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Abstract

In recent years, two-dimensional materials, exhibiting unique properties in compar-
ison with their bulk counterparts, have become a new field of interest. Group III-nitride
semiconductors have also attracted the interest of researchers in the last two decades
for their widespread applications in electronics and optoelectronics. Recently, there have
been some efforts in the literature towards the fabrication of two-dimensional GaN, which
would be an advantageous system in terms of its large band-gap and increased quantum
confinement. However, these efforts have encountered difficulties related to their limited
thickness and lateral size control.

In this work, we explore a new method for the fabrication of free-standing GaN
membranes with varying thickness of 30, 10 and 5nm, by applying the photo-electrochemical
(PEC) etching technique on especially-prepared GaN heterostructrures grown by molec-
ular beam epitaxy. The idea is based on the selective etching of a sacrificial InGaN layer
leading to free-standing GaN membranes, placed on the top of the structures. In most
of our PEC experiments, we observed enhanced vertical etching of the top GaN layer, in
contrast to the much preferred lateral etching direction, we originally envisaged. This was
mainly due to the deficient In-composition of the sacrificial layer, obliging us to excite
much closer to the GaN gap, thus inducing vertical etching of the top GaN surface. We
successfully transferred this vertically-etched nanostructured GaN on PDMS, but we did
not succeed in transferring it further from PDMS onto SiO2/Si templates, for optical and
SEM observations. In addition, in the samples with 5 and 10nm thick top GaN layers,
we observed vertical etching phenomena without any photo-excitation, leading us to the
conclusion that the ultrathin top GaN layers should be protected during PEC etching
procedure.
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Chapter 1

Introduction

1.1 Two-dimensional materials

In the past decade, two-dimensional materials have become a new field of interest
due to their remarkable properties in comparison to their bulk counterparts. 2D materials
are crystalline structures that consist of a single layer of atoms. They are not only two-
dimensional, but they are also referred as layered materials with strong covalent bonds
in-plane, and relatively weak interlayer interactions due to out of plane Van deer Waals
forces which play an important role in their internal cohesive properties.

In 2004, graphene, a single layer of graphite was first demonstrated by Andre Geim
and Konstantin Novoselov [1]. It is a single layer of pure carbon, one atom thick, and it
is bonded together in a hexagonal honeycomb lattice as shown on the left of fig.1.1. It
consists of two atoms A and B with a1, a2 basis vectors, respectively. On the right of
Fig.1.1 the Brillouin zone of graphene is depicted.

What makes graphene so unique is the K and K’ points at the corners of the hexag-
onal Brillouin zone (1.2), which are called Dirac points. Dirac points are so special thanks
to the linear energy dispersion in contrast to most conventional metals and semiconduc-
tors. Due to this linearity, the carriers are described as mass-less particles following a
Dirac-like equation. Additionally, the Fermi level in intrinsic graphene lies exactly at the
Dirac points.



1.1. TWO-DIMENSIONAL MATERIALS

Figure 1.1: Schematic depicts the honeycomb lattice and Brillouin zone of graphene.[2]

Graphene fascinated the researchers due to its intriguing properties such as high
thermal and electrical conductivity, mechanical strength, excellent optical transmittance
etc., which make it a potential candidate for various applications. However, due to its
zero-gap at the Dirac point, there are limitations on the applications that it can be
used(e.g. MOSFET transistors cannot be switched-off).

The birth of graphene has opened new horizons to the research of other 2D ma-
terials with similar properties. During the last years, a new generation of other layered
materials such as hexagonal Boron Nitride (h-BN), Transition Metals Dichalgogenides,
Phosphorene, Xenes have been studied exhibiting interesting physical and chemical prop-
erties. Nowadays, a third generation of two dimensional non-layered materials is consid-
ered, referring to few-atom-thick layers, such as the 2D III-nitrides.

As previously mentioned, what fascinates the research community about 2D mate-
rials is their unique properties in contrast to their bulk counterparts. The nanomaterials
change as a function of their size. Quantum confinement effects take place related to

Figure 1.2: Electronic Dispersion of graphene and zoom in at K Dirac point.[3]
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1.1. TWO-DIMENSIONAL MATERIALS

the spatial confinement of electrons in ultrathin materials, unlike their free motion inside
bulk materials. The effect of spatial confinement varies from one material to another
due to their different structure and composition. Excitons are electron-hole pairs which
interact by the Coulomb potential. Their Bohr radius is an important length scale which
represents their spatial extent typically over a few nanometers. When the particle size
becomes lower than the Bohr radius the quantum confinement causes the reduction of the
dielectric screening between electrons and holes. This intensifies on the Coulomb interac-
tions, as more strongly bound excitons are found. As a result of quantum confinement, we
have the increase of exciton energy and the blue-shift of the bandgap. In addition to this,
it is important to mention that due to quantum confinement the whole band structure
is strongly modified leading to unique optical and electronic properties. For example,
monolayer MoS2 not only exhibits an increase to its energies, but also the change of its
bandgap from indirect to direct(Fig.1.3). Moreover, the large ratio of surface area to vol-
ume makes them more sensitive to external changes, which in turn renders them potential
candidates for sensors. Last but not least, their layered structure with strong covalent
bonds in-plane and ultrathin thickness makes them mechanically strong materials with
optical transparency and great flexibility. Furthermore, the weak out of plane Van der
Waals leads to "independence" from substrates, which plays an important role in forming
heterostrucrures [4].

Figure 1.3: Schematic showing the increase of the energy and the change of bandgap
nature from bulk to monolayer MoS2 [5]
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1.2. III-NITRIDES SEMICONDUCTORS

1.2 III-nitrides semiconductors

Group III-nitrides semiconductors have aroused the interest of researchers due
to their remarkable properties. Group III-nitrides (AlN, GaN, InN) and their alloys
(AlGaN, InGaN) have a wide direct bandgap which covers the electromagnetic spectrum
from infrared to deep ultraviolet. Not only their tunable direct bandgap but also a
bunch of other properties such as high thermal conductivity, high voltage breakdown,
thermal stability etc. renders them as suitable materials for electronic and optoelectronic
applications.

III-nitrides are able to crystallize in two main structures: cubic zinc blende which
is thermodynamically metastable and hexagonal wurtzite which is thermodynamically
stable. The wurtzite structure appertains to P63mc group and it can be described by two
different atoms which form a sublattice, HCP- type (hexagonal close-packed), along the
c-axis. It contains 6 atoms in the hexagonal unit cell with a biatomic AaBbAa... stacking
sequence. It can be characterized by the a-constant of the hexagon and the c-constant
which is the height of the hexagonal prism. In addition, there is ionic bond between the
anion-cation atoms which create a unit cell of a tetrahedron. The bond length between
them is described by an internal parameter u along the c-axis (1.4).

(a)
(b)

Figure 1.4: (a)A representation of wurtzite structure[6], (b) The BaAb stacking sequence
on [0001] direction.

Some of their structural and physical properties of III-nitrides are shown in ta-
ble1.1. In accordance to this, both gallium nitride (GaN) and aluminum nitride (AlN)
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1.2. III-NITRIDES SEMICONDUCTORS

have a wide direct bandgap which makes them great candidates for optoelectronic ap-
plications. They can also synthesize alloys (AlxGa1−xN) and combine their properties
leading to a variety of semiconductors. Additionally, indium nitride (InN) presents a low
bandgap energy which makes it interesting for mid-infrared devices. However, its large
lattice mismatch compared to GaN and the difficulty to control its residual doping have
made it difficult so far to exploit InGaN for mid-infrared applications. Nevertheless, its
alloys in combination with GaN and AlN are mainly used in applications. In this work,
we use InxGa1−xN with x between 10% and 20% as a sacrificial layer for the PEC etching
technique.

GaN AlN InN

Energy gap at 300(K) 3.437 6.00 1.89

Lattice constants a (Å) 3.189 3.112 3.545

Lattice constants c (Å) 5.185 4.982 3.703

Thermal expansion ∆a/a (1/K) 5.59x10−6 4.2x10−6 3.8x10−6

Thermal expansion ∆c/c (1/K) 3.17x10−6 5.3x10−6 2.9x10−6

Table 1.1: Material properties of group III-nitrides.[7]

The wurtzite structure is non-centrosymmetric which means that it lacks the in-
version symmetry along the c-plane. However, this feature provides properties such as
piezoelectricity and spontaneous polarization as well as different surface properties de-
pending on whether the surface terminates on nitrogen atoms or metal atoms (Ga, In,
Al). In the case of GaN, the crystal could be either Ga-faced or N-faced as shown in the
figure 1.5.

