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General introduction

To meet demands for the development of new products in the fields of power electronic
convertors for electric cars, solar panels, wind turbines, and new LED-based lightening
technologies or RF components, research has focused on direct wide bandgap materials,
including Gallium Nitride (GaN). GaN has attracted significant interest due to its exceptional
properties for next-generation power electronic devices. With a high saturation velocity and a
high operating voltage, GaN-based devices can operate at high frequency and with excellent

efficiency, making GaN a material of choice in power applications.

However, the development of III-N materials is still immature, especially in terms of
quality control of the various interfaces within the devices. The presence of high density of
interfaces states can be the cause of device malfunctions. Therefore, understanding and
controlling the surface of GaN is a challenge for possible future industrial integration. Today,

there is no suitable and effective standard surface preparation of GaN.

In order to investigate this problem, this PhD project was carried out in a collaboration
between CEA-LETI (Grenoble), LTM (Grenoble) and CP2M laboratories (Catalysis,
Polymerisation, Process and Materials, Lyon). The main objectives of this project are, first, to
understand the surface chemistry following various surface preparations, and second, to set up
the configuration of surface bonds. Therefore, this PhD project focused on the preparation and

characterisation of the extreme surface of GaN after various chemical and physical treatments.

The first chapter of this work is divided into two major parts. The first deals with GaN
growth and general details of GaN properties. Then, a typical HEMT structure is presented in
order to illustrate where the GaN surface treatments may influence the electrical properties such
as current leakage, for instance. The second part is a non-exhaustive review of several

investigations based on wet treatments performed on GalN, mainly acids or bases.

The second chapter presents the characterisation techniques used during this PhD
project, mainly focused on surface characterisation techniques looking at surface chemistry and
surface morphology. The surface chemistry was investigated via parallel Angle Resolved X-
ray Photoelectron Spectroscopy (pAR-XPS) for which detailed explanations are given. Then
Atomic Force Microscopy (AFM) was used for surface morphology investigations. Other
techniques such as Fourier Transform Infra Red (FTIR), to determine the chemical composition

of GaN, X-ray Reflectivity (XRR), to measure thin films on a substrate and X-ray Diffraction

X



(XRD) to determine structural information are also briefly presented. Finally, the Current-

Voltage (C-V) measurement method, used to evaluate the electrical properties is described.

The third chapter focuses on an experimental systematic review. The first part shows a
systematic study of the impact of wet chemical etchants encountered in the microelectronic
industry, performed on our GaN on silicon wafers. The pAR-XPS analyses, which give the
atomic percentage of oxygen and an estimation of the equivalent oxide thickness after each
treatment, are presented. The second part of this chapter presents the systematic study, in the
same conditions as conducted on GaN wafers, on GaN powders under ambient and inert

atmosphere.

In the fourth chapter, we investigate the destabilisation of the Ga-N surface bonds via
dry techniques. This study focuses on as-grown and dry-etched GaN wafers. Indeed, as the as-
grown surface gives the basis of the study and comparisons with literature precedents, using
dry-etched surface allows the study to be performed in conditions closer to those found during
transistor fabrication. In a first section, an investigation on the influence of the number of shots
under inert and oxidative atmosphere on the surface chemistry and morphology after
nanosecond LASER anneals is presented. Then, with the idea of developing “digital etching”,
investigations on Rapid Thermal Processing (RTP) anneals are presented in a second section.
Digital etching is a two-step technique that involves repeated loops of surface oxidation and
etching to accurately control the etch thickness. For this study, this technique is investigated to
obtain an atomically clean, and ideally passivated surface, via the formation of Ga-S (or another

atom) surface bonds.

In the fifth chapter, we investigate the destabilisation of the Ga-N surface bonds of GaN
wafers via wet treatments. Two high boiling point etchants are presented: H2SO4:H202 mixture
and H3POas. The first part focuses on the impact of repeated immersions of GaN wafers into
H2S04:H20: solutions on the surface morphology and chemistry, as well as XRR measurements
to investigate the etchant properties. The evolution of the surface morphology over time is also
presented. In a second part, the influence of H3PO4 wet treatment on as-grown GaN and dry-
etched GaN is shown. The impact of the treatment time on the surface chemistry and
morphology are presented, and etched thickness is assessed by XRR. Finally, electrical
characterisations of capacitors created using this wet treatment followed by dielectric
deposition are given. The relationship between surface chemistry, surface morphology and the

electrical measurement is discussed.

X1



We finish the manuscript with a conclusion section highlighting key results and

perspectives for future work.
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Chapter I -  State of the art and context



1.  GaN in power electronics

L1.1 Overview

III-N or III-nitrides refer to the set of compound semiconductors composed of InGaN, GaN and
AlGaN with application in many fields. The most established applications for III-nitrides are
optoelectronics with the emergence of GaN-based Light Emitting Diodes (LED) in the 1990s.
Novel devices in power and RF electronics have also gained major attention during the last
decade and other applications such as spintronic, sensors, photovoltaic panels [1] and nuclear

detections [2] are under extensive research as well.

[.1.2 GaN in power electronics

In today’s societies, electronic devices are fully included in our everyday life. The
history of electronics would be hard to imagine without the development of silicon materials.
Power electronic is the technology that refers principally to energy conversion. The main
components in this field are diodes and transistors. Currently the semiconductor market for

power electronics is dominated by silicon-based devices.

Whether it is for computers, domestic appliances, transportation or industry, the need of
energy is constantly increasing and silicon has reached its limits. Furthermore, facing our
environmental issues, the demand for electric energy is becoming critical. This high demand

has led researchers to consider wide bandgap materials for improved conversion efficiency.

In particular, Silicon Carbide (SiC) and III-N materials have gained a significant
interest. These wide bandgap materials have remarkable properties that surpass those of silicon.
For example, GaN MOSFET can operate at a wider temperature range, which tends to reduce
leakage current and to reduce power consumption [3]. While Si-based devices degrade at
temperature above 150°C, GaN MOSFET could reach 250°C [4] . Another interesting property
due to its bandgap feature is the higher power per unit size, which allows the production of
smaller devices and ease of manufacturing. These advantages should in turn result in more

efficient energy conversion and lower production costs.
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Figure 1. Comparison of Si, SiC and GaN properties [5]

Figure 1 compares Si, SiC and GaN properties for power applications. Even though SiC
has remarkable features with wider range temperatures, GaN presents superior properties
making it one of the most promising candidates. Indeed, as GaN has a higher saturation velocity
and a higher electron mobility it gives to the material high frequency. Moreover, its higher
electric breakdown field and its higher band gap allow higher operating voltage, and higher
efficiency (Figure 1). Furthermore, SiC devices are exclusively built on native substrates, which
are expensive, while high performance GaN devices can be fabricated on non-native substrates
such as silicon or sapphire. In particular, GaN grown on Si substrate allows a significant cost
reduction by enabling the use of 200 mm diameter wafers versus typically 150 mm diameter

for SiC wafers, in addition to lower substrate cost.

A common method to benchmark different semiconductor materials for power
electronic applications are Figure Of Merits (FOM). This parameter indicates a certain value in
which the higher the value, the better the performances. One of the first FOM reported in the
literature is the Johnson's Figure Of Merits [6] and is defined as follows :

_ EcVsat B
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Where:

o E. is the breakdown electric field,

e Va is the saturation electron velocity.

JFOM defines the suitability of materials for high power at high frequency applications.
According to equation 1.1 and knowing that wide bandgap materials have high breakdown
electric field, in hetero-structure electronic devices, these materials give higher velocity

saturation, therefore they are suitable for high power at high frequency applications.
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Another interesting FOM is the Baliga FOM (BFOM) which defines the ultimate
performance of field effect transistors (FET) at low frequency power switching application. At
low frequency, conduction losses are dominant. In other words, BFOM defines the parameter
to minimize the conduction losses in FETs for a given surface area [7]. BFOM can be written

as follows:

BFOM =€, uE3 [-2
Where:
e ¢ is the dielectric constant,

e pis the mobility of the carriers,

e Ec.is the critical electric field.

In the case of high frequency applications, switching losses are dominant. Baliga High

Frequency FOM (BHFFOM) takes into account these losses [7]:

MEEVG”
2%

BHFFOM = I-3

Where:

e Vg is the gate drive voltage,

e Vs is the breakdown voltage required.

From equation. 1.3 it can thus be deduced that devices with extremely high breakdown voltage
are typically not suitable for high frequency operations. More specific FOM, such as Keyes
FOM (KFOM), have also been introduced. KFOM takes into account thermal conductivity and

thus highlights thermal limitations to transistors’ switching behaviour in integrated circuits [7].
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Where:

e A is the thermal conductivity,

e cis the speed of light.



Table 1 summarizes the FOM values for some of the competitive semiconductor materials

candidates in power electronics. These values are referred to those of Silicon.

Figure Of Merit  Si GaN GaAs SiC
JFOM 1 270-480 2 324-400
BFOM 1 17-34 13 6-12
BHFFOM 1 86-172 10 57-76
KFOM 1 1.4 0.4 4.5-4.8

Table 1.Figure of Merit of wide bandgap semiconductor materials in power electronics [1]

It can be seen that GaN is an excellent candidate for high power and high frequency
applications. Although SiC presents a better KFOM than GaN, its saturation velocity and on-

resistance limit its use in high frequency power applications.

