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Chapter 1

Introduction

Group-III nitrides have been in the focus of research for many years and possess great potential
in many application fields to boost performance and efficiency of devices. The white GaN-
based LED already outperformed long established lighting technologies such as incandescent
light bulbs or energy-saving lamps regarding energy consumption, lifetime and cost efficiency.
This evolution was honored with the Nobel Prize in physics in 2014 awarded to Isamu Akasaki,
Hiroshi Amano and Shuji Nakamura [1]. Heterostructure field effect transistors (HFET) based
on group-III nitrides are also at the edge to surpass the performance of devices based on Si
and SiC. Due to the inherent polarization of group-III nitrides determined by their crystal
structure, carriers are accumulated in the transistor channel without doping [2]. Especially
in the RF (radio frequency) and high-power regimes, GaN-based technology benefits from the
large band gap, high breakdown voltages, large saturation velocities and high carrier mobility
[3]. Also optical devices such as distributed Bragg reflectors (DBR) [4] are realized and new
concepts for electro-optic modulators [5], [6] are investigated in group-III nitrides and pave the
way towards new technologies like ultra-fast inter-chip communication.

Despite their great success, group-III nitride heterostructures suffer from a major drawback
which is the occurrence of large stress leading to straining and relaxation of the material. This
is unwanted because defects are formed which deteriorate the crystal quality. Also the material
surface can roughen or the material can crack. The large amount of stress in nitride epitaxy
originates from large differences in lattice parameters between the binary compounds GaN,
AlN and InN [7]. The lattice mismatch between GaN and AlN is 2.4 % [7], which is very
large compared to GaAs and AlAs (-0.14 % [8]). This causes relaxation processes which affect
material properties like the band gap energy [9]. Especially ternary alloys as AlGaN, InGaN
and AlInN pose a challenge to process control because stress, strain and process parameter
fluctuations can cause the composition to vary. If relaxation starts in ternary alloys and the
lattice parameter is changed gradually, the energy barrier for the incorporation of certain atomic
species into the solid phase can be lowered or increased. This causes the composition of ternary
alloys to change during the relaxation process and is termed as compositional pulling [10], [11].

Binary materials as GaN or AlN are much more stable and robust regarding their epitaxial
processes. Compositional pulling cannot occur for these materials. To combine the robustness
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6 CHAPTER 1. INTRODUCTION

of binary materials with the enhanced design possibilities of ternary compounds, superlattices
(SL) can be used. Very thin alternating layers of GaN and AlN on the nm-scale form an
effective AlGaN solid solution replacing classical ternary AlGaN. In this way, SL form a virtual
alloy. SL exhibit a much higher quality and are significantly more stable compared to their
respective ternary materials. Furthermore, SL can introduce new relaxation mechanisms, enable
strain engineering and introduce novel electro-optic properties while the degree of freedom
of ternary alloys regarding parameter design is maintained. In group-III nitrides, SL have
already been studied and the results are very promising. SL have been successfully used in
GaN-on-Si technology to impede layer cracking [12], [13]. They have been employed in LED
technology as electron blocking layers to reduce droop [14], [15]. Also nitride-based solar cells
were improved with the help of group-III nitride SL [16]. Nevertheless, the underlying strain
managing mechanisms have been investigated only in part and further studies are necessary to
exploit the full potential of SL in group-III nitrides.

This thesis will concentrate on the investigation and application of AlN/GaN-SL. After
the theoretical background of group-III nitrides, their fabrication with MOVPE, the concept of
strain in hetero epitaxy and SL are elucidated, an epitaxial process for AlN/GaN-SL of superior
layer quality will be developed (chapter 3). Also the strain managing potential of SL will be
exploited to finally prove that the performance of SL can surpass the one of ternary alloys
(chapter 3.2). In the following, AlN/GaN-SL will be incorporated into existing devices like
HFET (chapter 4.1) and DBR (chapter 4.2). It will be demonstrated that the incorporation of
AlN/GaN-SL into HFET leads to increased carrier mobility and increased linearity in transistor
performance. In DBR, the SL enable crack-free structures by the introduction of new relaxation
mechanisms in contrast to those of conventional AlGaN. A thorough analysis of the SL-DBR
strain state will be given. Beyond this great potential, SL also enable the design of completely
new devices. In chapter 4.3, a new electro-optic modulator based on AlN/GaN-SL will be
presented. The invention of this new modulator concept ("TuneDBR", inventors Ada Wille and
Holger Kalisch) was filed for patent by RWTH Aachen University (incl. PCT application). The
modulation principle will be elucidated and modulated reflectance spectra of test structures will
be shown including an analysis of the gained results via simulation. A final conclusion and an
outlook will be given in chapter 5.



Chapter 2

Group III Nitrides: Theory and
Characterization

2.1 Group III Nitrides

This chapter will cover the basic properties of group III nitrides, their deposition by metal-
organic vapor phase epitaxy (MOVPE) on sapphire substrates and the role and evolution
of defects and strain in the epitaxial layers. Further information on structural, optical and
electronic properties is given in references [7], [17] and [18].

2.1.1 Basic Properties of Group III Nitrides

Group III nitrides are compound semiconductors (CS) which crystallize in the wurtzite structure
(α-phase). A metastable zincblende structure is also existent (β-phase) [17]. The crystal
structure with the elementary cell is depicted in figure 2.1. The coordination geometry of every
atom is tetrahedral with one of the metal-nitrogen bonds oriented in c-direction (< 0001 >).
Their space group P63mc, which lacks inversion symmetry and has a polar axis in < 0001 >
direction, leads to pyroelectricity manifesting in a macroscopic spontaneous polarization of the
CS crystal. As an example, this polarization is used in heterostructure field effect transistors
(HFET) to create two-dimensional electron gases (2DEG). This makes modulation doping, used
in classical III-V material like GaAs, unnecessary [19]. On the other hand, polarization leads
to tilted quantum wells in c-plane LED and the occurrence of the quantum confined stark
effect (QCSE) which decreases the internal quantum efficiency [18]. The polar axis also leads
to the fact that the [0001] direction and the [0001] direction are not equivalent. Therefore an
epitaxial film can either be metal-face ([0001] is the growth direction) or nitrogen-face ([0001] is
the growth direction). The two top surfaces resulting from these two crystal orientations differ
in surface atom species (metal or nitrogen) and number of surface states [17]. With MOVPE
(cmp. chapter 2.1.2), metal-face crystals are typically formed. Depending on the pretreatment
of the substrate, nitrogen-face crystal growth is also possible with MOVPE.

The three most important binary compounds in group III nitrides are GaN, AlN and InN.
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Figure 2.1: Wurtzite crystal lattice with metal (green) and nitrogen (blue) atomic species.

These materials differ strongly in lattice parameters and bandgap energies. The dependence
of bandgap energies on the lattice parameter is depicted in figure 2.2. With 6.25 eV [7], AlN
has the largest bandgap, followed by GaN (3.51 eV [7]) and InN (0.78 eV [7]). The bandgap
energies of their ternary and quaternary alloys can be interpolated by Vegard’s law extended
with corresponding bowing parameters. This wide range from 6.25 to 0.78 eV covers the whole
visible spectrum and also UV and infrared wavelengths. As the bandgap is also of direct nature
[20], group III-nitrides are very suitable for optical applications such as LED, LASER and
photovoltaics.

The refractive index is very important for the design of these optical devices. However,
measured refractive index values for group III nitrides differ if several publications are compared
[21], [22], [23]. This can be attributed to the strong influence of strain on the optical parameters
and differences in material quality, fabrication and measurement techniques. The refractive
index of GaN is real for wavelengths larger than 360 nm. For shorter wavelengths, the material
absorbs light which leads to a non-zero extinction coefficient and a complex refractive index.
The refractive index of AlN is real in the whole visible and near-UV wavelength regime. In
general, the refractive index of GaN near the band edge is around 2.8 and decreases with longer
wavelengths to approximately 2.4 [21], [22]. AlN has a lower refractive index from approximately
2.2 at 300 nm down to approximately 2.0 [21], [22]. The refractive index of InN is even lower
(1.7 at 400 nm) with a large extinction coefficient for wavelength shorter than 1590 nm [23].

Group III nitrides can be doped with silicon to create n-type conductivity and magnesium
to create p-type conductivity. The magnesium acceptor suffers from high activation energies
(0.26 eV [24]), complex formation with hydrogen and compensation by unintentionally doped
(uid) n-type background doping originating from the growth procedure, which makes p-doping
in group III nitrides challenging [25]. N-type conductivity is much easier to gain. Only for
alloys with high Al content and pure AlN, n-type doping becomes less effective because of a
deeper donator level with increasing Al content [26], [27]. Group III nitrides are also very
suited for high-power and high-frequency applications due to their large breakdown voltage,
good thermal conductivity compared to silicon and large electron velocities in combination with
high electron concentrations [3].
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Figure 2.2: Bandgap energies of group III-nitride materials versus their lattice parameter. The colored
area shows the visible spectrum of the band gap energy.

2.1.2 Growth of Group III Nitrides with Metal-Organic Vapor Phase
Epitaxy (MOVPE)

A fast and production-compatible technique to deposit crystalline layers of group III-nitrides
is MOVPE (also known as metal-organic chemical vapor deposition, MOCVD). In this epitax-
ial process, metal-organic precursors, such as trimethylgallium (TMGa), trimethylaluminium
(TMAl) and trimethylindium (TMIn), are used to deliver the group III component of the semi-
conductor material. These metal-organic compounds are provided in a stainless steel container
called bubbler. The working principle of a bubbler is shown in figure 2.3. Carrier gas (hy-
drogen or nitrogen) is directed into the bubbler unit and, depending on the vapor pressure, a
certain amount of precursor is mixed with the carrier gas which is then transported out of the
bubbler. As a precursor for nitrogen, ammonia (NH3) is used. These precursors are trans-
ported into a reactor chamber with well defined temperature, pressure and gas flows in which
the heated substrate is located as depicted in figure 2.3. The temperature can be controlled
with an RF coil with internal cooling which inductively heats the susceptor. The temperature
measurement is conducted using a pyrometer on the lower side of the substrate holder. This
measured temperature value is the basis of the reactor temperature set point feedback loop. As
an additional temperature measurement, a LayTec in-situ tool [28] is mounted on top of the
reactor chamber which enables a direct emissivity-corrected, pyrometric measurement of the
substrate temperature. In the reaction chamber, the MO precursors and ammonia are mixed
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Figure 2.3: Schematic of a horizontal flow MOVPE reactor.

and gas-phase adducts such as [(CH3)3MNH3] are formed where M denotes the metal atom
(Ga, Al or In). A surface adduct is then generated close to the substrate by elimination of CH4.
With further elimination of CH4 and H2, the binary nitride compound MN is formed directly
on the substrate surface [17], [29]. Side products of the precursor reaction are transported to
the outlet side of the reactor chamber by horizontal carrier gas flows, a scrubber system neu-
tralizes the excess of alkaline ammonia. The precursor reaction time is slow compared to the
drift velocity in the reactor chamber. This results in different reaction states at the upstream
substrate side compared to the downstream side. To compensate for this effect, the substrate
is rotated with a gas foil rotation system.

Due to the lack of GaN or AlN substrates in sufficient quality, group III nitrides are fabri-
cated in a hetero-epitaxial process mainly on sapphire (Al2O3), silicon or silicon carbide (SiC)
wafers. Sapphire substrates have a rhombohedral symmetry which allows for epitaxy of hexag-
onal materials [17]. They are widely used due to their high thermal and chemical stability,
broad availability, high structural quality and low cost [17]. Sapphire is also transparent up to
8.8 eV which can be beneficial for the fabrication of optoelectronic devices. SiC substrates are
mainly used for high-power and microwave devices because of their better thermal conductivity
compared with sapphire and their availability as p- and n-type doped substrates [17]. The
lattice mismatch of SiC to AlN is also very small, which makes heteroepitaxy less challenging
[17]. Silicon substrates are explored due to cost issues, availability in large diameters and if an
integration of the device into CMOS technology is anticipated [30], [31]. Direct epitaxy of GaN
on Si is not possible due to the formation of an eutectic phase. This process is called meltback
etching [32]. This can be circumvented by insertion of a low-temperature AlN layer between
Si substrate and GaN layers [32]. Due to large differences in thermal expansion coefficients
between Si and group III nitrides, strain engineering is also a very important aspect for epitaxy
on Si(111) [32].

To deposit group III-nitrides hetero-epitaxially on sapphire, a low-temperature nucleation
step is necessary. The nucleation on sapphire can be conducted using either GaN or AlN. In
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the following the AlN nucleation and subsequent buffer growth is described as it is used in this
thesis. An AlN nucleation in combination with an AlN buffer is advantageous as the resulting
sapphire-AlN-interface is insulating while the sapphire-GaN-interface is conductive [33], [34].
The conductivity of the GaN nucleation layer is generated by oxygen atoms, which diffuse out of
the sapphire substrate and are incorporated into the subsequent semiconductor layer. In GaN,
oxygen forms a shallow donor which is ionized at room temperature. In AlN, oxygen forms
a deep donor which is not ionized at room temperature and therefore leads to an insulating
interface. In the nucleation step, small irregular AlN crystallites are formed on the substrate
surface due to limited diffusion length of the surface species [35] and the higher surface formation
energy of AlN compared to sapphire [36]. The orientation of the crystallites (Al-face or N-face)
is mainly determined by TMAl or NH3 preflow prior to the nucleation growth process [37]. In a
subsequent annealing step, discontinuous grain growth and surface roughening occurs [38]. The
annealing temperature is generally the growth temperature of the following high-temperature
buffer layer. In the initial growth phase of the high-temperature AlN buffer, nuclei favored
by geometric selection grow faster than other nuclei and form trapezoid crystals which then
start to coalesce in an epitaxial lateral overgrowth (ELOG) mode. After this, a stable growth
front establishes and a high-temperature AlN buffer layer of 300 nm thickness is deposited to
shield the following GaN buffer from the unintentionally oxygen-doped nucleation layer [17],
[39]. With the GaN layer of 1-3 µm thickness, the buffer layer stack is completed and growth of
functional layers, such as layers for HFET, LED or distributed Bragg reflectors (DBR) stacks,
can be pursued.

2.1.3 Defects and Strain in Group III Nitride Heterostructures

As previously described in chapter 2.1.2, the lack of native substrates makes it necessary to
deposit group III nitrides on foreign substrates as sapphire, silicon or silicon carbide. With this
heteroepitaxial approach, strain and defects occur due to differences in crystal structure, lattice
parameter and thermal expansion coefficients between substrate and material. In addition,
also the formation of heterojunctions can lead to evolution of defects and strain. This chapter
will introduce the most important defects in group III nitrides and the concept of strain in
heteroepitaxial processes.

Point Defects Point defects are zero-dimensional and occur in group III nitrides as vacan-
cies and impurities. A vacancy denotes a missing atom in the crystal lattice. For group III
nitrides, this can be a nitrogen or a metal atom (Ga, Al, In). The donor type nitrogen vacancy
VN has very high formation energies for n-type GaN. As undoped GaN always shows n-type
behavior, the formation of VN is very unlikely [40]. The gallium vacancy VGa has a much lower
formation energy in n-type GaN, acts as an acceptor and might be partly responsible for yel-
low luminescence (YL) which is a very broad parasitic emission in the yellow spectral range
[41]. Interstitials or antisites generally do not occur in group III nitrides because of too high
formation energies but impurities such as carbon or oxygen are very common [40]. The impu-
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rity atoms can occupy either a metal or a nitrogen lattice site but there is always a dominant
configuration. For oxygen, this is the incorporation on a nitrogen site (ON) and carbon is also
most likely placed on a nitrogen site (CN). ON acts as a shallow donor and is responsible for
the n-type conductivity in undoped GaN [40]. CN forms a deep acceptor and is responsible for
yellow luminescence together with the afore mentioned gallium vacancy [41].

Dislocations Dislocations are one-dimensional crystal defects. This means that the crystal is
distorted along a line. There are two basic dislocation types. The first on is an edge dislocation
(fig. 2.4 left), the second is a screw dislocation (fig. 2.4 right). A dislocation is defined by the
line element s and the Burgers vector b. The Burgers vector denotes the lattice displacement
between the ideal and defect-containing crystal, which is always a translation vector of the
crystal lattice. The line element is the tangential unit vector of the dislocation line [42]. For
screw dislocations, the line element is always parallel to the Burgers vector while for edge
dislocations, Burgers vector and line element are oriented perpendicular to each other. If the
correlation between line element and Burgers vector is neither parallel nor perpendicular, the
dislocation is a combination of edge- and screw-type and is called mixed dislocation. If the
angle between Burgers vector and line element is even changing along the dislocation line,
the dislocation type is called prismatic [42]. Dislocations with Burgers vectors which are no
translation vectors of the crystal lattice are also existent. This dislocation type is called partial
dislocation [42].

The line element indicates the propagation direction of the dislocation in a crystal. If an
epitaxial layer stack is considered, e.g a sapphire substrate with AlN and GaN buffer on top,
dislocations mostly propagate in the growth direction or perpendicular to the growth direction.
Dislocations propagating in growth direction can thread through interfaces between different
materials, e.g. AlN and GaN, and are called threading dislocations (TD). In the case of group III
nitrides on sapphire, the most common growth direction is the [0001]-direction for which the
growth plane is c-plane. The most dominant TD in c-plane MOVPE GaN are edge dislocations
with b = 1/3 < 1120 >, mixed dislocations with b = 1/3 < 1123 > and screw dislocations
with b =< 0001 > [43], [44], [45]. The majority of TD are edge and mixed dislocations, while
there are only 2 % screw TD [43]. Dislocations which propagate in in-plane directions, which
means parallel to material interfaces, are called misfit dislocations (MD) because they can
accommodate lattice misfit between two layers. MD in c-plane MOVPE GaN have a Burgers
vector of b = 1/3 < 1120 > and a line element of s =< 1100 > [46], [47], [48].

Movement of Dislocations Dislocations are not immobile and can move in the crystal by
two mechanisms, slip and climb. Slip occurs always in a specific slip system (a slip plane and
a slip direction) which depend on the crystal symmetry, the driving forces and the dislocation
type. The normal of the slip plane m is defined by the Burgers vector and the line element
with

m = s× b (2.1)
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Figure 2.4: Left side: Edge dislocation in hexagonal GaN with Burgers vector b = 1/3[1120], after[45].
Right side: Screw dislocation in a hexagonal lattice with b = [0001].

This implies that screw dislocations with parallel Burgers vector and line element do not have
a defined slip system and can change their slip plane. Prismatic dislocations are immobile
because the slip plane would change along the dislocation line [42].

Edge and mixed dislocations have a defined slip system. In most cases, the dominant slip
plane is the close-packed plane because the inter-atomic spacing is smallest which results in a
very small Peierls force. The Peierls force can be understood as a frictional force between the
two sheared crystal planes [48], [42]. These slip systems are called primary slip systems. For
hexagonal crystals like group III nitrides, the close-packed plane is the basal (0001) plane and
the resulting primary slip system is {0001} < 1120 > which is depicted in figure 2.5 (a) [48].
The primary slip system often remains inactive due to geometric considerations concerning
dislocation type and driving forces or non-ideal c/a-ratios < 1.63. Such ratios lead to non-
close-packed basal planes and therefore increased Peierls forces in the primary slip system. For
theses cases, slip can also occur on secondary slip systems [48]. In the wurtzite structure,
the secondary slip systems comprise the prismatic and pyramidal planes as slip planes. The
resulting secondary slip systems are depicted in figure 2.5 (b)-(f). While (b) and (c) show slip
via prismatic planes, the slip systems using pyramidal slip planes are shown in (d), (e) and (f)
of figure 2.5.

The second mechanism for dislocation motion is climb. Dislocation climb is a diffusion-
related mechanism which implies a higher climb probability at elevated temperatures as in
MOVPE processes. The dislocation absorbs or emits point defects like vacancies which gen-
erates a movement. In this way, even edge or mixed dislocations are able to leave their slip
plane and also prismatic dislocations are able to move via this mechanism. Climb is classified
as non-conservative dislocation motion as the number of point defects and therefore the volume
of the crystal changes [42].
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Figure 2.5: Slip systems in group III nitrides. (a) primary slip system, (b) - (f) secondary slip systems,
after [48].

Generation and Movement of MD The driving force of every dislocation motion or for-
mation is always a stress field σ in the crystal, which can have various origins and manifests as
compressive or tensile strain ε governed by Hooke’s law σ = Eε with the Young’s modulus E.
If an epitaxial process is considered, there are several important mechanisms induced by stress
which take place right at the beginning of layer growth. The first mechanism is the generation
of MD at the layer/substrate interface. The lattice mismatch ∆a is defined as

∆a = alayer − asubs
asubs

. (2.2)

For AlN on sapphire, the lattice mismatch is ∆a = 34.6 %, which is extremely large [49], [37].
Therefore epitaxial growth of AlN on sapphire can only take place if the crystal lattices are
rotated 30 degrees against each other which reduces the lattice mismatch to −13.2 %. This
remaining mismatch is still very large and would induce a high level of stress. Eight {1120}
planes in AlN match nine {1120} planes in sapphire so every ninth {1120} sapphire plane is
terminated with an misfit edge dislocation. The 8-to-9 arrangement results in a MD spacing
of 2 nm and is energetically much more favorable than straining even one monolayer of the
AlN compressively to match every {1120} AlN plane with a corresponding sapphire plane [50].
For other material combinations than AlN on sapphire, MD generation may start much later
when an already thick layer of epitaxial material has been deposited on the substrate. This
can either be caused by a smaller lattice mismatch of epilayer and substrate and therefore less
induced strain or by higher MD formation energy. The point at which MD generation becomes
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Figure 2.6: Top view on a LAGB in a cubic system with Burgers vector b, twist angle of the crystallites
Θ and the resulting dislocation spacing D, after [42].

energetically more favorable than straining the material is called the critical layer thickness and
can be calculated after the Matthews-Blakeslee model [51], [52]. The critical layer thickness is
the starting point for the relaxation process. During which, the in-plane strain of the epitaxial
layer acts a the driving force to overcome the counteracting Peierls force. Slip systems are
activated and the crystal planes are sheared which produces and moves MD. By the generation
and rearrangement of MD, the in-plane strain is relaxed and the driving force for further MD
generation becomes zero.

Generation of TD During Coalescence The second mechanism described here is the
formation of TD in the nucleation procedure. Small AlN crystallites are formed on the sapphire
surface instead of a 2D AlN film as described in section 2.1.2. The growing AlN islands coalesce
at some stage of the process. The crystallites are not perfectly aligned but slightly twisted and
tilted against each other. This twist and tilt has to be accommodated during the coalescence
process. Accommodation by strain is again energetically unfavorable and TD at the island
boundaries are generated. These TD are edge type and can arrange periodically in {1210}
planes [44]. This periodical arrangement of TD is called low-angle grain boundary (LAGB)
and is displayed for a cubic system in figure 2.6. In contrast to high-angle grain boundaries,
the twist angle of the two crystallites is smaller than 15◦ and crystal planes are continuous.
This implies that the material is still single-crystalline [42]. Besides the formation of LAGB, a
certain amount of TD is annihilated during the coalescence process which is accompanied by a
growth mode change from island to 2D layer growth [53]. The annihilation process also leads
to a more random-like distribution of dislocations in the material because not all dislocations
originating from the coalescence process are continued.
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Generation of TD by Annihilation of Stacking Faults Another source of randomly
distributed TD in the epitaxial material can be the annihilation of stacking faults [44]. Basal-
plane stacking faults are distortions in the ABABABAB stacking order of the wurtzite hcp
lattice in <0001> direction. For group III nitrides every layer A, B or C consists of metal-
nitrogen bilayer. Figure 2.7 shows the ABAB stacking order of a hcp lattice on the top which
is similar to the wurtzite crystal structure and the ABCABC fcc stacking order in <111>
direction on the bottom which resembles the zincblende structure, which is closely related to
wurtzite. In the case of basal-plane stacking faults, one or more A or B layers of the hcp
lattice are displaced to form a C layer as in the fcc lattice which results in a stacking order like
ABABCBCB. This introduces small zincblende units into the wurtzite lattice. This process is
most prominent in GaN as the formation energy for stacking faults is lowest for GaN followed
by InN and is highest for AlN [54]. Stacking faults in GaN are often generated during the initial
state of layer growth. Some stacking faults are removed by formation of partial dislocations
with Burgers vectors of 1/6 < 0223 > which occurs during subsequent growth. Two of these
newly generated partial dislocations can react and form a regular edge or mixed dislocation
with Burgers vectors of 1/3 < 1120 >, 1/3 < 1123 >, 1/3 < 1123 > [44].

Further Mechanisms for Strain Relaxation Besides the mechanisms described above,
there are other ones that can come into action if strain has to be relieved in a crystal. The fol-
lowing mechanisms do not necessarily take place at the beginning of layer growth. They occur
whenever stress is large and the continued formation of strained material becomes energetically
unfavorable. Generally, all mechanism involve the formation of defects. This is why the relax-
ation process in most cases is undesirable, as an increase in defect density decreases the crystal
quality of the layer. Due to the change in strain state during relaxation, the incorporation rate
of Al, Ga or In for subsequent layer growth can be higher or lower due to differences in atomic
radii. As a result, the layer composition of ternary or quaternary alloys can change during
growth due to the relaxation process which is known as compositional pulling effect [55], [10].

V-pits can be formed to relieve strain. This mechanism only takes place at high dislocation
densities which increases the formation energy of additional MD due to the inherent strain
fields of dislocations [48]. Unfavorable growth conditions promote the formation of V-pits as
other crystal facets than the (0001) plane have to be formed [56]. A schematic drawing of an
opening V-pit in InGaN is shown in figure 2.8. The V-pit originates at a TD and the opening
facets are the six {1010} planes, which are arranged in an inverted hexagonal pyramid [57].
V-pits are often observed in InGaN/GaN MQW structures.

For tensile strain, layer-cracking is often observed even at the initial state of the relaxation
process when the activation of dislocation glide is difficult because only biaxial stress states as
produced by lattice mismatch without a shear component are present [58]. Layer cracking can
also occur during cool-down of the sample if the thermal expansion coefficient mismatch between
layer and substrate introduces additional strain [59]. This can only be avoided by changing the
composition of the material and therefore changing the thermal expansion coefficient mismatch
or by introducing stress of opposing direction into the sample in a way that after cool-down
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Figure 2.7: Top: stacking order of hcp lattice. The first and third layer (both in green) are crystallo-
graphically equivalent. Bottom: stacking order of fcc lattice. The first (green) and third (blue) layer
are not equivalent. Only the atoms of the fourth layer (again in green) occupy the same lattice sites
as the fist layer. In conclusion, hcp (wurtzite) and fcc (zincblende) can be converted into each other
by a change in stacking order.

substrate
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Figure 2.8: V-pit in an epitaxial layer stack. A TD denotes the origin of the V-pit.
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Figure 2.9: Strain relieve mechanism utilizing inclined dislocations. The in-plane projection of the
tilted dislocation part acts as a MD segment and can relieve strain.

the resulting strain is sufficiently small.

Another relaxation process is the inclination of TD. This process is described by the
Romanov-Speck model [60]. Generally, TD are not able to relieve further in-plane strain dur-
ing their propagation through the material. By inclination of edge TD towards the < 1100 >
directions, TD can act as a MD segment with the length of the in-plane projection as depicted
in figure 2.9. Dislocation inclination does not include formation of dislocations and can even
utilize existent dislocation types which typically do not contribute to relaxation. But as the
inclination mechanism of the dislocations is climb, the dislocation motion is nonconservative
and involves the formation of point defects.