The result of this uniaxial anisotropy is the change of the polarization charge. As
the electrostatic interaction between anion (N3−) and cation atom (Ga3+) is large enough
to reduce their interatomic distance, inducing spontaneous polarization (Psp) with high
concentration of bound charges at the interfaces. In addition, in III-V heterostructures,
piezoelectricity polarization appears as an effect of strain. When a strain field is applied
in these piezoelectric materials, electric charges appear on their surfaces. There are two
types of strain, tensile and compressive, that depends on the different lattice constants
of materials and thermal mismatch. More precisely, when AlGaN is grown on Ga-faced
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1.2. III-NITRIDES SEMICONDUCTORS

Figure 1.5: Ga-face and N-face polarity depending on the orientation of crystal growth[8].

GaN, tensile strain develops in AlGaN whereas in the case of InGaN the strain is com-
pressive (1.6). In summary, the total polarization field of these structures is a result of
the contribution of spontaneous (Psp) and piezoelectric (Pp) polarizations.

Figure 1.6: Crystal structure, spontaneous and piezoelectric polarization for (a) GaN,
(b)AlGaN on GaN and (c) InGaN on GaN [9].

As mentioned earlier, nitride alloys have a great interest since by varying their
content (x) of aluminum in AlxGa1−xN and indium in InxGa1−xN , we get alloys that emit
in a wide spectral range. By varying the relative concentrations of cations, it is feasible
to fabricate semiconductors with different lattice constants and energy gaps. According
to Vegard’s model [10], the empirical relation for the bandgap of alloys is given by eq.1.1:

Eg,AlGaN/InGaN (x) = xEg,Al/InGaN + (1− x)Eg,GaN − bx(1− x) (1.1)

12
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where the parameters b, for AlGaN bAlGaN= 0.71eV and for InGaN bInGaN= 1.7eV,
are called parabolic bowing factors due to the parabolic dependence of the bandgap energy
versus concentration. As regards to the a and c constants for the hexagonal structure,
the relations of them versus the concentrations are, taken by Liou et al. :

a(x) = xaAl/InN + (1− x)aGaN − δax(1− x) (1.2)

c(x) = xcAl/InN + (1− x)cGaN − δcx(1− x) (1.3)

where δa, δc are deviation bowing parameters for a and c constants respectively.

1.3 Towards the limit of 2D III-nitrides

Group III-nitrides have attracted the interest of researchers for many years and
many applications have been developed based on them and their alloys. In spite of their
great impact in blue-green optoelectronics, two dimensional III-nitrides semiconductors
are still an unexplored field due to their difficulty to fabricate. However, over the last
few years, theoretical studies have been made in order to estimate the properties of a
few atomic layer-thick nitride semiconductors. It is predicted that there are two types of
stable hexagonal structures, the planar and the buckled, depending on whether the unsat-
urated dangling bonds on the surface are passivated properly by using pseudo-hydrogen
atoms (buckled structure) or not (planar structure)(fig.1.7). An ab initio hybrid density
functional theory (DFT) has given calculations of the dissociation binding energy and
bandgap energy due to quantum confinement. In fig.1.7a, is shown the binding energy for
both of these structures on the basis of the number of atomic layers for the freestanding
III-nitrides (AlN, GaN, InN). The comparison shows that the buckled structure is more
thermodynamically stable, considering the more larger binding energy. In addition to
this, in fig.1.7b the energy gap as a function of in-plane lattice parameter shows the blue
shifted energy of the monolayer buckled structure of group III- nitrides in comparison
with their bulk counterparts as well as, in the inset, where the energy gap dependence on
the number of atomic layers is depicted.

13



1.3. TOWARDS THE LIMIT OF 2D III-NITRIDES

(a)
(b)

Figure 1.7: DFT calculations of (a) the binding energy of freestanding planar and buckled
2D nitrides as a function of the number of atomic layers and (b) the bandgap energy versus
in-plane parameter lattice for the group III-nitrides.

Figure 1.8: A schematic of the MEEG process

GaN has always been a great candidate for electronics and optoelectronics based on
its intriguing characteristics, thus 2D GaN attracts immediately the interest of researchers.
Balushi et al. demonstrated, for the first time, the synthesis of 2D GaN via migration-
enhanced encapsulated growth technique (MEEG) [11]. In figure 1.8 the steps for the
formation of 2D GaN is shown.

A SiC(0001) substrate was used as a template for the growth of 2D GaN. The first
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step of the process starts with the sublimation of silicon and the formation of a buffer-layer
of graphene. Hydrogenation reaction, in turn, takes place in order to passivate the unsat-
urated bonds of the surfaces between graphene buffer layer and SiC having as a result the
formation of an additional quasi-freestanding epitaxial layer of graphene (QFEG). The
next step refers to the intercalation of gallium adatoms between the substrate and the bi-
layer of graphene by using trimethylgallium as a precursor. The intercalation is facilitated
by the networks of wrinkles and defects of graphene (fig.1.9) and this is demonstrated con-
clusively by the fact that the growth of 2D GaN is preferential near grain boundaries and
3D islands of GaN, which formed where Ga-droplets had originally nucleated (fig.1.9b).
Finally, ammonolysis comes to pass for the formation of 2D GaN. A buckled structure of
2D GaN with R3m symmetry (with st oichiometry GaNx) is formed via MEEG as shown
in fig.1.9c .

(a) (b) (c)

Figure 1.9: (a)Schematic for the intercalation pathways of gallium through defects and
wrinkles of graphene, (b) A SEM image of the 2D GaN formation near 3D GaN islands
and wrinkles (c)Annular bright-field (ABF) images resolving the atomic heterostructure.

The role of graphene as a capping layer is shown in fig.1.10. 3D islands formed on
SiC(0001) without graphene capping (fig.1.10a) whereas there is a patchwork of 2D GaN
when graphene was utilized (fig.1.10b). In addition, graphene had also an impact on the
termination of GaN’s growth. The thick GaN without graphene capping layer is gallium
polar (fig.1.10d) whereas the 2D GaN interfacing graphene is nitrogen polar (fig. 1.10c).
This is also evident by the formation of thicker layers of GaN (>5nm) which have the
same surface termination as observed in 2D GaN.

15



1.3. TOWARDS THE LIMIT OF 2D III-NITRIDES

After the synthesis of 2D GaN, absorbance and reflectance measurements were
carried out showing a blue-shift of the energy bandgap (fig.1.11), in good agreement with
the theoretical calculations they performed.

(a) (b) (c) (d)

Figure 1.10: (a) SEM showing the formation of 3D GaN islands grown on 6H-SiC substrate
and (b) 2D GaN grown when graphene was utilized, ABF-STEM images showing the
inversion of surface termination from nitrogen-polar with graphene capping (c) to gallium-
polar without graphene capping (d).

(a) (b)

Figure 1.11: (a) UV-Vis reflectance measurements showing a transition at 4.90eV (b) The
absorption coefficient (α) collected via UV-Vis spectroscopic ellipsometry predicting a
direct energy gap of 2D GaN at 4.98 eV.

Recently, Fu et al. demonstrated another method for the synthesis of 2D GaN
layers on Liquid Metals by a Surface Confined Nitridation Reaction (SCNR) via chemical
vapor deposition (CVD) [12]. The SCNR procedure is shown in fig.1.12. Firstly, a W
foil with a gallium pellet on its surface is placed in zone 2 and is heated up to 1080◦

16
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C. As the W’s surface tension is far larger than Ga’s, this results in the formation of a
Ga/Ga-W interface region which consists of an ultrathin Ga layer and a subsurface Ga-W
solid solution. Secondly, SCNR takes place using urea as a nitrogen source. The urea
precursors are moved into zone 1 and nitridation reaction occurs mainly on the atomic
Ga layer.The confined growth of 2D GaN is controlled by the stronger nitridation ability
of W atoms which are held at Ga/Ga-W interface and prevent the thickening. The result
of SCNR on liquid metals is the formation of micron-sized 2D GaN of different random
thicknesses.

(a) (b)

Figure 1.12: Schematic showing (a) the CVD procedure and (b) the SCNR for the growth
of 2D GaN single crystals.