[.1.2.1.  GaN in other applications: optoelectronics

Another field where GaN is commonly used is that of optoelectronics. This refers to
electronic devices and systems that generate, detect and control light. Although the light
emitting diode (LED) is a 100 years old technology, there was a lack of reliable, high
performance blue light emitting devices until the early 90's. The first GaN-based UV and blue
spectral band LED was reported in 1992 by Isamu Akasaki and Hiroshi Amano with p-n homo-
junction LED [1]. From that moment, GaN has opened the way to white LED. Unlike
conventional light sources, GaN-based white LEDs can exhibit efficiency of up to 300 Im/W
against 15-100 Im/W for conventional light sources. The high efficiency of GaN-based white
LEDs is not their only remarkable property as they also show extremely long life, a quick

response and above all, they are non-toxic (mercury-phosphorus- and arsenide-free).

Here, we described only two fields of applications for GaN-based materials even if they start to

attract attention for applications in spintronics [8].

I.2.  GaN properties
[2.1 Crystalline structure

III-N materials can be grown with various crystalline structures: zinc blende, rock salt,

and wurtzite. The Rock salt structure possesses two cubic sub-lattices. The zinc blende



configuration is obtained in some circumstances on cubic substrates such as SiC, Si, or GaAs
along the [011] plane. Zinc blende and wurtzite structures are shown in Figure 2. In the zinc
blende crystalline structure, (Figure 2(a)), each cubic cell has four atoms of group III and four
N atoms. The wurtzite crystalline structure (Figure 2(b)) contains two intercepting hexagonal
closed packed sub-lattices. Each hexagonal unit cell includes six atoms of each type and each

III atoms is coordinated by four N atoms. In the same way, each N atom is surrounded by four

III atoms.
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Figure 2. Crystalline structure of (a) zinc-blende and (b) wurtzite of III-N materials [9]

The wurtzite crystalline structure is defined by two lattice constants: a and c. The side
length of the hexagonal base corresponds to a, and c refers to the height of the cell. A third
lattice parameter, defined by u=1/c, characterizes the anion-cation bond length along the c-axis.
Under ambient conditions, wurtzite 1s the most thermodynamically stable crystalline structure
and therefore the most common configuration. Thus, further descriptions will only concern the

wurtzite crystalline structure.

A close look of the unit cell reveals that the structure is asymmetric along the c-axis.
Indeed, the [0001] and [0001] directions are different depending on whether the tetrahedrons
base is composed of gallium or nitrogen atoms. This indicates anisotropic crystals and is also
referred to as polarity. Therefore, we talk about Ga polarity [0001] or N polarity [0001], and
sometimes Ga-face or N-face layers. It should be noted that Ga-face and N-face refer only to

the polarity, and do not refer to the final atoms on the surface of the layers. In addition to the



polar planes, i.e. (0001), also named c-plane, and the (0001) plane, there are two types of planes:

semi-polar and non-polar.

In the next paragraph, we will describe some of the effects of these different

polarisations.

1.2.2 Spontaneous and piezoelectric polarisations

[.2.2.1. Spontaneous polarisation
Without any exterior mechanical constraints, the GaN crystalline structure presents a
spontaneous polarisation. In order to describe this phenomenon, it is necessary to take into
account the influence of some parameters and properties of the crystalline structure. First, let
consider the length bond between anions and cations, noted u, and the lattice parameter ratio

c/a. In an ideal wurtzite structure, each one equals:

u=3/g=0375 I-5

C/a= /8/3 = 1.633 1-6

Table 2 summarizes these parameters and the spontaneous polarisation Psp value for
GaN, AIN and InN. We can see that when compared with the ideal wurtzite structure, the values
differ from GaN and InN parameters values and even more for AIN, which results into a more

pronounced polarisation.

II-N c/a u P (C.m™)
GaN 1.634 0.376 -0.029
AIN 1.619 0.380 -0.081
InN 1.627 0.377 -0.032

Table 2. c/a, u, and P, values for GaN, AlN, and InN

As mentioned previously, the GaN wurtzite structure is asymmetric along the c-axis.
The non-coincident barycentre gives GaN its polarisation effects. Since the tetrahedrons within
the crystal are irregular, the ionic bond length strongly varies. The spontaneous polarisation is

thus composed of non-symmetric pairs of Ga-N which induce a larger concentration of outer



electron shells near N atoms. Consequently, each Ga-N pair contributes to a dipole moment.
Considering the whole GaN structure, the result is a succession of dipoles oriented along the
(0001) axis, which corresponds to the growth orientation and an electric field is present and

oriented in the opposite direction (Figure 3).

gim
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Figure 3. Spontaneous polarisation and charge distribution within the wurtzite GaN structure [10]

Depending to the polarity, i.e. Ga face or N face, the spontaneous polarisation is
different and can be explained as follows. In the Ga-face case, the Ga atoms are surrounded by
four N atoms, three of them being within the same crystallographic plane that is perpendicular

to the c-axis (Figure 4).

(@ N face (b) Gaface

Figure 4. Dipole moment distribution [10]

Therefore, the resultant vector is equal to:

Pr=P,+P+P, -7



The fourth N atoms is within the c-axis and its dipole moment is oriented in the opposite

direction of the resulting moment. Therefore, within a relaxed structure, this results in a

spontaneous polarisation @) which is oriented along the c-axis:

[P/ > |Bg| -8
|Psp| = [Py] - [Px -9

For N-faced GaN, the eq. 1.9 becomes:
|Pse| = [P - [Pr] I-10

Waurtzite GaN presents on both side, Ga-face and N-face, the same density of fixed
charges but with opposite sign. The wurtzite GaN is by definition naturally polarised along the

c-axis without the application of external excitation.

[.22.2.  Piezoelectric polarisation

Piezoelectricity is the ability of a material to produce a dipole electrical charge as a
result of a mechanical stress applied to it. The existence of an internal electric dipole created by
the separation of the centre of gravity of the positive charges from the negative charges under
an external mechanical constraint causes a direct polarisation piezoelectric effect. Conversely,
the application of an external electric field causes a mechanical deformation of the material
which creates a polarisation called indirect polarisation effect. These phenomena are reversible.
In the case of GaN semiconductors, the mechanical constraints result typically from the
epitaxial growth of layers such as between GaN and AlGaN which have a lattice mismatch.
Depending on whether the previous layer has larger or smaller lattice constant, the material will

be under tension or compression. The piezoelectric polarisation Py, can be written as:

a—4dg €13
PSp =2 ( 2, )(e31 — €33 g) [-11

Where:

e aois the lattice parameter without mechanical constraints,
e ais the lattice constant of the material under applied stress,

e ¢31 and e33 are piezoelectric constants,



e 31 and c33 are elastic constants.

To summarise, GaN is a wide gap material with spontaneous polarisation and piezoelectric
polarisation when mechanical stress is applied. Combined with great thermal stability, its

properties make it suitable for high voltage and high temperature applications.

I.3.  AlGaN/GaN HEMT: High Electron Mobility Transistor

1.3.1 Polarisation effect in the hetero-structure

HEMT structure is based on two layers with different bandgaps and polarisation fields
grown on top of one another. Consequently, a discontinuity in the polarisation field is created
resulting in a potential well, as shown in Figure 5.

Metal 1 AlGaN 1

1 1
1

1

1
2DEG

Figure 5. AlGaN/GaN band diagram

This well results in a high charge density and increases the electron mobility leading to
the formation of a two-dimensional electron gas (2DEG). In GaN-based transistors, a hetero-
structure is grown to form the 2DEG, where the material with the larger bandgap is usually
AlGaN, and represents the barrier. The underlying GaN constitutes the channel where the
2DEG is formed. Due to the electronic affinity difference between the two materials, AlGaN
electrons have a lower potential energy than GaN electrons. Thus, the electrons will migrate
from AlGaN to GaN which induces a depletion zone at the AlGaN's side and an accumulation
of electrons at the AlIGaN/GaN interface until thermodynamic equilibrium is reached. Once in
equilibrium, a discontinuity in the conduction band appears at the AlGaN/GaN interface

creating a potential well on the GaN side (Figure 5).
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There 1s no doping in the barrier layer (AlGaN) since both spontaneous and piezoelectric
polarisations induce an electric field to create the 2DEG. The electron concentration can reach

very high level, up to 2x10'3 cm?,

1.3.2 HEMT: basic structure

From the 2DEG created in the AlGaN/GaN hetero-structure, HEMT devices are
typically fabricated with three metallic elements: two Ohmic contacts and one gate (Figure 6).
The two Ohmic contacts are the source and the drain and are located on each side of the
transistor allowing the connection with the electric channel. Electrons leave the source, and get
to the drain, through the channel. The gate is located between the source and the drain and

allows current modulation.

Source

Figure 6. HEMT typical structure [11]

The formation of the contact requires dry etching process, typically high energetic plasma
treatments that induce considerable surface damages. The removal of such damages is usually
performed via wet etching. The impact of the wet etching treatments on GaN will be detailed

in section L.5.

