, 2003. doi: 10.1063/1.1537465. (Cited on
pages ix and 62.)

[6] M. Rabarot, J. Widiez, S. Saada, J.-P. Mazellier, C. Lecouvey, J.-C. Roussin, J. Dechamp,
P. Bergonzo, F. Andrieu, O. Faynot, S. Deleonibus, L. Clavelier, and J.P. Roger. Silicon-
On-Diamond layer integration by wafer bonding technology. Diamond and Related
Materials, 19(7-9):796 – 805, 2010. ISSN 0925-9635. doi: 10.1016/j.diamond.2010.01.049.
(Cited on pages ix and 62.)

[7] E. Jansen and E. Obermeier. Measurements of the Thermal Conductivity of CVD
Diamond Films Using Micromechanical Devices. physica status solidi (a), 154(1):
395–402, 1996. ISSN 1521-396X. doi: 10.1002/pssa.2211540128. (Cited on pages ix
and 62.)

[8] J. Olsson E. Johansson B. Edholm, A. Soderbarg. Jpn. J. Appl. Phys., 34:4706, 1995.
(Cited on pages ix and 62.)

[9] A.T. Collins. "Properties and growth of Diamond", chapter Breakdown field and
saturated carrier velocity in Diamond, page 228. INSPEC, 1994. (Cited on pages xi,
2, and 34.)

83



84 bibliography

[10] S.L. Rumyantsev V. Bougrov, M.E. Levinshtein and A. Zubrilov. "Properties of advanced
semiconductor materials: GaN, AlN, InN, BN, SiC, SiGe", chapter Gallium Nitride (GaN).
JohnWiley & Sons, 2001. (Cited on pages xi and 2.)

[11] J.W. Palmour, C. Hallin, A. Burk, F. Radulescu, D. Namishia, H. Hagleitner, J. Duc,
B. Pribble, S.T. Sheppard, J.B. Barner, and J. Milligan. "100 mm GaN-on-SiC RF MMIC
technology". In Microwave Symposium Digest (MTT), 2010 IEEE MTT-S International,
pages 1226 –1229, may 2010. doi: 10.1109/MWSYM.2010.5515973. (Cited on pages xi,
2, and 3.)

[12] Jan Isberg, Johan Hammersberg, Erik Johansson, Tobias Wikstrom, Daniel J. Twitchen,
Andrew J. Whitehead, Steven E. Coe, and Geoffrey A. Scarsbrook. "High Carrier
Mobility in Single-Crystal Plasma-Deposited Diamond". Science, 297(5587):1670–1672,
2002. doi: 10.1126/science.1074374. (Cited on pages xi and 2.)

[13] M.E. Levinshtein Yu. Goldberg and S.L. Rumyantsev. "Properties of advanced semi-
conductor materials: GaN, AlN, InN, BN, SiC, SiGe", chapter Silicon Carbide (SiC).
JohnWiley & Sons. (Cited on pages xi and 2.)

[14] A. Krost and A. Dadgar. GaN-Based Devices on Si. physica status solidi (a), 194(2):361–
375, 2002. ISSN 1521-396X. doi: 10.1002/1521-396X(200212)194:2<361::AID-PSSA361>
3.0.CO;2-R. (Cited on pages xi, 32, and 34.)

[15] C. Raynaud, D. Tournier, H. Morel, and D. Planson. Comparison of high voltage and
high temperature performances of wide bandgap semiconductors for vertical power
devices. Diamond and Related Materials, 19(1):1–6, 2010. (Cited on page 1.)

[16] C. Buttay, D. Planson, B. Allard, D. Bergogne, P. Bevilacqua, C. Joubert, M. Lazar,
C. Martin, H. Morel, D. Tournier, and C. Raynaud. State of the art of high temperature
power electronics. Materials Science and Engineering B, 2010. (Cited on page 1.)

[17] A. Denisenko and E. Kohn. Diamond power devices. Concepts and limits. Diamond
and Related Materials, 14(3):491, 2005. ISSN 0925-9635. doi: 10.1016/j.diamond.2004.
12.043. (Cited on pages 2 and 23.)

[18] M. Henini. "Wide bandgap electronic materials part I". III-Vs Review, 5(3):54, 1992.
(Cited on page 2.)

[19] S. Nakamura, T. Mukai, and M. Senoh. Candela-class high-brightness InGaN/AlGaN
double-heterostructure blue-light-emitting diodes. Applied Physics Letters, 64(13):1687–
1689, 1994. (Cited on page 2.)

[20] E. Feltin, A. Castiglia, G. Cosendey, J.-F. Carlin, R. Butte, and N. Grandjean. GaN-
based laser diodes including a lattice-matched Al0.83In0.17N cladding layer. In
Lasers and Electro-Optics, 2009 and 2009 Conference on Quantum electronics and Laser
Science Conference. CLEO/QELS 2009. Conference on, pages 1 –2, june 2009. (Cited on
pages 2 and 34.)



bibliography 85

[21] G. Huber, A. Richter, N.-O. Hansen, M. Fechner, and E. Heumann. GaN diode laser
pumped solid-state lasers in the visible and UV spectral region. In Lasers and Electro-
Optics 2009 and the European Quantum Electronics Conference. CLEO Europe - EQEC 2009.
European Conference on, page 1, june 2009. doi: 10.1109/CLEOE-EQEC.2009.5196607.
(Cited on page 2.)

[22] W. Nagy, J. Brown, R. Borges, and S. Singhal. "Linearity characteristics of microwave-
power GaN HEMTs". Microwave Theory and Techniques, IEEE Transactions on, 51(2):660

– 664, feb 2003. ISSN 0018-9480. doi: 10.1109/TMTT.2002.807684. (Cited on page 3.)

[23] Y.-F. Wu, A. Saxler, M. Moore, R.P. Smith, S. Sheppard, P.M. Chavarkar, T. Wisleder,
U.K. Mishra, and P. Parikh. 30-W/mm GaN HEMTs by Field Plate Optimization.
IEEE Electron Device Letters, 25(3):117–119, 2004. (Cited on pages 3 and 29.)

[24] Sylvain L. Delage, Erwan Morvan, Nicolas Sarazin, Raphael Aubry, Eric Chartier,
Olivier Jardel, Marie-Antoinette diForte Poisson, Christian Dua, Jean-Claude Jacquet,
Stephane Piotrowicz, Anna. Piotrowska, Eliana. Kaminska, Jean-Claude De Jaeger,
Christophe Gaquiere, Ulrich Heinlen, Ehrard Kohn, Mohammed Alomari, David
Maier, Jan Kuzmik, and Dionyz. Pogany. Achievement and perspective of GaN
technology for microwave applications. In Microwave Radar and Wireless Communica-
tions (MIKON), 2010 18th International Conference on, pages 1 –5, june 2010. (Cited on
pages 3 and 32.)

[25] J.H. Leach and H. Morkoc. Status of Reliability of GaN-Based Heterojunction Field
Effect Transistors. Proceedings of the IEEE, 98(7):1127 –1139, july 2010. ISSN 0018-9219.
doi: 10.1109/JPROC.2010.2044858. (Cited on page 3.)

[26] Y.-F. Wu, M. Moore, A. Saxler, T. Wisleder, and P. Parikh. 40-W/mm Double Field-
plated GaN HEMTs. Device Research Conference, 4:151, 2006. (Cited on pages 3

and 29.)

[27] F. Medjdoub, J. Derluyn, K. Cheng, M. Leys, S. Degroote, D. Marcon, D. Visalli,
M. Van Hove, M. Germain, and G. Borghs. Low On-Resistance High-Breakdown
Normally Off AlN/GaN/AlGaN DHFET on Si Substrate. Electron Device Letters,
IEEE, 31(2):111 –113, feb. 2010. ISSN 0741-3106. doi: 10.1109/LED.2009.2037719.
(Cited on pages 3 and 25.)

[28] GaN technologies for power electronics applications: Industry and market status &
forecasts, Yole Developpement Report November, 2010. (Cited on page 3.)

[29] Y. Uemoto, T. Morita, A. Ikoshi, H. Umeda, H. Matsuo, J. Shimizu, M. Hikita,
M. Yanagihara, T. Ueda, T. Tanaka, and D. Ueda. GaN monolithic inverter IC using
normally-off gate injection transistors with planar isolation on Si substrate. In
Electron Devices Meeting (IEDM), 2009 IEEE International, pages 1 –4, dec. 2009. doi:
10.1109/IEDM.2009.5424397. (Cited on page 3.)



86 bibliography

[30] N.-Q. Zhang, B. Moran, S.P. DenBaars, U.K. Mishra, X.W. Wang, and T.P. Ma. Kilovolt
AlGaN/GaN HEMTs as Switching Devices. Physica Status Solidi (A) Applied Research,
188(1):213–217, 2001. (Cited on page 3.)

[31] J. Derluyn, M. Van Hove, D. Visalli, A. Lorenz, D. Marcon, P. Srivastava, K. Geens,
B. Sijmus, J. Viaene, X. Kang, J. Das, F. Medjdoub, K. Cheng, S. Degroote, M. Leys,
G. Borghs, and M. Germain. Low leakage high breakdown E-mode GaN DHFET
on Si by selective removal of in-situ grown Si3N4. In Technical Digest - International
Electron Devices Meeting, IEDM, pages 7.4.1–7.4.4, 2009. (Cited on pages 3 and 29.)

[32] D. S. Lee, X. Gao, S. Guo, D. Kopp, P. Fay, and T. Palacios. 300-GHz InAlN/GaN
HEMTs With InGaN Back Barrier. Electron Device Letters, IEEE, PP(99):1 –3, 2011.
ISSN 0741-3106. doi: 10.1109/LED.2011.2164613. (Cited on pages 3 and 25.)

[33] H. Ishida, D. Shibata, M. Yanagihara, Y. Uemoto, H. Matsuo, T. Ueda, T. Tanaka,
and D. Ueda. Unlimited High Breakdown Voltage by Natural Super Junction of
Polarized Semiconductor. Electron Device Letters, IEEE, 29(10):1087 –1089, oct. 2008.
ISSN 0741-3106. doi: 10.1109/LED.2008.2002753. (Cited on page 3.)

[34] G. Meneghesso, G. Verzellesi, F. Danesin, F. Rampazzo, F. Zanon, A. Tazzoli,
M. Meneghini, and E. Zanoni. Reliability of GaN high-electron-mobility transistors:
State of the art and perspectives. IEEE Transactions on Device and Materials Reliability,
8(2):332–343, 2008. (Cited on page 3.)

[35] S. Singhal, J.C. Roberts, P. Rajagopal, T. Li, A.W. Hanson, R. Therrien, J.W. Johnson,
I.C. Kizilyalli, and K.J. Linthicum. GaN-on-Si failure mechanisms and reliability im-
provements. In 44th anual IEEE International Reliability Physics Symposium Proceedings,
pages 95–98, 2006. (Cited on page 3.)

[36] M. Alomari, A. Dussaigne, D. Martin, N. Grandjean, C. Gaquiere, and E. Kohn.
"AlGaN/GaN HEMT on (111) single crystalline diamond". Electronics Letters, 46(4):
299 –301, 18 2010. ISSN 0013-5194. doi: 10.1049/el.2010.2937. (Cited on page 3.)

[37] K.D. Chabak, J.K. Gillespie, V. Miller, A. Crespo, J. Roussos, M. Trejo, D.E. Walker, G.D.
Via, G.H. Jessen, J. Wasserbauer, F. Faili, D.I. Babic, D. Francis, and F. Ejeckam. "Full-
Wafer Characterization of AlGaN/GaN HEMTs on Free-Standing CVD Diamond
Substrates". Electron Device Letters, IEEE, 31(2):99 –101, feb. 2010. ISSN 0741-3106.
doi: 10.1109/LED.2009.2036574. (Cited on pages 3 and 61.)

[38] G. H. Jessen, J. K. Gillespie, G. D. Via, A. Crespo, D. Langley, J. Wasserbauer, F. Faili,
D. Francis, D. Babic, F. Ejeckam, S. Guo, and I. Eliashevich. AlGaN/GaN HEMT
on Diamond Technology Demonstration. Compound Semiconductor Integrated Circuit
Symposium, IEEE:271 –274, 2006. doi: 10.1109/CSICS.2006.319952. (Cited on pages 3

and 61.)

[39] F. Medjdoub, J.-F. Carlin, M. Gonschorek, E. Feltin, M.A. Py, D. Ducatteau,
C. Gaquiere, N. Grandjean, and E. Kohn. Can InAlN/GaN be an alternative to



bibliography 87

high power / high temperature AlGaN/GaN devices? In Technical Digest - Interna-
tional Electron Devices Meeting, IEDM, pages 927–930, 2006. (Cited on pages 4, 32,
and 38.)

[40] M. Dipalo, Z. Gao, J. Scharpf, C. Pietzka, M. Alomari, F. Medjdoub, J.-F. Carlin,
N. Grandjean, S. Delage, and E. Kohn. Combining diamond electrodes with GaN
heterostructures for harsh environment ISFETs. Diamond and Related Materials, 18

(5-8):884–889, 2009. (Cited on pages 5, 26, 31, 59, and 72.)