Measurements on the as-obtained 2D GaN were carried out in order to investigate
their properties. They characterized the morphology and structure of the as-grown sam-
ples and they also investigated their optoelectronic properties. They report a blue-shifting
PL peak with decreasing thickness (fig.1.13a,1.13b) as well as a red-shifted, strong and
symmetric Raman peak (fig.1.13c). In addition to this, they constructed a Field Effect
Transistor (FET) device in order to measure the mobility and on/off ratio of the 2D
crystal (fig.1.13d-1.13f) .
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(a) (b) (c)

(d)

(e) (f)

Figure 1.13: (a) PL spectra of a 5.2nm-thick GaN and bulk GaN, (b) PL specta of
different thicknesses of 2D GaN, (c) Raman spectra of a 5.2nm 2D GaN and bulk GaN,
(d) Schematic of 2D GaN FET, (e) Ids-Vg characteristic curve at Vds=1V, (f) Ids-Vds
characteristic curvres.
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Chapter 2

Experimental Techniques

2.1 Photoelectrochemical etching technique

PEC is a photoelectrochemical etching technique that was first developed by Min-
sky et al. on GaN films [13]. This technique is associated with rapid etch rates, lateral and
bandgap etching selectivity under photo-enhanced electrons and holes in the semiconduc-
tors. In this work, we employ the PEC method for fabricating ultrathin GaN membranes
using InGaN as a sacrificial layer for PEC.

Figure 2.1: An illustration of the energy band diagram for an n-type InGaN semiconductor
in contact with electrolyte under applied bias Va and illumination.



2.1. PHOTOELECTROCHEMICAL ETCHING TECHNIQUE

During the selective etching of InGaN a number of photoelectrochemical reactions
take place:

2InGaN + 6h+ + 6OH− → (In,Ga)2O3 + 3H2O +N2 (2.1)

(In,Ga)2O3 + 6OH− → 2(In,Ga)O−
3 3 + 3H2O (2.2)

By using a UV laser diode, with energy greater than InGaN’s bandgap, the photo-
generated h+’s move towards the InGaN/electrolyte interface. Once the hole accumulation
occurs, the oxidation procedure of InGaN starts as InGaN reacts with the OH− ions from
the KOH solution and the holes at the surface (eq.2.1). The produced InGaN oxides react
in turn with OH− resulting in a further dissolution process (eq.2.2). In order to ensure
the accumulation of the holes at the interface, a reverse voltage is applied (fig.2.1).

Figure 2.2: Schematic depicts the PEC set up.

In fig. 2.2 is depicted our PEC set up. A laser diode of 405nm is used which is
especially selected as our excitation source. As InGaN is our sacrificial layer, the light
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2.1. PHOTOELECTROCHEMICAL ETCHING TECHNIQUE

source has a photon energy greater than the InGaN’s bandgap but less than AlGaN’s and
GaN’s. In our case the InGaN etching is "lateral" as only the lateral sides are exposed
to the electrolyte (Fig.2.3a). The beam is directed by a mirror to the electrochemical
cell where the electrolyte KOH solution is placed. The beam goes through the cell and
ends up to a ∼ 0.0078cm2 pinhole. At the end of this path, the sample is fitted vertically
to the laser beam in contact with the pinhole and the electrolyte. The diameter of the
pinhole is large enough so that the wetted-illuminated area on the sample contains a large
number of mesas. As a consequence, the etching procedure is done simultaneously on all
wetted mesas. An indium contact on the surface of the sample acts as an anode and a
platinum electrode inside the cell as a cathode, which are connected to a Keithley 6517A
power supply, controlled by a computer via an Agilent GPIB cable. By using the Agilent
VEE software, it is possible to set the desired voltage and record the output current
versus time during the PEC etching. This plays a major role in our experiments, as this
set of measurements, enables the understanding of any deviations from the ideal curve
(fig.2.3b).

(a) (b)

Figure 2.3: Schematic depicts (a) the lateral PEC etching of our structures and (b) the
characteristic ideal I-t curve during the PEC etching technique.
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2.2. X-RAY DIFFRACTION

2.2 X-Ray Diffraction

X-ray Diffraction (XRD) is a technique that provides information about the crys-
talline structure of materials. An incident X-ray beam is diffracted at specific angles
and by measuring the intensities from each set of lattice planes, a crystallographer can
determine the atomic arrangement within the lattice planes [14].

X-rays consist of high energy photons with wavelength λ which is comparable with
the interatomic distance in a crystal. When X-rays encounter these regularly spaced
particles inside the crystal, diffraction occurs[15]. The atoms scatter the incident X-
ray beam in all directions and the intensity of the electromagnetic wave depends on
the interference pattern. Not all X-rays appear because of the destructive (out-of phase
waves). The intensity of the diffracted beam depends on the angle between the diffracted
beam and the solid. The relationship is given by Bragg’s law.

Bragg’s law:

Constructive interference occurs between two electromagnetic waves with the same
phase. In figure 2.4, the difference between the 1’ and 2’ diffracted waves should be exactly
one (or more) wavelengths. The path difference between the two waves is |SQ|+|QT|,
which is equal to 2ddhklsin(θ), where h,k,l are the Miller indices (Fig.2.4) [16].

Figure 2.4: Diffraction of X-rays by atomic planes.
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2.3. SCANNING ELECTRON MICROSCOPY

This results in the Bragg’s law:

nλ = 2dhklsin(θ) (2.3)

2.3 Scanning Electron Microscopy

Figure 2.5: Schematic illustration of a SEM microscope [17].

SEM stands for scanning electron microscopy. It is an electron microscope that
scans the surface of a specimen providing a high-resolution imaging. The various signals
that are produced during the scanning are used to obtain information about the surface
topography and composition of the sample [18].

On the top of Fig.2.5 is depicted the electron source. A beam of electrons is
generated by a thermionic gun which are accelerated by 1-30 kV. The beam goes through
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a series of electromagnetic lenses in order to control and focus the electron beam precisely
on the specimen. In the final lens, a pair of scanning coils, that create two magnetic fields
perpendicular to each other, is used to deflect the beam on x-y plane making feasible the
scanning on the surface of the sample. The sample is placed in a vacuum chamber which
is essential for the operation of SEM. The vacuum is needed to avoid the interference of
the air’s molecules with the electron beam that would result in the distortion of the image.
The electron beam traces over the surface and a selection of detectors collects the emitted
signals. The collected electrons of different levels of brightness, as the scanning occurs
provide information about the scanned surface, which is recorded by a computer[19].

2.4 Photoluminescence

Figure 2.6: A schematic representation of photoluminescence mechanism.

Photoluminescence (PL) is the light emitted by a semiconductor after the absorp-
tion of electromagnetic radiation in form of photons. In a PL experiment, the semicon-
ductor must be excited with photons that have greater energy than the semiconductor’s
band gap. Once the photons are absorbed, electrons and holes are formed in the conduc-
tion and valence band respectively, which then rapidly relax down to the band extrema.
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Finally the electrons and holes recombine, emitting photons which are characteristic of
the system at hand. [20].

In Fig.2.7, the main parts of our PL set up are shown. A He-Cd 325nm CW laser
source with an energy hv > Eg was used to excite our sample. The beam follows a path
through mirrors, filtered by an iris and then focused by a lens on the sample. The sample,
in turn, is placed inside a cryostat, which can cool the sample using a closed-cycle liquid
Helium cooler, in the temperature range 14-300K. After the excitation, the signal from
the sample is collected by a large diameter collection lens which is then focused to a
spectrometer, connected to a CCD camera.

Figure 2.7: Schematic depicts the PL set up.

2.5 Atomic Force Microscopy

Atomic Force Microscopy (AFM) was originally developed by IBM scientists in the
early 1980’s and it is a form of scanning probe microscopy (SPM) with high resolution on
the order of nanometers in the x-y plane and sub-nanometers in the z-direction [21]. An
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AFM system can be used for surface imaging and force measurement. This information
can be obtained by either "feeling" or "touching" the surface of the sample. The reaction
of the probe to the forces between the tip and the surface of the sample are used to
generate a 3D image of the sample’s surface.

The AFM uses a cantilever with a sharp tip to scan the surface of the sample. As
the tip approaches the surface, attractive forces cause the cantilever to deflect towards
the surface. When the cantilever is brought very close to the surface so the tip "touches"
the sample, repulsive forces cause the cantilever to deflect away from it. To detect the
cantilever’s deflections a laser beam is used. The small changes in the position of the
reflected beam are detected by a position sensitive photo-diode. Then by using a feedback
loop AFM is able to generate an accurate surface map [22]. In Fig.2.8, an AFM system
is shown.

Figure 2.8: A schematic representation of an AFM system.

2.6 Transfer

For the purposes of membrane transfer process we used Polydimethylsiloxane (PDMS).
PDMS is a polymer organosilicon compound and is particularly known for its rheological
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(or flow) properties [23]. The PDMS empirical formula is (C2H6OSi)n, where n is the
number of monomers repetitions. PDMS can be liquid or semi-solid depending on the
size of monomers chain. Liquid PDMS can be also mixed with a cross-linking agent and
be heated up in order to obtain solid PDMS. [24] In addition, solid PDMS is transparent
and flexible and due to its properties can be used as medium for transfer not only of bulk
semiconductors but also of two-dimensional materials [25]. Fig.2.9 depicts our transfer
process by using PDMS. Firstly, PDMS is placed in contact with the surface of the sam-
ple. By pushing slightly the top surface of PDMS, the free-standing GaN membrane is
strongly attached to it . Then, by removing the PDMS abruptly, we lift up the GaN
membrane which is now adhered to the bottom of PDMS. The next step is to place the
PDMS/GaN on the surface of a SiO2/Si substrate. Finally, we remove slowly the PDMS
in order to free the GaN membrane on the template.