Strain and relaxation do not only influence the defect structure of a material. As the bond
lengths in the crystal are changed, the periodic potential in the lattice is also altered. As a
consequence, the bandgap energy is a function of the strain state of a layer [9]. The length of
the dipoles in the polar axis are elongated or shortened which affects the dipole momentum and
the resulting macroscopic polarization. This additional polarization, which has to be added to
the inherent spontaneous polarization (

⇀

Psp) in the unstrained material, is called piezoelectric
polarization (

⇀

Ppz). The total polarization of a group III nitride layer (
⇀

Ptot) can be expressed as

⇀

Ptot=
⇀

Psp +
⇀

Ppz (2.3)

The piezoelectric polarization can be positive or negative compared to the spontaneous polar-
ization depending on whether the strain is compressive or tensile. For metal-face layers grown
in [0001] direction, the spontaneous polarization has negative values and points to the substrate
from nitrogen to metal atoms along the long bond in [0001] direction. Tensily strained top lay-
ers generate a

⇀

Ppz component parallel to
⇀

Psp and compressively strained layers an antiparallel
component [2].
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2.2 Superlattices (SL)

Superlattices (SL) are artificial materials which consist of a repeating sequence of two layers
with different properties due to doping or composition. The latter are called compositional
superlattices (SL) and contain a sequence of two distinct alternating materials with different
band gap energies as shown in figure 2.10 for a GaN/AlN-SL. The material with the smaller
bandgap forms a quantum well, while the material with the higher bandgap acts as the bar-
rier material. SL are called symmetrical if both materials feature the same layer thicknesses.
Asymmetrical SL are also possible. In the latter case, the thickness ratio can be described by
the volume fraction of one of the SL materials devided by the the total volume of the SL. An
AlN/GaN-SL with 1 nm thick AlN layers and 3 nm GaN layers would for example feature an
AlN volume fraction of 25 %. This value can be thought of as an effective AlN content if a
comparison to ternary AlGaN layers with a specific Al content is anticipated. For a symmetrical
AlN/GaN-SL, the effective AlN content would be 50 %.

The wells and barriers of group III nitride SL are tilted due to the polarization differences.
If the period of the SL is shorter than the electron mean free path, the neighboring wavefunc-
tions of the quantum wells can overlap and, similar to the periodic potential of atoms in a
crystal lattice, minibands can develop [61], [62]. Miniband formation offers the possibility to
precisely tailor electrical and optical properties of SL which derive from the artificial crystal
structure according to the Kronig-Penney-Model. For every material combination used in a SL
with a certain difference in band gap energies, a limit in barrier thickness exists up to which the
wavefunction overlap from well to well is large enough for minibands to evolve. If minibands
are created, the optical properties are governed by the transition E1 from the lowest confined
electron state to the highest confined hole state. For barrier thicknesses exceeding this limit,
the wavefunctions in the wells do not overlap and the optical properties of the SL can be ap-
proximated with the properties of a homogeneous alloy formed out of barrier and well materials
with the same volume ratio [63] (e.g. the properties of an AlN/GaN-SL with layer thicknesses
of 1 nm for GaN and 1 nm for AlN, can be approximated with the properties of Al0.5Ga0.5N).
For AlN/GaN-SL, miniband formation is quite unlikely. Due to the large conduction band
offset between GaN and AlN of 1.56 eV [64], carriers in GaN exhibit strong confinement and
the wavefunction decays over short length scale in AlN. Hsu et al. determined a penetration
depth of 0.3 nm for wavefunction located in GaN confined by an AlN barrier [65]. With this
value, the rough approximation can be made that the AlN barrier thickness should be below
0.6 nm to allow an overlap of the wavefunction of adjacent GaN wells.

The growth of such SL structures in the group III nitride system can be performed by
MOVPE. This can be challenging as the growth times of thin layers become very short in
comparison to the ramping times between growth steps (50 s growth time vs. 1-2 minutes
ramping times). This leads to a pronounced influence of interface quality on the whole SL
structure. The individual layers of SL can consist of binary, ternary and also quaternary
alloys. With increasing number of atomic species in the alloy, the epitaxial process becomes
more challenging. A higher degree of freedom in composition can lead to compositional pulling
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Figure 2.10: Band diagram of a GaN/AlN-SL. The wavefunctions for electrons and holes are shown
in dotted red lines. On the left, the layer thicknesses are large and the carriers are confined in the
GaN layers. On the right, the layer thicknesses are much smaller (dAlN < 0.6nm). The wavefunctions
overlap and subbands can develop.

effects [10], [11]. This is undesirable as growth rate (and as a consequence layer thickness),
band gap energy and strain state are also changed with composition. These effects would lead
to distortions in the periodic potential of the SL which implies nonuniform material properties
of the SL. Therefore, this thesis will concentrate on SL composed of the binary materials AlN
and GaN.

In the literature, it is evident that SL are able to manage or even relieve large amounts of
strain as AlN/GaN-SL and AlGaN/GaN-SL are already applied in GaN-on-Si(111) epitaxy in-
stead of the standard AlGaN staircase to obtain crack-free GaN buffers [12], [13]. AlGaN/GaN-
SL are also used as electron blocking layers (EBL) in LED structures as the lower strain of
the SL leads to a lower piezoelectric polarization difference at the MQW-EBL interface which
promotes EBL performance and reduces droop [14], [15]. InGaN/GaN-SL were furthermore
applied as absorption layers in solar cells. Due to the strain-managing properties of the SL,
phase separation and defect formation in InGaN layers with high In content were suppressed.
This reduces the possibility of shunt resistance paths and promotes carrier separation [16]. De-
spite of these impressive results, there is still a lack of understanding concerning the critical
layer thicknesses and relaxation mechanisms for SL. The following paragraphs will try to give
an overview over the current state of the understanding of strain distribution and relaxation
mechanisms in SL and identify pending tasks and challenges:

To evaluate the strain state of SL can be quite complicated compared to conventional bi- or
trilayer stacks. The strain state is determined mainly by the substrate lattice parameter asubs
and the in-situ lattice parameters of the two SL materials aSL1 and aSL2. The term substrate
refers in this context to the layer (assumed rigid) on which the SL epitaxy is performed. This
could literally be a substrate like sapphire, Si, AlN or even GaN or the topmost layer of a buffer
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structure such as GaN/AlN/sapphire (cmp. chapter 2.1.2). For the SL materials SL1 and SL2,
five general scenarios are possible regarding the in-plane lattice paramters:

• Type 1: asubs < aSL1 < aSL2. This combination should induce compressive stress in both
SL materials. In the nitride material system, this could be represented by an GaN/InGaN-
SL deposited on an AlGaN buffer.

• Type 2: asubs = aSL1 < aSL2. In this case, the SL1 layers are likely to be free of stress
while the SL2 layers should exhibit compressive stress. This set-up could be represented
by and GaN/InGaN-SL deposited on a GaN buffer.

• Type 3: aSL1 < asubs < aSL2. This intermediate combination should induce tensile stress
in the SL1 layers and compressive stress in the SL2 layers. An AlN/GaN-SL deposited
on an AlGaN buffer would lead to this configuration.

• Type 4: aSL1 < aSL2 = asubs. In this case, the SL2 layers are likely to be free of stress,
while the SL1 layers should exhibit tensile stress. This is represented by AlN/GaN-SL
deposited on GaN buffers as investigated in this thesis.

• Type 5: aSL1 < aSL2 < asubs: This combination should induce tensile stress in both SL
materials. AlN/AlGaN-SL deposited on a GaN buffer would create this scenario.

According to Hookes law, the induced stress should lead to strain in the designated layers.
For types 1 and 5, this would lead to a completely compressively or tensily strained SL. The two
SL materials would exhibit a different value of strain but the strain type (tensile or compressive)
would be the same for the whole SL. Types 2 and 4 would generate a more complex strain
state. One of the SL materials would be strained (type 2: compressively, type 4: tensily) and
the other one should theoretically be free of strain. Type 3 would even create a strain state
with alternating strain types. All these considerations only hold for SL without any relaxation.
If relaxation is present, the problem becomes even more complicated. One question which has
to be clarified concerns the onset of relaxation. As explained in chapter 2.1.3, the critical layer
thickness, calculated after the Matthews-Blakeslee model, is generally the starting point for
the relaxation process. As the strain state of SL is not uniform, it is unclear if relaxation
might occur at smaller or larger layer thicknesses than the Matthews-Blakeslee model predicts.
Also the relaxation process could be much more complicated. SL contain large numbers of
interfaces at which dislocations could be generated, stopped or redirected. Layer cracking or
even delamination might also be a scenario. For types 1 and 2, the situation could be comparable
to uniform layers treated in the Matthews-Blakeslee model because the strain type is the same
and both in-plane lattice parameters tend to relax in the same direction. For types 2, 3 and
4, this seems unlikely as the strained layers which encounter a driving force for relaxation are
alternated with layers which exhibit no strain (i.e. no driving force for relaxation) or which
even feel a driving force in the opposite direction (type 3).
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Three relaxation mechanisms for SL were reported in literature:

• coherent relaxation via MD formation only at the SL/buffer interface which induces strain
of opposite direction in the second SL material and is comparable to relaxation occurring
in a bilayer stack [66]

• crack formation [66], [67]

• staircase pattern of TD [68]

Einfeld et al. [66] were able to demonstrate a combined relaxation mechanism for AlGaN/GaN-
SL deposited on a GaN (this corresponds to a case 4 SL). During the early stages of relaxation,
the strain was relaxed via MD generation at the SL/substrate interface. This does not only
relieve the tensile strain in the AlGaN barriers but also induces compressive strain in the GaN
wells which was identified by a blue-shift of the GaN well photoluminescence peak. This is only
possible up to a certain point at which additional compressive strain in the GaN wells becomes
unfavorable. At this point, crack formation occurred. Another relaxation mechanism in SL
was observed by Cherns et al. [68]. They investigated Al0.5GaN0.5/GaN − SL deposited on
Al0.45Ga0.55N (which correspond to case 3) and found a staircase pattern of TD relieving the
compressive strain in the GaN wells similar to the dislocation inclination process described in
the Romanov-Speck model.

The onset of relaxation in SL has also been discussed in the literature. Most groups inves-
tigated the relaxation onset as a function of the effective material content (e.g. AlN fraction in
AlN/GaN-SL) while the overall SL layer thickness was fixed [66], [46]. This makes it quite dif-
ficult to compare the properties of SL with their respective alloys and clarify if and how SL can
handle higher strain than homogeneous alloys. Several reasons why SL should feature a delayed
relaxation onset compared to homogeneously alloyed layers have been proposed: Reduced TD
densities (generated by TD termination at interfaces in the SL) could suppress crack nucleation
(material defects as TD could act as crack nucleation sites [66]). Defects such as cracks have to
thread through lesser strained, unstrained or even differently strained (compressive vs. tensile)
layers which is energetically unfavorable. Defects might also encounter periodically changing
formation energy in a SL which could also impede their formation [66]. In this context, it seems
difficult to precisely predict the behavior of a random SL under stress and further analysis is
still necessary. Nevertheless, the theoretical considerations given above are very promising. SL
might be able to overcome the limitations of ternary or quaternary alloys induced by relaxation
phenomena. This of special importance for group III nitrides where explicit control over the
strain state and relaxation process of layers is crucial.

Although the concept of strain engineering with SL is very interesting and also promising,
SL can also be used for other applications. Because of the periodic valence band oscillations, SL
are useful for Mg-doped structures. The high ionization energy of Mg (0.26 eV [24]) prohibits
efficient p-type doping in group III nitrides. With the valence band oscillation in the SL
structure, the acceptor level of Mg can locally be dragged under the Fermi level [69], [70]. The
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high internal strain also affects nonlinear optical properties as the Pockels effect. AlGaN/GaN
SL are found to have electro-optic coefficients ten times larger than bulk GaN [71].

Altogether, SL open up great possibilities to further engineer and optimize material prop-
erties for the designated applications. Nevertheless, fundamental research is still necessary to
fully understand the behavior of group III nitride SL in heteroepitaxy. SL could serve as an
alternative to ternary or quaternary layers if drawbacks like compositional pulling or crystal
quality are circumvented and the strain state can be controlled successfully.



24 CHAPTER 2. GROUP III NITRIDES: THEORY AND CHARACTERIZATION

2.3 Characterization Methods

2.3.1 X-ray Diffraction

X-ray diffraction is a powerful method to gain information about composition, strain state
and crystal quality of epitaxial group III nitride layers. During the measurement, X-rays are
diffracted at the crystal lattice planes according to the Bragg condition [43]. Depending on
the angle of diffraction θ and lattice plane spacing dhkl, constructive or destructive interference
occurs. The diffraction experiment converts each set of two-dimensional lattice planes from
real space into a point reflex in reciprocal space. The sum of all point reflexes from different
sets of lattice planes form a three-dimensional point lattice in the reciprocal space. Real and
reciprocal space are correlated inversely by Fourier transformations. Further information on
the theoretical background of X-ray diffraction can be found in the paper by Moram et al. [43].

ψ

2θ

ω

φ

Figure 2.11: Panalytical X’Pert MRD XRD with a four-circle goniometer with rotation angles ω, 2θ,
ϕ and ψ.

The sample under investigation is mounted on a four-circle goniometer as shown in figure
2.11. This enables rotation of the sample in four independent directions: omega (ω, angle
between sample surface and fixed incident beam), theta (θ, angle between diffracted beam and
crystal lattice plane), phi (ϕ , azimuthal angle) and psi (ψ, polar angle). A line-focused X-
ray beam is directed onto the sample surface. The diffracted beam is detected either directly
with the open detector (OD or RC) or with an additional triple-axis analyzer crystal (TA) for
higher angular resolution. In the given geometry, 2θ is also called the diffraction angle between
incident and diffracted beam.

To obtain information about the crystal quality of a sample, rocking curve scans are uti-
lized. In this method, the goniometer is set to specific angles so that the Bragg condition is
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Figure 2.12: Reciprocal space for a bilayer sample with diffraction peaks for layer 1 shown in black
and in orange for layer 2. The scan directions in the reciprocal lattice for symmetric and asymmetric
diffraction conditions are shown. A typical area of a reciprocal space map is depicted. The reciprocal
space under the dotted semicircles can not be accessed with a standard four-circle goniometer because
the sample blocks the X-ray beam.

fulfilled. The sample is then "rocked" back and forth in omega direction, in and out of the Bragg
condition. The direction of the RC omega scan in reciprocal space for symmetric (000l) and
asymmetric (hkil) diffraction conditions is depicted in figure 2.12 (red arrows). The schematic
drawing shows the diffraction peaks for a bilayer sample (layer 1 and layer 2) in reciprocal
space. The scan direction of omega scans is always perpendicular to the scattering vector S
which is determined by the incident and diffracted beams k0 and kh with S = kh − k0.

The detected peak has a specific width, which can be characterized with the full-width-
at-half-maximum (FWHM) value. This figure indicates the crystal quality, as defects broaden
the peaks representing a deviation from the ideal crystal lattice. Other broadening factors as
sample size, instrumental broadening, limited correlation length and wafer curvature are also
present and have to be taken into account [43]. Rocking curve scans also yield information
concerning dislocation types present in the sample. The lattice distortion of a dislocation,
which is responsible for dislocation-related peak broadening, is described by the Burgers vector
as previously explained in chapter 2.1.3. This is a non-isotropic phenomenon as the Burgers
vector has a specific direction, which depends on the dislocation type (screw, edge, mixed)
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Figure 2.13: Curvature measurement with XRD. Left: sample with correct diffraction geometry. Mid-
dle: the sample has been moved in x-direction and due to the curvature the diffraction condition is
not fulfilled anymore. Right: The sample has been rotated in ω and the correct diffraction geometry is
regained. The curvature radius can now be concluded with displacement in x-direction and the rotation
angle in ω.

and the crystal structure. Dislocations with Burgers vectors in c-direction (<0001>) lead to
broadening of X-ray diffraction reflexes (hkil) with l 6= 0. Dislocations with Burgers vectors
in in-plane direction (<hki0>) lead to broadening of reflexes with h, k, i 6= 0. Burgers vectors
with in-plane and c-direction projections lead to broadening of all reflexes. By comparison of
FWHM values of different reflexes, the dominant Burgers vector direction can be concluded.

Rocking curve scans are also useful to determine the curvature radius of a wafer (under the
assumption that the substrate is flat and the relation of crystal lattice and sample surface is
laterally constant) . In a curved wafer, the lattice planes parallel to the surface are not strictly
planar but slightly curved according to the curvature of the wafer. This implies that the effective
ω value of a diffraction condition depends on the x-y position on the wafer. The measurement
set-up is depicted in figure 2.13. To fulfill the Bragg condition, the angle ω between incident
beam and sample surface has to be set to a specific value. This is shown with the blue incident
beam on the left. If the curved sample is now moved in x-direction, the surface bends away
which changes ω (red incident beam in the middle of figure 2.13). To again fulfill the diffraction
condition, the sample has to be rotated in ω to match the specific value. This is shown on the
right with the green X-ray beam. In this way, the diffraction condition at the wafer edge (right)
is fulfilled for a different ωeff as in the wafer center (blue). The curvature radius R can then
be calculated with R = x/sin(∆ω) with the distance between the measurement points x and
∆ω = ω2−ω1. By mapping the effective ω values over the wafer, the curvature type and radius
can be calculated.

As described in section 2.1.3, strain is a very important parameter in epitaxially grown thin-
film structures. X-ray diffraction yields information about the strain state of crystalline layers
via lattice parameter measurements. In this measurement technique, a part of the reciprocal
space is scanned by repeated 2θ-ω-scans (2θ and ω are moved simultaneously during the scan,
the scan direction is depicted in fig. 2.12) with increasing offset in ω. The scanned area is a
map of the reciprocal space (reciprocal space map, rsm) and should be selected in a manner
that the reflexes (e.g. (1015)) of all layers in the multilayer sample under investigation are
included. This means that a certain area around one of the diffraction peaks in figure 2.12 is
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mapped. From rsm, it is possible to calculate the lattice parameters of a layer as the exact
diffraction angles ω and 2θ of a reflex are recorded. In this thesis, the (0002), (0004), (1015)
and (2024) reflexes are used to determine the c-lattice parameter and the (1015) and (2024)
reflexes are used to access the a-lattice parameter.

With rsm, it is also possible to directly derive whether a layer is pseudomorphically grown
or not. The lattice parameters a and c in real space are connected to the coordinates of the
reciprocal space by:

Qx ∝
1
a

(2.4)

Qz ∝
1
c

(2.5)

This implies that if the reciprocal space coordinates Qx of two layers are the same, the lattice
parameters a of both layers are equal. In the case of a layer heteroepitaxially deposited on an-
other layer, pseudomorphic growth of the upper layer on the underlying layer can be concluded.
If the reciprocal space coordinates are not the same, the heteroepitaxially deposited layer has a
different in-plane lattice parameter a than the underlying layer. In this case, relaxation of the
heteroepitaxial layer is present. If the composition of the heteroepitaxial layer is known, the
relaxation grade can be determined by comparing measured and bulk lattice parameter values.

If the strain state of a multilayer sample is known, a 2θ-ω scan of the (0002) reflex can
give additional information concerning the composition and thickness of individual layers. Due
to the nature of the (0002) reflex, all layer peaks have the Qx coordinate zero, regardless of
their a-lattice parameter. This implies that a (0002) 2θ-ω scan includes peaks from all layers
in the sample, if the scan range is wide enough. For epitaxial layer stacks grown in c-direction,
all interfaces and the sample surface are parallel to the (0002) planes and can therefore affect
the (0002) 2θ-ω scan. At the interfaces, the X-ray beam is partially reflected and for different
incident angles, fringe peaks are forming due to interference effects. Theses fringe peaks are
called Pendellösung fringes. The thickness d of the layer under investigation is directly related
to the spacing of the fringe peaks δω by [43]:

δω = λ · sin(ε)
d sin(2θ) (2.6)

The angle ε denotes the angle between sample surface and diffracted beam while 2θ is the
average 2θ value for the fringe peaks. If the strain state of a ternary layer is known, the
composition is also accessible from 2θ-ω scans because for every lattice parameter, there is
only one possible ternary composition. For quaternary layers, it is not possible to determine
the composition with XRD because the third group III atom species introduces an additional
degree of freedom. For such layers, other methods as secondary ion mass spectrometry (SIMS)
or Rutherford backscattering spectrometry (RBS) are necessary to access the composition.
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2.3.2 Atomic Force Microscopy

With atomic force microscopy (AFM), the surface morphology of a sample can be investigated.
The height resolution reaches values in the Ångström regime. The lateral resolution is in the
micrometer range.

During the measurement, a probe tip mounted on a cantilever is moved in proximity to the
sample surface. Figure 2.14 shows the schematic set-up of the AFM. The probe tip has a tip
radius in the range of tens to hundreds of nm, which determines the lateral resolution. The
cantilever is excited with its resonance frequency. Due to interaction of tip and sample atoms,
the oscillation of the cantilever is damped. This interaction is based on the attractive Van-
der-Waals forces and repulsive overlapping of electron orbitals (Pauli repulsion) resulting in
the Lennard-Jones potential [72]. The attractive interaction (r−6) and the repulsive interaction
(r−12) are highly sensitive on the distance r of the two interaction partners tip and sample. The
oscillation is recorded with a laser beam which is directed on the cantilever and then reflected
into a photodetector. With a controller, the height of the tip with respect to the sample is
permanently readjusted to a constant damping set-point. In this way, the tip follows the surface
topography of the sample, which can then be recorded and depicted.

With AFM, the surface morphology of epitaxial layers can be judged. It is possible to dis-
tinguish between 3D and 2D growth modes. The first one shows pronounced height differences
while the latter shows characteristic step flow patterns with step heights of approximately one
elementary cell as visible in figure 2.15. The step heights measured in fig. 2.15 are between 0.4
and 0.75 nm, which is in the range of the theoretical c-lattice parameter of GaN. The roughness
is a very good measure for the epitaxial quality. To quantify the roughness of a surface, the
root mean square (rms) of the height distribution is used in most cases. As an example, this
value should be below 1 nm for buffer surfaces. The depicted GaN buffer in figure 2.15 exhibits
an rms value of 0.4 nm.

In this thesis a DME DualScope AFM with a DS 95 scanner and C-26 digital-controller is
used.

photo detector

laser beam

cantilever

sample

tip

Figure 2.14: Measurement principle of AFM.
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Figure 2.15: AFM image of a standard GaN buffer in standard 2D presentation on the left. The 3D
picture is shown on the right.

2.3.3 Optical Reflectometry

With white-light reflectometry, layer thicknesses, refractive indices or wavelength-sensitive re-
flectance can be determined. The sample is illuminated with white light perpendicular to the
sample surface as depicted in figure 2.16. According to Fresnel’s formulas, the light is partly
reflected, transmitted or absorbed. The reflected light intensity is detected with a spectrometer.
Constructive or destructive interference occurs depending on layer thickness, refractive index
and incident wavelength. If the layer thickness is known, the refractive index of the layer can be
determined and vice versa. It is also possible to examine multiple layers by using a model which
is fitted to the measured reflectance data. The reflectance of mirrors like distributed Bragg re-
flectors (DBR) can be directly measured with the reflectometer. In this thesis, a Sentech FTP
advanced white light reflectometer is used with a spectral range from 230 - 840 nm.

Light source
+ spectrometer

thin-film sample

incident beam

reflected beam

Figure 2.16: Measurement set-up of a white-light reflectometer.
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Chapter 3

Deposition of AlN/GaN-SL Structures
with MOVPE

This chapter will cover the basic MOVPE process for AlN/GaN-SL and the structural char-
acterization of the resulting layer stacks. The influence of process parameters on the crystal
quality of the SL is investigated. Also the strain managing capabilities of AlN/GaN-SL are
explored and the critical thickness and the relaxation mechanism are determined. In the last
section, a resonant tunneling diode (RTD) fabricated on the basis of the developed SL depo-
sition conditions is explored to finally prove the high structural quality of the AlN/GaN-SL
deposited with MOVPE.

3.1 Optimization of Growth Parameters for AlN/GaN-
SL

To obtain high-quality SL, the growth parameters have to be evaluated very carefully. The
growth rates should be comparably low to be able to precisely deposit the very thin individual
layers of the SL (1-8 nm). High interface quality and layer thickness homogeneity are also
necessary to obtain laterally uniform material properties. In the case of AlN/GaN-SL, the
binary materials GaN and AlN have to be deposited in an alternating sequence. As GaN and
AlN require quite different growth conditions, the deposition of the SL can be pursued in two
ways: Either GaN and AlN are deposited at their respective ideal growth conditions which
includes ramping steps between the individual layers or GaN and AlN layers are deposited at
the same but non-ideal growth conditions without any ramping steps. The first approach seems
to lead to high-quality individual layers in the first place. However, the ideal growth conditions
for GaN and AlN are very different. While GaN should be deposited at higher reactor pressures
above 300 mbar [73], AlN needs a very low pressure around 30 mbar to prevent parasitic gas
phase reactions of TMAl [74]. The typical growth surface temperature (monitored with the
in-situ LayTec tool) of GaN ranges from 1020◦C to 1090◦C for the used MOCVD system while
AlN is deposited at remarkably higher growth surface temperatures around 1250◦C. Already
the differences in reactor pressure and temperature account for ramping times of one to two

31



32 CHAPTER 3. DEPOSITION OF ALN/GAN-SL STRUCTURES WITH MOVPE

}

sapphire

AlN

GaN buffer

GaN buffer

Δ

Figure 3.1: Schematic layer stack of a SL sample. The SL is deposited on a GaN/AlN buffer stack on
a sapphire substrate. The enlarged SL region is shown on the right consisting of AlN and GaN layers.
The thickness of one AlN/GaN period ∆ is marked on the right.

minutes between GaN and AlN growth. This is very long compared to growth times around
one minute or less for each individual layer. During the ramping steps, the sample surface can
be destabilized by parasitic hydrogen etching [75]. To avoid these critical ramping steps, the
deposition of both binary materials at the same conditions is pursued in this thesis.

In a first step, growth conditions which allow depositing both GaN and AlN in an acceptable
quality have to be found. To study various parameters, test structures were used comprising
an AlN/GaN-SL deposited on a standard buffer structure on sapphire substrate (cmp. chapter
2.1.2). Figure 3.1 shows a schematic structure of the samples. At first, the impact of the
reactor pressure is investigated. In general, the reactor pressure needs to be kept more in the
AlN- than in the GaN-compatible range to prevent the parasitic gas phase reactions of TMAl
mentioned before.

In figure 3.2, (0002)-2θ-ω-scans of three 15-fold AlN/GaN-SL samples are depicted which
were deposited at different reactor pressures of 75, 100 and 125 mbar (all samples were deposited
at 1060◦). The (0002) 2θ-ω-scans comprise diffraction peaks from the SL and diffraction peaks
from the underlying GaN and AlN buffer layers (cmp. fig. 3.1). The diffraction peak originating
from the AlN buffer is located at higher angles than the GaN buffer diffraction peak because
both buffer layers are nearly fully relaxed and the c lattice constant of AlN is smaller then the
c lattice constant of GaN (cmp. sec. 2.3.1). The SL causes multiple diffraction peaks. The
zero-order SL-peak (marked with "0. SL" in fig. 3.2) is located between the GaN and AlN
diffraction peaks as the AlN/GaN-SL represents a virtual AlGaN alloy. Pendellösung fringes
at the zero-order SL peak refer to the interfaces of the SL to adjacent layers and their spacing
is related to the overall layer thickness of the SL. The higher-order SL peaks (first-order SL
are marked with "1. SL" in fig. 3.2) are connected to the interfaces in the SL (between GaN
and AlN). Their spacing to the neighboring SL peak of higher or lower order is related to the
thickness of the bilayer ∆ (cmp. fig. 3.1). The appearance of higher-order SL peaks is a
measure for the interface quality and the uniformity of ∆SL throughout the whole SL layer.
With higher-order peaks present in the 2θ-ω-scan, the layer thicknesses of GaN and AlN in the
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Figure 3.2: (0002) 2θ-ω-scans of three SL samples deposited at 75, 100 and 125 mbar. The graphs
have been displaced on the intensity axis for better visibility.

SL can be evaluated by fitting a simulation of the scan to the measured data.

The (0002) 2θ-ω-scan of the SL deposited at 75 mbar shows Pendellösung fringes and also
first-order SL peaks (at 33◦ and 37.5◦). This proves good interface and crystal quality of the
fabricated sample. If the reactor pressure during SL growth is increased to 100 mbar (red
graph in fig. 3.2), the first-order peaks and Pendellösung fringes vanish from the scan. Only a
very broad zero-order SL peak is visible. If the pressure is further increased to 125 mbar, no
diffraction features from the SL can be found in the 2θ-ω-scan (blue graph in fig. 3.2). This
behavior is presumably related to the inadequate reactor pressure for AlN MOVPE growth. It
was already elucidated that AlN growth is only possible at low reactor pressures. At reactor
pressures of 100 mbar or above, the AlN layer and interface quality is affected as the SL interface
features vanish from the 2θ-ω-scans. This might be caused by parasitic prereactions of TMAl in
the gas phase [74]. In summary, it can be concluded that SL growth is only possible at reactor
pressures below 100 mbar. As a standard reactor pressure, 75 mbar is chosen for SL growth.