14. Elaboration

As mentioned above, GaN based semiconductors are commonly grown by hetero-
epitaxy due to the very high cost of bulk materials. Indeed, bulk GaN is very difficult to obtain.
To synthetize bulk, single crystal of GaN, high melting temperature above 2200°C and high
pressure of about 6 GPa are necessary [12]. Considering those extreme conditions and the small
sized wafer obtained it is hard to consider industrial applications. An alternative is to start the
growth from non-native substrates and grow very thick layers of GaN that have high quality
and support themselves. These substrates are referred to as “freestanding GaN” and they are

grown onto wafers up to 100 mm in diameter. However, this process is long, expensive, and
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poorly optimised, and all the widespread applications of GaN-based devices are grown by
hetero-epitaxy in large applications. Hetero-epitaxy consists of growing GaN on a foreign
substrate. Several methods exist such as, Molecular Beam Epitaxy (MBE), or Metal Organic
Chemical Vapor Deposition (MOCVD). In addition, several substrates have been studied and

are commercialized for GaN, in particular sapphire for LED production.

1.4.1 Substrate choices

In the absence of GaN bulk substrates, researchers have turned to the possibility of
growing GaN on foreign substrates. The substrate is used as the basis of the growth process.
For HEMT manufacturing, substrates must fulfil specific criteria such as good crystalline
quality, large diameter, cheapness and a good thermal conductivity to avoid self-heating of the
device. Furthermore, the substrate has to be stable toward the high growth temperature. Other
physical parameters have to be considered such as the differences in lattice parameters and
thermal dilatation coefficients. HEMTs are currently manufactured on Silicon Carbide (SiC),
typically for high frequency devices, where the high thermal conductivity and excellent
electrical insulating properties are critical, and Silicon (111) for higher power and lower
frequency devices. The following table summarises the physical properties of the main

substrates encountered in the literature.

Lattice Lattice mismatch | Thermal conductivity | Thermal dilatation
parameter a with GaN (%) K (W.emL.K") coefficient %a
A) (x100.K")
GaN 3.19 0 1.3 5.6
6H-SiC 3.08 -3.4 4.9 4.2
Sapphire 2.75 -16 0.4 7.5
Si(111) 3.84 +17 1.5 3.6

Table 3. Physical properties of different substrates

The first good quality GaN grown on sapphire was fabricated in 1986 by Amano et al.
[13] and the first GaN based blue LEDs were grown on sapphire substrates. Due to its low
thermal conductivity, GaN/Sapphire is not an appropriate deal for high frequency power
applications, but this kind of hetero-epitaxy is extremely common for optoelectronic devices

such as LEDs where the transparency of sapphire can also help for the fabrication of devices.

In contrast, SiC has many advantages as a substrate. Indeed, it exhibits a very low lattice

mismatch with respect to GaN and consequently the dislocation density is relatively low.
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Furthermore, it has an excellent thermal conductivity and can be produced with low electrical
conductivity which makes it perfect for high frequency power application. However, its price

remains very high (1400 euros per 100 mm [10]).

Finally, Si (111) is one of the most attractive substrates for GaN based devices for power
applications. It offers the possibility of obtaining a good quality material and has interesting
physical properties. Despite its very large difference of thermal dilatation coefficient (about
54%) and a 17% lattice mismatch with GaN, Si benefits from a high technological maturity.
However, these problems have been overcome using specific growth strategies for power
HEMT devices up to 650V, and so from an industrial point of view, Si is a good candidate since
wafers can reach 300 mm and are produced with low prices (about 60 euros for a 200 mm

wafer).

[.4.2 Epitaxy

Epitaxy refers to the deposition of thin single layers onto a substrate while maintaining
a crystalline order in these layers imposed by the substrate. Epitaxy is also a process used for

growing stacks of layers one up the other, while keeping crystalline structure.

Historically, the first GaN growth was small crystals synthesized by reacting gallium in
a flow of ammonia at the University of Chicago in 1932 [14]. At that time, the researchers
noticed GaN's well-known inertness and thermal stability. They also observed that GaN
sublimates at 800°C in dihydrogen (Hz). In the 1960's and 1970's, the first GaN synthesized by
Hydride Vapor Phase Epitaxy (HVPE) was reported by Ejder et al., using NH3 and metallic
gallium [15].

In the late 1960's, Manasevit et al. developed the first Metal Organic Chemical Vapor
Deposition (MOCVD) growth of GaN using Trimethylgallium (TMGa) at 950°C —975°C on a
c-plane sapphire [16]. The 6um thick GaN was obtained and found to be resistant to acids and
bases but could be destroyed under H2 at 1050°C confirming earlier observations made by
Johnson in 1932 [14]. Unfortunately, the reagent impurities, the high density of defects and the
roughness of the resulting GaN compromised the usefulness of this final material. One of the
major breakthroughs in GaN technology was the introduction of nucleation layers. Until that
time, GaN grown directly on sapphire presented hexagonal structures at their surfaces. The use
of AIN as a nucleation layer was introduced by Amano et al. The AIN growth conditions at a
temperature around 1000°C allowed the formation of an amorphous layer resulting in a smooth

film of GaN [13]. This growth technique was then used by Nakamura ef al. in 1991 [17]. They
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used a GaN buffer layer grown at a lower temperature, between 450°C — 600°C, allowing a

smooth surface as shown in Figure 7.

(a) (k) EE——

50 pm

Figure 7. Interference micrographs of surface of GaN films grown on sapphire (a) with (b) without GaN
buffer layer at low temperature. Micrographs reproduced from reference [17]

MOCVD, also known as MOVPE (Metal Organic Vapor Phase Epitaxy) is a specific
CVD technique that uses metal organic molecules as precursors. This technique produces thin
layers of good quality and is the most commonly used method in industry. The principle of the
chemical vapor deposition is to deposit a solid layer from gaseous reagents on the substrate's

surface. This technique is schematized in Figure 8 and can be broken down into seven steps.
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Figure 8. Principle of MOCVD (scheme from AIXTRON website)

The first step is the mass transport of the reactants in the growth chamber by a neutral
gas carrier toward the surface of the substrate. Then, chemical reactions occur near the surface
as well as the decomposition of the gaseous precursors. Third, the products are adsorbed onto
the surface. Surface diffusion takes place followed by the formation of grain that initiates the

growth. Then, by-products are taken away from the surface and finally evacuated from the
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growth chamber. In the case of the MOCVD growth of GaN, the most common precursors are

Triethylgallium (TEGa) or Trimethylgallium (TMGa), and ammonia as source of N.

In GaN-based HEMT devices, a typical stack of layers is shown in Figure 9. Each layer

has a specific contribution.

Cap (0.5 to 10 nm)

Buffer layer (1 to 2um)

Nucleation layer

Substrate

Figure 9. Typical layer stack for GaN transistors

As stated earlier, GaN is usually grown on a substrate which is often another material,
like Si (111) for example. To initiate the growth of GaN on a foreign substrate, a nucleation
layer is deposited above the latter. The nucleation layer is generally a layer of AIN which
protects the silicon from gallium, which reacts strongly together, and provides a layer with a
smaller lattice parameter than GaN. Next, different AIGaN layers and the GaN buffer layer are
grown, adding compressive strain into the layers during the growth to compensate for the
difference in thermal expansion during cooling. The final layer before the barrier is a high
quality GaN layer with very low intrinsic doping, ensuring a high performance 2DEG formed

below the barrier layer. A schematic of the growth of GaN on silicon is shown in Figure 10.
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Figure 10. Schematic of GaN on silicon growth as reported in reference [18]

The barrier layer is typically formed of AlGaN and finally a cap layer is grown on top
to prevent the oxidation of the barrier layer and to protect the AlGaN layer during cooling down
to room temperature after growth. This capping layer is made of GaN or SiN. Such stacking
layers lead to normally-ON transistors, meaning that when no voltage is applied to the gate,
electrons can easily flow from the source to the drain. This configuration is undesirable for
commercial power switch applications due to safety concerns, and due to incompatibility with
current modules based on silicon MOS devices. Therefore, blocking the 2DEG is necessary to
obtain a normally-OFF device. To obtain such properties, several post-epitaxy approaches have
been investigated such as a dry etching-based recess-gate, a p-type gate, and a fluorine-based
ion implantation gate. The gate-recess consists of etching the barrier layer and approaching the
gate closer to the barrier/GaN interface. This method leads to a thinner barrier layer or to the

removal of this barrier layer, which induces a break of the 2DEG.