Figure 2.9: A schematic representation of transfer process.
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Chapter 3

Experiments on a First Set of Samples

3.1 Introduction

In this chapter, we are going to analyze the experiments that have been carried
out on a first set of samples. Firstly, we are going to describe the fabrication of the as
grown samples and their characterization. In addition to this, we are going to discuss their
modification to mesas as well as the PEC etching technique in order to enable the free-
standing GaN membranes. Finally, we are going to optically characterize our membranes
and conclude on our results.

3.2 Structure

The first series consists of three samples with code names E3933,E3934 and E3935.
The design of these samples is the outcome of previous studies which have also used PEC
etching technique on similar structures with InGaN as a sacrificial layer.

The structures consist of a c-axis 4 µm n-type GaN (non-intentionally doped)
which is grown on a sapphire substrate. The next three layers consist of a heterostructure
AlGaN/InGaN/GaN, which is grown by molecular beam epitaxy (MBE).The AlGaN layer
whose aluminum content is ∼ 7 % has a thickness of 500 nm. The idea of using this layer is
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to absorb the incident light and prevent it from exciting the GaN at the base. This way the
emission of the thin GaN on the surface would be distinguished in the Photoluminescence
spectrum. With regard to the next layer, the thickness of InGaN is 5 nm with a nominal
indium content of ∼ 14 %, which was chosen in order to be suitable to the PEC etching
conditions. On the top of these layers, there is the GaN membrane whose thickness differs
in the three samples. The samples E3933, E3934 and E3935 have GaN thickness of 30
nm, 5 nm and 10 nm, respectively. A schematic illustration of the samples is shown in
figure 3.1.

Figure 3.1: Schematic depicts the design of samples E3933, E3934 and E3935.

3.3 Characterization of as-grown samples

In this section, measurements on the as-grown samples have been done in order
to characterize them. Firstly, photoluminescence and reflectance measurements were per-
formed to examine any deviations from the theoretically designed structures. Secondly,
Atomic Force Microscopy measurements have taken place to check the roughness of their
surface. Finally, XRD reciprocal mapping was performed in order to extract information
about the strain state and composition of the AlGaN layer.
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3.3.1 Photoluminescence and Reflectance
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Figure 3.2: PL measurements in the spectral range of (a) AlGaN, (b) InGaN and (c) GaN
emission.

In Fig.3.2a, we plot a characteristic PL spectrum of one of the samples (E3934)
and compare it with the respective reflectivity (RFL) spectrum. In the RFL spectrum,
we observe a strong exciton feature at ∼ 345nm which corresponds to the thick AlGaN
layer, accompanied by an intense PL emission peak at about the same wavelength. From
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the wavelength position of the AlGaN, we deduce the Al-composition, x, based on the
following relation in eV:

Eg,AlGaN(14K) = Eg,GaN(14K)(1− x) + Eg,AlN(14K)x− bx(1− x)− 240 · 10−3x (3.1)

where the last term is due to the tensile strain in this layer, as confirmed by
the XRD reciprocal space mapping discussed below. The estimated xAl is ∼ 7% in good
agreement with XRD. At lower energies, we observe in RFL the A and B excitonic features
of GaN which correlate well with corresponding peaks in PL. These peaks seem to co-exist
with deep-level emission from the AlGaN layer, which makes it difficult to observe any
weaker features possibly related with the top GaN layer.

In Fig.3.2b, we compare the PL emission of the three samples in the 380-460 nm
range, where the InGaN’s PL emission is expected. We observe a broadband emission
which cannot be attributed to the InGaN sacrificial layer, as it is also present in the PL
emission of the underneath GaN template. Thus, no information can be gathered from
PL about the InGaN composition in this set of samples.

Finally, in Fig.3.2c, we zoom-in at the PL emission of all samples at the GaN
band-edge and compare with the reference GaN-template. We observe large intensity and
spectral variations from one sample to the other, which at this stage we cannot exclude
the possibility that they are due to a varying optical quality of the GaN template in the
different samples.

Moreover, as pointed above, it is not possible to observe any weak PL peak, asso-
ciated with the top-GaN layers, due to the relatively strong deep-level emission from the
AlGaN layer and bandedge emission of the GaN template in the same spectral region.

3.3.2 Atomic Force Microscopy

AFM measurements were performed on samples E3933 and E3935 in order to get
information about the roughness of our samples. Our results are shown in Fig.3.3. The
GaN surfaces exhibit root-mean square (Rms)) roughness values around ∼ 1nm, which is
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relatively high compared to other GaN films grown by MBE. However, this is a typical
value for AlGaN/GaN heterostructures, as in our case [26]. Moreover, there are bright
spots on both samples, which are due to dislocations (pyramid-shaped), whose density is
around 108cm−2. Finally, there are tiny bright spots on the samples which are most likely
due to some kind of contamination during handling of the samples.

(a) (b)

(c) (d)

Figure 3.3: AFM measurements on samples (a)-(b) E3933 and (c)-(d) E3935.

3.3.3 XRD measurements

XRD Reciprocal Space Mapping measurements were performed on sample E3933 in
asymmetric reflection (104) in order to examine the strain of the half-micron thick AlGaN
layer. Fig.3.4 shows that both GaN and AlGaN peaks correspond to the same in-plane
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lattice meaning that the AlGaN is fully strained on GaN. In addition, by performing a
θ− 2θ scan, we measured the lattice constant c for AlGaN by using the Bragg’s law (2.3)
. In case of hexagonal structures, the interplanar distances are

dhkl =
a√

(h2 + k2 + hk) + a2l2

c2

. (3.2)

Thus, at the asymmetric reflection plane (002), the lattice constant c = 2dhkl. By taking
the X-ray wavelength λ = 1.540 56Å and θ = θi + ∆ω where the critical angle for GaN
is θi = 17.2703◦ and ∆ω the peak difference between GaN and AlGaN, the calculated
parameter is cmeas = 5.16863Å (Fig.3.5). Taking into consideration that AlGaN layer has
the same in-plane lattice constant with GaN (ameas = aGaN) and by using the following
formulas, we estimated that the aluminum content is ∼ 6%.

Figure 3.4: XRD reciprocal space mapping of E3933 showing the strain of AlGaN layer
on GaN .
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Figure 3.5: XRD theta-2theta scan of sample E3933

∆co
co

= −2
c13
c33

∆ao
ao

(3.3)

where {
∆co = cmeas − co
∆ao = ameas − ao

(3.4a)

(3.4b)

where ao(x), co(x) are the relaxed values of AlxGa1−xN .

∆co
c0

=
cmeas − [cGaN(1− x) + xcAlN ]

cGaN(1− x) + xcAlN

(3.5)

∆ao
a0

=
ameas − [aGaN(1− x) + xaAlN ]

aGaN(1− x) + xaAlN

(3.6)
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c13(x)

c33(x)
=
c13,GaN(1− x) + xc13,AlN

c33,GaN(1− x) + xc33,AlN

(3.7)

3.4 Design of MESAs

Figure 3.6: Schematic depicts the processing for the fabrication of 1µ.m-high of squared
mesas.

After the characterization of the as-grown samples photolithography process and
Reactive Ion Etching (RIE) took place, in order to create geometrical shapes (mesas) on
the surface of the samples. This procedure is essential for PEC etching technique, as
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it exposes laterally the InGaN sacrificial layer. The processing is described in the next
paragraph.

Image Reversal resist Z5214 is spin-coated at 4000rpm in order to obtain homoge-
neous thickness on the surface of the sample. Then the sample is placed on a hot plate
at 110◦C for 20 sec to harden the resist. A metal mask with square mesas with various
dimensions ranging from 45× 45µm2 to 155× 155µm2 is aligned on the sample followed
by UV-DUV irradiation. Then the radiated photoresist is removed with AZ400 photore-
sist removal, diluted in DI water at 1:4 ratio to expose the desired areas of the surface.
Reactive Ion Etching (RIE) technique is used to etch these areas and form the MESAS.
Finally, the samples are rinsed in acetone followed by DI water in order to remove any
photoresist residues and a profilometer is used to measure the etching rate, which was
15nm/min. Fig.3.6 shows the process flow by photolithography and RIE, as well as the
metal mask that is used in order to modify the original samples into patterned 1µm-high
squared mesas.