Regarding the growth surface temperature, GaN deposition is not possible at temperatures
as high as 1250◦C because of the aforementioned hydrogen etching. The growth surface tem-
perature is therefore chosen in a temperature regime typical for GaN growth which is between
1000◦C and 1100◦C [37]. Growth surface temperatures from 1053◦C to 1073◦C were tested to
evaluate if layer degradation occurs.

Figure 3.3 shows the LayTec in-situ reflectivity signal at 605 nm of four 15-fold SL samples
deposited at different temperatures and 75 mbar. The x-axis displays the time during deposi-
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Figure 3.3: LayTec in-situ reflectivity signal at 605 nm of four SL samples during growth at different
growth surface temperatures and 75 mbar.

tion. For clarity, the preceding GaN buffer deposition and following cool-down steps are shown
grayed out. The reflectivity signals show a slow oscillation of which only one or two maxima or
minima are visible in the graph. This oscillation is related to the growth rate of the whole SL
stack. The appereance of this slow oscillation depends only on the exact GaN buffer thickness
and the phase of interference and is not related to the SL layer quality. It can be seen that the
oscillation frequency is not constant for the four samples. While the SL deposited at 1060◦C
(blue graph) and 1065◦C (red graph) show a very similar oscillation frequency, the frequency is
higher for the SL deposited at 1053◦C. This implies that the growth rate at 1053◦C is higher
than at 1060◦C. At a deposition temperature of 1073◦C, a much lower oscillation frequency
can be observed which translates into a much slower growth rate.

All four reflectivity signals show a second, much shorter oscillation. This oscillation cor-
responds to the alternating deposition of AlN and GaN during SL growth and indicates good
interface quality in the SL. As a standard growth surface temperature, 1060◦C is chosen for
SL growth, as no reduction in interface quality was observed in the tested temperature regime
and the sample exhibits an intermediate growth rate.

As already described in chapter 2.2, the growth times of the individual AlN and GaN layers
in the SL become very short due to the low layer thicknesses around 1 to 3 nm. Critical ramping
steps have already been avoided but there is another constraint for ultra-thin layer deposition:
The growth times should be at least one order of magnitude larger than the response/switching
time of the valves and the gas residence time in the MOVPE system which are in the range
of one second. With the growth rates used for buffer structures this can not be achieved. For
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TMGa flow TMAl flow NH3 flow V/III GaN V/III AlN
[sccm] [sccm] [sccm]

GaN buffer 15 0 1500 1015 -
AlN/GaN-SL 6-10 24-42 1000 1690-1015 2130-1220

Table 3.1: Precursor flows of buffer and SL growth conditions

the GaN buffer, a growth rate around 1.8 µm is used which is realized by precursor flows of
15 sccm TMGa and 1500 sccm NH3 resulting in a V/III ratio of 1016. Such a high growth
rate would lead to a deposition time of 6 seconds for a 3 nm thick GaN layer. As this would
be in the same order of magnitude as the valve response and residence time, the growth rate
has to be lowered for successful SL deposition. On the other hand, it is always desirable to use
the highest possible growth rate due to efficiency considerations concerning the runtime of the
MOVPE system. Therefore, it is necessary to optimize the growth rate during SL growth to
obtain a rate which is as slow as necessary and as high as possible.

To obtain such low growth rates compared to buffer growth conditions, the V/III ratios for
AlN and GaN growth need to be increased and the overall precursor supply has to be lowered.
As a starting point for a V/III ratio variation, 2130 was chosen for AlN growth and 1690 for
GaN growth which was realized with TMGa and TMAl flows of 6 and 24 sccm and an ammonia
flow of 1000 sccm. The ammonia flow was reduced to 1000 sccm for SL growth compared to the
buffer conditions of 1500 sccm. The precursor flows of buffer and SL growth are summarized in
table 3.1 The resulting growth times for 3 nm GaN and 1 nm AlN layers at these conditions are
around 50 s each. The V/III ratio was then reduced by an increase of the group III precursor
flow with constant ammonia flow to investigate the influence of the AlN and GaN growth rates
on the SL quality and test if slightly higher growth rates (and resulting shorter growth times)
still yield satisfying results. The 18-fold SL was deposited at 75 mbar and a growth surface
temperature of 1060◦C and with anticipated layer thicknesses of 3 nm for GaN and 1.3 nm for
AlN in the SL. Figure 3.4 shows the GaN growth rate in the SL with respect to the V/III ratio.
It can be clearly seen that the growth rate increases with decreasing V/III ratio. The values of
the growth rate range from 0.06 to 0.19 nm/s. This leads to deposition times of 50 s for 3 nm
GaN at a growth rate of 0.06 nm/s down to 15 s for 3 nm GaN at a growth rate of 0.19 nm/s.
In this way, the growth rate is determined by the group III flow which is the expected behavior
in MOVPE.

Figure 3.5 shows the AlN growth rate for V/III ratios varied from 2130 to 1220. The
growth rate stays constant at 0.026 nm/s and shows no increase as for GaN. This behavior
might originate from the previously described parasitic gas phase prereactions of TMAl, which
can lead to decreased precursor efficiency. According to Lobanova et al. [74], this phenomenon
is expected to worsen at reduced V/III ratios. This could lead to a constant growth rate as
the additional precursor does not contribute to the growth process but is already consumed
by parasitic prereactions. Lobanova et al. suggest a decreased reactor pressure to prevent
these prereactions also at reduced V/III ratios. To test this hypothesis, an additional SL was
fabricated at a reduced reactor pressure of 50 mbar. This sample exhibited massive particle
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Figure 3.4: Growth rate of GaN in the SL plotted versus V/III ratio with constant ammonia flow.

formation in the gas phase, so no SL growth was possible. An additional increase of the growth
surface temperature from 1060◦C to 1080◦C hindered the particle formation and a growth rate
of 0.066 nm/s was possible at a V/III ratio of 1220 (red star in figure 3.5).

To investigate the crystal quality of the samples, (0002) 2θ-ω-scans were collected from the
samples (figure 3.6). All samples exhibit Pendellösung fringes and higher-order SL peaks which
proves successful SL deposition and also implies good interface quality. With decreasing V/III
ratio, the zero-order SL peak moves towards the GaN peak and away from the AlN peak. This
can be attributed to the increased GaN growth rate in combination with the constant AlN
growth rate (cmp. fig 3.4 and 3.5), which results in a decreased AlN fraction in the SL in
analogy with AlGaN with a reduced Al content. One can also see that the zero-order SL peak
becomes narrower and features higher intensity compared to the GaN peak. This is related to
the thicker overall layer thickness of the SL layer caused by the increased GaN growth rate.
This is also confirmed by the decreasing spacing of the higher-order SL peaks which implies a
higher thickness of the GaN/AlN bilayer repeat ∆. A fit of the XRD scan yields an increase of
the SL layer thickness from 81 nm to 206 nm.

In summary, it was possible to successfully deposit SL at all tested growth rates. For higher
growth rates, parasitic prereactions of TMAl occurred and SL deposition was only possible at
reduced reactor pressure and increased growth temperatures. For the following experiments,
the lowest growth rates at V/III ratios of 2130 (AlN) and 1690 (GaN) were chosen as standard
growth rates (GaN: 0.06 nm/s, AlN: 0.026 nm/s). These conditions eliminate the problem of
parasitic prereactions and the reduced MOVPE runtime efficiency is neglected for the funda-
mental experiments carried out in this work. Nevertheless, it was shown that SL deposition
is possible at higher growth rates. This is of great importance for implementation of SL into
devices. Therefore, the topic of enhanced growth rates will be considered again for SL-DBR
growth described in section 4.2.
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Figure 3.5: Growth rate of AlN in the SL plotted versus V/III ratio with constant ammonia flow.
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3.2 Determination of Critical Thickness of AlN/GaN-SL

To investigate the strain management quality of AlN/GaN-SL, the critical thickness of such
SL was determined. Five SL samples with increasing number of bilayer nSL and thus increas-
ing layer thickness were fabricated and analyzed with AFM and HR-XRD. The samples were
deposited at standard conditions of 75 mbar, 1060◦C, V/III ratios of 2130 for AlN and 1690
for GaN (cmp. sec. 3.1). The thicknesses of AlN and GaN layers in the SL were chosen to be
dAlN = 1.3 nm and dGaN = 3 nm, respectively. The whole SL structure was deposited on a
relaxed GaN buffer (cmp. sec. 2.1.2). Special attention was paid to the layer thickness of the
thin AlN layers of the SL. The critical thickness, at which relaxation starts, for a thin AlN layer
between two thick GaN layers is around 3 nm [46]. This is why the layer thickness of AlN in
the SL dAlN was chosen to 1.3 nm which is far below this limit to prevent individual relaxation
of the AlN layers. To increase the layer thickness of the SL dSL, the number of bilayer repeats
nSL was gradually increased. In this manner 7-, 10-, 15-, 18- and 20-fold SL were fabricated.
Every SL stack was terminated with an additional AlN layer of 1.3 nm. This results in a slightly
decreasing effective Al content in the SL (xAlN) with increasing layer thickness. The SL layer
thickness of every sample was determined with (0002) 2θ-ω scans. The scans of the 15-, 18- and
20-fold sample are shown in figure 3.7. One can see that all scans show Pendellösung fringes in-
dicating good crystal quality with exception of the 20-fold SL sample. The SL layer thicknesses
for the 7-, 10-, 15- and 18-fold samples were extracted from the (0002) 2θ-ω scans by fitting
a simulation of the scan to the measured data with the layer thickness as fitting parameter.
The simulated scans are shown for the 15- and 18-fold sample in fig. 3.7 as thin lines. Very
good agreement between simulation and measurement was achieved for all four samples. The
layer thicknesses of the individual AlN and GaN layers match very well the anticipated layer
thicknesses of 1.3 nm for AlN and 3 nm for GaN. Under the assumption of constant growth
rates, the layer thickness of the lower-quality 20-fold SL sample was extrapolated. The AlN
fraction of this sample was calculated using averaged values for AlN and GaN thickness. Table
3.2 summarizes the samples, their layer thicknesses extracted from XRD and resulting AlN
fractions.

To investigate the strain state of the SL samples, reciprocal space maps (rsm) of the (1015)
and (2024) reflexes were recorded. For the samples with 7-, 10- and 15-fold SL, the Qx co-
ordinate of SL zero-order and underlying GaN buffer layer peak was the same for the (1015)

nSL dAlN [nm] dGaN [nm] dSL [nm] strain state xAlN [%]
7 1.35 3.43 33 pseudomorphic 31.03
10 1.29 2.75 42 pseudomorphic 34.04
15 1.28 3.04 64 pseudomorphic 30.99
18 1.33 2.98 79 beginning relaxation 32.02
20 - - 90 relaxed (58 %) 31

Table 3.2: Number of repetitions of AlN/GaN bilayers in the SL with the achieved layer thicknesses
and AlN fraction
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Figure 3.7: (0002) 2θ-ω-scans for 15-, 18- and 20-fold SL. The graphs have been displaced on the
intensity axis for better visibility. For the 15- and 18-fold sample, the simulated 2θ-ω-scans are also
depicted (thin lines).

and (2024) reflexes. This indicates pseudomorphic growth of the SL on the GaN buffer. The
18-fold sample showed the same Qx coordinate of SL and GaN buffer only in the (1015) reflex.
The Qx coordinated differed for the (2024) reflex, marking the onset of relaxation at a SL layer
thickness of 79 nm which denotes the critical layer thickness. The 20-fold sample showed clear
relaxation for both reflexes from the GaN buffer peak towards the AlN buffer peak indicating
that tensile stress of the SL induced by the AlN films was responsible for the relaxation process.
Figure 3.8 shows a merged rsm of the 15- and 20-fold sample. It can clearly be seen that the
SL peak of the 20-fold sample is shifted to the right in the direction of the bulk AlN in-plane
lattice constant. From figure 3.8, it also becomes clear that the SL peak of the 20-fold sample
features lower intensity and is smeared out compared to the diffraction peak obtained from
the 15-fold SL. This might be related to a decrease in crystal quality by defect generation due
to the relaxation process. This hypothesis is confirmed by the lack of the afore mentioned
Pendellösung fringes in the (0002) 2θ-ω-scan of the 20-fold sample (fig. 3.7).

Judging the grade of relaxation is quite difficult in the case of this SL. For ternary AlGaN
layers, one would measure the Al content with a (0002) 2θ-ω-scan, calculate the resulting bulk
in-plane a-lattice parameter with Vegard’s law [76] and compare this result with the actual
lattice parameter of the relaxed layer. With this technique, an a lattice parameter equal to
the a-lattice parameter of the substrate layer would denote a relaxation grade of 0 % while
an a-lattice parameter equal to the calculated in-plane lattice parameter would denote 100 %
relaxation. In a first approximation, the SL was assumed to behave like a homogeneous AlGaN
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Figure 3.8: Merged rsm of the (1015) reflex for the 15- and 20-fold SL sample.

layer with an Al content of 31 % (equal to the AlN fraction of the 20-fold sample). The a-lattice
parameter is then calculated after Vegard’s law with an AlN lattice parameter of 0.3112 nm
[7] and a GaN lattice parameter of 0.3194 nm determined with rsm of the GaN buffer reflex
from the 20-fold sample. The resulting in-plane lattice parameter is 0.31686 nm. The lattice
parameter of the 20-fold SL was measured to be 0.31792 nm. With respect to the lattice
constant of the underlying GaN buffer, a relaxation grade of 58 % can be derived for the 20-
fold sample. This value might exhibit a severe error as the determination of the SL lattice
parameter with XRD is very imprecise due to the low diffraction intensity. It is not clear if the
applied relaxation model is valid for a SL which will be investigated in the following.

The surface of all samples was characterized by AFM. Figure 3.9 shows the AFM graphs
for all five samples. The surfaces of the 7-, 10-, 15- and 18-fold SL samples show a terrace-
like structure with slightly increasing terrace area for increasing SL layer thickness. The 20-
fold sample shows a network of micro cracks. The majority of the cracks seem overgrown
which indicates a cracking during the epitaxial process and not during cool-down (illustrated
in fig. 3.10). This matches with the theoretical understanding of the relaxation process, in
which further growth of strained material becomes energetically unfavorable when the critical
thickness is exceeded and defect generation occurs accompanied by subsequent deposition of
relaxed material. The occurrence of micro-cracks explains the reduced intensity in the (1015)
rsm as well as the lack of Pendellösung fringes in the (0002) 2θ-ω scan and proves the assumption
that a decrease in crystal quality is responsible for this behavior. In this way, micro-cracking
can be identified as the major relaxation mechanism for AlN/GaN-SL with an effective AlN
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fraction of 32 %.

To judge the strain-engineering properties of SL, the obtained critical thickness for the
AlN/GaN-SL of 79 nm is compared to the critical thickness of a ternary AlGaN layer with an
Al content similar to the AlN fraction of the SL under investigation. Ambacher et al. calculated
the critical thickness of AlGaN layers grown on relaxed GaN buffers for various compositions
[19]. They compared critical thicknesses derived from the Matthews-Blakeslee model with the
values obtained by a model suggested by Fisher et al. and with experimental values. For an Al
content of 32 %, the critical thickness was calculated to be below 10 nm with the Matthews-
Blakeslee model, around 20 nm for the model by Fisher et al. and the experimental values
yielded a critical thickness of approximately 60 nm. This is considerably lower than the 79 nm
determined for the AlN/GaN-SL. It does not become fully clear what causes the higher critical
thickness of the AlN/GaN-SL compared to AlGaN.

Bykhovski et al. [46] suggest that in AlN/GaN-SL the strain is distributed equally between
the GaN and AlN layers and that the unrelaxed strain in symmetrical SL (equal layer thickness
for AlN and GaN) can be halved in comparison to a single AlN layer sandwiched between GaN
layers. This does not seem to apply for the samples investigated in this thesis. The reciprocal
space map clearly shows that the SL as a whole is grown pseudomorphically on GaN until
the critical thickness is reached. This means that both, AlN and GaN, layers have an a-lattice
parameter equal to the in-plane GaN buffer lattice parameter. If that is the case, the GaN layers
in the SL have to be unstrained and the AlN layers are fully strained which is contradicting
the theory of equally distributed strain. This disagreement can be attributed to the fact that
Bykhovski et al. proposed their theory on the basis of calculations for free-standing SL while
the current samples are deposited on a GaN buffer which changes the strain state dramatically.

Kandaswamy et al. [67] also investigated the strain relaxation in AlN/GaN-SL grown by
plasma assisted molecular beam epitaxy (PAMBE). They found that the SL relaxed to an equal
final strain state regardless of the buffer structure (GaN-on-sapphire compared with AlN-on-
sapphire) by formation of MD. But in contrast to the samples described in this thesis, the
relaxation started already in the first SL period. From in-plane lattice parameter measurements
by RHEED, Kandaswamy et al. concluded three-dimensional growth during the initial stage of
AlN deposition in the SL, which could explain the immediate onset of the relaxation process.
The relaxation mechanism of MD generation also differs from the cracking observed for the
samples in this thesis. This could be the case due to the very different growth conditions of
PAMBE compared to MOVPE. Those might influence the formation energy of defects as MD.
Also the individual layer thickness of AlN in the SL deposited by Kandaswamy et al. was 3 nm
which is exactly the value for which relaxation of single AlN layers sandwiched between GaN
layers by MD generation is enabled [46]. As already described above, all SL samples in this
thesis feature an AlN layer thickness in the SL around 1.3 nm to prohibit the direct relaxation
by MD generation. This makes the relaxation mechanism described by Kandaswamy et al.
very unlikely to apply for the samples described here.

Einfeld et al. [66] found a two-step relaxation mechanism for their MBE-grown AlGaN/GaN-
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Figure 3.9: AFM images of 7-, 10-, 15-, 18- and 20-fold SL samples. (An FFT filter was applied to
the raw data to exclude parasitic oscillations.)
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Figure 3.10: Schematic illustration of layer cracking during epitaxy (left) and cooldown (right). For
cracking occurring already during epitaxy, the cracks are overgrown and form surface undulations. In
the case of cracking during cool-down, the cracks are not overgrown.
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Figure 3.11: Enlarged (1015) GaN reflex for the 15-fold (a) and 20-fold (b) SL samples.

SL which comprises MD generation at the SL/buffer interface including the introduction of com-
pressive strain in the GaN layers of the SL followed by layer cracking which stopped additional
compressive straining of the GaN layers. The performed measurements identify compressive
strain in the GaN films of the SL. However, comparing the shape of the GaN reflexes in the
(1015) rsm from the 15- and 20-fold sample, a very slight difference ∆ might be observable
(cmp. enlarged in figure 3.11). The GaN reflex of the 20-fold SL sample (right) shows slightly
enhanced intensity towards the lower right corner in comparison to the 15-fold sample. Com-
pressively strained GaN would be located to the bottom right of the unstrained GaN reflex, as
the a-lattice parameter becomes smaller (= larger Qx-value) and, due to volume conservation,
the c-lattice parameter becomes larger (= smaller Qz-value). This difference is very small and
the feature is not very pronounced which could be attributed to very low compressive strain
and/or to the very small volume fraction of GaN in the SL compared to the GaN buffer. Further
measurements would be necessary to exactly determine the strain state of the SL-GaN layers.
From the obtained XRD data, compressive strain can not be excluded for the GaN layers.
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Nevertheless, layer cracking seems to be the dominant relaxation mechanism for AlN/GaN-
SL investigated in this work. With this assumption, the increased critical layer thickness
compared to AlGaN might occur by a higher crack formation energy due to the unstrained
GaN layers of the SL. This can be explained as follows: To generate a crack in tensily strained
AlN, a certain formation energy is necessary. This formation energy is supplied if the tensile
strain is large. If the crack does not only thread through AlN but also through unstrained GaN,
as it is the case in an AlN/GaN-SL, the formation energy has to increase because cracking of
unstrained GaN is energetically unfavorable. In the case of tensily strained AlGaN, the strain
is distributed homogeneously in the whole layer, comparable to the individual AlN layer. There
are no areas in the AlGaN layer in which cracking is energetically unfavorable. In this way,
the critical thickness of an AlN/GaN-SL might be enhanced in comparison to AlGaN if layer
cracking is the only available relaxation mechanism. This agrees well with the assumption that
the energy release rate should drop rapidly if cracks have to pass unstrained or compressively
strained GaN as proposed by Einfeld et al. [66].
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3.3 Resonant Tunneling Diode Based on SL

To test the interface and layer quality of the SL, a resonant tunneling diode (RTD) was fab-
ricated. RTD rely on the principle that the current flow is dominated by tunneling processes
through two high-bandgap barrier layers. Between the barrier layers, a quantum well is formed
with a lower-bandgap material. For good layer qualities, discrete energy levels form in the
quantum well. When a voltage is applied to the structure, the conduction band of the contact
layer on one side of the barriers is lifted with respect to the conduction band of the contact
layer on the other side of the barriers. The energy levels in the quantum well are positioned at
intermediate levels. With increasing voltage, the tunneling probability increases and so does
the current every time the conduction band (CB) of the contact layer aligns with the discrete
energy levels of the quantum well. For further increased voltages, the energy levels are not
aligned anymore and the tunneling probability is reduced. This manifests in a drop in current
although the voltage was increased in this voltage interval. If the CB approaches the next
energy level of the QW, the current again starts to increase. The current drop translates to a
negative differential resistance (NDR) in this voltage interval [77].

In figure 3.12, the layer stack of the deposited RTD is displayed. The underlying GaN
buffer was doped with Si (7 · 1018 cm−3). Then two AlN barriers with an nominally undoped
GaN in between were deposited with a V/III ratio of 2130 (AlN) and 1690 (GaN) at 75 mbar
reactor pressure and a growth surface temperature of 1060◦C, which all denote the previously
developed SL standard conditions. The layer thicknesses of AlN and GaN layers are the same
compared to the previously deposited SL (i.e. 1.3 nm AlN and 3 nm GaN). After the upper
AlN barrier growth the surface was stabilized by a constant TMGa and ammonia flow during
the ramping step of temperature, pressure and flows from SL growth conditions back to those of
GaN buffer growth. When the GaN buffer conditions were reached, silane was added to the gas
phase to again realize a Si doping (7 ·1018 cm−3) and the upper n-GaN layer was deposited with
a thickness of approximately 300 nm. With a recess etch and an ohmic contact, the underlying
n-GaN is contacted. With the same metal stack, the upper n-GaN is accessed. The mesa side
wall was passivated employing a 50 nm thick SiN layer.

Figure 3.13 shows a simulation of the conduction band edge of the fabricated structure at
zero bias obtained with a 1D Poisson solver [78]. The left side denotes the sample surface while
the GaN buffer is located on the right side in figure 3.13. In the GaN buffer, a 2DEG is formed
at the heterointerface towards the first AlN barrier. The lowest energy level E1 of the 2DEG is
marked. The GaN well is located between the two AlN barriers. The two lowest energy levels
in this quantum well E1 (red) and E2 (blue) are marked. To measure the NDR, negative bias
is applied to the n-GaN buffer, injecting electrons into the active zone. The NDR is expected
to occur when the E1 level of the 2DEG aligns with the E1 level of the GaN well (and at higher
bias with E2). From figure 3.13, one can see that approximately 0.9 V is necessary to align the
E1 level of the 2DEG with the E1 level in the quantum well.

In figure 3.15, the current density measured at room temperature is plotted versus the
applied voltage. Beyond 0.5 V the current density drops clearly showing NDR. In contrast to
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Figure 3.12: Schematic layer stack of the RTD. Two ohmic contacts are applied to the top and bottom
n+ −GaN layers.
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the simulation, the NDR does not occur at 0.9 but at 0.5 V. This is a reasonable deviation, as
the CB was simulated for the unbiased case which represents the band structure for the biased
case only in part. An applied bias does not solely alter the CB energy. Bend and tilt of the
CB are also influenced which affects the shape of 2DEG and GaN quantum well. Additionally,
the CB was simulated using bulk n-GaN as boundary condition at the upper and lower surface
of the device. In the biased device, contact potentials have to be considered instead. All this
changes the position of the energy levels. Also the layer thicknesses in the sample change the
position of the energy levels. Exemplarily, the dependence of the energy difference ∆E between
the first or second energy level in the well (E1 and E2) and the 2DEG energy level on the GaN
well thickness was simulated. The results are depicted in figure 3.14. At a well thickness of
3 nm, the ∆E is 0.9 eV as already determined in the previous simulation (cmp. fig. 3.13).
For thicker GaN wells, the ∆E of the E1 levels rapidly decreases towards the measured 0.5 eV
which is reached at a well thickness of 5 nm. A thickness variation of 2 nm compared to
the measured thickness of 3 nm is reasonable for ultra-thin layer growth in the used MOVPE
system on a 2 inch wafer. The layer thicknesses of the RTD were determined via a reference
sample (because the RTD well is to thin to be measured with HR-XRD) which also might
introduce small thickness deviations. Therefore, the assumption that a deviation in the GaN
well thickness caused the voltage difference in RTD onset between measurement and simulation
together with a discrepancy between unbiased and biased band structure is well-founded.

The successful realization of the RTD again highlights the good crystal quality of the SL
layers and the favorable growth conditions developed for SL deposition. This result is even more
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Figure 3.15: Current density versus applied voltage for the RTD. NDR is clearly visible at 0.5 V.

important if it is considered that only very few reports on nitride-based RTD can be found in
the literature. GaN RTD have been demonstrated by MBE growth [79] [80]. MOVPE-grown
RTD already showed NDR but the results were not reproducible for which the crystal quality
and surface quality was blamed [81]. Only very recent results show the successful realization
of GaN-based RTD via MOVPE [82].



Chapter 4

Applications of AlN/GaN-SL in
Group III Nitride Devices

After developing a deposition process for AlN/GaN-SL and investigating the fundamental be-
havior under tensile stress, the SL are now implemented in devices. Chapter 4.1 covers the
application of SL to heterostructure field effect transistors (HFET) which results in a multi-
channel approach and is used to engineer the carrier mobility. In chapter 4.2, the concept of
SL is implemented into distributed Bragg reflectors (DBR) which helps to prohibit crack for-
mation. Finally, chapter 4.3 will introduce a new electro-optic modulator concept on the basis
of nitride SL.

4.1 The SL Heterostructure Field Effect Transistor

4.1.1 HFET in Group III Nitrides

Heterostructure field effect transistors use the inherent polarization of group III nitrides to
generate two-dimensional electron gases as channel medium [2]. For this, a barrier material
with a higher bandgap has to be deposited on a GaN buffer to form a heterojunction. Barrier
materials like AlGaN, AlInN or AlInGaN are suitable to achieve this. To even further increase
the conduction band offset, a thin AlN spike is inserted at the heterointerface. A typical
AlGaN/GaN HFET stack is depicted in figure 4.1.

The barrier material is grown pseudomorphically on the 90 % relaxed GaN buffer. This
means that barrier and buffer have spontaneous and piezoelectric (lattice-matched barriers
excluded) polarization components. In figure 4.1, both total polarizations of AlGaN barrier
and GaN buffer point downwards antiparallel to the growth direction. Polarization leads to
surface or interface charges σS. For unstrained or tensily strained layers, the (0001) surface
has a negative charge and the (0001) backside surface has a positive one. Therefore σS1 and
σS3 are negative and σS2 and σS4 are positive. If the negatively charged (0001) surface of the
GaN buffer and the positively charged (0001) surface of the barrier material are in contact,
the resulting interface charge σI is the difference of both surface charges σS2 and σS3. For

49
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Figure 4.1: Layer stack of an AlGaN/GaN HFET. The corresponding conduction band is shown on
the left side.

Al-containing, tensily strained barriers, the absolute value of the total polarization is always
larger than for a nearly relaxed GaN buffer. This means that the interface charge σI is positive
which promotes 2DEG accumulation at heterointerface. The resulting triangular potential well
in GaN directly at the heterointerface is depicted in the CB band diagram of figure 4.1.