[41] M. Dipalo, C. Pietzka, A. Denisenko, H. El-Hajj, and E. Kohn. O-terminated nano-
diamond ISFET for applications in harsh environment. Diamond and Related Materials,
17(7-10):1241 – 1247, 2008. ISSN 0925-9635. doi: 10.1016/j.diamond.2008.01.106.
<ce:title>Proceedings of Diamond 2007, the 18th European Conference on Diamond,
Diamond-Like Materials, Carbon Nanotubes, Nitrides and Silicon Carbide</ce:title>
<ce:subtitle>Diamond 2006</ce:subtitle> <xocs:full-name>Proceedings of Diamond
2007, the 18th European Conference on Diamond, Diamond-Like Materials, Carbon
Nanotubes, Nitrides and Silicon Carbide</xocs:full-name>. (Cited on pages 5

and 59.)

[42] E. Kohn, M. Dipalo, M. Alomari, F. Medjdoub, J.-F. Carlin, N. Grandjean, and
S. Delage. "A Concept for Diamond Overlayers on Nitride Heterostructures". In Device
Research Conference, 2008, pages 295 –296, june 2008. doi: 10.1109/DRC.2008.4800846.
(Cited on pages 5, 31, and 59.)

[43] Fabio Bernardini, Vincenzo Fiorentini, and David Vanderbilt. "Spontaneous polariza-
tion and piezoelectric constants of III-V nitrides". Phys. Rev. B, 56:R10024–R10027,
Oct 1997. doi: 10.1103/PhysRevB.56.R10024. (Cited on pages 8 and 10.)

[44] O. Ambacher, B. Foutz, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy,
A. J. Sierakowski, W. J. Schaff, L. F. Eastman, R. Dimitrov, A. Mitchell, and M. Stutz-
mann. "Two dimensional electron gases induced by spontaneous and piezoelectric
polarization in undoped and doped AlGaN/GaN heterostructures". 87(1):334–344,
2000. ISSN 00218979. doi: DOI:10.1063/1.371866. (Cited on page 11.)

[45] O. Ambacher, R. Dimitrov, M. Stutzmann, B.E. Foutz, M.J. Murphy, J.A. Smart, J.R.
Shealy, N.G. Weimann, K. Chu, M. Chumbes, B. Green, A.J. Sierakowski, W.J. Schaff,
and L.F. Eastman. "Role of Spontaneous and Piezoelectric Polarization Induced
Effects in Group-III Nitride Based Heterostructures and Devices". physica status solidi
(b), 216(1):381–389, 1999. ISSN 1521-3951. doi: 10.1002/(SICI)1521-3951(199911)216:
1<381::AID-PSSB381>3.0.CO;2-O. (Cited on page 11.)

[46] O. Ambacher, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy, W. J. Schaff,
L. F. Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann, W. Rieger, and J. Hilsenbeck.
"Two-dimensional electron gases induced by spontaneous and piezoelectric polariza-
tion charges in N- and Ga-face AlGaN/GaN heterostructures". 85(6):3222–3233, 1999.
ISSN 00218979. doi: DOI:10.1063/1.369664. (Cited on page 11.)



88 bibliography

[47] A.D. Bykhovski, B.L. Gelmont, and M.S. Shur. Elastic strain relaxation and piezoeffect
in GaN-AlN, GaN-AlGaN and GaN-InGaN superlattices. Journal of Applied Physics,
81:6322–6338, 1997. (Cited on page 13.)

[48] G. Koley and M. G. Spencer. Surface potential measurements on GaN and AlGaN/-
GaN heterostructures by scanning Kelvin probe microscopy. Journal of Applied Physics,
90(1):337–344, 2001. doi: 10.1063/1.1371941. (Cited on pages 14 and 27.)

[49] Silvaco. Atlas Device Simulations. http://www.silvaco.com. (Cited on page 15.)

[50] M. Gonschorek, J.-F. Carlin, E. Feltin, M. A. Py, N. Grandjean, V. Darakchieva,
B. Monemar, M. Lorenz, and G. Ramm. Two-dimensional electron gas density in
Al1-xInxN/GaN heterostructures. Journal of Applied Physics, 103(9):093714, 2008. ISSN
00218979. doi: DOI:10.1063/1.2917290. (Cited on pages 16 and 31.)

[51] M. Gonschorek, J.-F. Carlin, E. Feltin, M. A. Py, and N. Grandjean. High electron
mobility lattice-matched AlInN/GaN field-effect transistor heterostructures. Applied
Physics Letters, 89(6):062106 –062106–3, aug 2006. ISSN 0003-6951. doi: 10.1063/1.
2335390. (Cited on pages 16, 25, and 34.)

[52] C. Ostermaier, G. Pozzovivo, J.-F. Carlin, B. Basnar, W. Schrenk, Y. Douvry,
C. Gaquiere, J.-C. DeJaeger, K. Cico, K. Frohlich, M. Gonschorek, N. Grandjean,
G. Strasser, D. Pogany, and J. Kuzmik. Ultrathin InAlN/AlN Barrier HEMT With
High Performance in Normally Off Operation. Electron Device Letters, IEEE, 30(10):
1030 –1032, oct. 2009. ISSN 0741-3106. doi: 10.1109/LED.2009.2029532. (Cited on
pages 17, 32, and 37.)

[53] Satyaki Ganguly, Jai Verma, Guowang Li, Tom Zimmermann, Huili Xing, and Deb-
deep Jena. Presence and origin of interface charges at atomic-layer deposited
Al2O3/III-nitride heterojunctions. Applied Physics Letters, 99(19):193504, 2011. doi:
10.1063/1.3658450. (Cited on page 18.)

[54] S.M. Sze. Physics of Semiconductor Devices. John Wiley & Sons, third edition edition,
2007. (Cited on pages 19 and 21.)

[55] M. Shur. GaA Devices and Circuits. Plenum Press, New York, 1987. (Cited on page 21.)

[56] W. Liu. Fundamentals of III-V Devices: HBTs, MESFETs, and HFETs/HEMTs. John
Wiley & Sons, 1999. (Cited on page 21.)

[57] K. Shinohara, D. Regan, I. Milosavljevic, A.L. Corrion, D.F. Brown, P.J. Willadsen,
C. Butler, A. Schmitz, S. Kim, V. Lee, A. Ohoka, P.M. Asbeck, and M. Micovic.
Electron Velocity Enhancement in Laterally Scaled GaN DH-HEMTs With fT of 260

GHz. Electron Device Letters, IEEE, 32(8):1074 –1076, aug. 2011. ISSN 0741-3106. doi:
10.1109/LED.2011.2158386. (Cited on page 21.)

[58] E.O. Johnson. Physical Limitations on Frequency and Power Parameters of Transis-
tors. RCA Review, 26:163–177, 1965. (Cited on page 21.)



bibliography 89

[59] Dong Seup Lee, Xiang Gao, Shiping Guo, and T. Palacios. InAlN/GaN HEMTs With
AlGaN Back Barriers. Electron Device Letters, IEEE, 32(5):617 –619, may 2011. ISSN
0741-3106. doi: 10.1109/LED.2011.2111352. (Cited on page 21.)

[60] S.-J. Chang, S.-C. Wei, Y.-K. Su, C.-H. Liu, S.-C. Chen, U.-H. Liaw, T.-Y. Tsai, and T.-H.
Hsu. AlGaN/GaN modulation-doped field-effect transistors with An Mg-doped
carrier confinement layer. Japanese Journal of Applied Physics, Part 1: Regular Papers and
Short notes and Review Papers, 42(6 A):3316–3319, 2003. (Cited on page 21.)

[61] H.-C. Lee, S.-Y. Hyun, H.-I. Cho, C. Ostermaier, K.-W. Kim, S.-I. Ahn, K.-I. Na, J.-B.
Ha, D.-H. Kwon, C.-K. Hahn, S.-H. Hahm, H.-C. Choi, and J.-H. Lee. Enhanced
electrical characteristics of AlGaN/GaN heterostructure field-effect transistor with
p-GaN back barriers and Si delta-doped layer. Japanese Journal of Applied Physics, 47(4
PART 2):2824–2827, 2008. (Cited on page 21.)

[62] Y.K. Su, S.J. Chang, T.M. Kuan, C.H. Ko, J.B. Webb, W.H. Lan, Y.T. Cherng, and
S.C. Chen. Nitride-based HFETs with carrier confinement layers. Materials Science
and Engineering B: Solid-State Materials for Advanced Technology, 110(2):172–176, 2004.
(Cited on page 21.)

[63] Yuh-Renn Wu, M. Singh, and J. Singh. Device scaling physics and channel velocities
in AIGaN/GaN HFETs: velocities and effective gate length. Electron Devices, IEEE
Transactions on, 53(4):588 – 593, april 2006. ISSN 0018-9383. doi: 10.1109/TED.2006.
870571. (Cited on page 21.)

[64] Yuh-Renn Wu, M. Singh, and J. Singh. Device scaling physics and channel velocities
in AIGaN/GaN HFETs: velocities and effective gate length. Electron Devices, IEEE
Transactions on, 53(4):588 – 593, april 2006. ISSN 0018-9383. doi: 10.1109/TED.2006.
870571. (Cited on page 21.)

[65] G.H. Jessen, Fitch Jr., R.C., J.K. Gillespie, G. Via, A. Crespo, D. Langley, D.J. Den-
ninghoff, Trejo Jr., M., and E.R. Heller. Short-channel effect limitations on high-
frequency operation of AlGaN/ GaN HEMTs for T-gate devices. IEEE Transactions
on Electron Devices, 54(10):2589–2597, 2007. (Cited on page 21.)

[66] J. M. Golio, editor. "RF and Microwave Semiconductor Device Handbook". CRC Press,
2003. (Cited on pages 22 and 51.)

[67] V. Kaper, V. Tilak, B. Green, T. Prunty, J. Smart, L.F. Eastman, and J.R. Shealy.
Dependence of power and efficiency of AlGaN/GaN HEMTs on the load resistance
for class B bias. In High Performance Devices, 2002. Proceedings. IEEE Lester Eastman
Conference on, pages 118 – 125, aug. 2002. doi: 10.1109/LECHPD.2002.1146739. (Cited
on pages 22 and 51.)

[68] Hady Yacoub. Investigation og Leakage Behaviour of GaN-based Power Devices.
Master’s thesis, Ulm University, Institute of Electron Devices and Circuits, June 2011.
(Cited on pages 22, 25, and 41.)



90 bibliography

[69] Rongming Chu, A. Corrion, M. Chen, Ray Li, D. Wong, D. Zehnder, B. Hughes,
and K. Boutros. 1200-V Normally Off GaN-on-Si Field-Effect Transistors With Low
Dynamic on -Resistance. Electron Device Letters, IEEE, 32(5):632 –634, may 2011. ISSN
0741-3106. doi: 10.1109/LED.2011.2118190. (Cited on page 23.)

[70] T. Zimmermann, D. Deen, Yu Cao, J. Simon, P. Fay, D. Jena, and H.G. Xing. AlN/GaN
Insulated-Gate HEMTs With 2.3 A/mm Output Current and 480 mS/mm Transcon-
ductance. Electron Device Letters, IEEE, 29(7):661 –664, july 2008. ISSN 0741-3106. doi:
10.1109/LED.2008.923318. (Cited on pages 24 and 26.)

[71] F. Medjdoub, M. Zegaoui, D. Ducatteau, N. Rolland, and P.A. Rolland. High-
Performance Low-Leakage-Current AlN/GaN HEMTs Grown on Silicon Substrate.
Electron Device Letters, IEEE, 32(7):874 –876, july 2011. ISSN 0741-3106. doi: 10.1109/
LED.2011.2138674. (Cited on pages 24 and 25.)

[72] F. Medjdoub, M. Zegaoui, N. Rolland, and P. A. Rolland. Demonstration of low
leakage current and high polarization in ultrathin AlN/GaN high electron mobility
transistors grown on silicon substrate. Applied Physics Letters, 98(22):223502 –223502–3,
may 2011. ISSN 0003-6951. doi: 10.1063/1.3595943. (Cited on pages 24 and 25.)

[73] F. Medjdoub, N. Waldhoff, M. Zegaoui, B. Grimbert, N. Rolland, and P. A. Rolland.
Low-Noise Microwave Performance of AlN/GaN HEMTs Grown on Silicon Substrate.
Electron Device Letters, IEEE, 32(9):1230 –1232, sept. 2011. ISSN 0741-3106. doi:
10.1109/LED.2011.2161261. (Cited on pages 24 and 25.)

[74] A.L. Corrion, K. Shinohara, D. Regan, I. Milosavljevic, P. Hashimoto, P.J. Willadsen,
A. Schmitz, D.C. Wheeler, C.M. Butler, D. Brown, S.D. Burnham, and M. Micovic.
Enhancement-Mode AlN/GaN/AlGaN DHFET With 700-mS/mm gm and 112-GHz
fT . Electron Device Letters, IEEE, 31(10):1116 –1118, oct. 2010. ISSN 0741-3106. doi:
10.1109/LED.2010.2058845. (Cited on pages 24 and 25.)

[75] Huili Xing, Y. Dora, A. Chini, S. Heikman, S. Keller, and U.K. Mishra. High
breakdown voltage AlGaN-GaN HEMTs achieved by multiple field plates. Elec-
tron Device Letters, IEEE, 25(4):161 – 163, april 2004. ISSN 0741-3106. doi:
10.1109/LED.2004.824845. (Cited on page 24.)

[76] Y. Dora, A. Chakraborty, L. McCarthy, S. Keller, S.P. Denbaars, and U.K. Mishra.
High breakdown voltage achieved on AlGaN/GaN HEMTs with integrated slant
field plates. IEEE Electron Device Letters, 27(9):713–715, 2006. (Cited on page 24.)