3.5 Photoelectrochemical etching procedure

The PEC etching technique was initially implemented on a reference sample,
E3805C, having a similar structure, where the sacrificial layer of InGaN is 20nm thick and
the GaN-based membrane on the top is 200nm, in order to control the PEC set-up and
the conditions of the process. By applying several sets of voltage, etching time, power
and concentration of KOH solution, in accordance with previous work based on the op-
timization of PEC in similar structures for the fabrication of microcavities, we obtained
the desired result, as shown in fig.3.7. In fig.3.7a is illustrated an optical microscope
image where the membranes following successful etching are sitting on their mesas taking
a light yellow colour arising from the reflection of the incident light, while the mesas in
the surrounding area do not change colour as they remain unetched. This is more evident
in the SEM image of fig.3.7b, where the GaN membrane is clearly lifted up. The PEC
conditions that we applied here were: V=4Volts, P≈5.00mW, C = 4 ·10−4M , t=2,400sec.
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(a) (b)

Figure 3.7: PEC: V=4Volts, P≈5.00mW, C = 4 · 10−4M , t=2.400sec (a) An optical
microscope image and (b) a SEM image of E3805C after etching.

Based on the results on sample E3805C, we applied the exact same conditions
on the set of samples E3933-35, starting with E3933 where the GaN layer on the top
of the structure is 30nm-thick. The results were not as expected as the surface of the
GaN top layer was fully damaged after PEC (Fig.3.8). In the optical image, fig.3.8a,
aside from a light greyish shadow on the PEC spot, the surface of the mesas shows no
particular colour contrast with respect to their surroundings, at least in comparison with
the reference sample (fig.3.7). Additionally, in the SEM images (fig.3.8b,3.8c), we can
clearly confirm the damaged GaN membrane.

(a) (b) (c)

Figure 3.8: PEC: V=4Volts, P≈5.00mW, C = 4 · 10−4M , t=2,400sec (a) An optical
microscope image and (b),(c) SEM images of E3933 after etching.

By keeping constant the voltage, laser power and concentration of KOH solution
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we decreased the time down to 1500sec. In the optical image of fig.3.9a, there is no
evidence of improvement whereas in the SEM images, there is a somewhat less damaged
surface (fig.3.9b-3.9e), but without any clear indication of a lifted membrane.

(a) (b) (c)

(d) (e)

Figure 3.9: PEC: V=4Volts, P≈5.00mW, C = 4 · 10−4M , t=1,500sec (a) An optical
microscope image and (b)-(e) SEM images of E3933 after etching.

In order to decrease further the damage of the membranes’ surface, we performed
another run with the same conditions but even less time, 650sec. The results are shown in
Fig.3.10. In the optical microscope image, we observe the same greyish coloration of the
PEC spot, a little fainter compared to the larger etching times (c.f. 3.9, 3.8). In the SEM
images, however, one observes on the mesas’ surface the appearance of distinct holes,
suggesting that the etching did not go only laterally but that the electrolyte somehow
penetrated and reacted with InGaN layer from the top surface of the mesas.
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(a) (b) (c)

(d)

Figure 3.10: PEC: V=4Volts, P≈5.00mW, C = 4 · 10−4M , t=650sec (a) An optical
microscope image and (b)-(d) SEM images of E3933 after etching.

In order to confirm the previous result, we applied the same conditions on sample
E3935, which has a 10nm top-layer of GaN. The results were not similar with those of
sample E3933 (fig.3.10). As shown in fig.3.12, in both optical and SEM images, several
mesas showed in part of their area "vertical" etching whereas in the remainder they seemed
intact or their surface appeared uniform. No sign of "clean" lateral etching was found
either in this sample.

As a next step, in order to improve the etching results, we decreased the concen-
tration of OH− by a decade to C = 4 · 10−5M . The idea was that as the sacrificial
layer of InGaN is 5nm thick in comparison with the reference sample E3805C where the
InGaN membrane was 20nm, perhaps the rate of photoelectrochemical reaction should
be decreased in order to obtain smooth lateral etching of the GaN membranes. Looking
at the SEM images (fig.3.11b-3.11e), the results appeared similar with the previous run
(fig.3.12) in the sense that there are still holes on the GaN surface. However, overall, the
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top surface appears more uniform which could indicate that the etching of InGaN was
also uniform.

(a) (b) (c)

(d) (e)

Figure 3.11: PEC: V=4Volts, P≈5.00mW, C = 4 · 10−5M , t=600sec (a) An optical
microscope image and (b)-(e) SEM images of E3935 after etching.

Finally, we applied the same conditions on the same sample, by increasing the time
up to 940sec. As shown in the optical image fig.3.13a, most of the mesas have a dark grey
colour and some of them a slight yellow. In the SEM images (fig.3.13b-3.13d), it seems
to be clear that the mesas are overetched and that "vertical" inhomogeneous etching
occurred, leaving the surface of the GaN membranes partially damaged with many holes.
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(a) (b) (c)

(d) (e)

Figure 3.12: PEC: V=4Volts, P≈5.00mW, C = 4 · 10−4M , t=600sec (a) An optical
microscope image and (b)-(e) SEM images of E3935 after etching.

Summarizing the above, by decreasing the etching time and concentration of KOH
solution, we tried to optimize the PEC etching conditions in the first set of samples. The
results were not satisfying as we didn’t obtain any smooth membranes. What seemed
characteristic in all these results was the "holes" on the surface of the GaN membranes
in both samples we tried. The fact that the etching procedure was not just lateral but
occurred also vertically could be attributed to pre-existing holes/defects on the surface
of the as-grown samples, forming a pathway for the solution to react with the InGaN
layer. Looking carefully at the SEM images of the as-grown samples, it is true that in
sample E3933, there were in parts of the sample groove-like defects on the surface. But
this was only in part of one of the three samples. Another possible explanation of the
unsuccessful etching experiments can be based on the increased rms roughness in these
samples, most likely due to presence of the thick AlGaN buffer layer. The increased
roughness of AlGaN may have adversely affected the composition-profile of the InGaN
layer, such that only islands of sufficient In-composition could participate to etching. Such
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non-uniformity could explain the vertical etching and the fact that we failed to observe
any clear indication of lateral etching such as a lifted-up membrane.

(a) (b) (c)

(d)

Figure 3.13: PEC: V=4Volts, P≈5.00mW, C = 4 · 10−5M , t=940sec (a) An optical
microscope image and (b)-(d) SEM images of E3935 after etching.

In all the above discussion, we have tacitly assumed that the InGaN composition
was close to nominal (∼ 14%). Unfortunately, the 5nm-thickness of the sacrificial layer
in this set of samples did not allow us to confirm this composition in an XRD θ − 2θ

scan. Moreover, the InGaN layer was not visible in the PL spectra either, due to strong
deep-level emission from the GaN substrate in the spectral region of interest (380-460nm).
However, based on later findings, in the second set of samples, discussed on chapter 4,
we have good reason to believe that the In-content of the InGaN layer was smaller than
7.5% in the first set of samples as well. Such composition is really marginal in the sense
that the 405nm laser is absorbed in the inhomogeneously broadened band-edge tail of
InGaN. This would explain the inhomogeneous unsatisfying etching observed in the PEC
experiments of this section.
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3.6 Transfer

After the PEC etching procedure, we tried to transfer the inhomogeneously etched
GaN membranes by using a PDMS stamp from the mesas to a Si02/Si substrate in order
to optically characterize them. However, as we previously mentioned, we did not manage
to obtain any smooth GaN membranes with the PEC etching technique. As we shall see,
only small fragments of GaN membranes were available for transfer. These small GaN
pieces were strongly attached to PDMS leading to the unsuccessful transfer of them onto
SiO2/Si substrate.

In the images of Fig.3.14, we illustrated a spot from which we managed to extract
some membranes on PDMS. The red frame around images denotes "before transfer" and
the blue frame "after transfer". The first two optical images, fig.3.14a,3.14b, show the
PEC spot before and after transfer on the sample E3935. Fig.3.14a presents a spot where
some mesas have a dark grey colour and some of them a slight yellow (red circle). After
transfer, there is a slight colour difference of mesas’ surface which is more visible in the
three mesas in the red circle (Fig.3.14b). The next two images show the transferred
GaN membranes on PDMS, where in fig.3.14c the GaN is sandwiched between SiO2/Si

substrate and PDMS increasing their reflectivity contrast, where as in fig.3.14d the GaN
membranes on PDMS are facing the air. In addition, we explain the colour change of the
mesas in Fig.3.14a-3.14b as these areas were successfully transferred on PDMS. Moreover,
SEM images 3.14e-3.14g provided more information about the surface of mesas before
and after transfer. Fig.3.14e shows a SEM image of the etched area before transfer
whereas in Fig.3.14f after transfer. Small pieces of mesas’ surface were removed during
transfer procedure, which is more evident in Fig.3.14g where there are small holes on the
remaining GaN surface. The GaN membranes are multi-fractured having as a result to
the unsuccessful transfer of them onto SiO2/Si substrate.