In the 2DEG, electrons can move parallel to the heterointerface but are confined perpen-
dicular to it. The electron sheet carrier concentration in the 2DEG depends on the value
of the interface charge and is therefore directly related to the polarization difference between
buffer and barrier material and the barrier thickness. The sheet carrier density in the 2DEG is
described by the following equation [2]:

ns(x) = +σI(x)
e

−
(
ε0ε(x)
e2d

)
[eφB(x) + EF (x)−∆EC(x)] (4.1)

with the interface charge σI(x), the barrier thickness d, the Schottky barrier height φB(x),
the Fermienergy EF (x) and the conduction band offset ∆EC(x). The Schottky barrier height
(φB) at the barrier top surface also affects the carrier concentration. For a decreasing φB, the
CB including the potential well is lowered with respect to the Fermi level which increases the
electron concentration of the 2DEG. An increase of φB lifts the conduction band which leads to
a smaller well and a reduced electron concentration. When the conduction band is lifted even
further, the minimum of the potential well rises above the Fermi level resulting in a fully depleted
2DEG. Also, a voltage can be applied to the structure via a Schottky gate contact. This voltage
VGS lifts or decreases the CB with respect to φB. With ohmic contacts generated to the 2DEG
and the control of its carrier concentration via the gate contact, 2DEG can be used as transistor
channels in HFET [2]. For a standard AlGaN/GaN HFET, there is always a non-vanishing
sheet carrier concentration at zero gate-source bias. The threshold voltage VGS at which the
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conduction band is sufficiently lifted and the 2DEG is depleted, is negative. This behavior
is called normally-on or depletion-mode (d-mode). It is also possible to achieve normally-
off or enhancement-mode (e-mode) behavior for nitride HFET. This can be accomplished by
various approaches such as polarization engineering to change the interface charge σI , gate-
recess etching to lower the barrier thickness b, replacement of standard gate metallization to
affect φB, bandgap engineering to alter the conduction band offset ∆EC , introduction of a gate
insulator to increase ε or the introduction of a backbarrier which again changes σI [83].
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Figure 4.2: Simplified schematic of an AlGaN/GaN heterointerface with 2DEG and the probability
density function

∣∣Ψ2∣∣ of the carriers. The polarization difference increases from left to right leading to
higher sheet carrier concentrations in the 2DEG

Electrons in a 2DEG move parallel to the interface. Due to their confined 2D-like states
the probability of a scattering process with defects or phonons is dramatically reduced com-
pared to that of quasi-free electrons in bulk material [2]. As the interaction volume of electrons
with the crystal is only reduced but not eliminated, there are still several limitations in mobil-
ity. According to Gurusinghe et al. [84], the four major scattering mechanisms in 2DEG are
phonon, ionized impurity, defect and interface scattering which are explained in the following.
Depending on the sheet carrier concentration, the potential well is not only deeper or shallower
but also changes its shape. Hence, the probability density function of the 2DEG electrons is
altered. For low sheet carrier concentrations (< 7 · 1012 cm−2), the potential well is relatively
shallow and broad. This case is depicted in figure 4.2 on the left. The shape of the quantum
well leads to a broad probability density function |Ψ2| for the carriers, low confinement and an
increased interaction with the crystal lattice. This promotes the influence of crystal defects as
point defects (impurities, vacancies, interstitials) or dislocations. In this case, the term impurity
does not only include classic impurities like carbon or oxygen but also vacancies as from both
defect types, a similar scattering mechanism is generated. Both defect types can also occur in
a neutral and a charged state. The effect generated by neutral impurities is very small and
can be neglected. Only ionized impurities have a notable influence on the mobility. Scattering
from dislocations mainly refers to TD which penetrate the heterointerface and the adjacent
2DEG. The dislocation line is negatively charged and can therefore be treated in a similar way
as ionized impurities with the difference that dislocations generate a one-dimensional charge
along the dislocation line and not a point charge.



52 CHAPTER 4. APPLICATIONS OF ALN/GAN-SL IN III-N DEVICES

At medium sheet carrier concentrations (≈ 7 · 1012 cm−2), the well is deeper and narrower
as shown in the middle of figure 4.2. This increases the electron confinement which in turn
reduces the influence of defects and therefore increases carrier mobility. As the sheet carrier
concentration is further increased (> 7 · 1012 cm−2) which is shown in figure 4.2 on the right,
the well becomes even deeper and narrower. This increases the confinement but also moves
the electrons closer to the heterointerface [85]. Interface scattering now plays a major role and
reduces the mobility. The interface roughness causes a spatial variation of the wavefunction
and the resulting energy levels in the 2DEG which generates a local scattering potential. The
important measure for interface roughness is not only the structural height variation (roughness)
which is generally described by the rms values obtained for example by AFM (cmp. chapter
2.3.2) but also the lateral extent of the variation. The latter can be described with the auto
correlation length. The higher the auto correlation length, the higher the mobility because
with larger auto correlation length, the points of large interface displacement move away from
each other and are therefore fewer if a constant interface area is considered [84]. In some
publications, alloy scattering is also mentioned as a reason for mobility degradation in the high
carrier concentration regime [65], [86]. Alloy scattering describes the spatial variation of the
scattering potential, e.g. due to inhomogeneously distributed Al atoms in a ternary AlGaN
barrier [87], [88]. With the AlN spike at the heterointerface, alloy scattering can be inhibited.
Due to the higher ∆EC of the AlN spike/GaN buffer interface, the electrons are more confined
and their wavefunction decays exponentially whithin 0.3 nm in the AlN [65]. This results in a
zero probability density of the electrons in the ternary AlGaN barrier. The AlN spike is binary
and therefore cannot cause any alloy scattering. As a result, alloy scattering can be neglected
if an AlN spike is used which is the case for all devices shown in this thesis.

Phonon scattering is present throughout the whole carrier concentration regime and can
only be suppressed by lowered temperatures. Scattering at acoustic phonons is an elastic
process and can be observed as deformation potential scattering and piezoelectric scattering.
The effect of piezoelectric scattering on the mobility of nitride HFET is very small and can be
neglected. The deformation potential scattering is only dominant at temperatures below 150 K.
At or above room temperature, the inelastic scattering at LO phonons is present and becomes
stronger at higher sheet carrier concentrations as the effective 3D carrier concentration is also
increased which leads to enhanced phonon lifetimes [89].

For every scattering process, a reduced electron mobility can be derived under the assump-
tion that the currently investigated scattering process is dominant in the sample. To obtain
the combined mobility with all scattering mechanisms considered, Matthiessen’s rule is applied
[90] and the combined mobility can be written as:

1
µcombined

= 1
µionimp

+ 1
µdisl

+ 1
µint

+ 1
µLOph

(4.2)

This formula is only correct if the scattering mechanisms are independent of each other which
is valid in first approximation for group III nitrides. The formula also elucidates that the con-
tribution of a certain scattering process is only significant if the mobility reduction due to the
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specific process is at least comparable to all other scattering mechanisms present in the sample.
Even high dislocation densities of 1011 cm−2 only lead to a reduced mobility of 4000 cm2/V s

[84] in the low carrier concentration regime. This mobility value is considerably higher than
standard nitride HFET mobilities. Therefore, dislocations do not limit the mobility at low car-
rier concentrations. Instead, scattering by ionized impurities acts as the dominating scattering
mechanism. In the high carrier concentration regime, scattering due to interface roughness
generally limits the mobility. The influence of phonon scattering is smaller but in the same
order of magnitude. This means that LO-phonon scattering can become the limiting scattering
mechanism for high carrier concentrations if the contribution of interface scattering is small.
The highest mobility can be achieved at medium carrier concentration around 6 · 1012 cm−2

when the increasing carrier confinement already reduces ionized impurity scattering but the
distance between 2DEG and interface is still large enough to diminish interface roughness scat-
tering. The general behavior of the mobility for carrier concentrations from 4.5 · 1012 cm−2 to
1.4·1013 cm−2 is summarized in figure 4.3 for a standard AlGaN/GaN HFET. The depicted data
was collected from a standard single-channel AlGaN/GaN HFET with an AlN spike (1.3 nm).
The deposition and fabrication of this single-channel HFET will be explained in the following
chapter 4.1.3.
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Figure 4.3: Mobility of a standard AlGaN/GaN HFET for varying carrier concentrations.

4.1.2 Concept of the SL-HFET

In the last chapter, the working principle of nitride HFET was elucidated. But it also became
clear that the mobility of 2DEG carriers still has some constraints. While the mobility limitation
in the low carrier concentration regime is related to the crystal quality and hence could be
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overcome by reducing the defect density, the limitation in the high carrier concentration regime
is an inherent property of 2DEG because the heterointerface is necessary to create the 2DEG and
an interface itself can be regarded as a defect irrespective of its perfection. This manifests itself
as an intrinsic problem as large carrier concentrations are needed for high-power applications
or RF switches.
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Figure 4.4: Bandstructures of SL-HFET with one (a), two (b) and three (c) parallel 2DEG. The
schematic device layout is show for the triple-channel HFET (d).

One possible approach to solve this problem is the integration of SL into HFET. In this
way, multiple parallel 2DEG can be realized. The basic idea of this concept is that the carrier
concentration in HFET at zero gate-source voltage is determined by the polarization difference
between barrier and buffer as equation 4.1 indicates. When all these carriers are accumulated in
one 2DEG, the carrier concentration is comparably high. But if the constant amount of carriers
is distributed into several parallel 2DEG, the carrier concentration in every single 2DEG is lower.
The lower carrier concentration moves the centroid of the the electron wavefunction away from
the heterointerface which reduces interface scattering and hence enhances mobility.

Figure 4.4 shows the simulated band diagrams of a standard AlGaN/GaN HFET with
AlN spike (a), a double-channel structure with two parallel 2DEG (b) and a triple-channel
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structure with three parallel 2DEG (c). The band diagrams were simulated with Synopsis
TCAD at zero gate-source bias. Figure 4.4d shows the cross section of a triple-channel HFET.
In the simulated band diagrams, the wells forming the 2DEG are clearly visible. There are two
2DEG present in the double-channel structure and three in the triple-channel one in contrast
to the standard single-channel HFET (fig. 4.4a). All 2DEG are populated with carriers, as
the conduction band crosses the Fermi level. Due to the sample geometry, the upper 2DEG
of the double-channel structure and the upper two 2DEG of the triple-channel one feature a
backbarrier-like structure due to the SL below. Figure 4.5 shows a schematic drawing of the
2DEG shape with and without backbarriers. The underlying AlN of the SL tilts the conduction
band upwards due to the polarization difference between AlN and GaN. This conduction band
tilting enhances the confinement of the electrons in the upper two 2DEG which should decrease
the interaction volume of electrons with the crystal lattice and should therefore reduce ionized-
impurity scattering.

The overall carrier concentration present in each device (single- or multichannel HFET)
is determined by the polarization difference between AlGaN barrier and GaN buffer and the
thickness of the AlGaN barrier. Therefore, the overall carrier concentration of single- and
multichannel HFET is expected to be same as the same AlGaN barrier is used for all samples.
From this fact, in a first order approximation it can be expected that the maximum drain
current is the same for all samples regardless of their number of 2DEG channels. Only a
successful mobility improvement can increase the maximum drain current to a certain extent,
as the resulting higher saturation velocity of 2DEG electrons allows for higher currents.

From the schematic in figure 4.4d, it also becomes clear that the structure which generates
the parallel 2DEG has to be very thin (in the nm range) to be effectively controllable via
the gate. In general, a ratio of gate length and barrier thickness greater than 6 is necessary
for the gate to maintain control over the channel [91]. If the aspect ratio is smaller, the
material thickness, which has to be depleted, becomes too high and the threshold voltage
Vth would decrease dramatically. Vth becomes strongly drain voltage dependent due to drain
induced barrier lowering (DIBL). This significantly increases output conductance degrading
RF properties like gain and power added efficiency [92]. This is circumvented with very thin
AlN/GaN-SL structures. They combine excellent material quality with high ∆EC and ∆P to
generate 2DEG and low layer thicknesses.

Such multi-channel approaches have already been pursued by other groups. Their goal
was not only an improvement of carrier mobility which was supposed to lead to higher drain
currents [93] but also a reduction of self-heating effects by ultra-fast phonon decay [89] and
lowering of access resistance accompanied by higher linearity [94]. Despite great progress, most
groups did not combine epitaxial stack design with full processing and characterization options
and none of the groups investigated structures with more than two parallel 2DEG channels.
In most cases, the two parallel channels were either very close to each other which rather
generated a uniformly distributed carrier concentration in the structure than realizing discrete
2DEG and is detrimental to carrier confinement [89]. In other publications, the 2DEG were
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Figure 4.5: AlN/GaN/AlN heterojunction (as used in the SL) on the left shows higher carrier con-
finement than an AlN/GaN buffer hetero junction shown on the right.

separated by more than 30 nm of material which results in reduced controllability via the
gate and low population of the lower channel [95],[96]. Palacios et al. showed that the low
population of the lower 2DEG can be compensated by proper structure design which in this
case included a graded AlGaN barrier between the two channels with decreasing Al fraction
towards the upper channel accompanied by AlN spikes [94]. However, this group did not pursue
a normal double-channel HFET design and etched away the upper channel in the gate region
to successfully tailor the source access resistance. Zhang et al. used a promising intermediate
distance of parallel 2DEG of 7 nm distance for their AlInN/AlN/GaN/AlN/GaN structures
but they performed only un-gated Hall measurements and did not process complete HFET
devices [93]. Nevertheless, Zhang et al. were able to show that a double-channel structure
improved the mobility (1430 cm2/V s) compared to a single-channel device (1090 cm2/V s) at
large carrier concentrations > 1·1013 cm2/V s. All previous results are very promising regarding
the multi-channel concept but a thorough characterization of all aspects is still lacking. In the
following chapter, the multi-channel approach will be investigated on devices with up to three
parallel 2DEG and a complete HFET characterization including DC, AC, RF and power gain
properties is aspired.

4.1.3 Mobility Improvement by Multiple Parallel Channels

To investigate the concept of multiple channels for mobility improvement, three transistor
structures were fabricated. The schematic layer stacks of all samples are shown in figure 4.6.
The first sample is a standard AlGaN/GaN HFET with a single 2DEG at the AlN spike/GaN
buffer interface. This sample is referred to as single-channel. The second sample is a double-
channel structure in which an additional GaN layer and a second AlN spike were inserted
between barrier and buffer. The third sample is designed as a triple-channel structure in which
two repetitions of GaN and AlN are realized (cmp. figure 4.4d (a)). The GaN and AlN layers
between barrier and buffer represent a short-period AlN/GaN-SL. The layer thickness of GaN
in the SL was 8.5 nm and 1.3 nm for AlN. The AlGaN top barrier had a thickness of 9.5 nm with
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34 % Al content. All values were obtained by fitting of HR-XRD measurements. The layers
were deposited at a growth surface temperature of 1080◦C, the reactor pressure was 50 mbar
and the V/III ratio 1220 for AlN growth and 1015 for GaN growth. The AlGaN barrier was
grown at the same conditions by opening the TMGa and TMAl runlines at the same time.
These samples were processed into transistor devices with a gate length of 2 µm and a width
of 100 µm.

For the source and drain contacts, a Ti/Al/Ni/Au stack in combination with a recess etch
(by inductively coupled reactive ion etching) was used. A recess depth of 7 nm was applied
to the single-channel sample to support ohmic contact formation. For the double-channel and
the triple-channel samples, the recess depths were increased to 21 and 28 nm, respectively,
to account for the larger layer thickness of the SL and to enable ohmic contact formation
vertically for the lowest 2DEG and laterally for the upper ones. The metal stack was evaporated
on rotated and slightly tilted samples. This enhances metal deposition on the side flanks of
the ohmic recess which improves the ohmic contact to the 2DEG. Contact resistances around
1 Ωmm were realized. To investigate the carrier concentration, structures for gated Hall [97],
[98] and capacitance-voltage measurements were also fabricated.

GaN buffer

AlGaN

GaN

GaN
AlN

GaN buffer

AlN buffer

sapphire
GaN buffer

GaN

AlGaN

GaN buffer

AlGaN

single-channel
double-channel

triple-channel

Figure 4.6: Layer stacks of the multi-channel samples. The buffer structure of all three samples is
shown on the left. The three layer stacks on the right only depict the topmost layers of the samples

Gated Hall measurements allow to characterize the mobility of a sample with respect to
the carrier concentration (controlled by the gate-source voltage). As in this case multiple
channels are measured in a parallel arrangement, the obtained carrier concentration is the total
carrier concentration in the device and the measured mobility represents an averaged value
of all carriers participating in transport. Figure 4.7 shows the measured mobility values for
single-, double- and triple-channel transistors. It is obvious that the mobility is rising with an
increasing number of parallel 2DEG, if the same overall carrier concentration in considered.
At a carrier concentration of 7.5 · 1012 cm−2, the mobility was increased from 1690 cm2/V s

for the single-channel device to 1900 cm2/V s for the triple-channel one which is consistent
with the results obtained by Zhang et al. [93]. In the high carrier concentration regime, the
increase in mobility can be attributed to the distribution of the carriers in the parallel 2DEG.
In consequence of this carrier distribution, the lesser populated individual 2DEG lead to an
increased distance of the carriers to the interfaces which reduces interface scattering. It is also
possible that reduced scattering at LO phonons contributes to the enhanced mobility. Due
to the carrier distribution, the effective 3D carrier concentration is reduced because the same
number of electrons is now located in a larger crystal volume. This can reduce the phonon
lifetime and therefore diminish this scattering mechanism [89]. In the low carrier concentration
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regime, the mobility is also enhanced. This can be explained by the backbarrier effect of the SL
structure mentioned before (cmp. figure 4.5). In addition, this effect leads to higher mobility
in the upper two 2DEG compared to the lowest one. For the double-channel structure, this is
true only for the upper 2DEG. The mobility improvement due to the backbarrier effect seems
slightly stronger than the increase due to the reduced interface scattering. This conclusion
can be derived from the fact that the maximum of the mobility is shifted to smaller carrier
concentrations with increasing number of parallel 2DEG. At a sheet carrier concentration of
6 · 1012 cm−2, an additional peak is visible in the mobility characteristic of the double- and
triple-channel HFET. This peak was reproducible for all tested devices of both process cycles.
The origin of this peak is speculative but in the literature, reports on a plasmon-hot phonon
resonance occurring in double-channel HFET at the same carrier concentration can be found
[99], [100]. This resonance can result in ultra-fast LO-phonon decay and can therefore locally
reduce their scattering contribution.
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Figure 4.7: Gated Hall measurements of single-, double- and triple-channel HFET.

4.1.4 Characterization of the SL-HFET

DC- and CV-Characterization

The transfer characteristic of single-, double- and triple channel HFET are shown in figure
4.8. The semi-logarithmic scale on the left reveals an abrupt pinch-off for all three samples
with drain-leakage currents below 1 · 10−4 mA/mm. This proves the applicability of the thin
AlN/GaN-SL to nitride HFET. With the linear scale on the right, the maximum drain current
(ID,max) of single-, double and triple-channel HFET can be compared. With increasing channel
number, the maximum drain current increases from 723 mA/mm over 760 mA/mm to 781
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Figure 4.8: Drain current of single- (black solid lines), double- (red dashed lines) and triple-channel
HFET (blue dotted lines) in semi-log scale on the left axis and linear scale on the right axis.

mA/mm at VGS = 2 V . Although this increase is notable, the maximum drain current remains
in the same order of magnitude. This proves the previously made assumption that in a first order
approximation the maximum drain current is constant for all three samples as it depends only
on the overall carrier concentration determined by barrier composition and thickness (equal for
all three samples). The slight but notable increase of ID,max can be attributed to the improved
mobility of the double- and triple-channel HFET design.

The transconductance profiles for all three devices (single-, double- and triple-channel) are
depicted in figure 4.9. The single-channel device (plotted in black squares) shows a conventional
DC HFET behavior with normally-on characteristic. The maximum transconductance is gm,max
= 178 mS/mm and the transistor can be pinched off with a gate-source voltage slightly smaller
than -3 V. For the double-channel device (red circles), the transconductance deviates from the
trend of the single-channel. It shows two peaks, separated by a voltage difference of 1.5 V
(caused by the two parallel 2DEG channels present in this device). The upper channel can be
correlated with the maximum gm at -1 V gate-source voltage and the lower channel with the
maximum gm at -2.5 V.

The double-channel device pinches off at -4 V. The difference in pinch-off voltage of approx-
imately 1 V between single- and double-channel HFET corresponds to the bias difference of
the first and second maximum in the double-channel transconductance graph. The maximum
transconductance of the double-channel transistor also differs from the value of the single-
channel device. Only 156 mS/mm are reached within the maximum at -2.5 V gate-source
voltage. The transconductance peak correlated with the upper channel (VGS = −1 V ) is
even lower with 148 mS/mm. Although the maximum transconductance is reduced for the
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Figure 4.9: Transfer characteristics for single-, double- and triple-channel HFET measured at a drain-
source voltage of 8 V.

double-channel device, the integrated area under the transconductance graph (representing the
maximum drain current ID,max) is nearly constant because of its broader shape. This again
confirms the equal number of electrons present in the devices when all channels are in the
on-state. The transconductance of the uppermost channel therefore decreases with increasing
channel number due to a lower carrier concentration in this channel.

The triple-channel HFET (blue triangles) follows the previously described trends. The
transconductance characteristic features three local maxima corresponding to the three parallel
2DEG in this sample. The first one is again located at -1 V gate-source voltage. This maximum
can be correlated with the upper channel. The second maximum is located at -2 V gate-source
voltage and can be assigned to the middle channel. The third maximum occurs at a gate-
source voltage of -4 V and corresponds to the lower channel. While the first two maxima show
a voltage difference of 1 V, the second and third maxima exhibit a distance of 2 V. The absolute
value of the pinch-off voltage is even further increased to -5.4 V, which is -1.4 V lower than for
the double-channel device. From the maxima spacing between 1 and 2 V and the increasing
pinch-off voltage with channel number, it can be concluded that approximately -1 to -2 V are
needed to deplete one bilayer repeat (GaN + AlN) of the SL incl. the 2DEG depending on
the respective carrier concentration in the 2DEG. A more thorough analysis of the depletion
behavior will be given in the following when capacitance-voltage measurements of the devices
are analyzed.

The maximum transconductance of the triple-channel HFET is again located in the peak
attributed to the lower channel and reaches 133 mS/mm. The transconductance peaks of the
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middle and upper channel reach 119 mS/mm and 117 mS/mm, respectively. The transconduc-
tance graph exhibits a very broad characteristic compared to the double- and single-channel
structure which leads to a very linear behavior over more than 4 V (−4 ≤ VGS ≤ 0). This
feature can even be further promoted by increasing the number of channels with a simultaneous
reduction of the GaN layer thickness in the SL. To prove this, an four-channel HFET with a
reduced GaN thickness in the SL (3 nm) and from a different epitaxial series was processed
and investigated. The sample is not fully comparable to the previously characterized single-,
double- and triple-channel HFET, but the effect of more channels in closer proximity to each
other can be demonstrated. The sample was grown at the standard SL conditions from chapter
3.1. In figure 4.10, the transconductance characteristic of the four-channel device is shown. Its
transconductance profile is even more linearized compared to the triple-channel HFET. Such
observed broad and linear transconductance characteristics are very suitable for the amplifica-
tion of large signals in a class A or AB configuration, as the VGS amplitude can be much larger
without leaving the optimal constant transconductance regime.

All DC gm characteristics in figure 4.9 show pronounced gm compression at positive gate-
source voltages. This can either be related to self-heating effects or enhanced scattering pro-
cesses at high sheet carrier concentrations. To investigate the gm compression in depth, pulsed
transfer characteristics were obtained from all devices with pulse times of 2 µs which excludes
self-heating effects. The pulsed transfer characteristic of the single-channel HFET still shows
gm compression which can now be solely attributed to enhanced scattering at high sheet carrier
concentrations. The double-channel device shows only a small amount of gm compression while
this effect has completely vanished for the triple-channel HFET. This can be attributed to
the reduced interface and phonon scattering of the multi-channel concept which is even more
inhibited for an increasing number of parallel channels. It also confirms the gated Hall results
which also suggested a reduction of interface and phonon scattering in the high sheet carrier
concentration regime for the multi-channel devices.

Capacitance voltage measurements (C-V) are carried out for the double- and triple-channel
structures to investigate the carrier distribution in the channels. The capacitance was measured
at gate voltages from +1 to -8 V (to) and -8 to +1 V (back) at 100, 400, 700 and 1000 kHz on
large-area diodes (d = 100 µm). For the double-channel structure, the C-V results are depicted
in figure 4.11a. For a sweep direction from positive to negative gate voltages, the first drop in
capacitance occurs at -1 V and can be assigned to the depletion of the upper channel. At -4.5 V,
a second decrease in capacitance can be observed which can be correlated with the depletion
of the lower 2DEG. The measurement shows no hysteresis which leads to the conclusion that
no electrically active traps with emission time constants between 0.01 ms (measurement at
100 kHz) and 1 µs (measurement at 1000 kHz) are present in the device.

Calculated capacitance values with the given layer thicknesses and dielectric constants of
εr(GaN) = 10.28 [101], εr(AlN) = 10.31 [101] and εr(AlGaN) = 10.38 [101] are compared to
the measured data. They show reasonable values in the same order of magnitude which are
slightly higher than the measured ones which can be attributed to layer thickness deviations and
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Figure 4.10: Left: Transconductance characteristic of the triple-channel device with 10 nm spacing
between each 2DEG. The three discrete maxima are clearly visible. Right: Transconductance char-
acteristic of a four-channel structure with a spacing of only 4.3 nm between the individual 2DEG.
There are no individual maxima visible and gm is smoothed and even more linearized compared to the
triple-channel device.

different dielectric constants of the deposited material. For the undepleted case, a capacitance
of 664 nF/cm2 was calculated while a value of 580 nF/cm2 was measured. The calculated
capacitance for a depleted upper channel is 396 nF/cm2 which is again higher than the measured
value (350 nF/cm2) which also is attributed to layer thickness and dielectric constant deviations.

Via an integration of the C-V curve measured at 100 kHz, the carrier concentration in the
upper and lower 2DEG was accessed. For the upper 2DEG the capacitance was integrated
from -1.5 V to 0 V yielding a sheet carrier concentration of 4.81 · 1012 cm−2. The sheet carrier
concentration in the lower 2DEG was determined by the integrated capacitance from -4.5 V to
-1.5 V. This resulted in a sheet carrier concentration of 5.7 · 1012 cm−2 which is higher than the
one of the upper 2DEG. The overall sheet carrier concentration can in conclusion be determined
to be 1.05 · 1013 cm−2.

It must also be noted that the sheet carrier concentration in both 2DEG may not be ideal to
achieve the maximum mobility improvement. Figure 4.7 shows that the highest mobility for a
single 2DEG is achieved at carrier concentrations between 6 ·1012 cm−2 and 1 ·1013 cm−2, which
is slightly above the sheet carrier concentration in the upper 2DEG. Therefore, scattering at
ionized impurities might be enhanced for the upper channel which, on the other hand, could
already be compensated by the better carrier confinement due to the backbarrier structure of
the SL. Simulations showed that the carrier distribution between upper and lower 2DEG can
be influenced by the GaN layer thickness in the SL. This means that a GaN layer thickness
variation can clarify if further optimization of the mobility is possible.

The extracted distribution of carrier concentration in the 2DEG is depicted in figure 4.11c.
Two peaks are visible representing two separate 2DEG. The extracted distance between the two
2DEG is 10 nm which correlates well with the layer thicknesses obtained by XRD measurements
(1.3 nm AlN + 8.5 nm GaN).

Figure 4.11b shows the C-V data of the triple channel-device. In contrast to the results
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Figure 4.11: Capacitance voltage measurements of double- and triple-channel devices and the extracted
carrier concentrations.

from the double-channel device, the number of capacitance steps does not match the number
of 2DEG in the device. Only two capacitance drops at -1 V and -5.5 V are visible. This is also
visualized in the extracted carrier concentration pictured in figure 4.11d. The distance of the
carrier maxima is approximately 20 nm although the real spacing of the 2DEGs is 10 nm. The
step connected to the middle 2DEG at the position of 25 nm is missing. Another difference
between the double- and triple-channel devices can be found in the values of the capacitance
drops. For the triple-channel sample, the first capacitance drop is larger than the second one
while the behavior is exactly opposite for the double-channel device. Because a simulation of the
band structure of the triple channel sample still yields the highest sheet carrier concentration in
the lower 2DEG (in comparison to the middle and upper 2DEG), the higher capacitance drop
at -1 V can only be explained by a simultaneous depletion of the upper and middle 2DEG.
This fact is in contradiction to the measured transfer characteristics which showed three peaks
indicating individual depletion of all three 2DEG. The reason for this behavior can be found
in the differing contact layout and measurement conditions of C-V and transfer characteristic
measurements. As already mentioned, C-V measurements are obtained from large-area diodes
(d = 100 µm). This induces a very uniform potential distribution under the Schottky contact
which resembles the gate in a transistor geometry. Transfer characteristics are measured at
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structures with comparably short gate length (Lg = 2 µm) which, in combination with the
applied drain-source voltage of VDS = 10 V , leads to a short-channel behavior. This means that
due to the asymmetric potential distribution during the transfer characteristic measurement,
the conduction band edge of the middle 2DEG is pulled down and a simultaneous depletion
together with the upper 2DEG is hindered.