The gate recess is usually performed with dry etching processes, typically using plasma.
Several etching technologies are reported for plasma creation. The plasma can be yielded by
either physical or chemical methods, and sometimes both, such as induced coupled plasma
reactive ion etching (ICP-RIE). Such treatment has been reported to seriously damage the
surface. Indeed, some studies report that, ion-induced damage affects the electrical properties
[19] through the introduction of defects, disorders such as non-stoichiometric surfaces [20, 21],
and oxygen contamination [22]. Thus the carrier mobility and conductivity [23] are modified
and, in addition, trapping can affect the dynamic behaviour of the devices. Furthermore, dry
etching processes are used at other steps of the device fabrication, such as the contact formation

for example, thus multiplying their negative effects.
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L5.  Chemistry of wet etching

Whether for optoelectronic or high power applications, cleaning and etching processes play
a critical role in improving device efficiency for GaN base devices. In MOSFETs, the presence
of contaminants such as carbon or oxygen may induce surface traps which affect the breakdown
voltage and reduce the overall efficiency of the final devices. Wet etching processes are usually
performed between two dry etching processes during the transistor fabrication. For example, a
wet treatment is often performed after dry etching a part of the passivation layer, before the
deposition of the contact or the gate. Several types of plasma etching processes have been
investigated during the last few years, but as stated in the previous paragraph, plasmas generate

ion-induced damages and it is often difficult to obtain smooth etch sidewalls.

The aim of wet treatment steps is thus twofold. First, the removal of all contaminants that
may have been introduced after a dry etching step, like oxides, particles or carbon. Second, wet
treatments can correct the surface defects induced by a dry etching process which generally
leaves a high roughness and point defects such as vacancies. Consequently, wet etching is an
important process that complements dry etching techniques. Indeed, wet etching should be able
to repair surface damage from other processes, removing defects and leading to smoother

surfaces. In addition, it is inexpensive and easy to implement in electronics fabs.

In addition to the different steps that GaN-based devices go through during fabrication, we
should also note that GaN on silicon typically presents a small quantity of oxide on the surface
post-epitaxy. This native oxide is of poor quality and can compromise the efficiency of the
transistors. Thus, the removal of this native oxide is required. However, GaN is known for its
low reactivity towards etchants [24]. Indeed, due to its wide bandgap and the high bond strength
between Ga and N in the wurtzite configuration (about 8,92 eV/atoms [25]), GaN is a difficult
material to etch, especially the common (0001) facet. Unlike other semiconductors like GaAs,
GaN remains inert when dipped in concentrated acids or bases. Even now, there is no efficient
wet etchants for (0001) planes, i.e. no chemical species were found to be able to etch GaN

surfaces at a reasonable rate.

I.5.1 Wet etching mechanism

Wet etching refers to the use of liquid chemicals. The goal of wet etching in the

semiconductor industry is to dissolve a target material. During the early days of semiconductor
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processing, wet etching was the only way to remove a layer from a material. Water is the most
commonly used solvent in the microelectronic field with advantage that most semiconductors
are unaffected or dissolved at a very slow rate in water. The etching mechanism can be divided
into two distinct steps. The first one is the activation of the surface layer. This step includes the
diffusion of the etchant species toward the surface, and their adsorption at active sites. Then,
the surface layer reacts with the chemical species present in the solution. The second step is the
dissolution of the previously activated surface layer into the solution. Indeed, the activated layer
reacts with the etchant species and is transformed into a product that is readily dissolved into
water and diffuses away from the surface. Usually, for metals, oxidizing agents will oxidise the

metal into a corresponding cation, as in the equation:

M+ H* > M* +H [-12

The dissolution step depends on various factors such as the solubility, the diffusion

coefficient of the etched material, and the solvating components.

As immersion was the only technique used for wet etching process in this PhD project,

we will focus on this method in the following paragraphs.

The sample to be etched is immersed in a quartz vessel for a chosen period of time and
at a determined temperature. Many cleaning procedures already exist for device fabrication in
the industry, and during the fabrication process of a transistor, the cleaning step generally occurs
after the dry etching processes. For example, wet cleaning takes place after the removal of the

photoresist in order to remove any residue.

Cleaning processes also occur before and after the gate formation and Ohmic contact
deposition. Many studies on GalN cleaning procedures for devices fabrication have been

performed. However, there is currently no standard method for the surface preparation of GaN.

In the next paragraph, we will discuss the studies made on GaN so far and their impact

on the surface chemistry and morphology, and electric properties.

[.5.2 Conventional wet etching

Depending on the purpose of wet etching, specific chemicals are required, and wet
etching may be used to remove contaminants such as native oxide, organic and inorganic

compounds, particles as well as damaged layers from prior dry etching processes.
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GaN and other III-nitrides are known for their strong chemical stability, and this
inertness can be illustrated by their resistance to wet etching. Various chemicals are reported in
the literature. For the removal of native oxide, the chemical etchants reported for II-N

substrates are aqueous acids, bases and molten salts solutions, as described below.

[52.1. Bases

Potassium hydroxide (KOH) is a basic solution reported to be efficient for oxide
removal of GaN [26]. KOH is frequently used as a molten salt [27] and the mechanism of KOH
etching on GaN has been widely commented. The efficiency of KOH strongly depends on the
polarity of GaN. Indeed, several studies show that N-oriented GaN is more easily attacked by
hydroxyl anions OH™ and the etching rate is higher for the N-polar surface than for the Ga-polar
surface. A mechanism explaining this difference has been proposed by Li ef al. [28] which can
be divided into two steps for the N-polar surface. The first step is the attack of the OH" ions,
which initiate the formation of oxide at the surface. At this stage, KOH acts as a catalyst. The
second step is the dissolution of the oxide by KOH. On Ga-polar surfaces, even before being
exposed to the KOH solution, the first layer of Ga is easily accessible to hydroxide ions in
solution. The oxide formed is subsequently dissolved into the solution exposing a nitrogen-
terminated layer. Because of the repulsion between OH" ions and the three occupied dangling

bonds of N, the reaction is stopped.

Aqueous sodium hydroxide (NaOH) solution has also been investigated. This has been
reported to slowly dissolve GaN surface at room temperature [24, 26] or upon heating at 100°C
[29]. Zhou et al. found features suggesting etching effects and Scanning Tunnelling Microscopy
(STM) images showed that concentrated NaOH at 90°C completely removed the terraces
structures, and enabled the creation of surface trenches [30]. It is suggested that NaOH etches
preferentially at defect points [29, 30], implying that the etching is very hard on pure (0002)

surfaces.

Among the basic species reported for GaN wet etching, NH4OH is generally used for
oxide removal. The most thermodynamically stable gallium oxide is Gallium (III) oxide or
Ga203 which is known to be dissolved in alkali solutions [31]. For example, XPS analyses of
GaN after NH4OH treatment reveal a decrease of the oxygen at the surface [31-34]. However,

most authors report that NH4OH is ineffective on gallium oxide if used at room temperature.

Finally, ammonium sulphide (NHa4)2S is a commonly investigated basic solution. On

GaAs substrates, (NH4)2S has shown to be an excellent oxide remover as well as a passivating

19



agent [35]. This passivating property is used on GaAs surfaces to prevent re-oxidation by
breaking Ga-As bonds leading to Ga-S and As-S bonds. Many reports have shown an
improvement of optical and electrical performances of GaAs as well as of GaN after (NH4)2S
treatment. Maruyama et al., have investigated the surface chemistry of GaN before and after
(NHa4)2S treatment and they have shown the removal of the native oxide, concluding that there
is a formation of an S-terminated layer on GaN [36]. Huh et al. have compared aqueous and
tert-butanol solution of (NH4)2S. They have concluded that ammonium sulphide in t-butanol
resulted in a more effective passivation. They explained this trend by the fact that alcohol-based
solvents have a lower dielectric constant, increasing the reactivity of S? jons. As a result,
electrostatic interactions between S* ions and the surface atoms of the semiconductor are
increased [37]. Another study concerning (NH4)2S in alcohol-based solvent was performed by
Kumar et al. and photoluminescence measurements showed a reduction of surface states
induced by the introduction of sulphur species and the removal of the oxide [38]. This study is
in agreement with the work of Han er al. who evaluated the influence of (NH4)2S treatment
prior to HfA1Ox gate dielectric deposition. The treatment allowed an improvement of the charge
trapping characteristics of GaN MOS devices. In addition, they observed a higher capacitance,

lower hysteresis and a thinner sub GaOx [39].

[.522. Acids
One of the most common acids encountered in the literature for oxide removal of GaN
is hydrofluoric acid (HF). Two types of HF can be found: Dilute HF (DHF) and Buffer HF or
Buffer Oxide Etch (BOE), which corresponds to a mix of NH4F and HF. The latter solution has
the advantage of being more stable over time since HF has the tendency to evaporate easily. HF
is reported to be an efficient oxide and carbon remover [40] and furthermore, HF leads to a
passivation layer of F and O atoms bonded to Ga atoms. This layer can be removed and the

nitrogen-vacancies (VN*) recovered by in-situ N2 plasma as illustrated in Figure 11 [41].
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Figure 11. Chemical wet etching of HF on GaN as reported in reference [41]

In the halogen family, hydrochloric acid (HCI) has also been widely studied. Like HF,
HCl is used for the removal of GaN oxide [42] and chloride ions (CI") are generally found at
the surface after treatment [34, 43]. It is believed that CI ions preferentially bond to Ga atoms
since the Ga-Cl bond strength is higher than the N-Cl bond strength. However, the binding
between Cl and N is however not completely ruled out. King et al. have also found that oxygen
coverage was inversely related to the amount of Cl detected on the surface [34]. Okada et al.
have compared the effect of diluted HCI and boiling HCI prior to SiN deposition [42]. XPS
analyses and electrical measurements revealed an increase of the drain current attributed to the
oxide removal by boiling HCI. It is also important to note that, after HCI treatment, the surface

remained smooth as highlighted by Zhou et al. [30].