After transfer, we tried to characterize the extracted GaN membranes on PDMS.
Firstly, we tried to perform µRaman measurements However, we did not manage to get
any signal from GaN membranes, as the background signal from PDMS was extremely
high in comparison with the weak signal of GaN fragments. Next step was their ob-
servation of them with SEM. The following SEM images show the GaN membranes on
PDMS, for which some metallization was necessary to avoid charging effects during SEM
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(a) (b)

(c) (d)

(e) (f) (g)

Figure 3.14: E3935: Optical images of (a) the PEC spot before transfer and (b) af-
ter transfer, (c) PDMS/GaN/SiO2/Si substrate and (d) GaN/PDMS/SiO2/Si substrate.
SEM images of the same spot area (e) before and (f), (g) after transfer.

(Fig.3.15a-3.15e). It is clear that the surface of the membranes is multi-fractured into
small pieces.

To summarize the above, we did not manage to transfer successfully the GaN
membranes on the SiO2/Si substrate. As GaN is fully damaged and PDMS has high
flexibility, the membrane fragments are strongly attached to the PDMS. Moreover, based
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(a) (b) (c)

(d) (e)

Figure 3.15: SEM images of GaN membrane fragments attached to PDMS.

on later findings, the indium consistency in the InGaN sacrificial layer played an important
role for the fabrication of smooth GaN membranes. As a result of this, the transfer with
PDMS of small GaN pieces was not feasible.

3.7 Conclusions

To sum up, the PEC etching technique for the fabrication of GaN membranes on
the first set of samples E3933-35 did not turn out successful as we did not manage to obtain
any smooth GaN membranes. At the time, we finished these experiments, we thought
that the presence of AlGaN layer in our heterostructure, did not favour the PEC etching
experiments, as the AlGaN layer increased the GaN membrane roughness as observed
in AFM and possibly affected the homogeneity of In-composition in the InGaN layer,
favouring inhomogeneous vertical etching versus standard lateral InGaN etching. Based
on these considerations, we decided to ask for a second of samples, having the AlGaN
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layer removed. A posteriori, having worked on the 2nd set of samples as well, we can say
that it is quite likely that the In-composition of the first set of samples was much less
than the nominal, accounting for the adverse etching results.
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Chapter 4

Experiments on a Second Set of

Samples

4.1 Introduction

In this chapter, we analyze the experimental measurements that have been carried
out on a second set of samples without the AlGaN barriers following the conclusions of
previous section. Firstly, we describe the structure and characterization of the as-grown
samples. Next, we discuss the PEC results on these samples after the modification into
mesas. Finally, we characterize some free-standing membranes and conclude.

4.2 Structure

The second series consists of three samples with code names E3981, E3982 and
E3983. The design of these samples is based on the study of the previous set of samples,
in order to improve the results of PEC etching technique for the fabrication of GaN
membranes.

The structures consist of a c-axis 4 µm-thick n-type GaN template (non-intentionally
doped) which is grown on a sapphire substrate. Our samples consist of a heterostructure
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GaN/ InGaN/GaN, which is grown by molecular beam epitaxy (MBE). The thickness of
InGaN is 20 nm in this series with a nominal indium content of ∼ 14 % to be suitable for
the PEC etching conditions. On the top of these structures, there is the GaN membrane
layer whose thickness differs in the three samples. The samples E3981, E3982 and E3983
have GaN thickness of 30 nm, 5 nm and 10 nm, respectively. A schematic illustration of
the samples is shown in figure 3.1.

Figure 4.1: Schematic depicts the theoretical design of the samples E3981, E3982 and
E3983.

4.3 Characterization of as grown samples

In this section, we describe the characterization of as-grown samples E3981-83.
Firstly, photoluminescence measurements took place in order to assess the properties of
the heterostructure GaN/InGaN/GaN. In addition, AFM measurements were performed
to estimate the roughness of samples. Finally, XRD measurements took place in order to
estimate the indium composition of InGaN sacrificial layer.
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4.3.1 Photoluminescence
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Figure 4.2: PL measurements on the spectral range of (a) InGaN and (b) GaN emission.

Fig.4.2a shows the PL spectra in the spectral range of InGaN emission for the three
samples. In addition, the PL spectrum of the underneath GaN template is also shown
for comparison. Considering that the broadband emission is present for all three samples
including the underneath template we conclude that we cannot extract information from
PL about the InGaN composition in this set of samples.

Moreover, in Fig.4.2b, we zoom in at the GaN band edge emission of all sam-
ples at the GaN band-edge and compare with the reference GaN-template. In the semi-
logarithmic PL spectra, we observe the Donor-band exciton line Dox, as well as the free-
exciton peaks A, B and C, with large variations in intensity from one sample to another.
This variation cannot be reasonably attributed to the presence of the GaN membrane
layer. At this stage, we cannot exclude the possibilities that the intensity variations are
due to a varying optical quality of the GaN template in the different samples.
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4.3.2 Atomic Force Microscopy

AFM measurements were performed on sample E3983 in order to examine the
roughness of our samples. Fig.4.3 shows a root-mean square (Rms) roughness values
around ∼ 0.6nm, which is significantly lower compared to previous results of the first
set of samples ( ∼ 1nm Fig.3.3). Moreover, the density of dislocations (pyramid-shaped
bright spots) remains at ∼ 108cm−2, which is normal as this corresponds to the substrate
dislocation density which is the same in the two sets of samples. However, the tiny bright
spots are much less than the previous set of samples.

Figure 4.3: AFM measurements on E3983.

4.3.3 XRD measurements

XRD θ − 2θ (Fig.4.4) scan was performed on sample E3982 in order to examine
the nominal(∼ 14%) composition of indium in the InGaN sacrificial layer. Taking into
account that InGaN layer is fully strained on GaN, we calculate the indium composition
by using the following formulas 4.1-4.5. Considering that ameas = aGaN = 3.18900Å and
that cmeas = 5.24947Å, we estimate the indium composition ∼ 7.4%, i.e. significantly
lower than the nominal composition.
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Figure 4.4: XRD theta-2theta scan of sample E3982.

∆co
co

= −2
c13
c33

∆ao
ao

(4.1)

where {
∆co = cmeas − co
∆ao = ameas − ao

(4.2a)

(4.2b)

where ao(x), co(x) are the relaxed values of InxGa1−xN .

∆co
c0

=
cmeas − [cGaN(1− x) + xcInN ]

cGaN(1− x) + xcInN
(4.3)

∆ao
a0

=
ameas − [aGaN(1− x) + xaInN ]

aGaN(1− x) + xaInN
(4.4)
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c13(x)

c33(x)
=
c13,GaN(1− x) + xc13,InN
c33,GaN(1− x) + xc33,InN

(4.5)

4.4 Design of Mesas

By using the same mask and following the same processing flow as in the first set
of samples (Fig.3.6), the samples are patterned into various squared mesas 0.6µm height
in order to expose laterally the InGaN layer for the PEC etching procedure. Fig.4.5 shows
a schematic illustration of our mesas.

Figure 4.5: Schematic depicts the 1µm height squared mesas.

4.5 Photoelectrochemical Etching Procedure

After the modification of the as grown samples into mesas, we performed PEC
etching experiments. Our initial excitation source was a CW laser diode at 405nm, con-
sidering that the nominal composition of InGaN sacrificial layer is ∼ 14%. Once more,
our results were not satisfying as the InGaN layer did not seem to get etched. After XRD
results came out, it was revealed that the indium composition was much less (∼ 7.5%),
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justifying the unsatisfactory results.

Taking into account that the PEC etching condition was not met with the 405nm
laser diode as the estimated gap of InGaN based on the ∼ 7.4% In-content is at ∼ 397nm,
we performed PEC etching using a tunable femtosecond pulsed laser varying the excitation
wavelength from 380 to 400nm. We performed the same series of measurements on samples
E3982 and E3934(first set of samples) where the top GaN membrane was 5nm-thick in
both samples. Fig.4.7, 4.6 show the total, dark and photo-current as a function of time
using the same PEC conditions, varying the light source wavelength from 380 to 400nm.
Each subfigure in the two figures 4.6 and 4.7 correspond to a different spot on the sample,
explaining the relative variation in the dark currents from one spot to another.
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Figure 4.6: Diagrams show the total, dark and photo-current as a function of etching time
with V=4Volts, P=6mW and C = 4 · 10−4M for E3982.