This effect can be visualized by transfer characteristics measured at decreasing VDS which is
shown in figure 4.12a. The transconductance at VDS = 10 V shows three local maxima. If the
drain-source voltage is decreased to 1.5 V, the transconductance peaks of the upper and middle
2DEG move closer together while the peak of the lower 2DEG is enhanced. At VDS = 0.5 V ,
the peaks of upper and middle 2DEG coalesce which leaves only two transconductance peaks
for the triple-channel device similar to the results of the C-V measurement. By simulating the
bandstructure of the triple-channel device and extracting the intersection at the second channel
for VGS = −2.5 V and VDS = 8 V or 0 V , the measurement conditions for transfer and
C-V characteristics are reproduced, respectively. The simulations shown in figure 4.12b exhibit
significant differences in the conduction band energy when applying an external VDS bias. By
taking a closer look at the gate-drain region, a lower conduction band energy is noticed when
biasing with VDS = 10 V which is known as drain induced barrier lowering (DIBL). This will
lead to accumulation of carriers in the middle channel which will rise to an extra capacitance
step (i.e. separate depletion of the middle and upper channel) in the transfer characteristic.

The simultaneous depletion of upper and middle channel is also confirmed if calculated ca-
pacitances are compared to the measured values: The calculated capacitance value for depleted
upper and middle channel and populated lower channel is 282 nF/cm2 and the measured ca-
pacitance for this state is around 250 nF/cm2 (plateau between -1 and -5 V in fig. 4.11b). The
two values show good agreement with the same deviation as the calculated and measured ca-
pacitances did for the double-channel device. This again proves that at the capacitance plateau
between -1 and -5 V in fig. 4.11b the upper and middle channel are already depleted.

The sheet carrier concentration of the triple-channel device is again accessed by integration
of the measured C-V data. As the upper and middle channel are depleted simultaneously, only
the combined sheet carrier concentration of both channels can be determined yielding 4.49 ·
1012 cm−2 (-1.55 to 0 V). The lower channel is populated with a concentration of 6.02·1012 cm−2

which results in an overall sheet carrier concentration of 1.05 · 1013 cm−2.

RF Characterization

To investigate the RF performance of the multichannel HFET, S-parameter measurements were
performed. Devices with 1 µm gate length and a gate-drain distance of 2.5 µm were utilized. At
a drain-source voltage of 10 V, S-parameters were measured as a function of VGS up to 50 GHz.
The extracted transit frequency (fT ) and the maximum oscillation frequency (fmax) are shown
in figure 4.13. The maximum values decreases with increasing number of 2DEG from 18 GHz
for the single-channel over 14.5 to 13.3 GHz for the double- and triple-channel transistors. A
similar behavior can be observed for fmax. The decrease of fT and fmax for the double- and
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Figure 4.12: Left: normalized transconductance of the triple-channel device measured at different
source-drain voltages. Right: Simulated band structure from source to drain of the middle channel
with and without applied VDS.

triple-channel device seems reasonable as the maximum gm decreases with a higher number of
2DEG channels.

When the measured fT is compared to roughly estimated fT values calculated with the
formula

fT = gm
2π · Cgs

valid for Cgd << Cgs (4.3)

at the respective gate bias points, the decrease of the measured fT values is surprising by
large. Table 4.1 shows the calculated fT values from DC and CV measurements. The 3 GHz
difference in fT for the single-channel device originates from the fact that for the calculated
values, Cgs and gm are taken from low frequency measurements ≤ 1 MHz and Cgs is measured
at VDS = 0 V while the measured fT is measured at VDS = 10 V . Despite of this deviation,
it is obvious that the calculated transit frequency increases with rising number of 2DEG in
the devices whereas measured values decrease with increasing channel number. This leads to
the conclusion that the shrinking gm values for double- and triple-channel structures are not
dominating the behavior of fT . The calculated increase of the maximum fT with the number
of 2DEG can instead be attributed to the decrease of the gate-source capacitance Cgs due to
the larger distance between the lowest 2DEG and the gate contact. As the changing gm values
do not dominate the calculated fT characteristic, it seems likely than the measured fT values
are neither governed by the drop of gm.

Sample VGS [V] fT [GHz] fT [GHz]
measured calculated

Single-channel -1.4 18.0 15.0
Double-channel -2.8 14.5 16.0
Triple-channel -3.6 13.3 19.5

Table 4.1: Comparison between the measured and calculated fT for single-, double- and triple-channel
HFET at the respective gate-source voltages.
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Figure 4.13: fT (full symbols) and fmax (open symbols) for single-, double- and triple-channel devices
measured at VDS = 10 V .

A possible candidate to explain the divergent trend of measured and calculated fT is the
gate-drain capacitance Cgd (assumed to be negligible in equation 4.3). In a standard single-
channel HFET, this capacitance is located between the gate metal and the undepleted part of
the pinched-off 2DEG channel under the drain contact. This results in a very small capacitance
as the comparably large distance (2.5 µm) between gate and drain contact denotes the effective
thickness of the capacitance in the equivalent-circuit diagram. For a double- or triple-channel
HFET, the situation is different. The gate-drain capacitance is now represented by a parallel
configuration of capacitances between the gate metal and the undepleted part of the upper
and lower 2DEG for the double-channel device or even upper, middle and lower 2DEG for the
triple-channel device. This results in a much larger parasitic Cgd for multichannel HFET which
degrades RF performance. With a large Cgd, equation 4.3 is no longer true and equation 4.4
has to be considered instead.

fT = gm
2π(Cgs + Cgd)

(4.4)

The equivalent circuit diagram corresponding to equation 4.4 is depicted in figure 4.14. The
current amplification |h21| of this equivalent circuit diagram was simulated using SPICE [102]
with previously measured values for Cgs and gm. Cgd was varied until the simulated current
amplification matched the measured data. The results are shown in figure 4.15. The current
amplification |h21| was modeled for Cgd = 0.012 · Cgs (green graph) which would satisfy
the approximation of Cgd « Cgs but does not fit the measured data. An assumed gate-drain
capacitance of Cgd = 0.12 · Cgs (red graph) matches the measured data of the triple-channel
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Figure 4.14: Equivalent circuit diagram of a standard transistor with Cgs and Cgd

device well. This allows the conclusion that the degradation of fT and fmax can be attributed
to the increasing Cgd.

Figure 4.16 shows the maximum available gain (MAG) extracted at 2 GHz and VDS = 10 V
for the single-, double- and triple-channel devices. With increasing number of 2DEG, the MAG
profile becomes wider and more linear. For the triple-channel structure, a linear MAG profile
can be realized for drain-source voltages from -5 to +1 V while the single-channel structure
yields a linear behavior only from -2 to +1 V. The maximum gain varies from 17.5 dB for the
single-channel device to 16 dB for the double- and triple-channel transistor. The deviation of
the maximum gain is very small if all three samples are compared which makes the expansion of
the MAG profile even more promising. The MAG profile proves that the highly linear properties
from DC measurements also translate into the RF properties of the devices and larger RF input
signals could be applied.

To further investigate the suitability of multi-channel HFET for highly linear amplifiers,
the large-signal power amplification properties were investigated with load-pull measurements.
Figure 4.17 shows the output power plotted versus the input power at 2 GHz. It is obvious that
the power gain is highest for the single-channel device and decreases gradually for double- and
triple-channel geometries which can be attributed to the lower gm values for double- and triple-
channel structures. For small input power levels, the output power shows a linear dependency.
This is displayed in figure 4.17 by linear fits (solid lines) of the graphs. This linear fit represents
the behavior of an ideal amplifier. Actual devices show a divergent characteristic. At higher
input power values, the output power does not follow the linear behavior anymore due to varying
gm, trapping of carriers, hot-electron effects, self-heating and eventually saturation. The point
at which the actual output power has decreased by 1 dB below the linear extrapolation is
called 1dB-compression point and is a measure for the linearity of a power amplifier. The 1dB-
compression points are marked in figure 4.17 with dashed lines and it directly becomes clear
that they are shifted to higher input power levels for the double- and triple-channel HFET.
This implies a higher degree of linearity in power amplification for double- and triple-channel
devices which makes these devices very interesting for highly linear amplifiers.
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4.2 The SL Distributed Bragg Reflector

4.2.1 DBR in Group III Nitrides

Distributed Bragg reflectors (DBR) are wavelength-sensitive mirrors [103]. The reflectance
reaches values close to 100 % for incident wavelengths in the so called stopband. For wavelengths
outside the stopband range, the reflectance is very low. A schematic structure of a DBR is
depicted in figure 4.18

low refractive index

high refractive index

} one pair

Figure 4.18: Schematic layer stack of a DBR.

DBR consist of two materials. For the ideal case, both materials are 100 % transparent i.e.
exhibit no absorption at the stopband wavelength. One material has a high refractive index
and the second a low refractive index. The two materials are deposited alternating on top of
each other creating a structure with modulated refractive index. One double layer, containing
one layer of each material, denotes one DBR pair.
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Figure 4.19: Schematic working principle of a DBR. For clarity, the reflected beams are shifted up-
wards, marked with grey arrows.

The reflectance of the DBR is based on multiple reflection processes and constructive in-
terference at the interfaces between low- and high-index layers. Figure 4.19 shows a DBR
structure under normal light incidence. Every layer has the optical thickness of a quarter of



72 CHAPTER 4. APPLICATIONS OF ALN/GAN-SL IN III-N DEVICES

the stopband wavelength λ/4 which corresponds to a phase shift of π/2. The incident beam
is partly reflected and transmitted at each interface according to Fresnel’s formulas [104]. For
dielectric materials with zero extinction coefficient and normal light incidence, the reflected and
transmitted quantities of the electric field can be calculated as follows:

E0r

E0e
= r = n1−n2

n1+n2
(4.5)

E0t

E0e
= t = 2n1

n1+n2
(4.6)

According to equation 4.5, at the interface from low (n1) to high refractive index (n2), a phase
shift of π takes place (r < 0), whereas at the interface from high to low refractive index,
no phase shift is present (r > 0) [105]. As a result, the phase shift of all reflected beams
is an uneven multiple of π which implies that all reflected beams are in phase and interfere
constructively. Even multiple reflection conserve this phase relation. The reflectance of a
DBR strongly depends on the number of pairs N . By increasing N , additional interfaces
which partly reflect the incident light are appended to the DBR structure. This increases the
reflection coefficient of the whole structure. As a drawback, more pairs N also increase the
structure complexity and the overall material thickness the light interacts with. This implies
increased absorption and scattering losses due to interface imperfections and at specific pair
number N , no further improvement of the DBR reflectance is possible by adding more pairs.
In some material systems, addition of further pairs may be difficult due to fabrication-related
issues. DBR fabricated with MOVPE (cmp. section 2.1.2) are often limited in pair number N
due to strain (cmp. section 2.1.3).

The reflectance of the DBR also depends on the difference in refractive index ∆n of the
two materials. By increasing this difference, the reflectance of the DBR can be effectively
enhanced. The refractive index is a material-specific property and follows directly out of the
complex permittivity of the material [61]. Therefore the material choice for high- and low-index
layers is extremely important. The reflectivity of an ideal DBR under normal incidence can be
calculated with a simplified formula after [106]:

R =
[
n0(n2)2N − ns(n1)2N

n0(n2)2N + ns(n1)2N

]2

(4.7)

where n0 is the refractive index of the surrounding medium, n1 and n2 are the refractive indices
of high- and low-index DBR materials. ns denotes the refractive index of the substrate and N
the number of DBR pairs.

Suitable materials for DBR have low absorption in the stopband wavelength. For the UV
and visible wavelength range, semiconducting wide band gap materials like group III nitrides
[4] or dielectric materials like metal oxides [107], [108] as well as metalloid oxides [109] and
nitrides [110] are suitable. Group III nitrides are very interesting for DBR fabrication as solid
state lasers in the UV, blue and green wavelength regime are based on theses materials. These
laser devices are often realized as vertical cavity surface emitting lasers (VCSEL) which consist
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of a bottom DBR, an active region in which photons are generated and a top DBR. A major
disadvantage of group III nitride DBR is the relatively small refractive index variation between
AlN, GaN and InN. Additionally, the most promising material combinations with largest index
contrast cannot be deposited epitaxially because of too large stress. As a consequence, generally
more than 30 nitride DBR pairs have to be deposited to reach reflectivities above 99 %. The
refractive indices of the materials at 400 nm are approximately 2.13 for AlN, 2.55 for GaN and
1.7 for InN (strong absorption) [23][22][21]. Refractive indices of the alloys can be interpolated
with formulas given in references [22] and [21].

Commonly used material combinations are AlN/GaN, AlGaN/GaN and AlInN/GaN [111].
AlInN with 18 % In is lattice-matched to GaN (cmp. 2.2). This composition used in an
AlInN/GaN DBR leads to a strain-free DBR layer stack. However, ∆n of this material system
(7.5 %) is quite small compared to AlN/GaN DBR (20 %)[111]. Therefore, more than 50 pairs
are needed to obtain reflectance values for the DBR larger than 99.9 % [111]. Another issue is
the fact that due to the low Gibbs free energy of formation of InN compared to AlN and GaN,
In-containing alloys can not be deposited with hydrogen as carrier gas. Furthermore, hydrogen
is also a product of the group III nitride formation reaction and a high partial pressure of
hydrogen drives the equilibrium of the formation reaction to the educt side [75]. Nitrogen as
carrier gas has to be used instead which in return is not beneficial for GaN deposition [17].
Also In-containing alloys have to be deposited at low growth temperatures in the range of
700− 800◦C and GaN epitaxy should be carried out at 1050− 1070◦C (cmp. chapter 3.1. To
account for the very different optimal growth parameters for AlInN and GaN, ramping steps
between every layer have to be included which often hamper interface quality.

AlGaN/GaN DBR structures are much more undemanding concerning growth parameters.
Yet stress, which is not an issue in the lattice-matched AlInN/GaN system, is the major
challenge for AlGaN/GaN structures. The theoretical critical layer thickness of AlGaN on
GaN rapidly decreases with increasing Al content and is approximately 15 nm for Al0.2Ga0.8N

[46] (cmp. chapter 3.2). To obtain sufficiently large ∆n for AlGaN/GaN DBR, the Al con-
tent has to be larger than 40 % which further reduces the critical thickness of AlGaN on
GaN and makes it impossible to grow AlGaN layers reaching an optical thickness of λ/4 (
λ = 400 nm⇒ λ

4n = 40 nm AlGaN with n = 2.5) for stopband wavelengths in the near-UV or
visible regime. Nevertheless AlGaN/GaN DBR with high Al content can be manufactured if
strain managing measures are taken. Possible approaches are Al-containing buffers or prelayers,
which shift the pseudomorphic lattice constant of the DBR stack from GaN in the direction of
AlN [112] [113], or AlN interlayers [112].
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4.2.2 Concept of the SL-DBR

The last chapter discussed some approaches to overcome the strain-related issues in AlGaN/GaN
DBR such as Al-containing buffers or AlN interlayers. An alternative approach to manage strain
in DBR structure is the use of of AlN/GaN-SL. As described in section 2.2, AlN/GaN-SL de-
note a virtual AlGaN alloy and are capable of effectively managing stress. In chapter 3.2, the
critical thickness of these SL was already demonstrated to be much higher than the critical
thickness of AlGaN with a comparable Al content. This makes it very promising to investigate
the application of AlN/GaN-SL in AlGaN/GaN-DBR. The used SL period thickness around
4 nm is two orders of magnitude smaller than the wavelength in the near-UV or visible range
(300 − 700 nm). These small layer thicknesses ensure that the individual layers of the SL do
not lead to a significant interaction with visible or near-UV light. Instead, the AlN/GaN-SL
can be treated as an effective medium for electromagnetic waves. In this way, AlN/GaN-SL can
replace the low-index AlGaN in AlGaN/GaN-DBR. GaN remains as the high-index material
and alternates with the SL.

Figure 4.20 shows a schematic of a possible sample geometry. The left side shows a standard
AlGaN/GaN-DBR and the right side the new SL-DBR in which the low-index layer is formed by
an AlN/GaN-SL. The SL-DBR structure leads to the occurrence of two different periodicities in
one structure. One is the periodicity of the DBR with a periodic repetition length ∆DBR (around
100 nm) which is the combined layer thickness of one AlN/GaN-SL layer (low-index) and one
GaN layer (high-index). The other, much shorter, periodicity is the one of the AlN/GaN-SL
and is defined as the combined layer thickness of one AlN and one GaN layer ∆SL (around
4 nm) forming the AlN/GaN-SL, in analogy with the previous chapters 3.1 and 4.1.
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Figure 4.20: Left: standard AlGaN/GaN DBR. AlGaN denotes the low-index and GaN the high-index
material. Right: SL-DBR with an AlN/GaN-SL as low-index and GaN as high-index material. The
periodic lengths of DBR (∆DBR) and SL (∆SL) are marked and the layer thicknesses di of AlGaN,
SL and GaN are defined.

The last chapter elucidated that every layer of a DBR has to have the optical thickness
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of a quarter of the designated stopband wavelength. This is also true for the AlN/GaN-SL.
In the case of AlGaN, the refractive index can be interpolated between the binary compounds
AlN and GaN [21], [22]. A linear interpolation after the effective medium theory (EMT) of
the refractive index poses a good approximation for AlGaN for wavelength well away from its
absorption edge. To clarify if this is also valid for AlN/GaN-SL, the refractive indices obtained
by EMT calculations were compared to Floquet mode simulations (carried out at the chair of
Integrated Photonics of RWTH Aachen University). The results showed very good agreement
when the layer thicknesses of the individual AlN and GaN layers in the SL were chosen to be
much smaller than the wavelength for which the refractive index is considered. Therefore, the
assumption seems valid that the refractive index of AlN/GaN-SL can be interpolated linearly
between AlN and GaN for DBR design. This hypothesis is also affirmed by Rodak et al. who
successfully fabricated SL-DBR designed under the assumption of equal refractive indices for
SL and AlGaN with the same averaged Al content [114]. Figure 4.21 shows the calculated
refractive index data for AlN/GaN-SL with varying effective Al content. On the basis of these
data, SL-DBR design is conducted.
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Figure 4.21: Refractive index of GaN, AlN and AlN/GaN-SL calculated with EMT. Refractive index
data for GaN and AlN are taken from [115].

To obtain an optical contrast to the adjacent high-index GaN layers and boundary conditions
required for a DBR, it is necessary to start and end the SL stack with an AlN layer. Finally,
to adjust the layer thickness of the SL dSL to match the quarter wavelength condition, the
repetition number of the AlN-GaN sequence N is adjusted to fulfill the condition

dSL = λ

4n = N∆SL + dAlN,SL (4.8)



76 CHAPTER 4. APPLICATIONS OF ALN/GAN-SL IN III-N DEVICES

where dAlN,SL denotes the layer thickness of the thin AlN layers used in the SL and n is the
calculated refractive index of the SL. In order to fine-tune the SL layer thickness, it is of course
possible to vary the GaN and AlN layer thicknesses in the SL. This can be performed either
by maintaining a constant ratio of AlN and GaN, which does not affect the refractive index, or
the ratio is varied and the change in refractive index has to be taken into account.

Other groups also used SL for strain engineering in nitride-based DBR. Nakada et al. used
an AlGaN/GaN-SL prior to AlGaN/GaN-DBR growth. In contrast to the standard GaN buffer,
this underlying layer stack exhibits an a-lattice parameter smaller than that of GaN, which re-
duces the tensile strain in the low-index AlGaN layers of the DBR [116]. However, a comparison
with an AlGaN layer instead of the SL layer is lacking so it was not possible to derive any con-
clusion concerning the strain managing properties of the SL. Huang et al. used AlN/GaN-SL in
the quarter wavelengths stack of an AlN/GaN-DBR. They substituted every sixths low-index
AlN layer with an AlN/GaN-SL layer with an effective AlN content of 50 % to hinder crack
formation [117]. With 3 - 5 nm, the individual GaN and AlN layers in the SL were slightly
thicker than the SL explored in this thesis. Therefore, only 5.5 periods were necessary to
reach the quarter wavelength thickness. In this study, it was not explored if AlGaN instead
of AlN/GaN-SL could yield the same result. Rodak et al. in general used a similar approach
as pursued in this thesis. They used an AlN/GaN-SL as the low-index layer in DBR. GaN
serves as the high-index layer [114]. The layer thicknesses in the SL were 10.4 nm for AlN
and 0.94 nm for GaN. This implies an effective AlN content in the SL around 90 %. 25 DBR
pairs were successfully deposited using this approach. The samples only showed cracks within
a few mm at the wafer edge. The wafer center remained uncracked. Reflectivities of 96 % were
measured. SEM images showed V-defects in the DBR structure. This indicates that relaxation
processes might be present in the DBR samples. Yet, no XRD data ware shown, which would
enable a thorough evaluation of the strain state in the samples. Altogether, it can be stated
that the use of SL in DBR growth is very promising but a detailed analysis of strain evolution
and distribution is still lacking for such samples. In the following, such an analysis will be
prepared.

4.2.3 Fabrication and Structural Characterization of SL-DBR

To investigate the concept of the SL-DBR, a 10-pair DBR with AlN/GaN-SL as low-index layer
is deposited on a standard GaN buffer with AlN nucleation and buffer on 2" sapphire substrate
(cmp. chapter 2.1.2). The deposition of the SL-DBR was carried out at standard SL-growth
conditions, namely 1060◦C, 75 mbar and a V/III ratio of 1220 for AlN growth and 1015 for
GaN growth (cmp. chapter 3.1). The SL featured 6 pairs of AlN and GaN concluded with an
additional AlN layer. The stopband wavelength was aimed to be around 370 nm. The resulting
sample surface showed no cracks or other defects visible to the naked eye.

A structure with only 10 DBR pairs is pursued to account for the long growth times in
MOVPE. The growth time of one DBR pair is approximately 30 min with the growth conditions
and stopband wavelength given above. The total growth time of the overall structure, including
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heating, nucleation, buffer layer and cooling steps, adds up to 7-8 hours. The same structure
could be realized on a shorter timescale in a production type MOVPE system. Due to the
reactor limitations of the R&D MOVPE system, test structures with only 10 DBR pairs are
mainly explored in this thesis. 10 DBR pairs are expected to deliver only a comparably low
reflectivity. In AlN/GaN-DBR, reflectivities of 99 % were reached with 35 pairs and 16 pairs
led to a reflectivity of 93 % [113]. As the refractive index contrast is lower between AlN/GaN-
SL and GaN, reflectivities of considerably less than 93 % are expected. With formula 4.7 and
refractive indices of 2.7 for GaN and 2.5 for the SL, a reflectivity of 72 % is predicted with 10
DBR pairs.

The reflectivity spectrum of the sample described above is depicted in figure 4.22. This
spectrum was taken 6.5 mm from the wafer center in the direction of the wafer edge (this
is necessary due to a thickness inhomogeneity caused by the MOVPE reactor type). For all
samples investigated in this thesis, the radial position yielding the highest reflectivity in the
stopband was chosen for evaluation. The reflectivity of the SL-DBR is quite low over the whole
wavelength rage and shows a periodic oscillation between 10 and 30 % with exception of region
between 350 and 400 nm. In this wavelength regime, the reflectivity features a sharp peak
which is the stopband of the SL-DBR. The maximum reflectivity of this peak is 74 % located
at 366 nm with a stopband width of 16 nm. This deviates only 2 % from the calculated value
which seems very precise if one considers the high sensitivity of the formula on refractive index
values in combination with the only interpolated nSL. The narrow stopband width of only
16 nm is caused by the low refractive index contrast in group III nitrides.

Experimental results from several groups are summarized in the paper from Carlin et al.
[111]. Compared to these data, a maximum reflectivity around 75 % with 10 pairs is ranked
acceptable for nitride-based DBR. The reflectivity data from our sample are even slightly higher
than the given data of AlGaN/GaN-DBR but this can be attributed to the very small stopband
wavelength close to the absorption edge of GaN for the SL-DBR sample. This increases the
refractive index contrast. The graph in red (in fig. 4.22) shows the reflectivity spectrum
of a buffer structure (sapphire substrate, AlN, GaN) comparable to the one in the SL-DBR
sample. The reflectivity of the buffer structure shows no stopband peak but also periodic
oscillations between 400 and 800 nm. By comparison of the two graphs, it becomes clear that
the modulation observed for the SL-DBR on the long-wavelength side of the stopband peak
originates from the buffer structure. Between 550 and 800 nm, the reflectivity graphs of SL-
DBR (black) and buffer structure (red) look quite identical and only the oscillation frequency
of the buffer structure is higher. This could be related to differences in layer thicknesses.
Between 400 and 550 nm, the spectra for SL-DBR and buffer structure look more different.
This can be attributed to a convolution of DBR reflectivity ripples from the adjacent stopband
with the thickness-related oscillation from the buffer for the SL-DBR structure. The node at
approximately 530 nm is also related to the layer thicknesses in the buffer stack. A simulational
analysis of the reflectivity will be given at the end of this chapter.

The AFM image of the sample, displayed in figure 4.23, reveals a stepflow pattern similar
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Figure 4.22: Reflectivity spectrum of a 10-pair SL-DBR (black) in comparison to the reflectivity spec-
trum of a standard GaN buffer (red).

to a GaN buffer surface. But in the case of the DBR, the terrace edges are not as strictly
aligned parallel to the wafer offcut as it is the case for a GaN buffer. The average step height
is in the range of 0.32 nm. This is similar to GaN buffer samples and is in the range of the
c lattice parameter of the material (if the error of the AFM height measurement is taken into
account). The average terrace width is around 185 nm. This is significantly larger than for
a GaN buffer structure for which values around 100 nm are reached. It agrees well with the
AFM results obtained from the single SL structures (cmp. chapter 3.1), which showed a strong
terrace formation with widths in the µm regime. The SL-DBR surface, which is a GaN surface
as this is the topmost layer, combines the characteristics of GaN and SL, resulting in stepflow
pattern with increased terrace width. The average root mean square roughness value (rms) of
the SL-DBR sample is 2.1 nm. This is notably higher than for GaN buffers (< 1 nm) but still
very smooth. AlGaN/GaN-DBR fabricated by Nakada et al. show rms roughness values in the
same range [116].

A (0002) 2θ-ω-scan of the SL-DBR sample is depicted in figure 4.24. The interpretation
of the scan is similar to (0002) 2θ-ω-scans of single SL-layers as discussed in chapter 3.1, but
the scan is not only a convolution of contributions from SL period thickness ∆SL and SL layer
thickness dSL. The XRD data also contains features reflecting the periodicity of the DBR. The
GaN and AlN buffer layer peaks are marked with "GaN" and "AlN". The peaks from the SL
layers have a very large separation related to the small periodic length ∆SL and are marked in
figure 4.24 with "∆SL". The periodicity of the DBR manifests in various peaks of small spacing
caused by the larger periodic length ∆DBR. The number of visible peaks from a superlattice is
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Figure 4.23: AFM graph of the SL-DBR surface. (An FFT filter was applied to the raw data to exclude
parasitic oscillations.)

a measure for its interface quality and exactness of layer thickness. The scan shows multiple
peaks for the AlN/GaN-SL and the SL/GaN-DBR, as the latter is also a superlattice with
longer periodicity. Therefore, it can be concluded that the complex structure of the SL-DBR
was successfully realized. The peak spacing is related only to the period thickness ∆SL and
∆DBR. The individual layer thicknesses can therefore not be extracted directly from the data.
In this case, a simulation is necessary in which the layer thicknesses are adjusted to match
the measured data. In the Epitaxy software (version 4.1, c©PANalytical B.V.), a complete
layer model of the sample is generated. To every layer, a specific thickness, composition and
relaxation grade is assigned. SL can also be specified in the model. As only binary layers are
present in the sample, the composition of every layer remains constant and the strain state can
be determined from HR-XRD rsm. To fit the layer thickness to the measurement, a reasonable
starting point is necessary for which generally the anticipated layer thickness is used. As already
explained, the peak spacing is inversely related to the periodic thicknesses ∆SL and ∆DBR. The
angular position of the peaks can be optimized by changing the effective AlN content of SL
or DBR with constant periodic thickness. In the first place, the layer thicknesses of AlN and
GaN in the SL have to be adjusted in such a way that the angular position of the zero-order
SL peak is correct. This is performed by adjusting the AlN and GaN thicknesses of the SL
(while a constant ∆SL is maintained). In the next step, the periodic thickness of the SL (∆SL)
is varied (while the AlN-to-GaN ratio in the SL is maintained) to match the peak spacing of
the SL peaks. At this stage, the effective AlN content in the SL is fixed because the number
of SL-pairs in combination with the fitted ∆SL defines the SL thickness dSL and the effective
AlN content in the SL. In a third step, the peaks related to the DBR periodicity are fitted
by varying the thickness of the high-index GaN layer dGaN . Now the spacing and angular
position are changed at the same time because varying dGaN while maintaining a constant dSL
changes the effective AlN content of one DBR pair and simultaneously the period thickness
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Figure 4.24: (0002) 2θ-ω-scan of the SL-DBR (blue) and the corresponding simulation (red, shifted to
higher intensity values for better visibility) to extract the layer thicknesses.