Acid mixtures, such as piranha solution have been extensively reported on GaN
surfaces. The piranha solution is a mixture of sulphuric acid (H2SO4) and hydrogen peroxide
(H202) usually in a ratio of 3:1 or 4:1. Mixing H2SO4 and H202 leads to an exothermic reaction
that can reach a temperature higher than 100°C. The reaction between H2SOs4 and H202
produces an oxidizing agent called peroxymonosulphuric acid (H2SOs), also called Caro’s acid,
which is highly unstable. Consequently, the mixture is generally prepared right before use.
Historically, Caro’s acid is commonly used to remove organic residues, such as those from
photoresists and some investigations on GaN reported a decrease of carbon level [44]. The
authors have attributed the carbon removal to the oxidation of the hydrocarbon leading to the
formation of carbonyl compounds. As the latter species are more volatile, annealing after
treatment allowed their desorption. English et al. also reported similar results with XPS
analyses showing an increase of oxygen bonded to carbon and not to gallium [45]. Furthermore,

the authors reported a smoother surface after piranha solution treatment compared to that
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obtained with (NH4)2S, HCl and HF for example. Hossain et al. also observed a smoother
surface after piranha treatment as compared that yielded with (NH4)2S and HF treatments [46].
These observations were completed by a reduced capacity-voltage hysteresis found when the
piranha treatment was used before ALD Al2O3 deposition. The authors also highlighted the
possible link between the surface morphology, the better oxide removal, the lowest carbon level
and the better electrical performances. The link between the surface morphology, oxide and
carbon removals, and a lower C-V hysteresis are in line with the work of Nepal et al. [47]. They
have all concluded that the piranha solution led to a lower amount of oxide and a lower average
density of trapped electron at the interface. Wang ef al have combined first-principle
calculations and XPS analyses to better understand the reactions occurring between the piranha
solution and the GaN surface. Their study provides the assumption that the adsorbed hydroxyl
groups on the GaN (0001) surfaces are more likely to be located near the centre of the hexagon,

forming coordination with three gallium atoms, as schematised in Figure 12 [48].

Figure 12. GaN (0001) surface top view as reported in reference [48]

While most authors reported etchant properties for piranha solution, Tsuji et al.,
observed via XPS analyses an oxidizing property for the piranha solution and a better removal
of the oxide by (NH4)2S treatment [49]. However, the concentrations used in this study were

not provided.

[.5.3 Selective etching

Selective etching implies that the unwanted material is removed at a higher rate than the
remaining material. These kinds of chemicals are generally used for patterning [50]. For
example, for electronic device fabrication, wet etching can be used to pattern a conductive oxide
electrode [51]. The use of wet etching processes for patterning requires a reasonable etching
rate. Indeed, etchants are selected depending on their ability to etch the target layer without

attacking the underlying layer which means that the etching rate must be controlled. The
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patterning of GaN has been studied by Ng et al. and they produced a periodically poled GaN
stripe [52]. The main idea behind this concept was to generate a pre-patterned GaN by
alternating Ga and N-polar regions. After dipping in KOH, the N-polar area was successfully
removed without attacking the Ga-polar area. This technique allowed to generate smooth

sidewalls, using a maskless patterning, as shown in Figure 13.

Ga-polar
Sapphire

Ga-polar

60kv  X1.700 10pm WD 7.1mir

Figure 13. Scanning electron micrograph of a periodically poled GaN stripe pattern (a) before (b) after
using polarity-selective chemical etch [52]

Etchants can also be used to selectively etch at defect points. Defect-selective etching
has been widely investigated on GaN (0001) and the main reported etchants are hot phosphoric
acid (H3POs4), molten KOH, and H2SO4/H3PO4 mixtures [53]. However, the depicted
investigations tend to contradict one another. In some studies, the etch pit density is reported to
be lower than the dislocation density as found by TEM. On the other hand, others found the
etch pit density obtained with H3POu to be consistent with the dislocation densities found on

AFM and TEM images [54-56].

In summary, all studies showed that Ga-polar GaN was a very hard material to etch by
means of wet techniques. This highlights the fact that no standard procedures were proposed

for obtaining atomically clean GaN.

[.5.4 Digital etching

Digital etching is a technique generally used to remove a layer of a fixed thickness from
a material. Unlike conventional etching, this consists of a two-step process. The first step
involves a chemical reaction leading to the formation of a thin layer of new molecules at the
surface of the material. The second step is another chemical reaction that selectively remove
the newly formed layer from the surface without affecting the unreacted material underneath.

Therefore, the reactions are independent and etching occurs by sequential application of the
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reagents, which allows an excellent control of the etch depth and uniformity. It is therefore,
possible to extract the etch-rate per cycle with this technique. For conventional I1I-V materials,
digital etching is mostly performed using an oxidation step followed by the removal of the
obtained oxide layer [57-59]. Various techniques of digital etching have been reported on
GaAs. One single cycle can include both dry and wet processes, or exclusively dry or wet
processes. For example, early studies on digital etching on GaAs used reactive ion etching (RIE)
to form a layer composed of GaCls and AsCl3 which was removed by Ar ions or low energy
electrons [60—62]. The formation of an oxide layer by anodic oxidation followed by a wet
chemical etchant has also been reported on GaAs. Fully wet digital etching has been proposed
for GaAs substrates [57] where the authors tested several acids or bases for the removal of the

oxide layer formed by hydrogen peroxide (H202) which was used as the oxidizing agent [63].

To the best of our knowledge, only a few papers have been devoted to the digital etching
on GaN, and most of these studies have a dry process as the oxidation step. The oxidation step
is often performed by plasma under oxidative atmosphere such as Oz [64, 65], and N20 [59,
65] and the etching is performed by wet chemical processes using solutions of HCI [59] or HF

[64]. This again shows the lack of mature techniques for wet treatments on GaN.

[.6.  Context of the PhD project

As stated at the beginning of this work, the need to develop and improve the efficiency
of power devices is crucial. The answer to this new challenge lies on GaN-based power
electronics with higher breakdown voltage, faster switching speed, and higher thermal
conductivity. GaN-based transistors are anticipated to play a key role in power conversion
market. Despite their promising properties, GaN-based devices still encounter issues related to
their surface or interface. Indeed, to produce efficient devices, industrials must understand how
materials interact along all the steps of the fabrication process. Indeed, the device processing
technology includes steps such as lithography and contact formation for example. As seen in
the previous paragraph, those steps include high-energy processes such as plasmas, which
induce detrimental effects on the surface morphology and chemistry that affect the electrical

properties.

This work takes place in the context of the cleaning and the surface finishing of GaN. It
intends to understand the mechanisms that take place during the intermediate wet cleaning

process, which occurs in the HEMT transistor fabrication. The aim of the PhD project is thus
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to unravel the near surface chemistry, the morphology and electrical properties before and after
several treatments. Unlike bulk materials, the surface feature is different due to under-saturated
coordination leading to dangling bonds and contaminant adsorption such as oxygen and carbon.
Those adsorbates are responsible for some issues in GaN-based transistors as they can trap
charges and thus weaken the 2DEG [5]. Hence, controlling the quality of the GaN surface is
key.

My work as a Ph.D. student thus dealt with the preparation and the characterisation of
near surface GaN before and after different treatments. These chosen wet treatments are those
classically encountered in the microelectronic industry. Some experiences also included
physical treatments such as rapid thermal processing (RTP), LASER annealing, or plasma.
Moreover, in order to get closer to the manufacturing conditions of HEMT transistors, dry
etching processes were included to the study. The main characterisations were focused on the
surface chemistry, surface topography and electrical measurements. Most of the research was
carried on GaN wafers. However, in order to further explain the mechanism occurring at the
liquid/GaN interface and the role played by oxygen, wet treatments were performed on a
commercially available GaN powder under rigorously controlled atmosphere (under Argon) at

the C2P2 laboratory (renamed CP2M laboratory in January 2021).

In the next chapter, we will explain in details the principles of the characterisation
techniques used in this work and how they were used in order to analyse the chemistry
composition and morphology of the surface for GaN on silicon and on GaN powder. The use
of GaN powder intended to overcome the difficulty of performing some analyses such as
Fourier Transform Infra-Red due to multiple layers beneath the GaN. In addition, we will
describe the electrical measurements performed to understand the effect of changing surfaces

on devices behaviour.
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Chapter IT - Experimental techniques



As stated earlier, the aim the PhD project was to remove the native oxide and passivate the
GaN surface, which implied to set up the bonds of the surface. To reach this goal, several
treatments were performed on GaN wafers. In order to evaluate the impact of the treatments,
we systematically investigated the surface chemistry thanks to parallel Angular Resolved X-
ray Photoelectron Spectroscopy (pAR-XPS). In some cases, the surface morphology was also
investigated via Atomic Force Microscopy (AFM), the film thickness were measured via X-ray
Reflectivity (XRR), and the electrical properties on Metal Insulator Semiconductor (MIS)
capacitors via capacitance-voltage measurements (C-V) were investigated. Further
investigations on GaN powders, such as the crystalline structure was characterised via X-ray
Diffraction (XRD). The impact of the treatments on GaN powders were evaluated via Fourier
Transform Infra-Red (FTIR), and XPS to overcome the characterisation difficulties related to

the heteroepitaxial GaN. All these techniques are detailed in the following paragraphs.