The photo-current increases with respect to the decreasing wavelength of excitation
as less and less carriers are absorbed. In our case, we have two different sacrificial layers
in the two samples. In E3934 it is 5nm and in E3982 is 20nm. In general, the absorption
probability is higher in the wider layer which, in our case, is E3982. However, as there
is piezoelectric polarization due to different lattice constants in our heterostructures and
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Figure 4.7: Diagrams show the total, dark and photo-current as a function of etching time
with V=4Volts, P=6mW and C = 4 · 10−4M for E3934.

to a lesser degree spontaneous polarization, this leads to quantum confined stark effect
(QCSE). QCSE provokes band bending, leading the electrons to move to one side and
the holes to the other. As a result, the wavefunction overlap between electron and holes
in the wider 20nm QW is smaller than the 5nm QW. As a consequence, the absorption
could be higher in E3934(5nm) than E3982(20nm) in this spectral range.

With decreasing wavelength of excitation the photo-current increases in both sam-
ples. This is more evident in Fig.4.8, where the spectral dependence of the photo-current
in the two samples is shown. The tendency is stronger in sample E3934, where the photo-
current is < 1µA at 400nm and becomes more than 8µA at 380nm. The same but weaker
tendency is observed in sample E3982, starting with a photo-current of about 2µA at
400nm and reaching a value of larger than 4µA at 380nm. The increase in photo-current
with decreasing λ is attributed to increased absorption in the InGaN sacrificial layer,
and the weaker wavelength dependence in sample E3982 can be explained by the larger
InGaN layer thickness and the weakening effect of the QCSE in large QWs, making the
absorption profile spectrally flatter.
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In addition, by looking at graph 4.8, there are a couple of questions that arise:

1. In sample E3982 there is a non-negligible photo-current at 400nm. Could we use
this photo-current for PEC etching?

2. In both samples, there is a significant photo-current at 380nm. Is this photo-
current solely due to the InGaN layer or could we have some photo-current gen-
eration on other parts of the structure, as we approach the band-gap of the GaN
buffer/substrate?

Another point of concern in Figures 4.6 and 4.7 is the large dark current values
we observe in both samples, of the order of 1-2 µA in most spots.Moreover, the dark-
current values decrease with etching-time, as if some kind of "curing" occurs on the diode
surface. As a comparison, we note that in previous studies with 200nm-thick membranes
the dark currents measured in PEC experiments were between 0.01−0.1µA and remained
practically constant during the PEC experiment. We discuss again the dark current-issue
in the next section.

Following the PEC etching experiments using different laser wavelengths, we ob-
served each PEC spot with optical and SEM images, in order to assess the etching results.
By using a 385nm laser diode, the mesas in the centre of the PEC spot appear differently
coloured, possibly suggesting that the InGaN layer was etched, whereas by using a 390nm
laser diode, the mesas show merely a dark grey colour (Fig. 4.9). In addition, the SEM
images revealed that the GaN membranes on the top of our structures were more damaged
with the 390nm light source whereas with 385nm they appeared more uniform (Fig.4.10).
Moreover, there is a greyish shadow shown by arrows at the top-GaN/InGaN interface
(less than 20nm depth) suggesting some initial etching of the InGaN layer. However,
as GaN membrane is only 5nm thick, we are close to the limit of SEM resolution. In
addition, we observe in Fig.4.11 an interface at ∼ 100nm depth, which is observed in
almost all PEC experiments of the 2nd sample series. This interface is likely related to
the beginning of MBE epitaxy on the GaN/Al2O3 template, which apparently exhibits
some sensitivity to PEC etching conditions. Based on the above results, we selected the
385nm laser source as our excitation source.
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Figure 4.8: PEC: V=4Volts, P=6mW and C = 4 · 10−4M . Diagram presents the photo-
current at t=0sec with respect to the laser wavelength, for samples E3934 and E3982.

(a) (b)

Figure 4.9: PEC: V=4Volts, P≈6.00mW, C = 4 ·10−4M , t=2,400sec. Optical microscope
images after PEC etching technique at (a) 385nm and (b) 390nm of sample E3982.

As a next step, in order to improve the etching results, we increased the duration
of etching up to 3,600 secs by using the same voltage, power and concentration of KOH
solution conditions. Fig.4.12 shows an optical image of the PEC spot, where there are
slightly more mesas coloured. Moreover, there is a greyish shadow in the area between
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(a) (b) (c)

(d) (e) (f)

Figure 4.10: PEC: V=4Volts, P≈6.00mW, C = 4 · 10−4M , t=2,400sec. SEM images after
PEC etching technique at (a)-(c) 385nm and (d)-(f) 390nm of sample E3982.

Figure 4.11: SEM image of a mesa of sample E3982 showing the interface at ∼ 102nm

depth.

mesas indicating that the bottom GaN has been somehow affected. Furthermore, SEM
images show some indications that GaN membranes have lifted up. However, there was
no improvement on the mesas’ surface.
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(a)

(b) (c) (d)

Figure 4.12: PEC: V=4Volts, P≈6.00mW, C = 4 · 10−4M , t=3,600sec. (a) An optical
microscope image and (b)-(d) SEM images after PEC etching technique at 385nm of
sample E3982.

In order to limit the damage of the membranes’ surface, we performed several runs
with varying powers of excitation while keeping all other etching parameters constant.
Fig.4.13 presents the total, dark and photo-current as a function of etching time for
6mW, 3mW, 1.3mW and 0.770mW.

The main observation in Fig.4.13 is that the photo-current does not scale with
power of excitation and remains practically constant, probably to some saturation effect.
However, we observe differences in the colourization of mesas in these PEC experiments
(Fig.4.12a,4.14). Decreasing the power from 6 to 3mW, more mesas in the centre of PEC
spot have orange-blue colour. In addition, the greyish shadow between the mesas has
weakened, suggesting that the GaN template is less affected. By decreasing further the ex-
citation power, we see that the surface of mesas take a dark grey colour (Fig.4.14b,4.14c).
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Figure 4.13: Diagram shows the total, dark and photo-current as a function of time of
the sample E3982 with V=4Volts, λ = 385nm, t=3,600sec and C = 4 · 10−4M for 6, 3 ,
1.3 and 0.770 mW.

(a) (b) (c)

Figure 4.14: PEC: V=4Volts, λ = 385nm, C = 4·10−4M , t=3,600sec. Optical microscope
images for (a) 3mW, (b)1.3mW and (c) 0.770mW after PEC etching technique of sample
E3982.

By observing these PEC spots in SEM, we see no improvement on the mesas’ surface, as
the top GaN membranes seem damaged in all cases regardless of the excitation power of
the laser source (Fig.4.15).
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(a) (b) (c)

Figure 4.15: PEC: V=4Volts, λ = 385nm, C = 4 · 10−4M , t=3,600sec. SEM images for
(a) 3mW, (b)1.3mW and (c) 0.770mW after PEC etching technique of sample E3982.

Summarizing the above, at first, we performed PEC etching by using a 405nm laser
source as excitation power. Secondly, after XRD results revealed that the concentration
of indium was ∼ 7.5%, we carried out experiments by using a fs-laser source between
380nm to 400nm. By assessing the etching results, we picked the 385nm laser wavelength
as the most promising for the PEC etching procedure. Next, we tried to optimize the
conditions of PEC for 385nm by increasing the time up to 3,600sec and by performing
experiments at lower laser powers.

4.6 Transfer

After PEC etching procedure, we attempted to transfer the top-GaN membranes
by using a PDMS stamp. PDMS was placed on the surface of every PEC spot and by
removing it abruptly, we tried to lift up any free-standing GaN membrane. As a next step,
we transferred the GaN pieces that were attached onto PDMS, to a Si/SiO2 substrate.
Fig.4.16 shows optical and SEM images of transferred pieces from sample E3982, where
the top GaN membrane is 5nm thick, on SiO2/Si. Fig.4.16a, 4.16b present some GaN
membranes on the surface of Si/SiO2 substrate, having a yellow colour arising from the
reflection of the incident microscope light. After observing some of these pieces at SEM,
we extracted their thickness to be ∼ 108nm after correcting for the angle of observation.
This thickness corresponds well to the lateral etching occurring at ∼ 100nm beneath
the top surface as commented in Fig.4.11. We believe that this interface appears due to
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different epitaxial growth, as the GaN template is grown with Metal-Organic Chemical
Vapor Deposition (MOCVD) whereas the rest of the samples is grown with MBE.

(a) (b)

(c) (d)

Figure 4.16: (a), (b) Optical images showing the transferred pieces of sample E3982. (c),
(d) SEM images of the transferred fragment in yellow circle in optical image (b).