∆DBR. If the agreement between measurement and simulation is not satisfying, the procedure
can be repeated several times. In general, this should not be necessary because the method is
not iterative but if one of the starting values is deviating strongly from the real thickness, the
method can be misleading.

Figure 4.25 shows the rsm of the SL-DBR. It can directly be seen that the DBR has the
same Qx coordinate as the underlying GaN buffer and is therefore grown pseudomorphically.
No relaxation is present in the DBR stack. With this information, the fit of the 2θ-ω-scan can be
executed according to the method described above. The resulting layer thicknesses are 33.7 nm
for the high-index GaN (dGaN) and 28.6 nm for the low-index SL (dSL) with a resulting periodic
DBR length of 62 nm (∆DBR). The latter is formed by 6 GaN layers of 3.3 nm thickness and
7 AlN layers which have a thickness of 1.25 nm. This leads to a periodic length for the SL of
4.55 nm (∆SL) and results in an AlN content of 26 % in the SL. This is a quite high effective Al
content for a nitride DBR structure and one could expect relaxation features like layer cracking
which is actually not present for this sample. This gives rise to the question on the mechanism
by which the SL structure is able to manage such high Al concentrations. This will be covered
in the following section 4.2.4.

The reflectance spectra of the SL-DBR were simulated with FreeSnell [118]. The refractive
index data for AlN was taken from reference [119] (370-800 nm) and reference [120] (300-
370 nm). For GaN data, reference [121] (370-800 nm) and reference [120] (300-370 nm) were
used. For GaN, the onset of absorption was corrected from 370 nm to 364 nm to match the
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Figure 4.25: (1015) rsm of the SL-DBR.

measured data. Figure 4.26 shows the simulated reflectivity of the SL-DBR and the underlying
GaN buffer structure. To create a stopband peak, the thickness of the SL (dSL) had to be
corrected from the measured 28.6 nm (HR-XRD evaluation) to 36.07 nm which matches the
quarter wavelength condition for the measured stopband wavelength of 366 nm with the inter-
polated refractive index for Al0.26Ga0.74N (EMT approximation for the SL). With the measured
SL thickness of 28.6 nm no stopband peak could be generated in the simulation at all. With
this thickness correction, the spectra match the measured data very well. This leads to the
conclusion that the AlN/GaN-SL creates a larger optical thickness than provided by the refrac-
tive index obtained from EMT. To match the quarter wavelength condition at 366 nm with a
28.6 nm thick layer, a refractive index of 3.2 would be necessary. This would make the SL the
high-index and GaN the low-index layer which is very implausible. It is much more probable
that electrons are present in the SL due to the polarization discontinuity which generate a
different phase shift than π possibly combined with a slight increase of n.

On the right side of the stopband peak, the convolved oscillations of DBR and buffer material
resemble the measurement very well. The stopband peak itself is also very similar to the
measurement. The simulated maximum reflectance denotes 72 % which is the same value
obtained from equation 4.7 and is very close to the measured maximum reflectance of 74 %
(cmp. fig. 4.22). The matching of results from equation 4.7 and simulation is reasonable as
both are based on Fresnel’s formulas. On the left side of the stopband peak, a slight deviation
between simulation and measurement can be noted. This is presumably related to deviations in
absorption between the refractive index data obtained from literature (references [119], [120],
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Figure 4.26: Simulated reflectance spectra of the previously investigated SL-DBR (black) and the buffer
structure (red) in comparison to the measured spectrum (blue, shifted vertically for better visibility,
cmp. fig. 4.22).

[121]) and the deposited epitaxial material in the sample. Especially, the modeling of absorption
in the AlN/GaN-SL with EMT might be incorrect. With EMT, the absorption sets in at the
band edge of the material, which is around 310 nm for Al0.26Ga0.74N . The absorption behavior
of AlN/GaN-SL might deviate from the respective ternary AlGaN alloy due to the GaN wells
formed in the SL. Therefore it can be concluded that the complex refractive index of SL can
only by modeled by EMT for wavelengths at which no absorption or electrons are present. The
simulation of the buffer reflectance (red graph) also matches the measurement. In general, the
behavior of the SL-DBR could successfully be simulated.

It was also investigated whether the reflectivity scales with the number of DBR pairs. At
the same standard conditions, two SL-DBR were deposited with a stopband at 370 nm. The
samples also exhibit an AlN content of 26 % in the SL. One SL-DBR with 10 DBR pairs and
another sample with 15 DBR pairs. The maximum reflectivity was measured and compared
with calculated reflectivities for various DBR pair numbers as well as various refractive index
contrasts ∆n. The reflectivity was calculated with equation 4.7. With the refractive index of
the surrounding medium assumed to be air (n0 = 1) and the refractive indices of GaN and SL
for n1 = nGaN and n2 = nSL and a GaN buffer as substrate (ns = nGaN) the equation now
writes as:

R =
[

(nSL)2N − nGaN(nGaN)2N

(nSL)2N + nGaN(nGaN)2N

]2

(4.9)

The refractive index of the SL was interpolated between GaN and AlN according to the EMT.
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In figure 4.27, the results of this calculation are depicted. The blue curves show the calculated
reflectivity plotted versus the number of DBR pairs for various ∆n. The red circles are the two
SL-DBR samples with 10 and 15 DBR pairs. The reflectivity values of the samples correspond
to a ∆n around 6 % which matches the ∆n/n of AlGaN/GaN DBR with 34 % Al content in the
AlGaN layers (already critical for pseudomorphic growth) [111]. This shows that the refractive
index contrast in SL-DBR is not hampered in comparison to standard AlGaN/GaN-DBR. The
reflectivity increase of the measured samples also matches the predicted reflectivity increment
from the formula given above. Therefore it can be expected that the reflectivity of a SL-DBR
can be scaled in the same manner as for AlGaN/GaN DBR.
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Figure 4.27: Calculated reflectivity vs. DBR pair number for various ∆n/n (blue curves) and maxi-
mum reflectivities of two SL-DBR samples with 10 and 15 DBR pairs (red circles)

4.2.4 Strain State of SL-DBR

To further investigate the strain managing properties of the SL-DBR concept, 10-pair SL-DBR
samples were fabricated with increasing SL thickness dSL. The thickness of the SL was increased
by raising the number of periods in the SL. In the first SL-DBR sample described above, a 6-
fold SL served as the low index layer. To increase dSL, 7- and 8-fold SL were used while the
period length in the SL ∆SL was approximately constant for all samples. These samples feature
as expected a degraded reflectivity of 67 % for the sample with a 7-fold SL and 55 % for the
sample with a 8-fold SL as low-index layers, because the increasing SL thickness does not fulfill
the quarter wavelength condition of a DBR. The aim of these samples is solely to investigate
the effect of large SL thickness accompanied by an increased overall AlN content in the DBR
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on the strain state of the structure. Table 4.2 summarizes the layer thicknesses and effective Al
contents of all samples. The SL thicknesses of the samples with 7- and 8-fold SL as low-index
layers were determined to 35 nm and 39 nm, respectively. Due to process fluctuations, the
sample with the 7-fold SL exhibits a slightly increased AlN content of 27.8 % instead of 26 %.
Despite of this fact and the higher SL thickness, the sample shows pseudomorphic growth as
depicted in the rsm in figure 4.28. From figure 4.29, it can be seen that even the sample with
an 8-fold SL as low index-layer has been grown pseudomorphically.

Sample dSL [nm] ∆SL [nm] xAl [%]
6-fold SL 29 4.55 26
7-fold SL 35 4.81 27.8
8-fold SL 39 4.75 26

more Al (7-fold SL) 33 - 42

Table 4.2: SL-thickness dSL, periodic length of the SL ∆SL and effective Al content xAl of the four
samples. It was not possible to evaluate ∆SL for the sample with more Al due to missing Pendellösung
oscillations.
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Figure 4.28: (1015) rsm of the SL-DBR with a 7-fold SL as low-index layer.

As no relaxation is present in those three samples, an additional SL-DBR ("more Al") with
increased AlN content was fabricated. The low-index layer is formed by a 7-fold SL, but the
deposition times for the AlN layers in the SL were increased and the ones for GaN reduced.
This resulted in a SL thickness around 33 nm and an effective AlN content in the SL layers
of approximately 42 %. It was difficult to evaluate the SL thickness and AlN content because
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Figure 4.29: (1015) rsm of the SL-DBR with an 8-fold SL as low-index layer.

the 2θ-ω-scans of the (0002) reflex did not show very distinct features and was challenging to
fit. This is a first hint that relaxation may be present which is affirmed by the rsm obtained
from this sample. The scan is depicted in figure 4.30. This sample shows clear relaxation of
the SL-DBR stack from the pseudomorphic position at the GaN buffer coordinates towards the
lattice parameters of AlN. Therefore the in-plane stress which caused this relaxation process
has been of tensile nature. The whole SL-DBR stack, including the GaN layers, seem to relax
to smaller a lattice parameters. This implies that all GaN layers in the DBR stack are now
compressively strained. In analogy with chapter 3.2, in which the unstrained GaN layers in the
SL are supposed to increase the formation energy of cracks, the energy which is necessary to
compressively strain the GaN might be able to delay the relaxation process. On the other hand,
it also is obvious that for the non-cracked but relaxed SL-DBR, a different relaxation mechanism
comes into action compared to that of single SL layers which relaxed by layer cracking only
(cmp. chapter 3.2).

The surface of the relaxed sample shows a completely different morphology. The AFM
graph belonging to this sample is depicted in figure 4.31. In direct comparison with figure
4.23, it stands out that the surface shows a different step structure. The surface steps are no
longer oriented parallel to the substrate offcut and exhibit a more island-like shape. The step
edge is not straight but shows a wavy profile. Furthermore, the step heights exhibit a much
higher variation. Step heights from 0.256 nm (which correlates with step heights in the afore
mentioned pseudomorphic SL-DBR sample) up to 2.42 nm are observed in this measurement.
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Figure 4.30: (1015) rsm of a SL-DBR with an enhanced AlN content in the 7-fold low-index SL layers
(Qx values were shifted to correct a measurement error).

The terrace area is also increased. This sample shows a tendency of accumulating smaller steps
into large steps.

Curvature Measurements

Curvature measurements were carried out to further investigate the strain state of SL-DBR
samples. The curvature was measured ex-situ with X-ray diffraction. As described in chapter
2.3.1, rocking curves were obtained from several positions on the wafer. Figure 4.32 shows
the measurement principle: The sample holder can be rotated in φ and translated in x- and
y-direction. At φ = 0◦, a ψ-scan is carried out to eliminate any misorientation perpendicular
to the X-ray beam. Misorientation parallel to the X-ray beam can be neglected because only
differences of ω will be used to determine the curvature and not the values itself. Then a rocking
curve is measured in the wafer center marked with "0" in figure 4.32. The ω-value of this peak
denotes the reference angle for measurements at the current angle φ. Now the sample is moved
in x-direction to obtain rocking curves at the positions 1, 2, 3 and 4 marked in figure 4.32. As
explained in chapter 2.3.1, the ω-values deviate from the value at position 0 for a curved wafer.
If the values from position 1 and 2 are larger than the value from position 0 and the values
from position 3 and 4 smaller, the wafer exhibits a bowl-like curvature, i.e. a concave shape. If
the values from position 1 and 2 are smaller than the value from position 0 and the values from
position 3 and 4 larger, the wafer exhibits a mound-like curvature, i. e. a convex form. The
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Figure 4.31: AFM graph of the SL-DBR with increased AlN fraction in the low-index SL layer. (An
FFT filter was applied to the raw data to exclude parasitic tip oscillations.)

curvature radius R can then be calculated with distance x between the measurement position
and the position 0:

R = x

sin(ωi − ω0) (4.10)

The vertical displacement of the wafer from a flat surface dv at position x can be calculated
with the follwing formulas:

dv = R +
√
R2 − x2 for convex shape (4.11)

dv = R−
√
R2 − x2 for concave shape (4.12)

A non-constant curvature radius is detected by the two measurement points on each side of
position 0. This procedure is then repeated for several angles φ to detect elliptical or cylindrical
wafer curvature. Figure 4.32 also shows the measurement setup for φ = 22.5◦. The x- and y-
axis are also rotated in φ. Therefore, the sample now has to be moved in a combination of
x- and y-axis to reach the positions 1, 2, 3, and 4. For the measurements presented here, the
curvature was measured at φ = 0◦, 22.5◦, 45◦, 67.5◦, 90◦, 112.5◦, 135◦ and 157.5◦ with a spacing
of 1 cm between each adjacent position 0 - 4.

Figure 4.33 shows the vertical displacement of the wafer edge in relation to the wafer center.
Negative values mean that the wafer edges are lower than the wafer center which denotes a
convex curvature. Positive displacement values represent a concave wafer curvature. The wafer
flat is always oriented at 180◦. For measurement positions 2 and 3, a distance of 10 mm to the
wafer center is chosen. Measurement positions 1 and 4 are located 20 mm away from the wafer
center. Values in between are interpolated by the contour plot. From this measurement setup
results an edge exclusion of 5 mm.

In figure 4.33a, the shape of a sapphire substrate as used for all sample types is shown. The
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Figure 4.32: Measurement principle to determine the wafer curvature by XRD. Two angles, φ = 0◦
and φ = 22.5◦, are shown exemplarily.

wafer edge (20 mm from center) shows a very slight displacement of 3.5 µm in comparison to
the wafer center. As the specifications of the supplier guarantee bow of less than 10 µm, this
value is reasonable. The displacement is also of positive nature, which leads to a concave wafer
shape. For a 2-inch wafer, the measured displacement corresponds to an inverse curvature
radius of 0.0174 1/m. The substrate curvature is caused by residual stress incorporated during
ingot fabrication. After dicing, the stress translates into strain i.e. curvature. It is notable that
the curvature is not completely spherical but shows a slight cylindrical shape with an axis of
minimum curvature parallel to the wafer flat. Along this axis, the inverse curvature radius is
much smaller and denotes 8.29 · 10−4 1/m.

The resulting curvature of a GaN buffer deposited on such a sapphire substrate is shown
in figure 4.33b. One can directly see that the strain state changed dramatically. The dis-
placement is now negative which denotes a convex wafer shape. The change from concave to
convex curvature can be attributed to the compressively stressed GaN buffer which relaxes
and strains the sapphire substrate as illustrated in figure 4.34. The maximum displacement is
-21.2 µm 20 mm away from the wafer center. This corresponds to a inverse curvature radius
of 0.1059 1/m. Again the curvature is not strictly spherical but with cylindrical component.
For the GaN buffer, this shape is much more pronounced in comparison to the bare sapphire
substrate. The axis of minimum curvature is now aligned approximately perpendicular to the
wafer flat (the angular resolution in the measurement was 22.5◦) and has an inverse curvature
radius of 0.0743 1/m which is smaller than the 0.1059 1/m measured perpendicular to this axis.
Nevertheless, the inverse radii are still large compared to the values obtained from the sapphire
substrate. The non-spherical part of the curvature has to have a different origin than the one
of the sapphire substrate as the direction of minimum curvature changed about 90◦ which can
not be explained by the 30◦ crystal rotation between sapphire and group III nitrides.
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(b) GaN buffer
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(c) 10-fold SL

0
30

60

90

120

150
180

210

240

270

300

330

0
5

10
15
20
25

0
5

10
15
20
25

0.0669 1/m

0.1062 1/m
Po

si
tio

n 
[m

m
]

-25.00
-20.00
-15.00
-10.00
-5.000
0.000
4.000

(d) 15-fold SL
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(e) 23-fold SL
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Figure 4.33: Displacement of the wafer edge in µm in relation to the wafer center for the sapphire
substrate, GaN buffer, SL samples and SL-DBR. Inverse curvature radii are given along the dotted
axes. The wafer flat is always oriented at 180◦.



90 CHAPTER 4. APPLICATIONS OF ALN/GAN-SL IN III-N DEVICES

According to Moram et al. [43], the curvature deviates from the strictly spherical shape
if higher stresses are present due to a trigonal distortion of the elementary cell. This seems
to apply for the samples in this measurement. Figure 4.33c shows the curvature data for a
10-fold AlN/GaN-SL. The strain state looks similar to the one of the previously analyzed GaN
buffer. The sample also shows convex curvature with a cylindrical component. The axis of
minimum curvature is again oriented perpendicular to the wafer flat and exhibits an inverse
curvature radius of 0.0869 1/m. The largest inverse curvature radius detected is 0.1152 1/m.
This value was detected at 45◦ and not perpendicular to the axis of minimum curvature but the
displacement distribution in figure 4.33c looks similar to that of the investigated GaN buffer
(fig. 4.33b). The inverse radii of the 10-fold SL are larger compared to those obtained from the
GaN buffer. This is counter-intuitive as the AlN/GaN-SL should introduce tensile strain into
the sample as depicted in figure 4.34 on the right. The introduction of the SL in the layer stack
would decrease the curvature because it acts against the compressive strain from the underlying
GaN buffer. It is difficult to explain this unexpected behavior of the investigated sample as no
statistics were collected for theses curvature measurements. Thus, it is impossible to judge if
the deviation of curvature between 10-fold SL and GaN buffer is significant or lies well within
a typical variation. An analysis of the buffer growth conditions of both samples revealed that
the underlying GaN buffer of the 10-fold SL sample was deposited at a 5◦C lower growth
temperature than the GaN buffer sample. This results in an increased buffer layer thickness of
2.315 µm for the 10-fold SL sample. A larger thickness could induce more compressive strain
than present in the GaN buffer sample. Even if a part of this larger compressive strain is
already compensated by the tensile strain of the 10-fold SL layer on top, the resulting convex
curvature might still be larger than the one of the GaN buffer sample. This argumentation is
of course highly speculative and a statistical analysis of the curvature of an adequate number
of GaN buffer and SL samples would be necessary.

In figure 4.33d, the curvature state of a 15-fold SL sample is depicted. In comparison to
the 10-fold SL, the convex curvature looks less pronounced but the cylindrical component is
still visible. The axis of minimum curvature is also oriented approximately perpendicular to
the wafer flat and shows an inverse curvature radius of 0.0669 1/m. The maximum curvature
exhibits an inverse radius of 0.1062 1/m. These values are slightly smaller than the ones of
the 10-fold SL sample which can be attributed to the increased tensile strain introduced by the
larger SL layer thickness counteracting the convex shape. A 23-fold SL (figure 4.33e) affirms
this observation. The inverse radii are very similar as for the 15-fold SL (0.0653 and 0.1065 1/m)
while the overall convex shape with a cylindrical component still persists but looks a little less
pronounced. This again confirms that an AlN/GaN-SL behaves like an AlGaN alloy being
tensily strained on GaN.

Figure 4.33f now shows the curvature of a full SL-DBR with 10 pairs. The curvature is
less pronounced compared to the SL samples but the reduction of inversed curvature radii is
quite small. The measured inverse radii are 0.0611 and 0.0894 1/m which is in the same order
of magnitude as for the SL samples. This result is quite astonishing as the SL-DBR structure
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Figure 4.34: Curvature type of the bare sapphire substrate (left), a GaN buffer deposited on sapphire
(middle) and a SL/GaN buffer stack on sapphire (right). The AlN nucleation and buffer layers are
neglected as they do not change the direction of curvature. The red arrows mark the direction of strain
which is caused by the partial relaxation of stress.

contains much more AlN than one SL layer stack. One would expect a much smaller curvature
as the sample should be flattened by the tensile strain from the thick SL-DBR stack. As
both samples are fully pseudomorphic, the tensile stress from the AlN has to be relieved in
a different mechanism than manifesting in strain/curvature. The assumption that the strain
leads to different relief mechanisms for a SL-DBR than for an AlN/GaN-SL seems likely.

TEM Analysis

TEM images were obtained from a 10-pair SL-DBR by Frank Heyroth in the group of Prof.
Georg Schmidt (Martin-Luther University Halle, Germany) using a Jeol microscope at 200 kV
to investigate the layer and structure of the SL-DBR. The TEM sample was prepared parallel
to the a-plane (1120). In this way, dislocations with Burgers vectors of 1/3 < 1120 > should be
visible in the TEM image. TEM images of a 5-fold AlN/GaN-SL were taken by Koji Yoshitsugu
in the group of Prof. Uraoka (Nara Institute of Science and Technology, Japan) using a Jeol
JEM-3100FEF microscope at 300 kV and a resolution of 0.19 nm. Figure 4.35a shows the
layer stack of a SL-DBR. Three AlN/GaN-SL stacks are visible sandwiched between the high-
index GaN layers. Every AlN layer (bright) in the SL can be clearly distinguished from the
surrounding GaN (dark). This confirms the XRD results in which both periodicities ∆DBR and
∆SL were be observed in (0002) 2θ-ω-scans. Figure 4.35b shows an AlN/GaN-SL in a larger
magnification. The atomic planes are visible in this picture. The AlN layers in bright contrast
show a very flat and smooth lower interface to GaN (dark), while the upper interface looks
irregular. As the growth direction points from bottom to top, this means that the GaN-to-AlN
interface is atomically flat and of high quality while the AlN-to-GaN interface exhibits a higher
roughness.

The whole layer stack of the 10 pair SL-DBR is depicted in figure 4.36. At the bottom line
of the picture, the AlN buffer layer is visible. It shows a large number of TD which in most
cases terminate at the AlN-to-GaN interface. Few of the TD propagate through the GaN buffer
and reach the SL-DBR structure in the upper region of figure 4.36. As the magnification of this
TEM image is lower, only the DBR period is visible. The resolution is too coarse to distinguish
the thin AlN and GaN layers within the SL. All TD show a remarkable propagation behavior
in the SL-DBR structure. The TD bend when they reach the SL-DBR. The magnified inset
in figure 4.36 shows a TD bending into the in-plane direction at the GaN buffer/SL interface.
The TD then moves parallel to the interface for approximately 150 nm and finally kinks back
into the c-direction. After that, the TD propagates through the AlN/GaN-SL and the top GaN
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high-index layer of the DBR without further kinking. At the next interface, which is again a
GaN-to-SL interface, the process is repeated. As a result, the TD moves in a staircase pattern
through the DBR structure which results in an effective inclination angle. It can be observed
that all dislocations bend when they reach the SL-DBR region. Some are redirected into a
flatter, others into a steeper effective inclination angle. In general, two inclination angles can
be observed in figure 4.36. The TD either incline 30◦ or 60◦ to the left or right. For the TD
inclining only 30◦ away from the c-direction, the propagation length parallel to the interfaces
looks shorter. This can be explained by the crystallographically equivalent directions in the
wurtzite lattice and even allows to identify the crystallographic direction into which the TD
bend:

Figure 4.37 depicts a hexagonal lattice in a top view on the left. In this graph, the c-plane
is parallel to the paper plane and the a-plane is perpendicular. If now a TD propagates in
c-direction (out of the paper plane) and bends at the GaN-SL interface into the < 1120 >

directions, there are six crystallographically equivalent directions marked with blue arrows. If
now a side view (fig. 4.37 right) of this constellation in the intersecting a-plane is considered,
as it is prepared in the TEM image, two of the inclination directions (marked with thin blue
arrows) would result in disappearing TD because the TD inclines out of the prepared TEM
specimen. The other four directions (marked with thick blue arrows) would result in a TD
inclined to the left or right side at one specific angle. This constellation does not lead to the
observed result (all TD inclined, two characteristic angles). The observed inclination pattern is
only realized if the TD are assumed to incline into the < 1100 > directions marked with green
arrows. Now the thin green arrows mark bend directions which result in a larger inclination
angle projection in the side view and the thick green arrows mark bend directions resulting in
a smaller inclination angle projection in the side view. In this way, the TEM image only shows
the a-plane projection of the real in-plane propagation lengths which is different for the various
crystallographically equivalent < 1100 > directions (compare thin and thick green arrows).
Other directions than < 1120 > or < 1100 > would result in three different inclination angle
projections. In conclusion, it can be derived that the TD bend from the < 0001 > direction
into the < 1100 > directions when reaching a SL layer.

Chapter 2.1.3 explains that a bending of TD can relax in-plane strain according to the
Romanov-Speck model. This may also be true for the TD in the SL-DBR samples and would
explain the lack of difference in strain state between a single SL layer (23-fold) and a full SL-
DBR stack as observed with the curvature measurements discussed above. In chapter 3.2, the
major relaxation mechanism of AlN/GaN-SL layers was identified to be layer cracking. This
obviously did not occur for the SL-DBR samples so the staircase movement of TD is a promising
candidate to explain why SL-DBR growth does not accumulate additional strain in the layers.
In contrast to the before mentioned Romanov-Speck model (cmp. chapter 2.1.3), in which the
dislocations incline at a constant angle to relieve in-plane strain, the SL-DBR samples show
a staircase movement. The TD either moves perpendicular or parallel to the interfaces which
leads to the effective inclination angles described above.
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Figure 4.35: Left: TEM image of a SL-DBR. The quarter wavelength layers of GaN (high-index) and
AlN/GaN-SL (low-index) are clearly visible (Heyroth et al.). Right: TEM image of the AlN/GaN-SL
(Yoshitsugu et al.).
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Figure 4.36: TEM image of the complete 10 pair SL-DBR stack (Heyroth et al.) with marked bend
angles.

A staircase movement was already observed by Cherns et al. [68] for AlGaN/GaN MQW.
But in their samples, the AlGaN/GaN MQW was deposited on an AlGaN buffer layer which
means that the AlGaN in the MQW was lightly tensily strained and the GaN in the MQW
exhibited compressive strain. Also the staircase pattern occurred on a much smaller scale. The
AlGaN layers had a thickness of 10.5 nm and the GaN layer thickness was varied between
1.5 and 3.5 nm. In agreement with the previously gained findings here, the in-plane direction
in which the TD bend was identified to be < 1100 > for the samples from Cherns et al. The
group also identified climb as the mechanism with which the TD are able to leave the c-direction
because no appropriate slip system exists for TD with b = 1/3 < 1120 >. The compressive
strain is relieved by the TD climb because the inserted half plane associated with the TD is
reduced in its extent. For TD propagating in c-direction, the additional half plane is inserted
on one side of the dislocation line. If the TD bends into the in-plane direction, the half plane is
then either below or above the dislocation line. If this happens at a heterointerface, it implies
that either the layer below or the layer above the TD contains an additional half plane of
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Figure 4.37: Possible bend directions in a hexagonal lattice (left) and the resulting side view (right).
Crystallographically equivalent directions are marked in the same color.

atoms. It is evident that this additional half plane can accommodate lattice mismatch at least
partially. The mechanism for compressive strain relief is depicted in figure 4.38 on the left.
Figure 4.38a shows an unbent TD in a compressively strained AlGaN/GaN-MQW. The half
plane of the TD is depicted on the left of the dislocation line. When this is compared to figure
4.38b, it can be seen that the staircase pattern of the TD reduces the extent of the dislocation
half plane, which in turn relieves compressive strain in the MQW. It must be noted that figures
4.38a and b cannot represent the same sample before and after the relaxation process. The
staircase pattern of the TD already evolves during the MQW growth. Figure 4.38a is only
given for comparison with 4.38b and can be considered as a similar sample with slightly lesser
strain in the MQW which still allows relaxation-free growth.