I.1.  Surface chemistry analyses by parallel Angular Resolved
X-ray Photoelectron Spectroscopy (pAR-XPS)
I1.1.1 Principle

XPS is a widely used characterisation technique in the field of surface science. It
provides a surface sensitive measurement that gives information such as the relative atomic
percentage (at. %), the chemical state and the electronic structure of elements from the top 10
nm of a material. The XPS measurement is based on photoemission. The material to be analysed
is irradiated by X-rays in which an incident photon of energy hv is absorbed by atoms of the

surface, as shown in Figure 14.

The absorption of photons induces a photoemission that results in excess energy, so the
atoms are in an excited state. The excess energy is then released through a relaxation process
where an electron from the upper shell fills the hole. Next, two phenomena can occur. Either
an X-ray photon is released, in a process called X-ray fluorescence, or a second electron is

emitted, in a process called Auger electron emission.
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Figure 14. Photoelectron and Auger emission process as reported in the reference [66]

XPS measures the kinetic energy of the collected photoelectrons, which is equal to:

KE = hv — BE — Cpspect-romete‘r

Where:

e hv is the energy of the incident photon,
e KE is the kinetic energy at which the photoelectrons were collected,
e BE is the binding energy of the photoelectrons,

e O gpectrometer 1S the work function of the spectrometer.

The kinetic energy of the photoelectron depends on the X-ray source energy. Therefore,
in order to make comparisons between spectra collected from different sources, the

photoemission spectra are conventionally presented as a function of the binding energy.

BE = hv — KE — (Dspectrometer II-2

In this study, the surface composition was analysed by parallel Angle Resolved X-ray
Photoelectron Spectroscopy (pAR-XPS). The photo-emitted electrons were collected
simultaneously over a range of 8 angles from 23.75 to 76.25°, regarding the surface normal

without tilting the sample. The model used is a customised Thermo Fisher Scientific Theta 300.
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The X-ray were produced from a monochromatic Al-Ka anode source at 1486 eV, with a beam

size of 400 um. The analyses were performed under Ultra High Vacuum (UHV) (10” mbar).

I1.1.2 Qualitative spectra analysis

A wide scan is usually used to obtain qualitative information on a sample. For GaN, a
survey scan is typically performed from 0 to 1300 eV, with an example of a spectrum shown in

Figure 15.

survey

Ga 2ps/s

N1s
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Figure 15. Typical survey spectrum of GaN

Since the kinetic energy has a different sign from the binding energy (eq. II.1), the
binding energy (B.E) scale is presented with increasing energy from right to left. The spectrum
presented here (Figure 15), shows core-level photoelectrons but also Auger electron peaks.
Contrary to core level photoelectrons, the position of Auger electrons on the binding energy
scale depends on the X-ray source energy. In the case of using an Al X-ray source, the gallium
KLL Auger electrons overlap the N 1s core level peak. Note that photoelectron spectra of the

elements are compiled in handbooks.

In order to evaluate the chemical state of a specific element, deconvolution of the spectra
is necessary. Measured peaks typically consist of contributions from different bonding or

valence states.

I1.1.3 Quantitative spectra analysis

Quantification is accessible from XPS data through the number of atoms emitting
photoelectron per unit of volume. The raw intensity of the signal collected at a given depth is

given by eq. IL.3.
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Where:

e Cis the concentration of the element (at.cm™),

e o is the photoelectric scattering cross-section (cm?),
e A is the inelastic electron mean-free path (cm),

e @ is the X-ray flux (photon.cm?.sec’!),

e A is the analysed area at angle 6 (cm),

e T is the analyser transmission function,

e D is the efficiency of the detector.

The quantitative data provided in this manuscript are shown by the Avantage ThermoFisher

software and the data are given in relative atomic percentage (at. %) using eq. I11.4.

A

R 11-4
ogXAXT

a

Where:

e Nais the relative atomic percentage of the considered element (at. %),

e T is the time taken to collected the photo-emitted electron.

The calculations of the at. % of gallium, nitrogen, oxygen and carbon in this thesis are based
on the deconvoluted spectra of Ga 3d, N 1s, O 1s, and Cls, respectively. The use of chlorine-
based, sulphur-based and phosphorus-based treatments, led us to investigate the Cl 2p, S 2p, P
2p spectra, respectively, as this kind of etchants are reported to leave some adsorbates. The Ga
2p peak is used for the estimation of the oxide thickness and this will be explained in section

I1.1.4.

I1.1.4 Spectra deconvolution

To evaluate the impact of each of the different treatments on GaN, we analysed the Ga
3d, Ga 2p, N 1s, O 1Is and C 1s peaks. The measured peaks also have a background level that
has to be subtracted. The most commonly used background is the Shirley type, which is based
on an integral function. Each peak is then deconvoluted into several components where the

number of components depends on their chemical environment at the surface. Figure 16 shows
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an example of the deconvoluted peaks of an as-grown sample of GaN, with BG referring to the

background for all spectra.
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Figure 16. XPS spectra of Ga 3d, Ga 2p3;s, N 1s, O 1s, and C 1s of an as-grown GaN sample

The Ga 3d peak is composed of two major contributions separated by 0.7 eV. One
contribution is related to Ga bonded to N atoms ascribed “Ga-N”, and the second one
corresponds to Ga bonded to a more electronegative atom, usually oxygen and is noted Ga-O

on the graph Figure 16 (a).

As for the Ga 3d peak, the Ga 2p3ss peak is also composed of several contributions of
which Ga-O and Ga-N. However, a third contribution is necessary to fit the peak. This third
contribution is reported as metallic Ga [67, 68], noted Ga-Ga in Figure 16 (b). Due to the
inelastic mean free path of the electrons of the Ga 2p shell, the Ga 2p gives information about
the extreme surface area (top 2 nm) whereas, the Ga 3d gives information on the top 10 nm.
Therefore, in the example above, metallic Ga is more clearly present on the Ga 2p core level
than on the Ga 3d core level. Note that in the manuscript all Ga 2p peaks refer to the Ga 2p3/s
only.

The N 1s (Figure 16 (c)) peak is more complicated to deconvolute since it overlaps with
the two Auger electrons of Ga. However, setting a fixed B.E separation between each

components allows us to compare the impact of different treatments on the surface.

The O 1s spectra (Figure 16 (d)) was deconvoluted with two components that are O
bonded to Ga and O bonded to C and/or H. Note that in some cases, the O 1s peaks were

intentionally not deconvoluted since a large number of chemical compounds include oxygen.

Finally, the C 1s spectrum is also shown in Figure 16 (e) and is deconvoluted into three
components. The first is related to C-C bonds, while at higher binding energy C-O and C=0

are found.

During the analyses to the insulating properties of some sample, which is the case of
semi-conductors, positives charges appear resulting from the photo-ionisation. These positive

charges are not completely neutralised by the electrons present in the material, nor by the
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secondary electrons. As a consequence, the positive potential created decrease the kinetic
energy of the photo emitted electrons. This phenomenon results in an increase of the binding
energy on the spectra. Therefore, a flood gun is used in order to compensate, at least partially,
this charge effect. However, the data analyses sometimes require to calibrate the peaks
according to a reference peak. Usually, the peak used to recalibrate is the C 1s core-level.
Therefore, all the peaks were shifted with respect to the C 1s binding energy that was set at
285 ¢eV.

I1.1.5 Oxide thickness estimation

One of the main advantages of using a parallel Angle Resolved XPS is its ability to
collect photo-emitted electrons simultaneously over eight angles without tilting the sample. In
this manner, the scanned area is the same whatever the angle. This gives access to accurate
depth resolved information and allows to estimate the oxide thickness on GaN. The data were
acquired from angles ranging from 23.75° to 76.25° with respect to the surface normal. Figure

17 shows an example of the Ga 2p peak measurement at 76.25° and 23.75°.
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Figure 17. Example of Ga 2p spectra at (a) 76.25° and (b) 23.75°

Comparing these two peaks, we see that the data collected at the emission angle 75.25°
clearly exhibits a larger Ga-O contribution compared to the data collected at 23.75°, which
means that most of the Ga-O bonds are found at the extreme surface. Indeed, the formation of

an oxide layer starts with the adsorption of oxygen atoms which will migrate to the bulk

overtime.
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An estimation of the oxide thickness can be performed using the Beer-Lambert relationship (eq.
I1.5), which describes the photo-electron signal intensity as a function of depth and emission

angle.

I = lyeTcoso -5

Where:

e [ is the intensity of the signal,

e o is the intensity of the near-area surface,
e dis the electron depth,

e A is the free mean path of the electrons,

e 0 is the emission angle of the electrons.