[77] R. Chu, L. Shen, N. Fichtenbaum, D. Brown, Z. Chen, S. Keller, S.P. DenBaars, and
U.K. Mishra. V-Gate GaN HEMTs for X-Band power applications. IEEE Electron
Device Letters, 29(9):974–976, 2008. (Cited on page 24.)

[78] Yue Hao, Ling Yang, Xiaohua Ma, Jigang Ma, Menyi Cao, Caiyuan Pan, Chong Wang,
and Jincheng Zhang. High-Performance Microwave Gate-Recessed AlGaN/AlN/-
GaN MOS-HEMT With 73Efficiency. Electron Device Letters, IEEE, 32(5):626 –628, may
2011. ISSN 0741-3106. doi: 10.1109/LED.2011.2118736. (Cited on page 24.)



bibliography 91

[79] S. Karmalkar and U.K. Mishra. Enhancement of breakdown voltage in AlGaN/GaN
high electron mobility transistors using a field plate. IEEE Transactions on Electron
Devices, 48(8):1515–1521, 2001. (Cited on page 24.)

[80] S.L. Selvaraj, T. Suzue, and T. Egawa. Breakdown Enhancement of AlGaN/GaN
HEMTs on 4-in Silicon by Improving the GaN Quality on Thick Buffer Layers.
Electron Device Letters, IEEE, 30(6):587 –589, june 2009. ISSN 0741-3106. doi: 10.1109/
LED.2009.2018288. (Cited on page 24.)

[81] S. Haffouz, H. Tang, J.A. Bardwell, E.M. Hsu, J.B. Webb, and S. Rolfe. AlGaN/GaN
field effect transistors with C-doped GaN buffer layer as an electrical isolation
template grown by molecular beam epitaxy. Solid-State Electronics, 49(5):802–807,
2005. (Cited on pages 24 and 34.)

[82] C. Poblenz, P. Waltereit, S. Rajan, S. Heikman, U.K. Mishra, and J.S. Speck. Effect of
carbon doping on buffer leakage in AlGaN/GaN high electron mobility transistors.
Journal of Vacuum Science and Technology B: Microelectronics and Nanometer Structures,
22(3):1145–1149, 2004. (Cited on pages 24 and 34.)

[83] M.-A. Di Forte Poisson, N. Sarazin, M. Magis, M. Tordjman, J. Di Persio, E. Morvan,
and F. Medjdoub. LP MOCVD growth optimisation of InAlN/GaN heterostructures
on sapphire and SiC substrates for HEMT application. Proc. EW-MOVPE XII, 2006.
(Cited on pages 24 and 34.)

[84] A.Y. Polyakov, N.B. Smirnov, A.V. Govorkov, T.G. Yugova, A.V. Markov, A.M. Dabiran,
A.M. Wowchak, B. Cui, J. Xie, A.V. Osinsky, P.P. Chow, and S.J. Pearton. Electrical
properties of GaN (Fe) buffers for AlGaNGaN high electron mobility transistor
structures. Applied Physics Letters, 92(4), 2008. (Cited on pages 24 and 34.)

[85] A.Y. Polyakov, N.B. Smirnov, A.V. Govorkov, E.A. Kozhukhova, A.M. Dabiran, P.P.
Chow, A.M. Wowchak, I.-H. Lee, J.-W. Ju, and S.J. Pearton. Comparison of electrical
properties and deep traps in p Alx Ga1-xN grown by molecular beam epitaxy and
metal organic chemical vapor deposition. Journal of Applied Physics, 106(7), 2009.
(Cited on pages 24, 32, and 34.)

[86] A.Y. Polyakov, N.B. Smirnov, A.V. Govorkov, A.V. Markov, T.G. Yugova, E.A.
Petrova, A.M. Dabiran, A.M. Wowchak, A.V. Osinsky, P.P. Chow, S.J. Pearton, K.D.
Shcherbatchev, and V.T. Bublik. Semi-insulating, Fe-doped buffer layers grown by
molecular beam epitaxy. Journal of the Electrochemical Society, 154(9):H749–H754, 2007.
(Cited on pages 24 and 34.)

[87] Chuan Xu, Jinyan Wang, Hongwei Chen, Fujun Xu, Zhihua Dong, Yilong Hao, and
P. Cheng Wen. The Leakage Current of the Schottky Contact on the Mesa Edge of
AlGaN/GaN Heterostructure. Electron Device Letters, IEEE, 28(11):942 –944, nov. 2007.
ISSN 0741-3106. doi: 10.1109/LED.2007.906932. (Cited on page 24.)



92 bibliography

[88] Z.H. Feng, B. Liu, F.P. Yuan, J.Y. Yin, D. Liang, X.B. Li, Z. Feng, K.W. Yang, and
S.J. Cai. Influence of Fe-doping on GaN grown on sapphire substrates by MOCVD.
Journal of Crystal Growth, 309(1):8–11, 2007. (Cited on page 24.)

[89] J.W. Chung, J.C. Roberts, E.L. Piner, and T. Palacios. Effect of Gate Leakage in the
Subthreshold Characteristics of AlGaN/GaN HEMTs. Electron Device Letters, IEEE,
29(11):1196 –1198, nov. 2008. ISSN 0741-3106. doi: 10.1109/LED.2008.2005257. (Cited
on page 24.)

[90] Haifeng Sun, A.R. Alt, S. Tirelli, D. Marti, H. Benedickter, E. Piner, and C.R. Bolog-
nesi. Nanometric AlGaN/GaN HEMT Performance with Implant or Mesa Isolation.
Electron Device Letters, IEEE, 32(8):1056 –1058, aug. 2011. ISSN 0741-3106. doi:
10.1109/LED.2011.2151172. (Cited on page 24.)

[91] W. Saito, T. Noda, M. Kuraguchi, Y. Takada, K. Tsuda, Y. Saito, I. Omura, and
M. Yamaguchi. Effect of Buffer Layer Structure on Drain Leakage Current and
Current Collapse Phenomena in High-Voltage GaN-HEMTs. Electron Devices, IEEE
Transactions on, 56(7):1371 –1376, july 2009. ISSN 0018-9383. doi: 10.1109/TED.2009.
2021367. (Cited on page 24.)

[92] B. Van Daele, G. Van Tendeloo, W. Ruythooren, J. Derluyn, M.R. Leys, and M. Ger-
main. The role of Al on Ohmic contact formation on n -type GaN and AlGaNGaN.
Applied Physics Letters, 87(6), 2005. (Cited on pages 25 and 35.)

[93] L. Wang, F.M. Mohammed, and I. Adesida. Dislocation-induced nonuniform inter-
facial reactions of Ti/Al/Mo/Au ohmic contacts on AlGaN/GaN heterostructure.
Applied Physics Letters, 87(14):1–3, 2005. (Cited on page 25.)

[94] V. Adivarahan, M. Gaevski, A. Koudymov, J. Yang, G. Simin, and M.A. Khan. Selec-
tively Doped High-Power AlGaN/InGaN/GaN MOS-DHFET. Electron Device Letters,
IEEE, 28(3):192 –194, march 2007. ISSN 0741-3106. doi: 10.1109/LED.2007.891386.
(Cited on page 25.)

[95] Y. Pei, L. Shen, T. Palacios, N.A. Fichtenbaum, L.S. McCarthy, S. Keller, S.P. DenBaars,
and U.K. Mishra. Study of the n+ GaN cap in AlGaN/GaN high electron mobility
transistors with reduced source-drain resistance. Japanese Journal of Applied Physics,
Part 2: Letters, 46(33-35):L842–L844, 2007. (Cited on page 25.)

[96] C.-H. Chen, S. Keller, G. Parish, R. Vetury, P. Kozodoy, E.L. Hu, S.P. Denbaars, U.K.
Mishra, and Y. Wu. High-transconductance self-aligned AlGaN/GaN modulation-
doped field-effect transistors with regrown ohmic contacts. Applied Physics Letters, 73

(21):3147–3149, 1998. (Cited on page 25.)

[97] N. Dasgupta, D.F. Brown, F. Wu, S. Keller, J.S. Speck, and U.K. Mishra. Ultralow
nonalloyed Ohmic contact resistance to self aligned N-polar GaN high electron
mobility transistors by In(Ga)N regrowth. Applied Physics Letters, 96:143504, 2010.
(Cited on page 25.)



bibliography 93

[98] T. Palacios, S. Rajan, A. Chakraborty, S. Heikman, S. Keller, S.P. DenBaars, and U.K.
Mishra. Influence of the dynamic access resistance in the gm and fT linearity of
AlGaN/GaN HEMTs. IEEE Transactions on Electron Devices, 52(10):2117–2122, 2005.
(Cited on page 25.)

[99] R. Cuerdo, Y. Pei, Z. Chen, S. Keller, S.P. DenBaars, F. Calle, and U.K. Mishra. The
Kink Effect at Cryogenic Temperatures in Deep Submicron AlGaN/GaN HEMTs.
Electron Device Letters, IEEE, 30(3):209 –212, march 2009. ISSN 0741-3106. doi:
10.1109/LED.2008.2011289. (Cited on page 25.)

[100] J.W. Chung, W.E. Hoke, E.M. Chumbes, and T. Palacios. AlGaN/GaN HEMT With
300-GHz fmax. Electron Device Letters, IEEE, 31(3):195 –197, march 2010. ISSN
0741-3106. doi: 10.1109/LED.2009.2038935. (Cited on page 25.)

[101] R. Wang, P. Saunier, X. Xing, C. Lian, X. Gao, S. Guo, G. Snider, P. Fay, D. Jena,
and H. Xing. Gate-recessed enhancement-mode InAlN/AlN/GaN HEMTs with
1.9-A/mm drain current density and 800-ms/mm transconductance. IEEE Electron
Device Letters, 31(12):1383–1385, 2010. (Cited on page 25.)

[102] Ronghua Wang, Guowang Li, O. Laboutin, Yu Cao, W. Johnson, G. Snider, P. Fay,
D. Jena, and Huili Xing. 210-GHz InAlN/GaN HEMTs With Dielectric-Free Passi-
vation. Electron Device Letters, IEEE, 32(7):892 –894, july 2011. ISSN 0741-3106. doi:
10.1109/LED.2011.2147753. (Cited on pages 25 and 33.)

[103] Haifeng Sun, A.R. Alt, H. Benedickter, E. Feltin, J.-F. Carlin, M. Gonschorek, N. Grand-
jean, and C.R. Bolognesi. 100-nm-Gate (Al,In)N/GaN HEMTs Grown on SiC With Ft
= 144 GHz. Electron Device Letters, IEEE, 31(4):293 –295, april 2010. ISSN 0741-3106.
doi: 10.1109/LED.2009.2039845. (Cited on pages 25 and 33.)

[104] Haifeng Sun, A.R. Alt, H. Benedickter, E. Feltin, J.-F. Carlin, M. Gonschorek, N.R.
Grandjean, and C.R. Bolognesi. 205-GHz (Al,In)N/GaN HEMTs. Electron Device
Letters, IEEE, 31(9):957 –959, sept. 2010. ISSN 0741-3106. doi: 10.1109/LED.2010.
2055826. (Cited on pages 25 and 33.)

[105] S. Arulkumaran, T. Egawa, H. Ishikawa, and T. Jimbo. Characterization of different-
Al-content Al[sub x]Ga[sub 1 - x]N/GaN heterostructures and high-electron-mobility
transistors on sapphire. Journal of Vacuum Science & Technology B: Microelectronics and
Nanometer Structures, 21(2):888–894, 2003. doi: 10.1116/1.1556398. (Cited on page 25.)

[106] F. Medjdoub, M. Zegaoui, D. Ducatteau, N. Rolland, and P.A. Rolland. First AlN/GaN
HEMTs power measurement at 18 GHz on Silicon substrate. In Device Research
Conference (DRC), 2011 69th Annual, pages 219 –220, june 2011. doi: 10.1109/DRC.
2011.5994506. (Cited on page 25.)

[107] F. Medjdoub, D. Marcon, J. Das, J. Derluyn, K. Cheng, S. Degroote, N. Vellas,
C. Gaquiere andre, M. Germain, and S. Decoutere. GaN-on-Si HEMTs above 10



94 bibliography

W/mm at 2 GHz together with high thermal stability at 325 C. In Microwave Inte-
grated Circuits Conference (EuMIC), 2010 European, pages 37 –40, sept. 2010. (Cited on
pages 25 and 29.)

[108] J. Joh and J.A. Del Alamo. Mechanisms for electrical degradation of GaN high-
electron mobility transistors. In IEDM, International Electron Devices Meeting, page
4154218, 2006. (Cited on pages 25 and 31.)

[109] J. Joh, L. Xia, and J.A. Del Alamo. "Gate current degradation mechanisms of GaN
high electron mobility transistors". In IEEE International Electron Devices Meeting,
page 385, 2007. (Cited on pages 25 and 31.)

[110] J. Joh and J.A. del Alamo. Critical voltage for electrical degradation of GaN high-
electron mobility transistors. IEEE Electron Device Letters, 29(4):287–289, 2008. (Cited
on pages 25 and 31.)

[111] E. Zanoni, F. Danesin, M. Meneghini, A. Cetronio, C. Lanzieri, M. Peroni, and
G. Meneghesso. Localized damage in AlGaN/GaN HEMTs induced by reverse-bias
testing. IEEE Electron Device Letters, 30(5):427–429, 2009. (Cited on page 25.)

[112] X.A. Cao, H. Cho, S.J. Pearton, G.T. Dang, A.P. Zhang, F. Ren, R.J. Shul, L. Zhang,
R. Hickman, and J.M. Van Hove. Depth and thermal stability of dry etch damage in
GaN Schottky diodes. Applied Physics Letters, 75(2):232–234, 1999. (Cited on page 25.)