To release compressive strain in GaN, as it is the case for the samples from Cherns et al.,
the additional half plane is located below the dislocation line. This means that the inserted half
plane does not extend into the compressively strained GaN and acts like a MD. As this process is
driven by climb, which is diffusion-based, it can only take place at sufficiently high temperatures
in close proximity to the growth front which denotes a reservoir for the atom species diffusing
to and away from the TD. Farther away from the growing surface, the TD freezes and becomes
immobile due to the lack of supply of diffusing atoms and suitable slip systems. This also
limits the in-plane propagation length of the TD: During the in-plane propagation of the TD,
the sample is still growing in c-direction which moves the growth surface away from the in-plane
segment of the TD. This process slows down the in-plane propagation until it finally stops and
can only be continued at interfaces closer to the growth surface. As a result, a staircase pattern
evolves.

A diffusion-based process also implies that it does not necessarily have to take place in the
moment in which the considered volume solidifies from the gas phase. The bending of TD can
also rearrange after the growth front already moved on a little. This allows the bending also
to occur even if the individual strained layers do not exceed the critical thickness. After some
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Figure 4.38: Schematic drawing of relaxation process via dislocation climb for compressive (b) and
tensile strain (d) compared to samples with no dislocation climb present ((a) and (c)).
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of the strained layers (for the work of Cherns et al., these are the compressively strained GaN
layers) are deposited, their strain can add and facilitate the bending of TD [68]. Due to its
diffusion-based nature, the bending process might be influenced by the growth temperature and
the growth rate (determines how fast the surface moves away from the interface at which TD
bending happens). The staircase pattern leads to the fact that only a small volume fraction in
the SL-DBR is actually partly relaxed, namely the small part below every horizontal section
of a TD. This seems to be sufficient to hinder crack formation in the structure. On the other
hand, the volume seems to be small enough to not influence the rsm, according to which the
strain state is fully pseudomorphic.

In contrast to the results from Cherns et al., the SL-DBR samples investigated here are
tensily strained. But the relaxation mechanism seems also be able to relax tensile strain as
depicted on the right side of figure 4.38. In this case, the additional half plane is located in
the layer above the bent dislocation line. For the SL-DBR samples, this is the tensily strained
AlN/GaN-SL. With the evolving staircase pattern of the TD, the half plane extends (cmp. figs.
4.38c and 4.38d) and the additional atoms act as a misfit segment relaxing the tensily strained
SL.

Still the question remains why for the compressively strained AlGaN/GaN MQW from
Cherns et al., the TD bend between the thin layers of the MQW and for the samples discussed
here, bending only occurs on the larger quarter wavelength scale of the DBR and not on the
one of the AlN/GaN-SL. The energy barrier to force the TD into the in-plane direction at every
AlN/GaN interface in the SL apparently cannot be overcome. This could either be due to a
higher energy barrier for the AlN/GaN-SL in comparison to the AlGaN/GaN MQW or lesser
strain in the SL. The latter does not seem very likely as in these samples pure AlN is deposited
on GaN whereas Cherns et al. used GaN on Al0.50Ga0.50N . This results in a less pronounced
lattice mismatch while the layer thicknesses of the strained layers were comparable. It leads to
the possibility of a higher energy barrier for the diffusion-based climb process of the SL-DBR
samples and only the accumulated strain of a whole SL quarter wavelength layer would be able
to force the TD into the in-plane direction. This could originate from different self-diffusion
coefficients in GaN and AlN. Up to now, no comparable data of self-diffusion coefficients could
be found for these materials. Ambacher et al. investigated the self-diffusion of GaN [122] and
concluded that the diffusion is dominated by nitrogen vacancy diffusion and the breaking of
the Ga-to-N bond. As the bond strength of Al-to-N is higher (EB = 2.88 eV [2]) than that of
the Ga-to-N bond (EB = 2.20 eV [2]), this should result in a lower diffusivity of nitrogen in
AlN than in GaN. This could lead to a higher energy barrier for TD bending if the additional
half plane has to extend into the AlN-containing AlN/GaN-SL. This explanation is, of course,
highly speculative and further research should be focused on this issue in order to improve
the interface quality of the AlN/GaN-SL. With experiments like the introduction of growth
interruptions and the use of higher or lower growth rates in combination with a TEM analysis
the dislocation bending could be investigated more thoroughly.
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4.2.5 Aspects of Growth Rate Scaling for SL-DBR Fabrication

In chapter 3.1, the influence of the growth rate on the structural properties of AlN/GaN-SL
was examined. This chapter will investigate if the results from AlN/GaN-SL regarding the
growth rate are applicable to SL-DBR structures. The standard growth conditions require
growth times around one minute for every GaN or AlN layer in the SL. These times are added
according to the targeted layer thickness of the SL low-index layer. The growth time of the
high-index GaN layer also scales with the chosen growth conditions as they are the same for
high-index GaN and low-index SL. In summary, growth times around 30 minutes per DBR
pair are reached if stopband wavelengths in the blue to green spectral region are chosen. This
is quite long as about 30 to 40 DBR pairs are necessary if a reflectivity greater than 99 % is
required. In this manner, any growth time reduction is an advantage for SL-DBR fabrication,
especially if an industrial production is envisioned.

The two highest precursor flows from chapter 3.1 were tested in 10-pair SL-DBR stacks.
The first DBR was deposited using a V/III ratio of 1130 (GaN) and 1310 (AlN). This is realized
by increasing the TMAl and TMGa flows from 24 sccm and 6 sccm (reference sample, 24/6) to
39 sccm and 9 sccm (sample 39/9). The growth conditions of all samples are summarized in
table 4.3. The growth time for one DBR pair was reduced to 20 minutes at theses conditions.
A second DBR was fabricated using V/III ratios of 1020 (GaN) and 1220 (AlN) which are
realized by 42 sccm TMAl and 10 sccm TMGa flow (sample 42/10). At these precursor flows,
the growth time of one DBR pair was further reduced to 17 minutes. Both samples were
successfully fabricated without any visible surface cracks. The sample with 42 sccm and 10 sccm
even reached a record reflectivity of 79.5 % for a 10-pair DBR (not shown here).

Sample TMAl flow TMGa flow tgrowth xAlN(SL)
[sccm] [sccm] [s/DBR pair] [%]

24/6 24 6 30 26
39/9 39 9 20 35
42/10 42 10 17 41

Table 4.3: group III precursor flows, growth times per DBR pair and AlN content in the SL for the
three samples discussed in this chapter.

To judge the crystal and interface quality of the SL-DBR at higher growth rates, 2θ-ω scans
are utilized in analogy with the analysis of SL in chapter 3.1. Figure 4.39 shows the (0002) 2θ-ω-
scans of the two DBR samples (39/9: red and 42/10: blue) and a reference SL-DBR deposited
at standard conditions (24/6: black). Higher-order peaks are visible for both increased growth
rates to the same extent as for the reference sample. The scans show comparable intensities
of SL-DBR peaks in relation to the GaN and AlN peaks. From that, it can be concluded that
the crystal quality and interface roughness of the SL-DBR are not hampered by the increased
growth rates as this would manifest in a decreased diffraction intensity. Due to the increased
growth rates, the growth times of the individual layers in the SL become very short (around
20 seconds) which makes it even more challenging to adjust the epitaxial recipe to precisely
obtain the required layer thicknesses. In the case of the discussed samples, the GaN layer
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Figure 4.39: (0002) 2θ-ω-scan of 10-pair SL-DBR structures. The flows during DBR growth were
39 sccm for AlN and 9 sccm for GaN (red curve) and 42 sccm for AlN and 10 sccm for GaN (blue
curve). As a reference, the black curve shows the 2θ-ω-scan of a SL-DBR deposited at standard
conditions (24/6). The three curves are displaced vertically for clarification.

thickness in the SL was targeted to around 3 nm but only 2.7 nm (39/9 sccm) and 1.9 nm
(42/10 sccm) were realized. This manifests in an increased effective Al content of SL and also
the whole SL-DBR structure. While the reference SL-DBR (24/6) contains 26 % AlN in the
SL, the samples with enhanced growth rates exhibit AlN concentrations in the SL of 35 %
(39/9 sccm) and 41 % (42/10 sccm). The recipe design of all samples in this thesis relies on the
assumption that the layer thickness scales approximately linearly with growth time, i.e. that
the growth rate is constant during layer growth. From the deviation in layer thicknesses, it
can be concluded that this might not be true for the initial stages of growth and could cause
thickness deviations for very thin layers deposited at very high growth rates (e.g. sample 39/9
and 42/10).

Rsm are collected from the samples to analyze the strain state of the SL-DBR with higher
growth rates. Figure 4.40 shows the (1015) rsm of the sample 39/9. The vertical line marks the
Qx position of the SL-DBR stack. A slight displacement of the SL-DBR peaks to the right side
of the GaN buffer peak can be observed. If the a-lattice parameters of GaN buffer and SL-DBR
stack are compared for this sample, only a minute deviation can be detected: The SL-DBR stack
exhibits an a-lattice parameter of 0.31922 nm and the GaN buffer 0.31955 nm. This deviation
is so small that the sample might even be termed as pseudomorphic because the measurement
error for lattice parameters with HR-XRD is in the range of the deviation. Because the (2024)
rsm was also analyzed and yielded the same deviation, a very small amount of relaxation seems
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Figure 4.40: (1015) rsm of a 10-pair SL-DBR growth with 39 sccm (AlN) and 9 sccm (GaN). The
vertical line marks the Qx coordinate of the SL-DBR stack.

to be present in sample 39/9 in contrast to the SL-DBR deposited at standard growth rates
(24/6). The (1015) rsm of the SL-DBR with the highest growth rates (42/10) is shown in
figure 4.41. The vertical line again marks the Qx coordinate of the DBR stack. This sample
shows clear relaxation. The lattice parameters of GaN buffer and SL-DBR were extracted and
are 0.31762 nm for the SL-DBR and 0.31842 nm for the underlying GaN buffer. These values
deviate more strongly than for the previous sample indicating a higher degree of relaxation. A
more detailed analysis of the relaxation mechanism including further TEM studies would be
very interesting as the last chapter clarified that the strain management of the SL-DBR relies
on the diffusion-based TD bending and that this process should be influenced by the growth
rate. This is of great interest as it might in this way be possible to control the relaxation process
via the growth rate. In summary, it can be stated that the deposition of SL-DBR at higher
growth rates is possible without compromising the crystal and interface quality. For precise
process control, it is necessary to further investigate growth rates during the initial stages of
layer growth.
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Figure 4.41: (1015) rsm of a 10-pair SL-DBR growth with 42 sccm (AlN) and 10 sccm (GaN). The
vertical line marks the Qx coordinate of the SL-DBR stack. Qx values were modified to exclude
measurement errors.
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4.3 Electro-optic Modulator Concept TuneDBR Based
on SL-DBR

In the previous chapters, the concept of the SL-DBR which relies on the optical properties of
the AlN/GaN-SL was elucidated. A possible influence of 2DEG on the optical properties of
SL was found in chapter 4.2.3 in which a deviation of the refractive index and phase shift was
presumed to explain the measured data. Chapter 4.1 presented the SL-HEMT. This device is
based upon the electrical properties of 2DEG forming in AlN/GaN-SL. The current chapter
now investigates the interplay of optical and electrical properties of AlN/GaN-SL and will intro-
duce a novel electro-optic modulator based on AlN/GaN-SL called TuneDBR. The TuneDBR
concept was invented by Ada Wille and Holger Kalisch at GaN Device Technology (RWTH
Aachen University) and elected suitable for patenting by RWTH Aachen University. The
German patent is pending ("Steuerbarer Bragg-Reflektor", Aktenzeichen: 10 2015 107 239.4,
Dokumenten Referenz-Nr.: 2015050815272700DE8) with the priority date May 8th, 2015. In
May, 2016, RWTH Aachen University decided to support a PCT application which is already
submitted.

4.3.1 Working Principle of the Electro-Optic Modulator

Chapter 4.1 clarified that the thin AlN layer, which is part of the AlN/GaN-SL, is sufficient to
induce 2DEG at every GaN-to-AlN heterointerface in the SL. These 2DEG were successfully
implemented in multichannel transistors. Via the gate contact, it was possible to control the
carrier concentration in the parallel configuration of multiple channels with frequencies up to
38.4 GHz (fmax for triple-channel device, cmp. fig. 4.13). All this still holds true if the SL is
instead implemented in DBR. The depletion and accumulation of carriers in the 2DEG can be
used to directly modulate the dielectric and optical properties of the SL as follows: If a single
AlN/GaN-SL quarter wavelength layer in a SL-DBR is considered, every GaN-to-AlN interface
poses a heterojunction at which a 2DEG can be formed. This implies that an AlN/GaN-SL
contains free electrons. In the SL, the free electrons are confined into multiple, parallel 2DEG
which translates the primarily 2D carrier concentration of a single GaN/AlN heterojunction
into a quasi three-dimensional structure. By the systematic application of an electric field to the
structure, the carrier concentration in the SL can be changed. The structure can be depleted or
additional electrons can be accumulated in the SL. The changing carrier concentration in the
multiple 2DEG structure affects the dielectric and optical properties (i.e. the refractive index)
of the SL layer. This effect can be used to design a fast electro-optical modulator which can
be implemented in a conventional DBR to switch the reflectivity (TuneDBR). This modulation
principle is only limited by the RF properties of the system and no current flow in the structure
is necessary. This enables ultra-fast and powerless electro-optic modulation.

In the following, a detailed explanation will be given how the changing carrier concentration
can affect the dielectric and optical properties of a material. As this happens via several
mechanisms, a general introduction to the topic will be given before the individual effects
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of the changed carrier concentration are explained subsequently. The dielectric and optical
properties are mainly determined by the complex dielectric function ε(ω) = ε1 + jε2 of the
material. This is a complex function consisting of the real and imaginary parts ε1 and ε2. The
real and imaginary parts are connected via the Kramers-Kronig relations [61]:

ε1(ω) = 1
π
P
∞∫
−∞

ε2(ω′)
ω′ − ω

dω′ (4.13)

and

ε2(ω) = − 1
π
P
∞∫
−∞

ε1(ω′)
ω′ − ω

dω′ (4.14)

The integral over the whole frequency range in the formula is very important if the refractive
index change, resulting from a change of the complex dielectric function, is considered. If a
resonance at a certain frequency changes or vanishes from the dielectric function, both ε1 and ε2

are directly affected at this wavelength position of the spectrum. In addition to that, it follows
from the Kramers-Kronig relation that a change of ε1 at a specific frequency leads to a change
of ε2 for all values of ω and vice versa. This also means that the refractive index n =

√
ε(ω) is

changed for the whole frequency range ω if a feature at a specific wavelength vanishes from the
dielectric function. Therefore one has not only to consider effects which occur at frequencies
in the spectral range of interest but also the effects at higher or lower frequencies. One of
these effects is the change of the plasma resonance ωp of the electrons which is generally in the
infrared regime [123] If the carrier concentration N changes, the plasma resonance ωp of the
electrons is altered according to [61]:

ωp =
√
Ne2

ε0m∗
(4.15)

with the elementary charge e, the vacuum permittivity ε0 and the effective electron mass m∗.
This also changes ε(ω) and the resulting refractive index over the whole spectrum. If the
spectral range of interest is considered in the near UV and visible spectrum, special attention
has to be paid to effects concerning excitons close to the band gap energy for GaN-based
devices. Excitons can interact with free carriers and create mixed states of excitons and carriers.
Due to the fact that the carriers are confined into 2DEG, a quantization similar to an multi
quantum well (MQW) structure occurs. In such structures, the wave function of excitons can
be understood as a linear superposition of the eigenfunctions of all free carrier states. If the
free carrier concentration increases, some of these states are occupied by free carriers and the
eigenfunctions of theses states do not any longer contribute to the exciton wave function, which
alters the exciton energy and therefore the dielectric function ε(ω) [124].

For higher carrier concentrations, the dielectric function is also changed due to the quantum
confined Stark effect (QCSE) and its effect on the band gap energy [104]. In the tilted quantum
wells formed in the nitride SL, electrons and holes are spatially separated which reduces the
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effective transition energy and the wavefunction overlap of electrons and holes. If an electric
field is applied to the structure, this tilting can be compensated or enhanced depending on the
direction of the electric field. For a compensated tilt, the transition energy and the overlap
become higher. This is caused by the flat band edges in the quantum wells which blue-shifts
the absorption edge. If the tilting is increased, the transition energy becomes even smaller,
resulting in a red-shift of the absorption edge. At high carrier concentrations, the QCSE
can be weakened by the electric field generated by the carriers in the quantum wells which
counteracts the original electric field [125].

If the carrier concentration is even further increased, the average spacing of excitons can
become smaller than the exciton radius. This tipping point is called the Mott density and the
excitons dissociate into an electron-hole plasma. At this point, the exciton resonances vanish
from the dielectric function and the electron-hole plasma resonance appears. This resonance
also depends on the carrier concentration and is given by a formula similar to equation 4.15
but with the combined reduced effective mass of electron and hole instead of the reduced
effective electron mass m∗. As the electron-hole plasma is lower in energy than the excitons,
this resonance is likely to occur at lower frequencies [104]. For indirect semiconductors, a
condensation of the electron-hole plasma into an electron-hole liquid can be observed which
again changes the dielectric function but for direct semiconductors like GaN and AlN, this is
unlikely to occur as carrier lifetimes are very short [104]. The origin of the exciton dissociation
differs slightly for two-dimensional systems compared to conventional 3D systems. In the latter
ones, exciton dissociation is dominated by Coulomb screening. In 2D systems, phase space
filling dominates as electrical field lines threading through the barrier layers cannot be screened
which makes Coulomb screening less effective. This can lead to the fact that not all exciton
resonances vanish from the dielectric function at the same carrier concentration [104].

At very high carrier concentrations, the Burstein-Moss shift (BMS) comes into action. The
semiconductor degenerates and an energy higher than the bang gap energy is needed to excite
carriers from the valence band. This blue-shift of the band gap energy again relates to a
change in the dielectric function [126], [127]. Bandgap renormalization (BGR) is also present
and creates a red shift of the band gap energy via exchange interaction of electrons [128]. In
2D quantum well systems, bandgap renormalization is of less importance as the carriers are
distributed into several subbands and the exchange interaction only occurs for carriers in the
same subband [104].

The variety of effects related to an increase in carrier concentration make it very difficult
to predict the actual change of the refractive index for a specific material which makes an
experimental investigation necessary. Feneberg et al. showed that the imaginary part of the
dielectric function of n-doped GaN is strongly influenced near the band edge by an increasing
carrier concentration [128]. These results are very promising for the TuneDBR concept but
a comparison with AlN/GaN-SL is difficult, as the carriers in the samples investigated by
Feneberg et al. are not created by polarization but by dopands which can deteriorate crystal
quality at high doping concentrations. This point is mentioned as a possible explanation for



104 CHAPTER 4. APPLICATIONS OF ALN/GAN-SL IN III-N DEVICES

the broadening of features in the dielectric function observed by Feneberg et al. Also the
dimensionality of the carrier systems is different. This is of special importance because Feneberg
et al. concluded the BGR to compensate the BMS up to carrier concentrations of 9 ·1018 cm−3.
If, for the samples discussed in this thesis, the BGR is reduced due to the lowered dimensionality
of the 2DEGs as indicated in reference [104], the onset of the BMS might occur already at
lower carrier concentrations. Also the exciton screening discussed by Feneberg et al. might be
different for SL samples due to the same reasons as for the BGR.

The concept of using 2DEG/electrons to alter the optical properties of a material has not
been exploited very often for group III nitrides but there are few publications which demonstrate
the basic effect [128], [129]. In silicon, the change in refractive index due to carrier depletion
is widely used as other modulation concepts via the Pockels or Franz-Keldysh effect are not
possible [130], [131], [132], [133]. Also in group III arsenides and phosphides, the depletion and
accumulation of free carriers in pin junctions has been investigated [134], [135]. In this context,
the effect is called the free-carrier plasma effect [136]. While for silicon, the free-carrier plasma
effect is still used in state-of-the-art ring modulators, it has not been pursued any farther in the
case of arsenides and phosphides. For theses classical III-V materials, mostly Mach-Zehnder
modulators are used [137]. Alping et al. reported a change in refractive index of ∆n = 0.4 ·10−3

in a n-AlGaAs/n-GaAs/p-AlGaAs structure due to the free-carrier plasma effect [135].
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4.3.2 Device Design of the Electro-Optic Modulator

After the origins of the electro-optic effects in SL have been discussed in the last paragraph,
possible device geometries and materials are now investigated. The media surrounding the
AlN/GaN-SL are examined via band structure simulations.

The schematic sample layout used in the simulation is depicted in figure 4.42. Synopsis
TCAD simulations of the band structure of a SL layer sandwiched between two materials are
shown in figure 4.43. The layer below the SL is always GaN. The top layer varies for the
four graphs. The sample surface is located at 0 nm, which makes the position shown on the
x-axis the distance from the surface. In figure 4.43a, the top layer is GaN (100 nm). This
resembles the layer stack in a SL-DBR in which the SL is deposited alternatingly with λ/4
GaN. It can be observed that in this set up with no external electric field, only the lowest
2DEG near the underlying GaN are populated with electrons. Instead of depleting the few
existent electrons, it seem more suitable to accumulate additional electrons in the upper 2DEG
to gain a measurable change in refractive index. Figure 4.43b shows a layer stack in which an
AlGaN barrier and an amorphous AlOx film are investigated. Similar to the GaN top layer,
this set up only populates the lower 2DEG. This structure should also show the largest change
in refactive index if electrons are accumulated in the upper 2DEG. Such structures exhibit a
behavior similar to a normally-off HFET. The two lower graphs c) and d) indicate that it is
also possible to create layer designs in which electrons are already accumulated in every 2DEG
at zero bias. This results in a structure in which the largest change in refractive index can
be expected by electron depletion in analogy with a normally-on HFET. Figure 4.43c shows a
layer stack with only amorphous AlOx on top. All 2DEG are populated with zero external bias.
Only the middle 2DEGs exhibit a slightly lower electron density. This could be compensated
by n-type doping of the GaN layers in the SL. Figure 4.43d displays the simulated conduction
band for this case. All 2DEG are now populated with similar carrier concentrations.

The SL needs to be implemented into a suitable device geometry to enable electro-optic
modulation. One possible device is the tunable DBR which is also part of the TuneDBR patent
application. For this device, one or multiple AlN/GaN-SL are incorporated into a DBR similar

GaN buffer

AlN/GaN-SL

Figure 4.42: Schematic of the simulated SL layer stack. The layer material above the SL is varied in
the simulation.
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(a) GaN top layer
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(b) AlGaN and AlOx top layers
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(c) AlOx top layer
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(d) Si-doped SL with AlN top layer

Figure 4.43: Synopsis TCAD simulations of the conduction band edge for 15-fold AlN/GaN-SL (1 nm
AlN, 3 nm GaN) on GaN with different top materials. The sample surface is located at position 0 nm.
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GaN buffer

GaN

AlN/GaN-SL
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Figure 4.44: Schematic device geometry for a modulated DBR. The SL in the middle of the DBR is
contacted via the layers in red to induce an electric field in the SL. The other low-index layers can
also be SL (as shown here) but they do not contribute to the modulation effect.

to the SL-DBR shown before. But in contrast to the SL-DBR, the SL do not only constitute
the low-index quarter wavelength layers. With a contact layer, an electric field can be applied
to deplete or accumulate electrons in the SL. This changes the refractive index of the SL layer
which detunes the DBR and decreases the reflectivity. Figure 4.44 shows a possible schematic
layer design. The tunable SL with two contact layers is located in the middle of the DBR.
For contact formation, two recess etches are necessary. With the first recess, the lower SL-
GaN interface is exposed while the second recess, the upper SL-GaN interface is excavated.
With appropriate interface layers and metal stacks, contact formation is now possible. The
other low-index layers in figure 4.44 are depicted as SL stacks without contacts (i.e. passive
SL layers). This is of course not necessary for the functioning of the modulator device. These
layers can also be realized as standard AlGaN layers. The contact layers at the upper and lower
interface of the active SL require a little more consideration as the light incidence generally is
perpendicular to the SL-GaN interface planes which implies that the light also has to pass the
contact layers without (severe) absorption. This can be realized either by using n- or p-doped
nitride-based semiconductors as contact material or other conductive and transparent materials
like ITO or conducting polymers. With the use of other than nitride materials, it might not
be possible to maintain the monolithic deposition of the whole modulator stack. This is not
necessarily a disadvantage. In this way, the material possessing the most suited properties
could be selected and strain-related issued circumvented.
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4.3.3 Fabrication and Characterization of Test Structures

To validate the concept of TuneDBR, the modulation of the optical properties via an applied
electric field to the active modulator stack has to be investigated. For this purpose, a 15-fold
AlN/GaN-SL was deposited on the standard GaN buffer stack (GaN on AlN on sapphire). On
top of the SL, an AlGaN layer was grown to serve as a barrier layer similar to a conventional
HFET. To minimize leakage additional AlOx was deposited on top of the AlGaN barrier,
forming an MIS structure.

Figure 4.45 shows the schematic layer stack and layout of the sample. The top contact is
realized with a semitransparent Ni/Au Schottky stack to allow optical characterization of the
SL. It is mechanically reinforced by an additional non-transparent Ni/Au stack in a circular
shape at the mesa edge. The bottom contact consists of a Ti/Al/Ni/Au ohmic metal stack
which is put to ground potential. Now the top contact can be biased with positive or negative
potential to accumulate or deplete electrons in the SL. Due to the large active area of the
device, realizing devices without strong leakage paths is challenging. Because of that, a first
step including I-V and C-V measurements was conducted to test if the electron accumulation
and depletion is possible in the device.

GaN

AlN

Sapphire

SL
AlGaN
Oxide

Contacts

(a)

2 mm

Ti/Al/Ni/Au

Ni/Au

(b)

Figure 4.45: Side (left) and top view (right) of the TuneDBR test structure layer stack.

The C-V measurement is shown in figure 4.46. The overall shape of the C-V graph resembles
a C-V graph obtained from HFET structures (cmp. chapter 4.1, fig. 4.11). The capacitance
values are smaller than those of the multichannel HFET (fig. 4.11: Cpf,max(double−channel) =
590 nF/cm2, Cpf,max(triple−channel) = 565 nF/cm2) as the series connection of AlGaN barrier
and oxide in the modulator test samples reduces the overall values.

At +5 V, the whole SL and the potential well forming at the oxide/AlGaN interface are
populated with electrons. Calculated capacitance values match the measured values very well.
The calculated capacitance for a populated oxide/AlGaN interface is 516 nF/cm2 while the
measured value is 520 nF/cm2. At voltages higher than +5 V, the electron density at the
oxide/AlGaN interface can be increased even further. Between 2.5 and 0 V, a steep drop in
capacitance can be observed. This can be attributed to the depletion of the oxide/AlGaN
interface (marked in red in figure 4.47). After the drop, the capacitance shows a plateau from
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Figure 4.46: C-V results obtained from +5 to -30 V and 10 kHz from the test structure.

0 and -25 V at approximately 300 nF/cm2. The calculated capacitance value for a depleted
oxide/AlGaN interface and fully populated SL is 286 nF/cm2 which again matches the measured
data well (300 nF/cm2). At approximately -25 V, a second capacitance step is observed which
is caused by the simultaneous depletion of the 2DEG in the SL (marked in blue) similar to
the simultaneous depletion of the upper and middle 2DEG in the triple-channel HFET C-V
characteristic (cmp. chapter 4.1.3, fig. 4.11b).