The estimation of the oxide thickness relies on a mathematical model, the two-layer model
consisting of a system composed of one layer (a) with a thickness d on top of another layer (b)
[66]. The ratio I./Iv between the intensity of the signal of layer a and the intensity of the signal
of the layer (b) is:

d _
Iy la fo exp( t/lcos G)dt

iy 11-6
b Ibfd( /ACOSG)dt

Where the signal from layer a comes from depth 0 — d, and the signal from layer b comes from

d — oo. By replacing 1% and I°D by:

na,b pa,b Sa,b

12, =2t an 11-7
a,b MWa,b
And:
Iab
N =% -8
a,b Sa,b
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Rearranging and integrating the equation leads to the eq I1.9 :

I1-9

da 1 (NanbpbAbMVVa " 1)
Agcos0 NpngpaAae MW,

When plotting the right-hand side of the eq. I1.9 as a function of 1/cos 0, the slope of the line
is d/Aa giving access to the thickness. Figure 18 shows an example of the oxide thickness
estimation for an as-grown sample of GaN. As stated in the previous paragraph, the estimation
of the oxide thickness is based on the Ga 2p peak. The model used during the thesis was
developed at the LTM laboratory and is based on the ratio of the Ga-N and Ga-O peaks area.
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Figure 18. Example of oxide thickness estimation based on the Ga 2p peak for an as-grown sample

As XPS is a powerful technique to examine the chemical properties of the surface, and even
to give quantitative analysis of the elements and surface layer thickness, it will be extensively

used in this PhD project along with other techniques described below.
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I.2.  Investigating the surface morphology by Atomic Force
Microscopy

Atomic Force Microscopy (AFM) is a key tool in nanoscale research for the determination
of surface morphology. AFM is based on the interaction of atomic forces between the probe
and the surface. Depending on the distance between them, different forces are in place:
attractive Van der Waals forces or repulsive coulombic forces. As the tip approaches the
surface, attractive Van der Waals forces attract the cantilever toward the surface. Van der Waals
interactions are dominant for distances of the order of a few tens of nanometres. Approaching
closer, to the length of a chemical bond i.e. a few Angstroms, the repulsive coulombic forces

become dominant, deflecting the cantilever away from the surface.

The deflections of the cantilever are detected by a laser beam and recorded by a
photodetector (Figure 19) and the sample is then moved in the z to correct the deflection. While
scanning, the tip goes back and forth across the surface and the z-connections applied at each

point are assembled to form the image.

Photodetector

Translation stage

Figure 19. Principles of AFM [69]

Different working modes are available on AFM equipment, with the most common
being contact mode, and tapping mode. In contact mode, repulsive forces are dominant (Figure
20). The tip touches the surface and is pushed away according to Pauli’s principle, deflecting
the cantilever. In tapping mode, the tip makes short-time contact with the surface. In this mode,

the cantilever oscillates at a resonant frequency (50-100 kHz). As the tip interacts with the
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surface the oscillation amplitude of the cantilever decreases. Once again, a z-correction 1s

applied to get the cantilever back to back the desired frequency.

Force &
Contact mode

repulsive coulombic forces

Tappi d
apping mocle effective force

\ /
0 = » Distance
Tip to sample
separation

attractive Van der Waals interactions

Figure 20. Relationship between forces as a function of the distance between the tip and the surface

During the PhD project, AFM was used in tapping mode to image and measure the
roughness of samples before and after dry and/or wet treatments. AFM images were acquired
with 512 lines, at a scan rate of 0.9 Hz. Figure 21 shows a typical AFM image of an as-grown
GaN sample, where we clearly see the atomic steps formed during the epitaxial growth, which

correspond to a height of 2.6 A, half the unit height of GaN in the c-direction.

LT} 1: Height Sensor S0um

Figure 21. AFM image of as-grown GaN
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IL.3.  X-ray reflectivity

X-ray reflectivity (XRR) is a non-destructive technique used to determine thin film
structural parameters, such as thickness, density and surface or interface roughness. The
principle of this technique is based on the analyses of X-ray reflection intensity curves from

grazing incident X-ray beam. The reflected intensity is collected as a function of angle.

The generated X-rays are reflected on a surface in a specular direction, i.e. the incident

angle is equal to the reflected angle, as shown in Figure 22.

Diffused reflections specularly reflected

o o

Refracted wave

Figure 22. Reflection and refraction of X-rays on material surface [70]
The refractive index of a material is slightly less than 1. Total reflection occur at, or below
a critical angle (6¢), which means that below this angle, the X-rays are fully reflected from the
film and the incident X-rays do not penetrate. This angle varies depending on the electronic
density of the material. When the incident angle (0) is bigger than the critical angle, the incident

X-rays penetrate the material and are both reflected and refracted.

4.  X-ray diffraction

X-ray diffraction (XRD) is a non-destructive technique for characterising crystalline
materials. It provides information on structures, phases, and preferred crystal orientations. A
beam of X-rays is scattered by the average spacing between layers of the atoms or
crystallographic planes within the material. The interaction of the incident rays with the material
produces a constructive interference and forms diffraction peak when the Bragg’s equation is

satisfied:

nA = 2dsin@

Where:

e nis an integer,
e ) is the wavelength of the incident X-rays,
e dis the distance between two crystallographic planes.

e 0 is the angle of the X-ray beam with respect to the sample

38

I11-10



Peaks intensities are determined by the position of the atoms composing the crystal lattice.
Consequently, the XRD pattern is the fingerprint of periodic atomic arrangement in a given
material and the identification can be performed by comparing the obtained pattern to a database

of pattern known.

XRD was an accurate technique used in order to determine the crystalline structure of the

purchased GaN powder.

The XDR measurement were performed on an Empyrean, Malvern Panalytical tool.

IL5.  Fourier Transform Infra-Red spectroscopy

Fourier Transform Infra-Red spectroscopy is a non-destructive technique used to determine
the nature of the chemical bonds and to detect functional groups composing the sample. A FTIR
instrument is usually composed of a source, interferometer, a sample compartment, a detector,
an amplifier, an A/D convertor, and a computer. The light source that passes through a
Michelson interferometer, which allows the signal modulation and the generation of the
interferences. Then the radiation passes through the sample and reach the detector. Then the
signal is amplified and converted to digital signal by the amplifier and analogue-to-digital

converter, respectively.

The preparation of solid samples implies the grinding the powder and mixing it with KBr. The

mixture is then squeezed into a pellet via a hydraulic press.

I1.6.  Electrical characterisation of MIS capacitors

The capacitance-voltage method or C-V method is commonly used for electrical
characterisation of thin-film dielectrics and their interfaces by estimating the quantity if charges
present within the interface. Such method probes the variation of the charge distribution in the

semiconductor in response to a time-varying voltage applied to the metal contact [71].

The fabrication of the Metal Insulator Semiconductor (MIS) capacitors consists of a
substrate covered by a thin film dielectric over which metal gate contact are deposited defining
the device area. For my PhD project, the MIS capacitors were fabricated as follows. On a n-
doped GaN substrate was deposited a 20 nm thermal alumina (Al203) as a dielectric layer, and

30 nm of Nickel (Ni) and 100 nm of gold (Au) as metal contacts (Figure 23).
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(a) (b)

Figure 23. Schematic of the MIS structure used for the C-V measurements (a) one capacitance and (b) top
view of one chip with nine capacitors with an inner circle diameter of 100 pm

The configuration included two capacitances in series, in which one formed a circular contact
and another one covering the whole chip. The C-V measurements were performed with an LCR

meter from Agilent, model 4284 A Precision, from -4 V to 6 V at a frequency of 10 kHz.
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Chapter III - Conventional wet etching on GaN sample

(wafers and powders)



II.1. Systematic review on GaN wafer (0001)
IL.1.1 Structure of the samples used in this study

The GaN wafers used in this work consist of GaN grown by Metal Organic Chemical
Deposition (MOCVD) on 200 mm diameter, 1 mm thick silicon (111) substrates. The
nucleation layer is a 300 nm thick AIN followed by a 1.5 pm of various GaN/AlGaN buffer
layers. Next, we have a 1.8 um thick GaN layer. A schematic of these layers is shown in Figure

24 .

GaN layer 1.8 pm

GaN/AlGaN buffer 1.5 pm

AIN ¥ 300 nm

Si (111) 1 mm

Figure 24. Schematic of the epitaxial layers used in this study for GaN on silicon

Although a typical HEMT structure would also have an AIGaN barrier and a GaN or
SiN cap, in order to understand the mechanism and how the extreme surface bonds of GaN
interact during wet etching processes, this study does not include the AlGaN barrier layer.
Indeed, this study only focuses on the surface of GaN and the possible wet chemicals that can
be proposed to get rid of the contaminants such as oxygen and carbon. Therefore, the first part
of our study will focus on the chemical modifications of as-grown GaN after immersion in
several etching solutions usually encountered in the literature and used in the microelectronic

industry.