[113] X.A. Cao, S.J. Pearton, and F. Ren. Advanced processing of GaN for electronic devices.
Critical Reviews in Solid State and Materials Sciences, 25(4):279–390, 2000. (Cited on
page 25.)

[114] X.A. Cao, S.J. Pearton, A.P. Zhang, G.T. Dang, F. Ren, R.J. Shul, L. Zhang, R. Hickman,
and J.M. Van Hove. Electrical effects of plasma damage in p-GaN. Applied Physics
Letters, 75(17):2569–2571, 1999. (Cited on page 25.)

[115] X.A. Cao, A.P. Zhang, G.T. Dang, F. Ren, S.J. Pearton, R.J. Shul, and L. Zhang.
Schottky diode measurements of dry etch damage in n- and p-type GaN. Journal of
Vacuum Science and Technology A: Vacuum, Surfaces and Films, 18(4 I):1144–1148, 2000.
(Cited on page 25.)

[116] H.W. Choi, S.J. Chua, A. Raman, J.S. Pan, and A.T.S. Wee. Plasma-induced damage
to n-type GaN. Applied Physics Letters, 77(12):1795–1797, 2000. (Cited on page 25.)

[117] R.T. Green, I.J. Luxmoore, P.A. Houston, F. Ranalli, T. Wang, P.J. Parbrook, M.J. Uren,
D.J. Wallis, and T. Martin. Comparison of damage introduced into GaN/AlGaN/GaN
heterostructures using selective dry etch recipes. Semiconductor Science and Technology,
24(7), 2009. (Cited on page 25.)

[118] J.-M. Lee, K.-M. Chang, S.-W. Kim, C. Huh, I.-H. Lee, and S.-J. Park. Dry etch damage
in n-type GaN and its recovery by treatment with an N2 plasma. Journal of Applied
Physics, 87(11):7667–7670, 2000. (Cited on page 25.)



bibliography 95

[119] B. Molnar, Eddy Jr., C.R., and K. Doverspike. The influence of CH4/H2/Ar plasma
etching on the conductivity of n-type gallium nitride. Journal of Applied Physics, 78

(10):6132–6134, 1995. (Cited on page 25.)

[120] C. Ostermaier, G. Pozzovivo, B. Basnar, W. Schrenk, J.F. Carlin, M. Gonschorek,
N. Grandjean, A. Vincze, L. Toth, B. Pecz, G. Strasser, D. Pogany, and J. Kuzmik.
Characterization of Plasma-Induced Damage of Selectively Recessed GaN/InAlN/Al-
N/GaN Heterostructures Using SiCl4 and SF6. Japanese Journal of Applied Physics, 49:
116506, 2010. (Cited on page 25.)

[121] S.J. Pearton, J.W. Lee, J.D. MacKenzie, C.R. Abernathy, and R.J. Shul. Dry etch
damage in InN, InGaN, and InAlN. Applied Physics Letters, 67:2329, 1995. (Cited on
page 25.)

[122] A.T. Ping, A.C. Schmitz, I. Adesida, M. Asif Khan, Q. Chen, and J.W. Yang. Charac-
terization of reactive ion etching-induced damage to n-GaN surfaces using schottky
diodes. Journal of Electronic Materials, 26(3):266–271, 1997. (Cited on page 25.)

[123] Clemens Ostermaier. Ultra-Thin InAlN/AlN Barrier Enhancement-Mode High Electron
Mobility Transistors. PhD thesis, Technischen Universitï¿œt Wien, Fakultï¿œt fï¿œr
Elektrotechnik und Informationstechnik, January 2011. (Cited on pages 25, 29,
and 32.)

[124] Guowang Li, T. Zimmermann, Yu Cao, Chuanxin Lian, Xiu Xing, Ronghua
Wang, P. Fay, H.G. Xing, and D. Jena. Threshold Voltage Control in
Al0.72Ga0.28N/AlN/GaN HEMTs by Work-Function Engineering. Electron Device
Letters, IEEE, 31(9):954 –956, sept. 2010. ISSN 0741-3106. doi: 10.1109/LED.2010.
2052912. (Cited on page 25.)

[125] Chao Chen, Xingzhao Liu, Benlang Tian, Ping Shu, Yuanfu Chen, Wanli Zhang,
Hongchuan Jiang, and Yanrong Li. Fabrication of Enhancement-Mode AlGaN/GaN
MISHEMTs by Using Fluorinated Al2O3 as Gate Dielectrics. Electron Device Letters,
IEEE, 32(10):1373 –1375, oct. 2011. ISSN 0741-3106. doi: 10.1109/LED.2011.2162933.
(Cited on pages 25 and 29.)

[126] Dong Seup Lee, J.W. Chung, Han Wang, Xiang Gao, Shiping Guo, P. Fay, and
T. Palacios. 245-GHz InAlN/GaN HEMTs With Oxygen Plasma Treatment. Electron
Device Letters, IEEE, 32(6):755 –757, june 2011. ISSN 0741-3106. doi: 10.1109/LED.
2011.2132751. (Cited on page 25.)

[127] Z.H. Feng, R. Zhou, S.Y. Xie, J.Y. Yin, J.X. Fang, B. Liu, W. Zhou, K.J. Chen, and S.J.
Cai. 18-GHz 3.65-W/mm enhancement-mode AlGaN/GaN HFET using fluorine
plasma ion implantation. IEEE Electron Device Letters, 31(12):1386–1388, 2010. (Cited
on page 25.)

[128] Rongming Chu, Likun Shen, N. Fichtenbaum, D. Brown, S. Keller, and U.K. Mishra.
Plasma Treatment for Leakage Reduction in AlGaN/GaN and GaN Schottky Con-



96 bibliography

tacts. Electron Device Letters, IEEE, 29(4):297 –299, april 2008. ISSN 0741-3106. doi:
10.1109/LED.2008.917814. (Cited on page 25.)

[129] S. Choi, H.J. Kim, Z. Lochner, Y. Zhang, Y.-C. Lee, S.-C. Shen, J.-H. Ryou, and
R.D. Dupuis. Threshold voltage control of InAlN/GaN heterostructure field-effect
transistors for depletion- and enhancement-mode operation. Applied Physics Letters,
96(24), 2010. (Cited on page 25.)

[130] Yee-Chia Yeo, Tsu-Jae King, and Chenming Hu. MOSFET gate leakage modeling
and selection guide for alternative gate dielectrics based on leakage considerations.
Electron Devices, IEEE Transactions on, 50(4):1027 – 1035, april 2003. ISSN 0018-9383.
doi: 10.1109/TED.2003.812504. (Cited on pages 25 and 45.)

[131] F. Medjdoub, N. Sarazin, M. Tordjman, M. Magis, M.A. di Forte-Poisson, M. Knez,
E. Delos, C. Gaquiere, S.L. Delage, and E. Kohn. Characteristics of Al2O3/AllnN
/GaN MOSHEMT. Electronics Letters, 43(12):691 –692, 7 2007. ISSN 0013-5194. doi:
10.1049/el:20070425. (Cited on pages 26 and 32.)

[132] F. Medjdoub, J.-F. Carlin, M. Gonschorek, M.A. Py, N. Grandjean, S. Vandenbrouck,
C. Gaquiere, J.C. Dejaeger, and E. Kohn. Small-signal characteristics of AlInN/GaN
HEMTs. Electronics Letters, 42(13):779–780, 2006. (Cited on pages 26 and 32.)

[133] Ching-Ting Lee, Ya-Lan Chiou, and Chi-Sen Lee. AlGaN/GaN MOS-HEMTs With
Gate ZnO Dielectric Layer. Electron Device Letters, IEEE, 31(11):1220 –1223, nov. 2010.
ISSN 0741-3106. doi: 10.1109/LED.2010.2066543. (Cited on page 26.)

[134] J. Kuzmik, G. Pozzovivo, S. Abermann, J.-F. Carlin, M. Gonschorek, E. Feltin,
N. Grandjean, E. Bertagnolli, G. Strasser, and D. Pogany. Technology and per-
formance of InAlN/AlN/GaN HEMTs with gate insulation and current collapse
suppression using ZrO2 or HfO2. IEEE Transactions on Electron Devices, 55(3):937–941,
2008. (Cited on pages 26, 29, and 32.)

[135] Yuanzheng Yue, Yue Hao, Jincheng Zhang, Jinyu Ni, Wei Mao, Qian Feng, and
Linjie Liu. AlGaN/GaN MOS-HEMT With HfO2 Dielectric and Al2O3 Interfacial
Passivation Layer Grown by Atomic Layer Deposition. Electron Device Letters, IEEE,
29(8):838 –840, aug. 2008. ISSN 0741-3106. doi: 10.1109/LED.2008.2000949. (Cited on
page 26.)

[136] S. Seo, E. Cho, and D. Pavlidis. Improvements of AIN/GaN MISFET DC and RF
characteristics with in situ deposited Si3N4. Electronics Letters, 44(24):1428 –1429, 20

2008. ISSN 0013-5194. doi: 10.1049/el:20081998. (Cited on page 26.)

[137] H. Zhang and E. T. Yu. Demonstration and analysis of reduced reverse-bias leakage
current via design of nitride semiconductor heterostructures grown by molecular-
beam epitaxy. 99(1):014501, 2006. ISSN 00218979. doi: DOI:10.1063/1.2150591. (Cited
on page 26.)



bibliography 97

[138] T. Mizutani, M. Ito, S. Kishimoto, and F. Nakamura. AlGaN/GaN HEMTs with
thin InGaN cap layer for normally off operation. IEEE Electron Device Letters, 28(7):
549–551, 2007. (Cited on page 26.)

[139] Kyung-Ah Son, Baohua Yang, N. Prokopuk, J. Moon, A. Liao, T.M. Katona, and M.A.
Khan. RF GaN HEMT Sensors for Detection of Caustic Chemicals. Sensors Journal,
IEEE, 11(12):3476 –3478, dec. 2011. ISSN 1530-437X. doi: 10.1109/JSEN.2011.2160978.
(Cited on page 26.)

[140] B.P. Luther, S.D. Wolter, and S.E. Mohney. High temperature Pt Schottky diode gas
sensors on n-type GaN. Sensors and Actuators, B: Chemical, 56(1):164–168, 1999. (Cited
on page 26.)

[141] K. Matsuo, N. Negoro, J. Kotani, T. Hashizume, and H. Hasegawa. Pt Schottky diode
gas sensors formed on GaN and AlGaN/GaN heterostructure. Applied Surface Science,
244(1-4):273–276, 2005. (Cited on page 26.)

[142] J.-R. Huang, W.-C. Hsu, H.-I. Chen, and W.-C. Liu. Comparative study of hydrogen
sensing characteristics of a Pd/GaN Schottky diode in air and N2 atmospheres.
Sensors and Actuators, B: Chemical, 123(2):1040–1048, 2007. (Cited on page 26.)

[143] J.-R. Huang, W.-C. Hsu, Y.-J. Chen, T.-B. Wang, K.-W. Lin, H.-I. Chen, and W.-C. Liu.
Comparison of hydrogen sensing characteristics for Pd/GaN and Pd/Al0.3Ga0.7As
Schottky diodes. Sensors and Actuators, B: Chemical, 117(1):151–158, 2006. (Cited on
page 26.)

[144] Junghui Song, Wu Lu, Jeffrey S. Flynn, and George R. Brandes. Pt-AlGaN/GaN
Schottky diodes operated at 800 ï¿œC for hydrogen sensing. Applied Physics Letters,
87(13):133501, 2005. doi: 10.1063/1.2058227. (Cited on page 26.)

[145] O. Ambacher, M. S. Brandt, R. Dimitrov, T. Metzger, M. Stutzmann, R. A. Fischer,
A. Miehr, A. Bergmaier, and G. Dollinger. Thermal stability and desorption of Group
III nitrides prepared by metal organic chemical vapor deposition. Journal of Vacuum
Science & Technology B: Microelectronics and Nanometer Structures, 14(6):3532–3542, 1996.
doi: 10.1116/1.588793. (Cited on page 26.)

[146] P.W. May, H.Y. Tsai, W.N. Wang, and J.A. Smith. Deposition of CVD diamond
onto GaN. Diamond and Related Materials, 15(4-8):526 – 530, 2006. ISSN 0925-
9635. doi: 10.1016/j.diamond.2005.11.036. <ce:title>Diamond 2005</ce:title>
<xocs:full-name>Proceedings of Diamond 2005, the 16th European Conference on
Diamond, Diamond-Like Materials, Carbon Nanotubes, Nitrides &amp; Silicon
Carbide</xocs:full-name>. (Cited on pages 26 and 61.)

[147] E. Kohn, I. Daumiller, M. Kunze, M. Neuburger, M. Seyboth, T.J. Jenkins, J.S. Sewell,
J. Van Norstand, Y. Smorchkova, and U.K. Mishra. Transient characteristics of GaN-
based heterostructure field-effect transistors. Microwave Theory and Techniques, IEEE
Transactions on, 51(2):634 – 642, feb 2003. ISSN 0018-9480. doi: 10.1109/TMTT.2002.
807687. (Cited on page 27.)



98 bibliography

[148] R. Vetury, N.Q. Zhang, S. Keller, and U.K. Mishra. The impact of surface states on the
DC and RF characteristics of AlGaN/GaN HFETs. Electron Devices, IEEE Transactions
on, 48(3):560 –566, mar 2001. ISSN 0018-9383. doi: 10.1109/16.906451. (Cited on
page 27.)