Reflectivity measurements were carried out on this structure as described in chapter 2.3.3
at 0 and +8 V. Figure 4.48 shows the reflectivity measurement from 425 to 635 nm and a
zoomed-in diagram around 450 nm is given in figure 4.49. The latter one clearly demonstrates
an increased reflectivity of +0.5 % for 8 V in contrast to the reflectivity at zero bias. This
reflectivity change is constant over the whole measured spectral range.
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Figure 4.47: Simulated band diagramm of the test structure at zero bias. The circles approximately
mark the corresponding capacitance drops from fig. 4.46.
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Figure 4.48: Reflectivity at normal incidence of the test structure at 0 V and +8 V from 425 to 635 nm.
The whole reflectance spectrum is shifted to higher reflectivity values for +8 V.
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Figure 4.49: Zoomed reflectance spectra of the test structure at 0 V and +8 V. The reflectivity is
increased about 0.5 % absolute at +8 V.
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4.3.4 Simulation of the Electro-Optic Effect

To investigate the obtained results, the reflectance spectra of the test structure were also
simulated with FreeSnell [118] and compared to the measured data. The successful simulation
with FreeSnell of the SL-DBR was already presented in chapter 4.2.3. The same refractive
index data are now used to simulate the reflectance spectra of the fabricated TuneDBR test
structure described above. As carriers do change the complex refractive index, they can also
introduce absorption (cmp. chapter 4.3.1). This implies that an extinction coefficient k 6= 0 has
to be considered. The magnitude of the influence of the extinction coefficient on the absorption
and reflectance is not as obvious as for the refractive index n. To clarify this, a single SL
stack in air was considered and the absorption spectra for varying extinction coefficients k were
simulated. For the real refractive index, a value of 2.41 was used which is the refractive index
of Al0.26Ga0.74N at 450 nm. The real refractive index was assumed to be constant over the
whole simulated spectral range and for all extinction coefficients. The absorption spectra are
depicted in figure 4.50. It can be seen that the absorption is approximately constant for all
wavelengths and increases from 10 % for k = 0.1 (reflectance r = 40 %) up to 60 % for
k = 1.5 (r = 35 %). If the extinction coefficient is further increased, the absorption decreases
( 35 % for k = 4, r = 65 %) due to the increasing top reflectance of the layer, similar to a
metallic mirror.
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Figure 4.50: Absorption of a single SL in air for various extinction coefficients

In a second step, the complete layer stack of the test structure including substrate, buffer,
oxide and semitransparent Schottky contact layers is employed in the simulation. To simulate
the electro-optic effects, the complex refractive index of the SL layer was varied. Figure 4.51
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shows the reflectance spectra for increasing extinction coefficients and the previously measured
spectrum for comparison. The extinction coefficient was varied up to 2.5 which seems suitable if
figure 4.50 is considered. In this way, the maximum variation of the absorption was investigated
without reaching the regime of high reflectance at the upper SL interface which would prohibit
light propagation through the SL (disadvantageous for the implementation of tunable SL into
DBR). The refractive index was kept constant at 2.41. The black curve in figure 4.51 depicts
the reflectance spectrum of the test structure without any absorption in the SL. Fabry-Perot
oscillations are observed for the whole spectral range. The measured reflectance spectrum
does not show oscillations in this extent. From figure 4.51 it can be directly derived that
the oscillations can be quenched in the simulation by increasing the absorption in the SL
(green graphs). The absorption also decreases the reflectance for wavelengths shorter than
approximately 500 nm and increases the reflectance for wavelengths longer than 500 nm. If
simulated and measured reflectance spectra of the test structure are compared, it can be derived
that absorption seems already present in the test structure at zero bias because the spectra
with absorption match the measured data better than the spectra without absorption. This
also fits the results from C-V measurements (fig. 4.46), which showed that the 2DEG already
contain carriers in the unbiased case which makes absorption likely to occur. A more thorough
comparison of simulation and measurement shows that a simulation with lesser absorption
fits the measured data better up to 500 nm and for wavelengths longer than 500 nm, a higher
absorption is necessary to match the measurements. The oscillations in the measurement appear
nearly completely quenched for long wavelengths while they are still present between 400 and
500 nm. From this is can be concluded that that the absorption in the SL is wavelength-
dependent and increases for longer wavelengths. More advanced simulations of the effects
described in chapter 4.3.1 could clarify if one of the effects described in there or a combination
of them is able to generate the measured wavelength-dependent absorption.

Figure 4.52 illustrates the influence of a varied real refractive index with constant extinction
coefficient on the reflectance of the test structure. As a value for the extinction coefficient,
k = 2 was chosen because the simulation with k = 2 in figure 4.51 denotes the best fit of the
measured data. The refractive index was varied from 2.3 to 2.55 including the value 2.41 used
in the previous simulations which matched the reflectance spectra measured at zero bias. A
change in refractive index shifts the reflectance spectrum upwards towards higher reflectivities
for increased values of n and downwards for reduced ones. The shift is constant over the whole
spectral range (not shown here) and in the same order of magnitude than the experimentally
observed effect. The reflectance change in the simulation is indeed very similar to the one
induced by the positive bias applied in the measurement (cmp. fig. 4.49). The change in
reflectance of 0.5 % realized by biasing the test structure with +8 V can be reproduced in the
simulation by increasing the refractive index of the SL from 2.41 to 2.5 while the extinction
coefficient was kept constant. Therefore the measured reflectance change of the positively
biased test structure can be attributed to a change in real refractive index and not in extinction
coefficient (which would, according to the simulation, alter the shape of measured data and
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Figure 4.51: Simulated reflectance spectra of the fabricated test structure with varied absorption and
the measured data (red) from fig. 4.48

further quench Fabry-Perot oscillations). Nevertheless, the absorption of a biased SL might still
change if the structure is fully depleted of electrons an no absorption is possible. It was not
possible to measure a reflectance spectrum of a fully depleted SL because the test structures
were not able to withstand repeated cycling to negative voltages beyond -25 V. A change in
refractive index of 0.09 (2.41 to 2.5) is very large compared to results obtained from other
materials where only a change in refractive index of 0.4 · 10−3 was observed (AlGaAs/GaAs)
which is two orders of magnitudes smaller [135].

Simulation of the TuneDBR Structure

After the simulations of the test structure clarified that absorption seems present in the struc-
ture and that the measured electro-optical effect is presumably caused by a change in refractive
index, theses findings can be used to simulate the final TuneDBR device in which the tunable
SL denotes one quarter wavelength layer of a DBR. A 51-pair Al0.26Ga0.74N/GaN -DBR with
a stopband at 450 nm was simulated placing the tunable SL layer in the middle of the DBR
stack so that 25 DBR pairs are above and below this SL layer. With the previous results of
the simulation a tuned and a detuned case of the DBR is modeled. For the tuned case, the
refractive index of the tunable SL is assumed to be 2.41 with zero absorption which matches
the quarter wavelength condition and creates a standard 51-pair DBR. This describes the case
of a fully depleted SL. The simulated reflectance spectrum for this case is depicted in figure
4.53 by the black graph. The maximum reflectivity at the stopband wavelength is 94.3 %. For
the detuned case, the refractive index and/or the extinction coefficient of the middle tunable
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Figure 4.52: Reflectance spectra of the fabricated test structure with varied refractive index

SL are varied. An increase of the refractive index from 2.41 to 2.5 with no absorption (red
graph) reduces the maximum reflectivity to 93.8 %.

For better visibility, figure 4.54 shows a zoomed image of the stopband region of the simula-
tions in figure 4.53. If absorption is considered for the tunable SL, the reflectance spectrum is
affected in a more severe way. The bright green graph in 4.53 shows the simulated reflectance
spectrum for the complex refractive index of n = 2.41 + 2i which models the accumulation of
carriers in the previously fully depleted SL. The maximum reflectivity is now reduced to 80.2 %
and slightly shifted to 447 nm. This corresponds to a reduction in maximum reflectivity of
14.1 %. The overall shape of the reflectance spectrum also changed. The higher order peaks to
the left and right of the stopband are greatly enhanced with the introduction of strong absorp-
tion. If the refractive index is now increased to 2.5 resulting in a complex refractive index of the
tunable SL of n = 2.5+2i (blue graph), the change in the reflectance spectrum is similar to the
change of refractive index without absorption (black and red graph). The maximum reflectivity
is reduced to 79.5 %. The simulation of the absorption in a free-standing SL showed that an
extinction coefficient of k = 2 already leads to an absorption around 55 %. This extinction
coefficient fitted the measured data of the test structure best but nevertheless, an absorption
of 55 % appears high. Therefore, it was investigated how the reflectance spectra are affected
if an extinction coefficient of only k = 0.2 is assumed. k = 0.2 leads to an absorption of only
15 % in a single SL. Again both previously tested refractive indices for the SL of 2.41 and 2.5
were tested. The orange graph shows the simulated spectrum for a complex refractive index
of n = 2.41 + 0.2i, while the dark green curve denotes the simulation for n = 2.5 + 0.2i. Both
spectra resemble rather the case with zero absorption (black/red) than that with k = 2 (bright
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Figure 4.53: Reflectance spectra of a 51-pair SL-DBR with one tunable SL layer in the middle of the
stack (26th pair). The complex refractive index of the 26th SL was varied to simulate the electro-optic
effect.
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Figure 4.54: Merged image of the reflectance spectra in the stopband region of the simulated 51-pair
SL-DBR with one tunable SL layer in the middle of the stack (26th pair) from fig 4.53.

green/blue). Still, the maximum reflectivity is reduced to 90.7 % (n = 2.41+0.2i, orange graph)
and 90.2 % (n = 2.5 + 0.2i, dark green graph). Compared to the case with zero absorption
(n = 2.41 + 0i, black graph) the maximum reflectance is still changed about 4.1 % if a complex
refractive index of n = 2.5 + 0.2i is considered.

In a last step, it is investigated at which position in the DBR the impact of a single detuned
SL on the maximum reflectivity is largest. At first, a detuning of only the refractive index with
no absorption onset has been investigated. Figure 4.55 shows the simulated reflectance spectra
of 51-pair DBR in the stopband region. The position of the detuned SL layer was varied from
the first pair (top, left) to the last pair (bottom, right). For comparison, the peak reflectance
of the ideal static case is also shown (dashed grey line). To create a more pronounced effect
in the spectra, a refractive index of 2.8 instead of the previously used 2.5 was used for the
detuned layer. It can be seen that the peak reflectance increases at first if the position of the
detuned SL moves downwards but then starts to decrease. The minimum reflectivity is reached
if the detuned SL is positioned in the 49th DBR pair (i.e. with two passive pairs left below
the detuned SL). This is most likely the position at which the partial wave amplitudes above
and below the detuned SL are equal. This position is located near the bottom of the DBR
stack because reflections at the buffer structure and the substrate are also considered in the
simulation.

The situation changes if absorption is assumed to evolve. Figure 4.56 shows the same
variation of position of the detuned SL, but in these simulations a complex refractive index
of n = 2.5 + 0.2i is assumed for the detuned SL introducing absorption. Again, the position
of the detuned SL is moved downwards from the first DBR pair (top, left) to the last pair
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Figure 4.55: Peak reflectance of a 51 pair SL-DBR with varied position of one detuned SL layer from
top to bottom with n = 2.8 and k = 0.

(bottom, right) and the grey line again denotes the peak reflectance of the ideal static DBR for
comparison. With absorption present in the detuned SL, the peak reflectance increases if the
SL is moved downwards in the DBR. The lowest reflectivity for the detuned case is realized at
the top position (i.e. tunable SL located in the top DBR pair).

Figure 4.57 displays the same evaluation for a detuned refractive index of n = 2.5 + 2i. The
behavior of the peak reflectance is similar to the previously described case with k = 0.2. The
peak reflectance increases if the detuned SL is moved downwards in the DBR stack. The lowest
maximum reflectivity of 34.8 % is observed if the detuned SL is positioned in the second DBR
pair (i.e. one passive pair is still located above the detuned one) but there is only a minute
difference to the top position. If absorption is present in the detuned SL, a position near the
DBR top surface seems more suitable to achieve the strongest modulation in the stopband
reflectivity of a DBR. This seems reasonable as with absorption in the detuned SL, the part
of the incident light transmitted into the tuned DBR part below is reduced. This lowers the
contribution of ideal DBR pairs below the detuned SL to the overall reflectivity of the DBR.
Therefore, the impact on the stopband reflectivity is largest if as many DBR pairs as possible
are placed below the detuned and absorbing SL. If the extinction coefficient is further increased,
the absorption is reduced again in favor of the reflectance (cmp. fig. 4.50). This might cause an
increasing reflectance of the DBR if the detuned SL is positioned at the top position. Therefore,
it seems more feasible to place the detuned layer slightly below the top DBR surface as the
interfaces above the detuned SL are then able to reduce the increased reflectivity due to back
reflection and phase shifts.
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Figure 4.56: Peak reflectance of a 51 pair SL-DBR with varied position of one detuned SL layer from
top to bottom with n = 2.5 and k = 0.2.
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Figure 4.57: Peak reflectance of a 51 pair SL-DBR with varied position of one detuned SL layer from
top to bottom with n = 2.5 and k = 2.
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To summarize this analysis, the simulated stopband reflectivity of the ideal case (n(SL) =
2.41 + 0i) without any absorption (fully depleted SL) is compared to the simulated stopband
reflectivity of the detuned case with n(SL) = 2.5 + 2i (best fit of the measured test structure
reflectance) which denotes a SL with accumulated electrons. The reflectivity at 450 nm is
reduced from 94.3 % for the ideal case to 34.8 % for the detuned case. This denotes a reflectivity
reduction of 59.5 %. The remaining reflectivity of 34.8 % is in the range of the GaN buffer
reflectivity shown in figure 4.22. Therefore, it can be stated that according to the simulations,
the DBR reflectivity can completely be destroyed by application of an appropriate voltage to
a single tunable SL.

A more detailed interpretation of the measured and simulated reflectivity change and as-
signment of the responsible effects is very difficult at this point. All the electro-optic effects
mentioned before can contribute to the observed modulation but there is only few to no data on
the magnitude of these electro-optic effects in GaN or AlN. It has already been demonstrated
that the depletion of a 2DEG can affect the reflectance of the sample (fig. 3 in [129]). This makes
is seem likely that the observed change in reflectance can be attributed to the accumulation of
carriers in SL 2DEG. To separate the influences of the concurring effects, a detailed analysis
of the dielectric function of AlN/GaN-SL layers with subsequent modeling and simulations is
necessary. Nevertheless, the pursued approach of electro-optic modulation via accumulation
and depletion of 2DEG is a very promising one and could in general be demonstrated.
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Conclusion

The structure, morphology and growth behavior of AlN/GaN-SL as well as their applications
to HFET, DBR and electro-optic modulators were successfully investigated.

First, growth conditions for AlN/GaN-SLs with high layer and interface quality were devel-
oped. The SL were found to be tensily strained and grown pseudomorphically on GaN buffer
structures up to layer thicknesses of 79 nm for effective AlN contents in the SL of 31 %. For SL
at or above this layer thickness, relaxation via micro crack formation occurred. Slight indica-
tions in the GaN XRD peak shape pointed towards MD generation at the SL/buffer interface
accompanied by the introduction of compressive strain into the GaN wells of the SL prior to
the occurrence of micro cracks. In comparison to homogeneous AlGaN alloys, the critical layer
thickness was found to be about 20 nm higher for AlN/GaN-SL which was attributed to the
presumably higher crack formation energy in unstrained or even slightly compressively strained
GaN wells. The superior crystal and interface quality of the developed SL growth conditions
was proven via a resonant tunneling diode which showed a negative differential resistance.

The principle of AlN/GaN-SL was then successfully implemented in HFET. The thin AlN
barriers proved to induce sufficient polarization discontinuity in the multiple heterostructure
to induce 2DEG at several interfaces and SL-HFET with up to four parallel 2DEG channels
were realized. With the SL-HFET concept, it was possible to improve the carrier mobil-
ity from 1690 cm2/V s (single-channel) to 1900 cm2/V s (triple-channel) by reducing interface
and phonon scattering in the high carrier concentration regime (> 7 · 1012 cm−2) and by di-
minished impurity scattering via a backbarrier effect in the low carrier concentration regime
(< 7 · 1012 cm−2). The SL-HFET could be pinched off and individual depletion of the 2DEG
was possible manifesting in local maxima in the transconductance characteristic. The deple-
tion behavior was further analyzed by C-V measurements and well understood with additional
simulations. Furthermore, the triple- and double-channel SL-HFET showed a wider transcon-
ductance profile allowing for linear amplification of larger input signals. The AC properties
were also investigated and transit frequencies from 18.0 to 13.3 GHz were demonstrated. A
decrease of fT with increasing number of channels was attributed to a parasitic gate-drain
capacitance generated by a parallel configuration of capacitances between the gate metal and
the undepleted drain side part of the 2DEG which is not present in conventional single-channel
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HFET. It was also shown that the linear DC characteristics of the SL-HFET translated into
linear RF properties by a broader MAG profile for the triple-channel device in comparison to a
single-channel HFET. This was affirmed by a higher degree of linearity in power amplification
for the SL-HFET devices which makes an application for highly linear amplifiers feasible.

AlN/GaN-SL were also used in DBR for stress engineering. The AlN/GaN-SL replaced the
low-index AlGaN layer in AlGaN/GaN DBR to control layer cracking. Crack-free SL-DBR
with 10 pairs and a reflectivity of 79.5 % were realized with an effective AlN content of 26 % in
the AlN/GaN-SL low-index layers. The reflectance spectrum of the SL-DBR was successfully
simulated. It was found that for successful simulations of the reflectance, the optical thickness
of an AlN/GaN-SL had to be assumed larger than for a homogeneous AlGaN layer with the
same layer thickness effective AlN content which is most likely caused by absorption and/or a
phase shift at the GaN/SL interface 6= π. Also the absorption onset of the SL seems to diverge
from the one of homogenous AlGaN with the same effective AlN content caused by the GaN
wells and/or 2DEG electrons present in the SL.

Pseudomorphic growth of the entire SL-DBR stack on the GaN buffer structure was ensured
via an HR-XRD analysis. Relaxation occurred at elevated AlN contents in the low-index SL. In
this case, the whole SL-DBR stack relaxed towards smaller in-plane lattice parameters relieving
tensile strain in the AlN layers and introducing compressive strain in all GaN layers. In contrast
to thicker SL stacks, no cracking occurred. Curvature measurements showed no additional strain
for 10-pair SL-DBR stacks in comparison to thick SL stacks. This was attributed to a staircase
movement of TD in the SL-DBR structure revealed by TEM. At every GaN/SL interface, the
TD were found to incline into the < 1100 > direction for a characteristic length followed by a
return to their original < 0001 > propagation. The diffusion-based process of dislocation climb
was found responsible for the dislocation inclination. The inserted crystal half plane above the
dislocation line was attributed to release a critical amount of tensile stress to ensure crack-free
growth. Furthermore, higher growth rates were successfully tested on SL-DBR but the epitaxial
process showed to become very sensitive to parameter fluctuations which made it difficult to
precisely tailor the recipe to the aspired layer thicknesses.

After the successful realization of SL-HFET and SL-DBR, the concept of both devices
was merged to create a novel electro-optic modulator. This invention was filed for patent
by RWTH Aachen University (incl. PCT application). The modulation principle relied on
depletion or accumulation of carriers in 2DEG via the change of presumably electron plasma
resonance, exciton-carrier mixed states, QCSE, electron-hole plasma occurrence, BMS and
BGR. Test structures were developed containing one single layer of the AlN/GaN-SL in a
MIS structure. These test structures showed a voltage-dependent reflectivity with an increase
of absolute +0.5 % for a bias variation from 0 to 8 V. With simulations, is was possible to
remodel the reflectance spectra of the unbiased and biased case (+8 V). For both cases, it was
necessary to introduce an extinction coefficient 6= 0 to the complex refractive index of the SL
while the reflectance modulation could be modeled by an increase of the refractive index. The
effect of a single tunable SL on the reflectance spectra of a DBR was also successfully simulated
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with parameters extracted from the test structures. It was found that without absorption
present in the detuned SL, the layer should be placed at a position in the DBR at which
both partial wave amplitudes above and below the detuned SL are equal. With absorption, it
was most advantageous to place the SL at the top of the DBR stack. With this design rule,
the simulated stopband reflectivity of the DBR was reduced from 94.3 % for the ideal case
to 34.8 % for the detuned case (51 DBR pairs) with a single detuned SL. This degraded the
DBR reflectivity to the range of the underlying buffer structure without a DBR stack. In this
manner, it was possible to completely "switch off" the DBR in the simulation with the novel
electro-optic modulator concept.

With the gained results, a better understanding of the behavior of compositional SL in
the nitride system has evolved and further device development can profit from these findings.
Nonetheless, open questions remain and further research is necessary to fully understand the
complicated strain evolution in AlN/GaN-SL. More detailed analysis should be directed to the
SL/buffer interface of thick AlN/GaN-SL stacks to investigate whether MD are formed and
clarify if compressive strain is induced in the GaN wells. Also other material combinations
should be investigated regarding their relaxation mechanisms. Advanced concepts including
device layouts are necessary to lower the increased gate-drain capacitance of the SL-HFET.
The application of SL-HFET as linear amplifiers should also be examined. Recent simulation
results also showed a possible implementation of SL-HFET for RF switches. Ongoing research
should also be directed towards this possibility. For SL-DBR, a more detailed TEM analysis is
desirable to clarify if the diffusion-based dislocation climb is affected by growth rate or growth
temperature. The electro-optic modulator concept TuneDBR needs further validation and a
thorough simulation analysis to fully understand the electro-refractive mechanisms accountable
for the observed effect. Other device layouts based on different barrier materials or pin junctions
instead of the MIS approach should also be evaluated. Especially, the pin junction seems
promising in which the modulated SL is located in the i-region because the wide depletion
region in p-GaN should be very effective to prohibit parasitic leakage currents. As the final step,
the realization of a TuneDBR prototype consisting of a complete SL-DBR with a functionalized
SL layer should be targeted to validate the results obtained by simulation.
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Appendix A

Sample list

Chapter 3.1
Series Parameter varied Sample number

Pressure 100 mbar #3075
Pressure 125 mbar #3076

Temperature 1053◦C #3181
Temperature 1060◦C #3235
Temperature 1065◦C #3168
Temperature 1073◦C #3165
V/III ratio 2130/1690 #2689
V/III ratio 1460/1270 #2690
V/III ratio 1310/1130 #2691
V/III ratio 1220/1015 #2693

Crit. thickness 7-fold #2623
Crit. thickness 10-fold #2635
Crit. thickness 15-fold #2636
Crit. thickness 18-fold #2649
Crit. thickness 20-fold #2639

RTD - #2865

Chapter 4.1
Series Number of channels Sample number

SL-HFET 1 #2805
SL-HFET 2 #2806
SL-HFET 3 #2807
SL-HFET 4 #2900
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Chapter 4.2
Series Parameter varied Sample number

Standard DBR - #2593
Pair series 10 #2633
Pair series 15 #2634
SL thickness 6-fold #2593
SL thickness 7-fold #2591
SL thickness 8-fold #2527
More AlN - #2594
Curvature GaN buffer #3057
Curvature 10-fold SL #3059
Curvature 15-fold SL #3058
Curvature 23-fold SL #3062
Curvature SL-DBR #2727
Growth rate 39/9 #2694
Growth rate 42/10 #2695

Chapter 4.3
Series Parameter varied Sample number

TuneDBR Test structure #3036
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Publications

• First Polarization-engineered Compressively Strained AlInGAN Barrier Enhancement-
mode MISHFET, H. Hahn, B. Reuters, A. Wille, N. Ketteniss, F. Benkhelifa, O. Am-
bacher, H. Kalisch, A. Vescan, Semicond. Sci. Technol. 27, 055004 (2012)

• Growth Studies on Quarternary AlInGaN Layers for HEMT Application, B. Reuters,
A. Wille, B. Holländer, E. Sakalauskas, N. Ketteniss, C. Mauder, R. Goldhahn, M. Heuken,
H. Kalisch, A. Vescan, J. Elec. Mat. 41, 905-909 (2012)

• Relaxation and Critical Strain for Maximum In Incorporation in AlInGaN on GaN Grown
by Metal Organic Vapor Phase Epitaxy, B. Reuters, M. Finken, A. Wille, B. Holländer,
M. Heuken, H. Kalisch, A. Vescan, J. Elec. Mat. 41, 905-909 (2012)

• Polarization-Engineered Enhancement-Mode High-Electron-Mobility Transistors Using Quar-
ternary AlInGaN Barrier Layers, B. Reuters, A. Wille, N. Ketteniss, H. Hahn, B.+Holländer,
M. Heuken, H. Kalisch, A. Vescan, J. Elec. Mat. 42, 826-832 (2013)

• Growth Properties and Electrochemical Characterization of InGaN Photoanodes with Dif-
ferent In Concentrations, M. Finken, A. Wille, B. Reuters, B. Holländer, M. Heuken,
H. Kalisch, A. Vescan, Phys. Status Solidi C 11, 746-749 (2014)

• Selective MOVPE of InGaN-based LED Structures on Non-planar Si(111) Facets of Pat-
terned Si(100) Substrates, B. Reuters, J. Strate, H. Hahn, M. Finken, A. Wille, M. Heuken,
H. Kalisch, A. Vescan, J. Cryst. Growth 391, 33-40 (2014)

• Strain Relief Mechanisms and Growth Behavior of Superlattice Distributed Bragg Reflec-
tors, A. Wille, B. Reuters, M. Finken, F. Heyroth, G. Schmidt, M. Heuken, H. Kalisch,
A. Vescan, Phys. Status Solidi C 11, 758-761 (2014)

• AlGaN/AlN-GaN SL HEMTs with Multiple 2DEG Channels, A. Wille, H. Yacoub, A. De-
bald, H. Kalisch, A. Vescan, J. Elec. Mat. 44, 1263-1267 (2015)

• Investigations of the Electrochemical Stability of InGaN Photoanodes in Different Elec-
trolytes, M. Finken, A. Wille, B. Reuters, M. Heuken, H. Kalisch, A. Vescan, Phys. Status
Solidi B 252, 895-899 (2015)
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• Semi-polar {1101} Blue and Green InGaN/GaN Light-emitting Diodes on Micro-Stripe
Patterned Si(100), B. Reuters, J. Strate, A. Wille, M. Marx, G. Lükens, L. Heuken,
M. Heuken, H. Kalisch, A. Vescan, J. Phys. D: Appl. Phys. 48, 485103 (2015)

• Steuerbarer Bragg-Reflektor, A. Wille, H. Kalisch Patentschrift, Aktenzeichen: 10 2015
107 239.4, Dokumenten Referenz-Nr.: 2015050815272700DE8 (2015)

• Effect of Stress Voltage on the Dynamic Buffer Response of GaN-on-Silicon Transistors,
H. Yacoub, D. Fahle, M. Eichelkamp, A. Wille, C. Mauder, M. Heuken, H. Kalisch,
A. Vescan, J. Appl. Phys. 119, 135704 (2016)
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• Verspannungskontrolle mittels AlN/GaN-Übergitter in GaN-basierten Bragg-Reflektoren,
A. Wille, B. Reuters, M. Finken, M. Heuken, H. Kalisch, A. Vescan, 27. Treffen des Ar-
beitskreises „Epitaxie von III/V-Halbleitern“ der Deutschen Gesellschaft für Kristallwach-
stum und Kristallzuüchtung e.V. (DGKK), Erlangen, Germany, 2012

• Growth Studies on AlN/GaN Superlattices for Application in Distributed Bragg Reflec-
tor Structures, A. Wille, B. Reuters, M. Finken, M. Heuken, H. Kalisch, A. Vescan,
XV.European Workshop on Metal-organic Vapor Phase Epitaxy (EWMOVPE), Aachen,
Germany, 2013

• Strain Relief Mechanisms and Growth Behavior of Superlattice Bragg Reflectors, A. Wille,
B. Reuters, M. Finken, F. Hexroth, G. Schmidt, M. Heuken, H. Kalisch, A. Vescan, 10th
International Conference on Nitride Semiconductors (ICNS), Washington DC, USA, 2013

• Verspannungsaufbau und Wachstumsverhalten von Übergitter-Bragg-Reflektoren, A. Wille,
B. Reuters, M. Finken, F. Heyroth, G. Schmidt, M. Heuken, H. Kalisch, A. Vescan, 28.
Treffen des Arbeitskreises „Epitaxie von III/V-Halbleitern“ der Deutschen Gesellschaft
für Kristallwachstum und Kristallzuüchtung e.V. (DGKK), Ilmenau, Germany, 2013

• AlGaN/AlN-GaN-SL HEMT with Multiple 2DEG Channels, A. Wille, H. Yacoub, A. De-
bald, H. Kalisch, A. Vescan, 56th Electronic Materials Conference (EMC), Santa Barbara,
USA, 2014

• Multikanastrukturen zur Optimierung der Beweglichkeit in Gruppe III-Nitrid Feldeffekt-
transistoren, A. Wille, H. Yacoub, A. Debald, H. Kalisch, A. Vescan, 29. Treffen des Ar-
beitskreises „Epitaxie von III/V-Halbleitern“ der Deutschen Gesellschaft für Kristallwach-
stum und Kristallzuüchtung e.V. (DGKK), Magdeburg, Germany, 2014

• HR-XRD Analysis of Multiple AlN/GaN Heterojunctions for Multichannel HEMT, A. Wille,
B. Reuters, M. Finken, H. Yacoub, M. Heuken, H. Kalisch, A. Vescan, Worshop on X-ray
Scattering for Thinfilm Characterization, Prague, Czech Republic, 2014
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• Electro-optic Modulator Based on 2DEG-containing AlN/GaN Superlattice Structures,
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