In these transfer experiments, we found no evidence of any 5nm-thick GaN mem-
brane, either on the PDMS surface or after transferring the PDMS material onto the
SiO2/Si. This strongly suggests that in spite of the various colorizations observed in
the PEC experiments, no "clean" lateral etching of the top GaN ultrathin layer has been
achieved in our experiments. In order to comprehend this counter-result, we turned our
attention to the dark-current characteristics of our diodes. Previous work on PEC etching
of samples where the top-GaN membrane was 200nm-thick showed that the dark currents
were much smaller (0.01− 0.1µA) than the photo-current and remained constant during
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PEC etching. As an example, Fig.4.17 shows the variation of total current with PEC
etching time. During the experiment, there have been "OFF" periods where the light
beam is blocked. By observing the evolution of these "OFF" periods, we conclude that
the initial dark current is much smaller than the respective photo-current and that the
dark current remains constant throughout the PEC experiment [27].

Figure 4.17: Variation of current with etching time under 4V dc bias in a sample with
200nm-thick top GaN. The inset shows a zoom-in on "ON-OFF" period.

In our samples, as dark current is decreasing with time during PEC etching (Fig.4.7,
4.6), we performed some dark electrochemical etching experiments in order to assess
whether etching occurs also in the dark. Fig.4.18 shows the I-V measurements "before"
and "after" dark etching procedure at V=4Volts, C = 4 · 10−4M , t=3,600sec of samples
E3981 and E3983, where the top-GaN membrane is 30nm and 10nm thick respectively.
It is evident that the dark current is decreasing significantly after dark-etching procedure
indicating that some etching actually occurs. The I-V curves also suggest that there is
big leakage current before dark experiments, whereas the diode seems to behave more like
an ideal diode after that. The decrease of the dark current during the dark-etching runs
is shown in 4.18b and 4.18d for the two samples.

The spots that have been subjected to dark-etching experiments are subsequently
studied in SEM. We observe that the top-surface of sample E3983 with a 10nm-thick GaN
on top shows clear signs of vertical etching (see arrows), whereas in sample E3981 with the
30nm-thick GaN there are no signs of vertical etching. This difference seems to suggest
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Figure 4.18: Plots show (a), (c) the I-V measurements before and after dark electrochem-
ical experiments and (b), (d) the dark current as a function of etching time under 4V
reverse bias of sample E3981 and E3983.

that at least part of the dark current involves carrier transport from the electrolyte to
the semiconductor mesas’ surface via the top GaN layer, which somehow is associated
with some vertical etching. Obviously, this component of the dark current is expected
to be larger in the 10nm-GaN sample, as for these small thicknesses carrier tunneling is
quite probable. Another observation in Fig.4.19 is the absence of lateral etching at the
MBE/MOCVD interface 100nm beneath the surface. We conclude then, that this lateral
etching occurs only under illumination.
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(a) (b)

Figure 4.19: SEM images show the surface of mesas after dark experiments at 4V reversed
bias of (a) E3981 and (b) E3983 sample.

Moreover, we performed another dark-etching experiment at V=1Volt on sample
E3983 (10nm thick GaN-membrane). From the I-V plot (Fig.4.18c), we see that the dark-
current at 1V is low enough (∼ nA) and we would like to test whether there will be any
damage on the membrane. After dark etching for about 1 hour, we observed the spot area
at SEM. Fig.4.20 presents that both the surface of mesas and the area between mesas
show clear signs of damage, in spite of the very low dark current in these experiments
(Fig.4.21).

Finally, we performed PEC etching on sample E3981 (30nm-thick GaN membrane)
by using an excitation source at λ = 385nm based on previous work on sample E3982.
Fig.4.22 shows the optical and SEM images of this spot area. In the optical image
(Fig.4.22a), we observe that the mesas have a dark grey-blue colour indicating that their
surface is damaged (as previous PEC spots in Fig.3.13 have shown). This is more evident
by SEM images, where the top-GaN membrane seems to be attacked vertically. As a con-
sequence, it is clear that the PEC etching technique does not work with these samples.
Due to the low In-composition, the excitation source used in our experiments is too close
to the GaN gap resulting in some direct photo-etching of the GaN surface. In order to
improve the etching results, we must have an increase of the indium composition in the
InGaN sacrificial layer for the purposes of selective etching.
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(a) (b)

Figure 4.20: SEM images show the surface of mesas after dark experiments at 1V reversed
bias of E3983 sample.
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Figure 4.21: The variation of dark current under 1V reversed bias of sample E3983.

To summarize this section, we tried to transfer the GaN-membranes of different
thicknesses by using a PDMS stamp. As we did not manage to achieve smooth lateral
etching of the GaN membrane, we did not succeed in transferring them on the Si/SiO2

65



4.6. TRANSFER

(a)

(b) (c) (d)

Figure 4.22: PEC: V=4Volts, P≈6.00mW, C = 4 · 10−4M , t=2,400sec. (a) An optical
microscope image and (b)-(d) SEM images after PEC etching technique at 385nm of
sample E3982.

substrate. However,we transferred 100nm-thick membranes due to some lateral etching
occurring at the MBE/MOCVD interface. This etching is photo-activated. Moreover,
we performed dark I-V measurements and dark-etching experiments to understand the
decreasing dark current during PEC etching. We saw that the surface of mesas following
dark-etching is etched for sample E3983 with 10nm-thick GaN membrane whereas for
sample E3981 it did not seem to be affected. As a consequence, we performed dark-
etching at 1V for sample E3983 in order to limit the dark current effect on the surface of
mesas. The results were not satisfying as the GaN membrane was damaged once more. We
believe that the thickness (10nm) of the top-GaN membrane is critical for PEC etching
technique as other processes, such as tunneling, may cause vertical etching of surface.
Moreover, we performed PEC etching on sample E3981 by using an excitation source
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at λ = 385nm. The surface of top-GaN membrane was etched, as optical microscope
and SEM images showed. In all the above discussion, we believe that the PEC etching
technique does not work properly in structures where the top-GaN membrane is thin
enough for some other processes to be favoured. In order to improve the PEC technique,
we believe that the surface of our mesas should be protected by depositing a few layers
of HfO2. In addition, we suppose that the indium composition (∼ 7.5%) played an
important role for the unsatisfying results. The excitation source had to become close
enough to the GaN gap and as a result the GaN surface of mesas was vertically etched.

4.7 Conclusions

In this chapter, we described the experiments performed on the second set of sam-
ples E3981-83. Their design was the outcome of previous work on the first set of samples
E3933-35, as we assumed that the AlGaN layer increased the roughness of top-GaN mem-
branes, as well as affected the homogeneity of indium composition in the InGaN sacrificial
layer. Firstly, we characterized the as-grown samples with AFM, PL and XRD measure-
ments. AFM showed that the surface of GaN membranes has been improved in comparison
with the roughness values on the first set of samples. In addition, XRD provided infor-
mation about the lower-than-nominal composition of InGaN layer, which played a major
role in PEC experiments that followed. Furthermore, we performed PEC experiments
with different laser sources in order to pick the best excitation source for our structures
based on the etching results. In addition, by using a laser diode at λ = 385nm, we tried
to improve the etching results by using different excitation powers and by changing the
duration of PEC etching. After PEC procedure, we tried to transfer the GaN membranes
on a Si/SiO2 substrate by using PDMS. We did not succeed to transfer any piece of thin
GaN membrane as PEC technique did not work out. Moreover, we performed some dark-
etching experiments in order to understand the decreasing behavior of dark current during
PEC. As a result of these experiments, we saw that the surface of mesas where the GaN
membrane was 10nm-thick was attacked even in the dark, suggesting that its thickness is
critical for PEC technique, and that other mechanisms take place and participate in the
vertical etching of GaN. On the other hand, the 30nm-thick GaN membranes of sample
E3981 were not affected by dark etching. In addition, PEC experiments on this sample
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showed an etched GaN surface. We suppose that the indium composition is low enough
and as a consequence the laser wavelength that we used for our experiments excited deep
levels of GaN, enabling their participation to PEC etching procedure.

On the basis of estimates of future perspectives of PEC etching technique on III-
nitrides heterostructures for the fabrication of ultra-thin GaN membranes, we believe that
the indium consistency in the InGaN sacrificial layer should be risen to ∼ 14%. In this
way, the spectral range emission of InGaN layer will not overlap with GaN’s gap and the
selectivity of PEC etching technique will be re-instored. Moreover, as far as the surface of
mesas is concerned, we assume that their etching can be avoided by their protection with
a few layers of HfO2. This approach will eliminate vertical etching of GaN membrane,
which is not desirable, and only lateral etching of InGaN sacrificial layer will be able to
occur.
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