[149] G. Simin, A. Koudymov, A. Tarakji, X. Hu, J. Yang, M. Asif Khan, M. S. Shur, and
R. Gaska. Induced strain mechanism of current collapse in AlGaN/GaN heterostruc-
ture field-effect transistors. Applied Physics Letters, 79(16):2651–2653, 2001. doi:
10.1063/1.1412282. (Cited on page 27.)

[150] E. Kohn, I. Daumiller, P. Schmid, N.X. Nguyen, and C.N. Nguyen. Large signal fre-
quency dispersion of AlGaN/GaN heterostructure field effect transistors. Electronics
Letters, 35(12):1022 –1024, jun 1999. ISSN 0013-5194. doi: 10.1049/el:19990697. (Cited
on page 27.)

[151] E. Kohn, I. Daumiller, M. Kunze, J. Van Nostrand, J. Sewell, and T. Jenkins. Switching
behaviour of GaN-based HFETs: thermal and electronic transients. Electronics Letters,
38(12):603 –605, jun 2002. ISSN 0013-5194. doi: 10.1049/el:20020417. (Cited on
page 27.)

[152] G. Meneghesso, G. Verzellesi, R. Pierobon, F. Rampazzo, A. Chini, U.K. Mishra,
C. Canali, and E. Zanoni. Surface-related drain current dispersion effects in AlGaN-
GaN HEMTs. Electron Devices, IEEE Transactions on, 51(10):1554 – 1561, oct. 2004.
ISSN 0018-9383. doi: 10.1109/TED.2004.835025. (Cited on page 27.)

[153] H. Kim, R.M. Thompson, V. Tilak, T.R. Prunty, J.R. Shealy, and L.F. Eastman. Effects
of SiN passivation and high-electric field on AlGaN-GaN HFET degradation. IEEE
Electron Device Letters, 24(7):421–423, 2003. (Cited on pages 27 and 29.)

[154] M. Faqir, G. Verzellesi, G. Meneghesso, E. Zanoni, and F. Fantini. Investigation of
high-electric-field degradation effects in AlGaN/GaN HEMTs. IEEE Transactions on
Electron Devices, 55(7):1592–1602, 2008. (Cited on page 27.)

[155] I. Daumiller, D. Theron, C. Gaquiere, A. Vescan, R. Dietrich, A. Wieszt, H. Leier,
R. Vetury, U.K. Mishra, I.P. Smorchkova, S. Keller, C. Nguyen, and E. Kohn. Current
instabilities in GaN-based devices. Electron Device Letters, IEEE, 22(2):62 –64, feb 2001.
ISSN 0741-3106. doi: 10.1109/55.902832. (Cited on page 27.)

[156] M. Neuburger, I. Daumiller, T. Zimmermann, M. Kunze, G. Koley, M.G. Spencer,
A. Dadgar, A. Krtschil, A. Krost, and E. Kohn. Surface stability of InGaN-channel
based HFETs. Electronics Letters, 39(22):1614 – 1616, oct. 2003. ISSN 0013-5194. doi:
10.1049/el:20030974. (Cited on pages 27 and 28.)

[157] Kohei Nakagami, Yutaka Ohno, Shigeru Kishimoto, Koichi Maezawa, and Takashi
Mizutani. Surface potential measurements of AlGaN/GaN high-electron-mobility
transistors by Kelvin probe force microscopy. Applied Physics Letters, 85(24):6028–6029,
2004. ISSN 00036951. doi: DOI:10.1063/1.1835551. (Cited on page 27.)



bibliography 99

[158] S. Sabuktagin, Yong-Tae Moon, S. Dogan, A.A. Baski, and H. Morkoc. Observation
of surface charging at the edge of a Schottky contact. Electron Device Letters, IEEE, 27

(4):211 – 213, april 2006. ISSN 0741-3106. doi: 10.1109/LED.2006.871177. (Cited on
page 27.)

[159] M. Neuburger, I. Daumiller, T. Zimmermann, M. Kunze, G. Koley, M.G. Spencer,
A. Dadgar, A. Krtschil, A. Krost, and E. Kohn. Surface stability of InGaN-channel
based HFETs. Electronics Letters, 39(22):1614 – 1616, oct. 2003. ISSN 0013-5194. doi:
10.1049/el:20030974. (Cited on page 27.)

[160] M. Neuburger, J. Allgaier, T. Zimmermann, I. Daumiller, M. Kunze, R. Birkhahn,
D.W. Gotthold, and E. Kohn. Analysis of surface charging effects in passivated
AlGaN-GaN FETs using a MOS test electrode. Electron Device Letters, IEEE, 25(5):256

– 258, may 2004. ISSN 0741-3106. doi: 10.1109/LED.2004.827283. (Cited on page 29.)

[161] Patrick Herfurth. Modeling and Analysis of Surface Charging Effects in passivated In-
AlN/GaN FETs using Dual-Gate Analysis. Master’s thesis, Ulm University, Institute
of electron device and circuits, 2009. (Cited on page 29.)

[162] Yi Pei, S. Rajan, M. Higashiwaki, Zhen Chen, S.P. DenBaars, and U.K. Mishra. Effect
of Dielectric Thickness on Power Performance of AlGaN/GaN HEMTs. Electron
Device Letters, IEEE, 30(4):313 –315, april 2009. ISSN 0741-3106. doi: 10.1109/LED.
2009.2012444. (Cited on page 29.)

[163] A. Koudymov, V. Adivarahan, J. Yang, G. Simin, and M.A. Khan. "Mechanism of
current collapse removal in field-plated nitride HFETs". Electron Device Letters, IEEE,
26(10):704 – 706, oct. 2005. ISSN 0741-3106. doi: 10.1109/LED.2005.855409. (Cited on
page 29.)

[164] Rongming Chu, Likun Shen, N. Fichtenbaum, Zhen Chen, S. Keller, S.P. DenBaars,
and U.K. Mishra. Correlation Between DC-RF Dispersion and Gate Leakage in
Deeply Recessed GaN/AlGaN/GaN HEMTs. Electron Device Letters, IEEE, 29(4):303

–305, april 2008. ISSN 0741-3106. doi: 10.1109/LED.2008.917939. (Cited on page 29.)

[165] P. Kordos, J. Bernat, D. Gregusova, M. Marso, and H. Luth. Impact of surface
treatment under the gate on the current collapse of unpassivated AlGaN/GaN
heterostructure field-effect transistors. Semiconductor Science and Technology, 21(1):
67–71, 2006. (Cited on page 29.)

[166] H. Behmenburg, K. L. Rahimzadeh, C. Mauder, N. Ketteniss, K.H. Lee, M. Eick-
elkamp, M. Brast, Fahle D., A. Woitok, J.F. Vescan, H. Kalisch, M. Heuken, and R.H.
Jansen. In situ SiN passivation of AlInN/GaN heterostructures by MOVPE. physica
status solidi c, 7:2104, 2010. (Cited on page 29.)

[167] M. Higashiwaki, T. Mimura, and T. Matsui. AlN/GaN insulated-gate HFETs using
Cat-CVD SiN. IEEE Electron Device Letters, 27(9):719–721, 2006. (Cited on page 29.)



100 bibliography

[168] X. Hu, A. Koudymov, G. Simin, J. Yang, M. Asif Khan, A. Tarakji, M.S. Shur, and
R. Gaska. Si3N4/AlGaN/GaN-metal-insulator-semiconductor heterostructure field-
effect transistors. Applied Physics Letters, 79(17):2832–2834, 2001. (Cited on page 29.)

[169] C. Ostermaier, H.-C. Lee, S.-Y. Hyun, S.-I. Ahn, K.-W. Kim, H.-I. Cho, J.-B. Ha, and
J.-H. Lee. Interface characterization of ALD deposited Al2O3 on GaN by CV method.
Physica Status Solidi (C) Current Topics in Solid State Physics, 5(6):1992–1994, 2008.
(Cited on pages 29 and 32.)

[170] H. Wang, J.W. Chung, X. Gao, S. Guo, and T. Palacios. Al2O3 passivated InAlN/GaN
HEMTs on SiC substrate with record current density and transconductance. Physica
Status Solidi (C) Current Topics in Solid State Physics, 7(10):2440–2444, 2010. (Cited on
page 29.)

[171] T. Hashizume, S. Ootomo, and H. Hasegawa. Suppression of current collapse in
insulated gate AlGaN/GaN heterostructure field-effect transistors using ultrathin
Al2O 3 dielectric. Applied Physics Letters, 83(14):2952–2954, 2003. (Cited on page 29.)

[172] J.W. Chung, O.I. Saadat, J.M. Tirado, X. Gao, S. Guo, and T. Palacios. Gate-recessed
InAlN/GaN HEMTs on SiC substrate with Al2O3 passivation. IEEE Electron Device
Letters, 30(9):904–906, 2009. (Cited on page 29.)

[173] A.L. Corrion, K. Shinohara, D. Regan, I. Milosavljevic, P. Hashimoto, P.J. Willadsen,
A. Schmitz, S.J. Kim, C.M. Butler, D. Brown, S.D. Burnham, and M. Micovic. High-
Speed AlN/GaN MOS-HFETs With Scaled ALD Al2O3 Gate Insulators. Electron
Device Letters, IEEE, 32(8):1062 –1064, aug. 2011. ISSN 0741-3106. doi: 10.1109/LED.
2011.2155616. (Cited on page 29.)

[174] J. Robertson. Band offsets of high dielectric constant gate oxides on silicon. Journal of
Non-Crystalline Solids, 303(1):94–100, 2002. (Cited on page 29.)

[175] J. Robertson. High dielectric constant gate oxides for metal oxide Si transistors.
Reports on Progress in Physics, 69(2):327–396, 2006. (Cited on page 29.)

[176] J. Robertson. High dielectric constant oxides. EPJ Applied Physics, 28(3):265–291, 2004.
(Cited on page 29.)

[177] D.M. Hausmann, E. Kim, J. Becker, and R.G. Gordon. Atomic layer deposition of
hafnium and zirconium oxides using metal amide precursors. Chemistry of Materials,
14(10):4350–4358, 2002. (Cited on page 29.)

[178] S. Abermann, G. Pozzovivo, J. Kuzmik, G. Strasser, D. Pogany, J.-F. Carlin, N. Grand-
jean, and E. Bertagnolli. MOCVD of HfO2 and ZrO2 high-k gate dielectrics for
InAlN/AlN/GaN MOS-HEMTs. Semiconductor Science and Technology, 22(12):1272–
1275, 2007. (Cited on pages 29 and 32.)

[179] S. Abermann, G. Pozzovivo, J. Kuzmik, C. Ostermaier, C. Henkel, O. Bethge,
G. Strasser, D. Pogany, J.-F. Carlin, N. Grandjean, and E. Bertagnolli. Current



bibliography 101

collapse reduction in InAlN/GaN MOS HEMTs by in situ surface pre-treatment and
atomic layer deposition of ZrO2 high-k gate dielectrics. Electronics Letters, 45(11):
570–572, 2009. (Cited on pages 29 and 32.)

[180] S. Abermann, C. Ostermaier, G. Pozzovivo, J. Kuzmik, O. Bethge, C. Henkel,
G. Strasser, D. Pogany, C. Giesen, M. Heuken, E. Kohn, M. Alomari, and E. Bertag-
nolli. Atomic layer deposition of high-k oxides on InAIN/GaN-based materials. ECS
Transactions, 25(4):123–129, 2009. (Cited on pages 29 and 32.)

[181] Y. Irokawa, Y. Nakano, M. Ishiko, T. Kachi, J. Kim, F. Ren, B.P. Gila, A.H. Onstine,
C.R. Abernathy, S.J. Pearton, C.-C. Pan, G.-T. Chen, and J.-I. Chyi. MgO/p-GaN
enhancement mode metal-oxide semiconductor field-effect transistors. Applied Physics
Letters, 84(15):2919–2921, 2004. (Cited on page 29.)

[182] R. Gaska, A. Osinsky, J.W. Yang, and M.S. Shur. Self-heating in high-power AlGaN-
GaN HFETs. Electron Device Letters, IEEE, 19(3):89 –91, mar 1998. ISSN 0741-3106.
doi: 10.1109/55.661174. (Cited on page 29.)

[183] Jeong Park, Moo Whan Shin, and C.C. Lee. Thermal modeling and measurement
of AlGaN-GaN HFETs built on sapphire and SiC substrates. Electron Devices, IEEE
Transactions on, 51(11):1753 – 1759, nov. 2004. ISSN 0018-9383. doi: 10.1109/TED.2004.
836540. (Cited on page 29.)

[184] S. Nuttinck, B.K. Wagner, B. Banerjee, S. Venkataraman, E. Gebara, J. Laskar, and
H.M. Harris. Thermal analysis of AlGaN-GaN power HFETs. Microwave Theory and
Techniques, IEEE Transactions on, 51(12):2445 – 2452, dec. 2003. ISSN 0018-9480. doi:
10.1109/TMTT.2003.819192. (Cited on page 29.)

[185] M. Kuball, S. Rajasingam, A. Sarua, J.M. Hayes, M.J. Uren, T. Martin, R.S. Balmer,
B.T. Hughes, and K.P. Hilton. Thermal management and device failure assessment
of high-power AlGaN/GaN HFETs. In Device Research Conference, 2002. 60th DRC.
Conference Digest, pages 99 – 100, 2002. doi: 10.1109/DRC.2002.1029533. (Cited on
page 30.)

[186] M. Gonschorek, J.-F. Carlin, E. Feltin, M. A. Py, and N. Grandjean. Self heating in
AlInN/AlN/GaN high power devices: Origin and impact on contact breakdown and
IV characteristics. Journal of Applied Physics, 109(6):063720 –063720–8, mar 2011. ISSN
0021-8979. doi: 10.1063/1.3552932. (Cited on page 30.)

[187] Raphal Aubry, Jean-Claude Jacquet, J. Weaver, Olivier Durand, P. Dobson, G. Mills,
Marie-Antoinette di Forte-Poisson, Simone Cassette, and Sylvain-Laurent Delage.
SThM Temperature Mapping and Nonlinear Thermal Resistance Evolution With
Bias on AlGaN/GaN HEMT Devices. Electron Devices, IEEE Transactions on, 54(3):385

–390, march 2007. ISSN 0018-9383. doi: 10.1109/TED.2006.890380. (Cited on page 30.)

[188] P. Regoliosi, A. Reale, A. Di Carlo, P. Romanini, M. Peroni, C. Lanzieri, A. Angelini,
M. Pirola, and G. Ghione. Experimental validation of GaN HEMTs thermal manage-
ment by using photocurrent measurements. Electron Devices, IEEE Transactions on, 53



102 bibliography

(2):182 – 188, feb. 2006. ISSN 0018-9383. doi: 10.1109/TED.2005.862247. (Cited on
page 30.)

[189] A. Sarua, Hangfeng Ji, M. Kuball, M.J. Uren, T. Martin, K.P. Hilton, and R.S. Balmer.
Integrated micro-Raman/infrared thermography probe for monitoring of self-heating
in AlGaN/GaN transistor structures. Electron Devices, IEEE Transactions on, 53(10):
2438 –2447, oct. 2006. ISSN 0018-9383. doi: 10.1109/TED.2006.882274. (Cited on
pages 30 and 56.)

[190] J. Kuzmik, G. Pozzovivo, C. Ostermaier, G. Strasser, D. Pogany, E. Gornik, J.-F. Carlin,
M. Gonschorek, E. Feltin, and N. Grandjean. Analysis of degradation mechanisms
in lattice-matched InAlN/GaN high-electron-mobility transistors. Journal of Applied
Physics, 106(12), 2009. (Cited on page 31.)

[191] C. Gaquiere N. Grandjean F. Medjdoub, J.F. Carlin and E. Kohn. Status of the
Emerging InAlN/GaN Power HEMT Technology. The Open Electrical & Electronic
Engineering Journal, 2:1–7, 2008. doi: 10.2174/1874129000802010001. (Cited on pages 31

and 32.)

[192] F. Medjdoub, M. Alomari, J.-F. Carlin, M. Gonschorek, E. Feltin, M.A. Py, N. Grand-
jean, and E. Kohn. "Thermal stability of 5 nm barrier InAlN/GaN HEMTs". In
Semiconductor Device Research Symposium, 2007 International (ISDRS 2007), pages 1 –2,
dec. 2007. doi: 10.1109/ISDRS.2007.4422392. (Cited on pages 31 and 36.)

[193] D. Maier, M. Alomari, N. Grandjean, J.-F. Carlin, M.A. Diforte-Poisson, C. Dua,
S. Delage, and E. Kohn. Above 500 C Operation of InAlN/GaN HEMTs. 67th Device
Research Conference, pages 285–286, 2009. (Cited on page 31.)

[194] D. Maier, M. Alomari, N. Grandjean, J.-F. Carlin, M.-A. Diforte-Poisson, C. Dua,
A. Chuvilin, D. Troadec, C. Gaquier andre, U. Kaiser, S.L. Delage, and E. Kohn.
"Testing the Temperature Limits of GaN-Based HEMT Devices". Device and Materials
Reliability, IEEE Transactions on, 10(4):427 –436, dec. 2010. ISSN 1530-4388. doi:
10.1109/TDMR.2010.2072507. (Cited on pages 31, 33, 40, 41, and 67.)

[195] D. Maier, M. Alomari, N. Grandjean, J-F Carlin, M-A Diforte-Poisson, C. Dua, S.L.
Delage, and E. Kohn. "Towards electronics at 1000 C. In Device Research Conference
(DRC), 2011 69th Annual, pages 73 –74, june 2011. doi: 10.1109/DRC.2011.5994418.
(Cited on pages 31, 41, 67, and 76.)

[196] M. Alomari, F. Medjdoub, J.-F. Carlin, E. Feltin, N. Grandjean, A. Chuvilin, U. Kaiser,
C. Gaquiere, and E. Kohn. "InAlN/GaN MOSHEMT With Self-Aligned Thermally
Generated Oxide Recess". Electron Device Letters, IEEE, 30(11):1131 –1133, nov. 2009.
ISSN 0741-3106. doi: 10.1109/LED.2009.2031659. (Cited on pages 31 and 33.)

[197] M. Alomari, A. Chuvilin, L. Toth, B. Pecz, J.-F. Carlin, N. Grandjean, C. Gaquiere,
M.-A. di Forte-Poisson, S. Delage, and E. Kohn. Thermal oxidation of lattice matched
InAlN/GaN heterostructures. physica status solidi (c), 7(1):13–16, 2010. ISSN 1610-1642.
doi: 10.1002/pssc.200982623. (Cited on page 31.)



bibliography 103

[198] Martin Eickelkamp, Martin Weingarten, Lars Rahimzadeh Khoshroo, Nico Ketteniss,
Hannes Behmenburg, Michael Heuken, Holger Kalisch, Rolf H. Jansen, and Andrei
Vescan. On the thermal oxidation of AlInN/AlN/GaN heterostructures. physica
status solidi (c), 8(7-8):2213–2215, 2011. ISSN 1610-1642. doi: 10.1002/pssc.201000926.
(Cited on page 31.)

[199] M. Dipalo, M. Alomari, J.-F. Carlin, N. Grandjean, M.-A. Diforte-Poisson, S.L. Delage,
and E. Kohn. Thick nano-crystalline diamond overgrowth on InAlN/GaN devices
for thermal management. In Device Research Conference - Conference Digest, DRC,
pages 103–104, 2009. (Cited on page 31.)

[200] S. Rossi M.-A. Diforte-Poisson-S. Delage J.-F. Carlin N. Grandjean C. Gaquiere L. Toth
B. Pecz E. Kohn M. Alomari, M. Dipalo. Diamond overgrown InAlN/GaN HEMT.
Diamond and related materials20, 20:604–608, 2011. doi: DOI:10.1016/j.diamond.2011.
01.006. (Cited on pages 31 and 69.)

[201] F. Medjdoub, M. Alomari, J.-F. Carlin, M. Gonschorek, E. Feltin, M.A. Py, N. Grand-
jean, and E. Kohn. Barrier-layer scaling of InAlN/GaN HEMTs. IEEE Electron Device
Letters, 29(5):422–425, 2008. (Cited on pages 32 and 36.)

[202] F. Medjdoub, M. Alomari, J.-F. Carlin, M. Gonschorek, E. Feltin, M.A. Py, C. Gaquiere,
N. Grandjean, and E. Kohn. "Effect of fluoride plasma treatment on InAlN/GaN
HEMTs". Electronics Letters, 44(11):696 –698, 22 2008. ISSN 0013-5194. doi: 10.1049/el:
20080864. (Cited on pages 32 and 39.)

[203] J. Kuzmik, C. Ostermaier, G. Pozzovivo, B. Basnar, W. Schrenk, J.-F. Carlin, M. Gon-
schorek, E. Feltin, N. Grandjean, Y. Douvry, C. Gaquiere, J.-C. De Jaeger, K. Cico,
K. Froehlich, J. Akriniarova, J. Kovac, G. Strasser, D. Pogany, and E. Gornik. Proposal
and performance analysis of normally off n++ GaN/InAlN/AlN/GaN HEMTs with
1-nm-thick InAlN barrier. IEEE Transactions on Electron Devices, 57(9):2144–2154, 2010.
(Cited on page 32.)

[204] E. Kohn, M. Alomari, A. Denisenko, M. Dipalo, D. Maier, F. Medjdoub, C. Pietzka,
S. Delage, M.-A. diForte Poisson, E. Morvan, N. Sarazin, J.-C. Jacquet, C. Dua, J.-F.
Carlin, N. Grandjean, M.A. Py, M. Gonschorek, J. Kuzmik, D. Pogany, G. Pozzovivo,
C. Ostermaier, L. Toth, B. Pecz, J.-C. De Jaeger, C. Gaquiere, K. Cico, K. Frohlich,
A.I. Georgakilas, E. Iliopoulos, G. Konstantinidis, C. Giessen, M. Heuken, and
B. Schineller. "InAlN/GaN heterostructures for microwave power and beyond". In
Electron Devices Meeting (IEDM), 2009 IEEE International, pages 1 –4, dec. 2009. doi:
10.1109/IEDM.2009.5424395. (Cited on page 32.)

[205] J.C. De Jaeger, C. Gaquiere, Y. Douvry, N. Defrance, V. Hoel, M. Alomari, E. Kohn,
S. Delage, M.A. Di Forte-Poisson, N. Sarazin, E. Morvan, A. Dussaigne, J.F. Car-
lin, J. Kusmik, C. Ostermaier, and D. Pogany. Microwave power capabilities of
InAlN/GaN HEMTs. 4th Microwave and Radar Week, MRW-2010 - 18th International
Conference on Microwaves, Radar and Wireless Communications, MIKON 2010 - Conference
Proceedings, 2010. (Cited on page 32.)



104 bibliography

[206] C. Gaquiere, F. Medjdoub, J.-F. Carlin, S. Vandenbrouck, E. Delos, E. Feltin, N. Grand-
jean, and E. Kohn. AlInN/GaN a suitable HEMT device for extremely high power
high frequency applications. pages 2145–2148, 2007. (Cited on page 32.)

[207] N. Sarazin, O. Jardel, E. Morvan, R. Aubry, M. Laurent, M. Magis, M. Tordjman,
M. Alloui, O. Drisse, J. Di Persio, M.A. Di Forte Poisson, S.L. Delage, N. Vellas,
C. Gaquiere, and D. Theron. X-band power characterisation of AlInN/AlN/GaN
HEMT grown on SiC substrate. Electronics Letters, 43(23):1317–1318, 2007. (Cited on
page 33.)

[208] E. Kohn M-A. di Forte-Poisson S. Delage-J.-F. Carlin N. Grandjean M. Alomari,
F. Medjdoub and C. Gaquiere. "InAlN/GaN MOS-HEMT with Thermally Grown
Oxide". In 2008 Lester Eastman Conference on High Performance Devices (LEC08), Newark,
DE, USA, 2008. (Cited on page 33.)

[209] M. Shur and P. Maki. "ADVANCED HIGH SPEED DEVICES", chapter M. Alomari, F.
Medjdoub, E. Kohn, M-A. di Forte-Poisson, S. Delage, J.-F. Carlin, N. Grandjean and
C. Gaquiere, pages InAlN/GaN MOS–HEMT with Thermally Grown Oxide. World
Scientific Pub. Co. Inc., 2009. (Cited on pages 33 and 49.)

[210] Haifeng Sun, A.R. Alt, H. Benedickter, C.R. Bolognesi, E. Feltin, J.-F. Carlin, M. Gon-
schorek, N. Grandjean, T. Maier, and R. Quay. 102-GHz AlInN/GaN HEMTs on
Silicon With 2.5-W/mm Output Power at 10 GHz. Electron Device Letters, IEEE, 30

(8):796 –798, aug. 2009. ISSN 0741-3106. doi: 10.1109/LED.2009.2023603. (Cited on
page 33.)

[211] N. Sarazin, E. Morvan, M.A. di Forte Poisson, M. Oualli, C. Gaquiere, O. Jardel,
O. Drisse, M. Tordjman, M. Magis, and S.L. Delage. AlInN/AlN/GaN HEMT
Technology on SiC With 10-W/mm and 50Electron Device Letters, IEEE, 31(1):11 –13,
jan. 2010. ISSN 0741-3106. doi: 10.1109/LED.2009.2035145. (Cited on page 33.)

[212] A. Crespo, M.M. Bellot, K.D. Chabak, J.K. Gillespie, G.H. Jessen, V. Miller, M. Trejo,
G.D. Via, D.E. Walker, B.W. Winningham, H.E. Smith, T.A. Cooper, X. Gao, and
S. Guo. High-Power Ka-Band Performance of AlInN/GaN HEMT With 9.8-nm-Thin
Barrier. Electron Device Letters, IEEE, 31(1):2 –4, jan. 2010. ISSN 0741-3106. doi:
10.1109/LED.2009.2034875. (Cited on page 33.)

[213] S. Tirelli, D. Marti, H. Sun, A. R. Alt, J.-F. Carlin, N. Grandjean, and C. R. Bolognesi.
Fully Passivated AlInN/GaN HEMTs With ft/fmax of 205/220 GHz. Electron Device
Letters, IEEE, PP(99):1 –3, 2011. ISSN 0741-3106. doi: 10.1109/LED.2011.2162087.
(Cited on page 33.)

[214] F. Lecourt, N. Ketteniss, H. Behmenburg, N. Defrance, V. Hoel, M. Eickelkamp,
A. Vescan, C. Giesen, M. Heuken, and J.-C. De Jaeger. InAlN/GaN HEMTs on
Sapphire Substrate With 2.9-W/mm Output Power Density at 18 GHz. Electron
Device Letters, IEEE, 32(11):1537 –1539, nov. 2011. ISSN 0741-3106. doi: 10.1109/LED.
2011.2166949. (Cited on page 33.)



bibliography 105

[215] Akihiko Yoshikawa et al. Kiyoshi Takahasi. Wide Bandgap Semiconductor. Springer,
2007. (Cited on page 32.)

[216] H. Morkoc. Handbook of Nitride Semiconductors and Devices: Materials Properties, Physics
and Growth. Springer Verlag, 2007. (Cited on page 32.)

[217] L Liu and J.H. Edgar. Substrates for gallium nitride epitaxy. Materials Science and
Engineering R, 37:61–127, 2002. (Cited on page 32.)

[218] Hiroshi Amano, Motoaki Iwaya, Takayuki Kashima, Maki Katsuragawa, Isamu
Akasaki, Jung Han, Sean Hearne, Jerry A. Floro, Eric Chason, and Jeffrey Figiel.
Stress and Defect Control in GaN Using Low Temperature Interlayers. Japanese Journal
of Applied Physics, 37(Part 2, No. 12B):L1540–L1542, 1998. doi: 10.1143/JJAP.37.L1540.
(Cited on page 34.)

[219] H Lahreche, P Vennegues, B Beaumont, and P Gibart. Growth of high-quality GaN by
low-pressure metal-organic vapour phase epitaxy (LP-MOVPE) from 3D islands and
lateral overgrowth. Journal of Crystal Growth, 205(3):245 – 252, 1999. ISSN 0022-0248.
doi: 10.1016/S0022-0248(99)00299-7. (Cited on page 34.)

[220] Carol I. H. Ashby, Christine C. Mitchell, Jung Han, Nancy A. Missert, Paula P.
Provencio, David M. Follstaedt, Gregory M. Peake, and Leonardo Griego. Low-
dislocation-density GaN from a single growth on a textured substrate. Applied
Physics Letters, 77(20):3233–3235, 2000. doi: 10.1063/1.1325394. (Cited on page 34.)

[221] Theeradetch Detchprohm, Masahiro Yano, Shigekazu Sano, Ryo Nakamura, Shingo
Mochiduki, Tetsuya Nakamura, Hiroshi Amano, and Isamu Akasaki. Heteroepitaxial
Lateral Overgrowth of GaN on Periodically Grooved Substrates:
A New Approach for Growing Low-Dislocation-Density GaN Single Crystals. Japanese
Journal of Applied Physics, 40(Part 2, No. 1A/B):L16–L19, 2001. doi: 10.1143/JJAP.40.
L16. (Cited on page 34.)

[222] A.Y. Polyakov, N.B. Smirnov, A.V. Govorkov, and S.J. Pearton. Electrical and optical
properties of Fe-doped semi-insulating GaN templates. Applied Physics Letters, 83(16):
3314–3316, 2003. (Cited on page 34.)

[223] A.Y. Polyakov, N.B. Smirnov, A.V. Govorkov, and S.J. Pearton. Properties of Fe-
doped semi-insulating GaN structures. Journal of Vacuum Science and Technology B:
Microelectronics and Nanometer Structures, 22(1):120–125, 2004. (Cited on page 34.)

[224] I. P. Smorchkova, L. Chen, T. Mates, L. Shen, S. Heikman, B. Moran, S. Keller,
S. P. DenBaars, J. S. Speck, and U. K. Mishra. AlN/GaN and (Al,Ga)N/AlN/GaN
two-dimensional electron gas structures grown by plasma-assisted molecular-beam
epitaxy. 90(10):5196–5201, 2001. ISSN 00218979. doi: DOI:10.1063/1.1412273. (Cited
on page 34.)



106 bibliography

[225] Yifei Zhang and Jasprit Singh. Charge control and mobility studies for an AlGaN/-
GaN high electron mobility transistor. 85(1):587–594, 1999. ISSN 00218979. doi:
DOI:10.1063/1.369493. (Cited on page 34.)

[226] A. Dadgar, M. Neuburger, F. Schulze, J. Biasing, A. Krtschil, I. Daumiller, M. Kunze,
K.-M. Gunther, H. Witte, A. Diez, E. Kohn, and A. Krost. High-current AlInN/GaN
field effect transistors. Physica Status Solidi (A) Applications and Materials, 202(5):
832–836, 2005. (Cited on page 34.)

[227] M. Neuburger, T. Zimmermann, E. Kohn, A. Dadgar, F. Schulze, A. Krtschil, M. Gun-
ther, H. Witte, J. Blasing, A. Krost, I. Daumiller, and M. Kunze. Unstrained InAl-
N/GaN HEMT structure. In High Performance Devices, 2004. Proceedings. IEEE Lester
Eastman Conference on, pages 161 – 166, aug. 2004. doi: 10.1109/LECHPD.2004.1549688.
(Cited on page 34.)

[228] D. Maier, M. Alomari, E. Kohn, M.-A. Diforte-Poisson, C. Dua, S. L. Delage, N. Grand-
jean, J.-F. Carlin, A. Chuvilin, U. Kaiser, David Troadec, and Christophe Gaquiere.
"High temperature stability of nitride-based power HEMTs". In Microwave Radar and
Wireless Communications (MIKON), 2010 18th International Conference on, pages 1 –4,
june 2010. (Cited on pages 35, 40, 41, and 67.)

[229] F. Medjdoub, J.-F. Carlin, M. Gonschorek, E. Feltin, M.A. Py, M. Knez, D. Troadec,
C. Gaquiere, A. Chuvilin, U. Kaiser, N. Grandjean, and E. Kohn. Barrier layer
downscaling of InAIN/GaN HEMTs. In Device Research Conference, 2007 65th Annual,
pages 109 –110, june 2007. doi: 10.1109/DRC.2007.4373673. (Cited on page 36.)

[230] C. Ostermaier, G. Pozzovivo, B. Basnar, W. Schrenk, M. Schmid, L. Tóth, B. Pécz, J.-F.
Carlin, M. Gonschorek, N. Grandjean, G. Strasser, D. Pogany, and J. Kuzmik. Metal-
related gate sinking due to interfacial oxygen layer in Ir/InAlN high electron mobility
transistors. Applied Physics Letters, 96(26):263515, 2010. doi: 10.1063/1.3458700. (Cited
on page 39.)

[231] D. Maier, M. Alomari, N. Grandjean, J.-F. Carlin, M.-A. Diforte-Poisson, C. Dua,
A. Chuvilin, D. Troadec, C. Gaquiere, U. Kaiser, S. Delage, and E. Kohn. "Above
500 C operation of InAlN/GaN HEMTs". In Device Research Conference, 2009. DRC
2009, pages 285 –286, june 2009. doi: 10.1109/DRC.2009.5354902. (Cited on pages 40

and 67.)

[232] Yee Chia Yeo, Qiang Lu, Wen Chin Lee, Tsu-Jae King, Chenming Hu, Xiewen Wang,
Xin Guo, and T.P. Ma. Direct tunneling gate leakage current in transistors with
ultrathin silicon nitride gate dielectric. Electron Device Letters, IEEE, 21(11):540 –542,
nov 2000. ISSN 0741-3106. doi: 10.1109/55.877204. (Cited on page 45.)

[233] B. E. Deal and A. S. Grove. General Relationship for the Thermal Oxidation of Silicon.
Journal of Applied Physics, 36(12):3770–3778, 1965. doi: 10.1063/1.1713945. (Cited on
page 46.)



bibliography 107

[234] D. Kotchetkov, J. Zou, A. A. Balandin, Florescu D.I., and F.H. Pollak. Effect of
dislocations on thermal conductivity of GaN layers,. Appl. Phys. Lett., 79:4316–4318,
2002. (Cited on page 55.)

[235] J. Zou, D. Kotchetkov, A. A. Balandin, Florescu D.I., and F.H. Pollak. Thermal
conductivity of GaN films: Effects of impurities and dislocations. J. Appl. Phys., 92:
2534–2539, 2002. (Cited on page 55.)

[236] M. Neuburger, I. Daumiller, M. Kunze, M. Seyboth, T. Jenkins, J. Van Nostrand, and
E. Kohn. Influence of polarization on the properties of GaN based FET structures.
physica status solidi (c), 0(6):1919–1939, 2003. ISSN 1610-1642. doi: 10.1002/pssc.
200303134. (Cited on page 55.)

[237] S. Rajasingam, J.W. Pomeroy, M. Kuball, M.J. Uren, T. Martin, D.C. Herbert, K.P.
Hilton, and R.S. Balmer. Micro-Raman temperature measurements for electric field
assessment in active AlGaN-GaN HFETs. Electron Device Letters, IEEE, 25(7):456 –
458, july 2004. ISSN 0741-3106. doi: 10.1109/LED.2004.830267. (Cited on page 56.)

[238] M. Dipalo. Nanocrystalline Diamond growth and Device Applications, PhD thesis. PhD
thesis, Ulm University, Institute of Electron Devices and Circuits, 2008. (Cited on
page 60.)

[239] Th. Bauer, S. Gsell, F. Hormann, M. Schreck, and B. Stritzker. Surface modifications
and first stages of heteroepitaxial diamond growth on iridium. Diamond and Related
Materials, 13(2):335 – 341, 2004. ISSN 0925-9635. doi: 10.1016/j.diamond.2003.10.018.
<ce:title>Carbon Materials for Active Electronics. Proceedings of Symposium L,
E-MRS Spring Meeting 2003</ce:title>. (Cited on page 60.)

[240] M. Oba and T. Sugino. Oriented growth of diamond on (0001) surface of hexagonal
GaN. Diamond and Related Materials, 10:1343–1346, 2001. (Cited on page 60.)

[241] A.V. Sukhadolau, E.V. Ivakin, V.G. Ralchenko, A.V. Khomich, A.V. Vlasov, and
A.F. Popovich. Thermal conductivity of CVD diamond at elevated temperatures.
Diamond and Related Materials, 14(3-7):589 – 593, 2005. ISSN 0925-9635. doi: 10.1016/
j.diamond.2004.12.002. <ce:title>Proceedings of Diamond 2004, the 15th European
Conference on Diamond, Diamond-Like Materials, Carbon Nanotubes, Nitrides and
Silicon Carbide</ce:title> <xocs:full-name>15th European Conference on Diamond,
Diamond-Like Materials, Carbon Nanotubes, Nitrides and Silicon Carbide</xocs:full-
name>. (Cited on page 61.)

[242] S. Rotter. Diamond and Diamond-Like-Carbon Films for Electronics, Workshop
on Compound Semiconductor Devices and Integrated Circuits 91 (WOCSDICE 91),
Abstracts, Gronenbach, Germany. 1991. (Cited on page 61.)

[243] M. Seelmann-Eggebert, P. Meisen, F. Schaudel, P. Koidl, A. Vescan, and H. Leier. Heat-
spreading diamond films for GaN-based high-power transistor devices. Diamond and
Related Materials, 10(3-7):744 – 749, 2001. ISSN 0925-9635. doi: 10.1016/S0925-9635(00)
00562-8. (Cited on page 61.)



108 bibliography

[244] Q. Diduck, J. Felbinger, L.F. Eastman, D. Francis, J. Wasserbauer, F. Faili, D.I. Babic,
and F. Ejeckam. Frequency performance enhancement of AlGaN/GaN HEMTs on
diamond. Electronics Letters, 45(14):758–759, 2009. (Cited on page 61.)

[245] D.C. Dumka and P. Saunier. AlGaN/GaN HEMTs on Diamond Substrate. Device
Research Conference, 65th DRC:31–32, 2007. doi: 10.1109/DRC.2007.4373637. (Cited
on page 61.)

[246] J.G. Felbinger, M.V.S. Chandra, Yunju Sun, L.F. Eastman, J. Wasserbauer, F. Faili,
D. Babic, D. Francis, and F. Ejeckam. Comparison of GaN HEMTs on Diamond
and SiC Substrates. Electron Device Letters, IEEE, 28(11):948 –950, nov. 2007. ISSN
0741-3106. doi: 10.1109/LED.2007.908490. (Cited on page 61.)

[247] A. C. Ferrari and J. Robertson. Interpretation of Raman spectra of disordered and
amorphous carbon. Phys. Rev. B, 61:14095–14107, May 2000. doi: 10.1103/PhysRevB.
61.14095. (Cited on page 62.)

[248] S.M. Huang, Z. Sun, Y.F. Lu, and M.H. Hong. Ultraviolet and visible Ra-
man spectroscopy characterization of chemical vapor deposition diamond films.
Surface and Coatings Technology, 151(0):263 – 267, 2002. ISSN 0257-8972. doi:
10.1016/S0257-8972(01)01566-3. <ce:title>Proceedings of Symposium C on Prtoective
Coatings and Thin Films</ce:title>. (Cited on page 62.)

[249] A. Pasquarelli M. Feneberg K. Thonke-E. Kohn Z. Gao, M. Dipalo. Diamond bias
enhanced nucleation and growth on transparent and insulating substrate. Hasselt
Diamond Workshop SBDD-XIV, Hasselt University, Belgium, 2009. (Cited on page 64.)

[250] Mohammed Alomari, David Maier, Jean-Francois Carlin, Nicolas Grandjean, Marie-
Antoinette Poisson, Sylvain Delage, and E. Kohn. Au Free Ohmic Contacts for
High Temperature InAlN/GaN HEMT’s. ECS Transactions, 25(12):33–36, 2009. doi:
10.1149/1.3238203. (Cited on page 67.)

[251] P.R. Hageman, J.J. Schermer, and P.K. Larsen. "GaN growth on single-crystal dia-
mond substrates by metalorganic chemical vapour deposition and hydride vapour
deposition". Thin Solid Films, 443:9–13, 2003. (Cited on page 72.)

[252] B.B. and Pate. The diamond surface: atomic and electronic structure. Surface Science,
165(1):83 – 142, 1986. ISSN 0039-6028. doi: 10.1016/0039-6028(86)90665-5. (Cited on
page 72.)

[253] C. R. Miskys, J. A. Garrido, C. E. Nebel, M. Hermann, O. Ambacher, M. Eickhoff,
and M. Stutzmann. "AlN/diamond heterojunction diodes". Applied Physics Letters,
82(2):290–292, 2003. doi: 10.1063/1.1532545. (Cited on page 73.)

[254] A. Dussaigne, M. Malinverni, D. Martin, A. Castiglia, and N. Grandjean. GaN grown
on (111) single crystal diamond substrate by molecular beam epitaxy. Journal of Crystal
Growth, 311(21):4539 – 4542, 2009. ISSN 0022-0248. doi: 10.1016/j.jcrysgro.2009.08.018.
(Cited on page 73.)



bibliography 109

[255] Amelie Dussaigne, Marcus Gonschorek, Marco Malinverni, Marcel A.Py, Denis
Martin, Anas Mouti, Pierre Stadelmann, and Nicolas Grandjean. "High-Mobility
AlGaN/GaN Two-Dimensional Electron Gas Heterostructure Grown on (111) Single
Crystal Diamond Substrate". Japanese Journal of Applied Physics, 49(6):061001, June
2010. doi: 10.1143/JJAP.49.061001. (Cited on page 73.)

[256] J. Kuzmik, S. Bychikhin, D. Pogany, E. Pichonat, O. Lancry, C. Gaquiere, G. Tsiaka-
touras, G. Deligeorgis, and A. Georgakilas. Thermal characterization of MBE-grown
GaN/AlGaN/GaN device on single crystalline diamond. Journal of Applied Physics,
109(8):086106 –086106–3, apr 2011. ISSN 0021-8979. doi: 10.1063/1.3581032. (Cited
on page 74.)

[257] G. W. G. van Dreumel, P. T. Tinnemans, A. A. J. van den Heuvel, T. Bohnen, J. G.
Buijnsters, J. J. ter Meulen, W. J. P. van Enckevort, P. R. Hageman, and E. Vlieg.
Realising epitaxial growth of GaN on (001) diamond. Journal of Applied Physics, 110

(1):013503, 2011. doi: 10.1063/1.3601351. (Cited on page 74.)

[258] Kazuyuki Hirama, Yoshitaka Taniyasu, and Makoto Kasu. AlGaN/GaN high-electron
mobility transistors with low thermal resistance grown on single-crystal diamond
(111) substrates by meta organic vapor-phase epitaxy. Applied Physics Letters, 98(16):
162112, 2011. doi: 10.1063/1.3574531. (Cited on page 74.)





LIST OF PUBLICATIONS

Journal publications

• Clemens Ostermaier, Mohammed Alomari, Patrick Herfurth, David Maier, Alexan-
der Alexewicz, Marie-Antoinette Poisson, Sylvain Delage, Gottfried Strasser, Dionyz
Pogany, and Erhard Kohn, “Analysis of Injected Charges in Passivated InAlN/GaN HEMTs
Using Dual Gate Structures”, Submitted to IEEE Electron Device Letters.

• Medjdoub, F.; Alomari, M.; Carlin, J.-F.; Gonschorek, M.; Feltin, E.; Py, M.A.; Grand-
jean, N.; Kohn, E.; “Barrier-Layer Scaling of InAlN/GaN HEMTs”, Electron Device
Letters, IEEE Volume 29, Issue 5, May 2008 Page(s):422 - 425.

• F. Medjdoub, M. Alomari, J.-F. Carlin, M. Gronschorek, E. Feltin, M.A. Py, C. Gaquiere,
N. Grandjean, E. Kohn, “Effect of fluoride plasma treatment on InAlN/GaN HEMTs”,
Electronics letters, 44 (2008), 696-698.

• Alomari, M.; Medjdoub, F.; Carlin, J.-F.; Feltin, E.; Grandjean, N.; Chuvilin, A.; Kaiser,
U.; Gaquiere, C.; Kohn, E.; “InAlN/GaN MOSHEMT With Self-Aligned Thermally
Generated Oxide Recess”, Electron Device Letters, IEEE Volume 30, Issue 11, Nov. 2009

Page(s):1131 - 1133.

• Mohammed Alomari, David Maier, Jean-Francois Carlin, Nicolas Grandjean, Marie-
Antoinette Poisson, Sylvain Delage, and E. Kohn, “Au Free Ohmic Contacts for High
Temperature InAlN/GaN HEMT’s”, ECS Transactions, Vol. 25, Issue 12, Pg.33-36, 2009.

• M. Alomari, A. Chuvilin, L. Toth, B. Pecz, J.-F. Carlin, N. Grandjean, C. Gaquière,
M-A. di Forte-Poisson, S. Delage and E. Kohn, “Thermal oxidation of lattice matched
InAlN/GaN heterostructures”, Phys. Status Solidi C 7, No. 1, 13–16 (2010).

• M. Alomari, A. Dussaigne, D. Martin, N. Grandjean C. Gaquiere and E. Kohn,
“AlGaN/GaN HEMT on (111) single crystalline diamond”, Electronics letters, Vol. 46,
issue 4, 2010.

• M. Alomari, M. Dipalo, S. Rossi, M.-A. Diforte-Poisson, S. Delage, J.-F. Carlin, N.
Grandjean, C. Gaquiere, L. Toth, B. Pecz, E. Kohn, “Diamond overgrown InAlN/GaN
HEMT”, Diamond and Related Materials, Volume 20, Issue 4, April 2011, Pages
604-608, ISSN 0925-9635, DOI: 10.1016/j.diamond.2011.01.006.

• D. Maier, A. Alomari, N. Grandjean, J.-F. Carlin, M.-A. Diforte-Poisson, C. Dua, A.
Chuvilin, D. Troadec, C. Gaquière, S. L. Delage, E. Kohn “Testing the Temperature limits
of GaN based HEMT Devices”, Device and Materials Reliability, IEEE Transactions on,
2010, 10, 427 -436.

111



112 bibliography

• Dipalo, M.; Gao, Z.; Scharpf, J.; Pietzka, C.; Alomari, M.; Medjdoub, F.; Carlin, J.-
F.; Grandjean, N.; Delage, S. & Kohn, E., “Combining diamond electrodes with GaN
heterostructures for harsh environment ISFETs”, Diamond and Related Materials, 2009,
18, 884-889.

• Pietzka C.; Denisenko A.; Alomari M.; Medjdoub F.; Carlin J.-F.; Feltin E.; Grandjean
N. & Kohn E., “Effect of anodic oxidation on the characteristics of lattice-matched AlInN/GaN
heterostructures”, Journal of Electronic Materials, 2008, 37, 616-623.

Oral conference presentations

• M. Alomari, F. Medjdoub, E. Kohn, J.-F. Carlin, M. Gonschorek, E. Feltin, M.A. Py, N.
Grandjean, D. Duccatteau, C. Gaquiere, “Estimation of the surface potential of unstrained
InAlN/GaN HEMTs”, 16th Workshop on Heterostructure Technology (HETECH) 2007,
Fréjus (France).

• M. Alomari, F. Medjdoub, T. Feger, H. Schumacher, J.F. Carlin, N. Grandjean, M-A.
di Forte-Poisson, S. Delage, C. Giesen, M. Heuken, C., “InAlN/GaN MOS-HEMT
with self-aligned thermally grown oxide”, 17th European Heterostructure Technology
Workshop(HETECH), 2-5 November 2008, Venice, Italy.

• M. Alomari, A. Chuvilin, J.-F. Carlin, N. Grandjean, C. Gaquiere, U. Kaiser, E. Kohn,
“Thermal oxidation of lattice matched InAlN/GaN heterostructures”, E-MRS 2009, Pg.
JOT-7074, Strasbourg, France.

• M. Alomari, D. Maier, J-F. Carlin, N. Grandjean, M-A Diforte-Poisson, S. Delage, and
E. Kohn, “Au free ohmic contacts for high temperature InAlN/GaN HEMT’s”, 216th ECS
meeting 2009, Pg. 2022, Vienna, Austria.

• M. Alomari, M. Dipalo, J. F. Carlin, N. Grandjean M. A. Diforte Poisson, S. L. Delage,
E. Kohn, “Diamond on GaN for High Power Applications”, 18th European Workshop on
Heterostructure Technology HETECH09, 2009, Pg. 35, Günzburg, Germany.

• M. Alomari, F. Medjdoub and E. Kohn, “Recent progress in InAlN/GaN HEMT technol-
ogy”, Workshop on Compound Semiconductor Materials and Devices-WOCSEMMAD-
, 17-20 February, Palm Springs, CA, USA.

• M. Alomari, F. Medjdoub, J.-F. Carlin, M. Gonschorek, E. Feltin, M.A. Py, C. Gaquière,
N. Grandjean, and E. Kohn, “Towards high performance E-Mode InAlN/GaN HEMTs”,
32th WOCSDICE, Leuven (Belgium), 2008.

• M. Alomari, M. Dipalo, M-A di Forte-Poisson, S. L. Delage, C. Gaquiere, A. Dus-
saigne, D. Martin, N. Grandjean, E. Kohn, “GaN and Diamond in High Power Ap-
plications”, Workshop on Compound Semiconductor Materials and Devices 2010

(WOCSEMMAD 2010), Feb. 2010, Newport beach, CA, USA.



bibliography 113

• M. Alomari, M. Dipalo, S. Rossi, M.-A. Diforte-Poisson, S. Delage, J.-F. Carlin, N.
Grandjean, C. Gaquiere, L. Toth, B. Pecz, E. Kohn, “Diamond overgrown InAlN/-
GaN HEMT”, 4th International Conference on New Diamond and Nano Carbons
(NDNC2010), May 2010, Suzhou, China.

• M. Alomari, M. Dipalo, S. Rossi, E. Kohn, A. Dussaigne, D. Martin, J.-F. Carlin,
N. Grandjean, M-A Diforte-Poisson, S. Delage, “GaN and Diamond Hybrid Devices”,
CMOS-Emerging Technologies, May 2010, Whistler BC, Canada.

Book contributions

• M. Alomari, F. Medjdoub, E. Kohn, M-A. di Forte-Poisson, S. Delage, J.-F. Carlin, N.
Grandjean and C. Gaquiere, “InAlN/GaN MOS-HEMT with Thermally Grown Oxide”, in
“ADVANCED HIGH SPEED DEVICES”, M. Shur and P. Maki, 2009, World Scientific
Pub. Co. Inc., ISBN: 9814287865.

Poster presentations

• M. Alomari, S. Rossi, E. Kohn, Y.-M. Liu, W.C. Fan, Y. Tzeng, M.-A. Diforte-Poisson,
S.L. Delage, J.-F. Carlin, N. Grandjean, C. Gaquire, L. Toth, B. Pecz, “Diamond Over-
growth Study for High Performance GaN Based HEMTs”, Diamond 2011, Garmisch-
partenkirschen, Germany.

Other contributions

Co-author of more than 20 international conference presentations and 5 poster presenta-
tions.


	title_thesis_final.pdf
	Alomari_Thesis_body_AD_Electronic_High.pdf
	Acknowledgments
	Abstract
	Contents
	List of Figures
	List of Tables
	List of abbreviations and symbols
	1 INTRODUCTION AND THESIS OUTLINE
	2 GaN BASED HETEROSTRUCTURES: ADVANTAGES AND CHALLENGES
	2.1 III-N group electronics
	2.2 Gan based heterostructures for HEMT applications
	2.2.1 The formation of 2DEG

	2.3 Lattice matched InAlN/GaN heterostructure barrier scaling properties
	2.3.1 Estimation of the heterostructure surface potential
	2.3.2 Basic model of GaN HEMTs

	2.4 Technological limitations: Barrier scaling, thermal and chemical limitations
	2.5 Intrinsic limitations: Current collapse and device self heating
	2.5.1 Main power limitation: Current collapse
	2.5.2 Device self-heating


	3 LATTICE MATCHED InAlN/GaN HETEROSTRUCTURE FOR HEMT APPLICATIONS
	3.1 Advantages and state-of-the-art of LM-InAlN/GaN HEMTs
	3.2 Heterostructure growth
	3.3 HEMT basic fabrication technology and characterization
	3.3.1 Barrier scaling properties

	3.4 Thermal stability and high temperature operation of LM-InAlN/GaN HEMT
	3.5 Thermal oxidation of InAlN
	3.6 HEMT passivation and output power performance
	3.6.1 MOSHEMT with local oxide recess


	4 COMBINING DIAMOND AND GaN: ADVANTAGES AND CHALLENGES
	4.1 Nanocrystalline Diamond on GaN
	4.1.1 NCD growth conditions and film properties
	4.1.2 HEMT stability under NCD growth conditions
	4.1.3 Development of high thermally stable metallization scheme

	4.2 NCD coated HEMTs
	4.2.1 Fully overgrown HEMTs using BEN
	4.2.2 Fully overgrown HEMTs using nanoparticles seeding

	4.3 GaN on single crystalline Diamond

	5 CONCLUSIONS AND OUTLOOK
	A APPENDICES
	A.1 HEMT FABRICATION LITHOGRAPHIC STEPS
	A.2 HEMT STATIC SILVACO SIMULATION FILE
	Bibliography
	Publications