ML.1.2 Surface preparation

For all of the treatments used in this work, unless otherwise stated, GaN wafers were
cut into small pieces (1x1 cm?) before treatment using a diamond scribe. To minimise chemical
changes at the GaN surface and to only evaluate the impact of acids and bases, the samples
were directly immersed into solutions without a degreasing step. Degreasing steps usually

employ alcohol-based solvents, which tend to increase the total amount of carbon at the surface.
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Furthermore, since our interest mainly concerns the first ten nanometres of the surface, we

avoided degreasing steps to prevent adsorbed monolayers of carbons to hinder XPS analyses.

Therefore, the samples were directly immersed into solutions at room temperature unless stated
otherwise. The immersion were performed into 50 mL PTFE beaker (Poly-Tetra-Fluoro-
Ethylene) for 10 minutes. After wet etching, the samples were rinsed with deionised water. The
tanks used for the rinsing step were equipped with an electrical conductivity meter, which
indicated when the samples were completely rinsed. The samples were then dried under N2

flow.

We examined the effect of several chemical treatments commonly encountered in the
microelectronic industry: H2SO4 98%, HCI 37%, (NH4)2S 26%, NH4OH 27%, (NH4)2S208
(ammonium persulfate), H3PO4 85% and Caro acid 3:1 (H2SO4:H2032). Additionally, 1M citric
acid was tested. Unless specified otherwise, all treatments were performed at room temperature

(RT).

Treated samples were immediately transferred into a specific vacuum carrier at 107
mbar for surface analyses by pAR-XPS. The time between wet treatment and loading into the

vacuum carrier did not exceed 20 minutes.

1I.1.3 Systematic review on GaN wafer (0001)

The process flow for the treatments included an immersion into the chemicals for 10
minutes followed by 5 minutes of rinsing in deionised water. The samples were then dried under
Na. The effect of the different wet etchants on GaN samples was further investigated by parallel

Angle Resolved X-ray Photoelectron Spectroscopy (pAR-XPS).

The impact of each wet treatments was evaluated based on the relative atomic
percentage (at.%) of different elements (oxygen, carbon, chlorine or phosphorus). Their impact
on the oxide thickness is shown in Figure 25 (a). Unless stated otherwise, treatments were

performed at room temperature.
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Figure 25. (a) Oxide thickness estimation on GaN by pAR-XPS after several wet treatments and (b) atomic
% of the total amount of C and Cl or P adsorbates on GaN induced the by treatments.

The first effect that we can note is that oxidizing agents, such as sulphuric acid (H2SO4)
and Caro 3:1 (H2SO4:H202) solution, did not increase the oxide thickness. The H2SO4:H202
mixture has been reported to induce hydroxyl group adsorption [48] and is commonly used to
remove the carbon contamination, although we see in Figure 25 (b) that the reduction of carbon

level is negligible in our experiments.

Concerning basic treatments, (NHa4)2S and NH4OH removed some of the oxide from the
surface as expected (2.03 A and 2.01 A vs 2.38 A for the reference sample), as described in
section 1.5.2.1. On the contrary, persulfate ammonium had no significant impact on the oxide
thickness. From Figure 25 (b) it can be seen that sulphur-based treatments tend to reduce the
carbon level while, for other treatments, except citric acid and H3POs, this level did not change.
However, no peak related to the presence of sulphur was observed. One possible explanation
might be that the sulphur level was below the detectability threshold, or it may be that the

sulphur desorbs easily when loaded into the vacuum chamber of the XPS equipment.

Chlorine-based treatments showed a decrease of the oxide thickness, especially at 70°C
and when a Caro 3:1 pre-treatment was performed prior to HCI treatment. It is noteworthy that
the same amount of chloride was found (about 7 at. %) whatever the conditions, as shown in

Figure 25 (b).
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Figure 26. Percentage difference of the total at. % of
oxygen based on O1s peak compared to the O1s peak of
the reference

The decrease of oxide thickness is usually accompanied by a decrease in oxygen level.
Figure 26 represents the evolution of the total oxygen level found using the O 1s peak. However,
it is important to note that the O 1s peak may include a contribution related to the presence of
carbonyl groups due to organic contamination of the atmosphere, therefore the level of oxygen
may not be in agreement with the oxide thickness found. This can be seen when comparing
Figure 25 (a) and Figure 26. In particular, citric acid exhibited a decrease of the oxygen level
less than 10 % but the equivalent oxide thickness decreased by 26% compared to the reference.
Moreover, all sulphur-based treatments exhibited a decrease of the oxygen level that might be
related to carbonyl desorption as well as oxides. Indeed, we saw from Figure 25 (a) and (b) that
the oxide thickness decreased as well as the carbon level with those species. Those results
highlight the fact that a small amount of sulphur may have been adsorbed at the surface,

preventing the re-adsorption of atmospheric oxygen or compound containing carbonyl groups.

For other chemicals treatments, the opposite was observed and the oxide thickness was
reduced while the oxygen level increased. As an example, after H3POu4 treatment, the oxide
thickness was reduced whereas the oxygen level compared to the reference sample increased.
This increase was due to the presence of PO3~ residues (Figure 25 (b)). A similar result was
observed with citric acid. The oxide thickness was indeed reduced but the oxygen level
indicated only a small decrease of 3.5 %. This observation can be explained by the fact that a

certain amount of citric acid is adsorbed. As seen in Figure 25 (b), the amount of carbon had
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reached the level of 39.6 at. % versus 32.0 at. % for the reference sample. Since the oxide
thickness was lowered, it can be deduced that the adsorption of citric acid at the surface

prevented oxidation. This result was in agreement with previous work done on Ge substrates

[72].

In summary, although it is hard to analyse the total amount of O 1s peak, analysis of the
oxide thickness after these treatments shows that the clearest trend is the higher reduction of
oxide thickness observed for the treatments that involved subsequent etchant adsorption after
treatment. An additional aspect we can note is that the temperature seemed to have an impact
on the etching properties. When comparing HCI treatment at room temperature and at 70°C, we
can see from Figure 25 and Figure 26 that the level of oxygen decreased as well as the oxide

thickness when increasing the temperature of the solution.

To better understand the impact of the temperature during HCI treatments, we studied

the kinetic of desorption of chloride ions.

.14 Chloride adsorption of HCl-based treatments

In the previous paragraph, we saw that HCI removed some oxide at the surface, and
adsorbed chlorides were observed at the same time. The oxygen concentration is reported to be
inversely proportional to the detected amount of chlorine [73]. Figure 27 shows the relative
atomic percentage of O 1s and Cl 2p detected at the take-off angle of 76.25°, for several

chlorine-based treatments.
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Figure 27. Relative atomic percentage of O 1s and Cl 2p detected
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As observed, the amount of chloride detected at the surface was slightly higher than the
amount of oxygen lost. Furthermore, the relative atomic percentage of chloride and oxygen did
not significantly evolve whatever the conditions. However, an estimation of the equivalent
oxide thickness (Figure 25 (a)) suggested that HCI at 70°C and pre-treatment with Caro 3:1
reduced the oxide. As previously explained, the data collected from the Ga 2p peak was related
to the first 2 nm, therefore, solutions of HC1 heated at 70°C and “Caro 3:1 + HC1” have affected
the 6 first nm of the GaN since changes were visible at the O 1s core-level. It can be suggested
that somehow the adsorption of chlorides ions prevented the surface from re-oxidation. It is
important to note that no major changes were observed on the Ga 3d spectra (Figure 28) after
each treatment. Indeed, the Ga-O component did not significantly change after each treatment.
This can be explained by the fact that the Ga 3d spectra at this core-level was related to the first
10 nm. However, the change of the O 1s spectra (Figure 28) aspect indicated that only the

surface chemistry was modified along the 6 first nm.
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Figure 28. Ga 3d (left) and O1s (right) peaks after chlorine-based treatments

The O 1s spectra presented in Figure 28, were deconvoluted into two major components

related to oxygen bonded to Ga or to carbon and/or hydroxyl groups, referred to as O-Ga and
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O-C/OH respectively. It can be noticed that for all treatments, the O-Ga component was
affected. The impact of the chlorine-based treatments over the O-Ga component, can be seen in
Figure 29. Before dipping the sample in the etchant chemicals, the surface presented 7 at. % of
oxygen bonded to gallium and 12 at. % of oxygen bonded to carbon and/or hydrogen. The O-
Ga component was reduced by 4.8 after a dip in HC1 at 70°C and after a dip in Caro 3:1 followed
by HCI. No effect on the O-Ga component was observed when the HCI treatment was
performed at room temperature. Indeed, the reduction of the total amount of oxygen is a

consequence of a decrease of the O-C/OH component.
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Figure 29. Relative atomic percentage after chlorine-
based treatments

These results are coherent with the equivalent oxide thickness estimation, indicating that
HCI at 70°C and “Caro 3:1 + HCI” removed some gallium oxide at the surface while chloride
ions were adsorbed probably as Ga*Cl" [73]. Note that the small increase in at. % of the Ga-O
component from the Ga 3d could be attributed to Ga-Cl bonds. The presence of the chlorine
species was suggested by the shift of the Ga 3d peaks (Figure 28 (a)) toward higher binding
energy with the HCI at 70°C treatment and the “Caro + HCI” sequence. This shift indicates
oxidation state changes of the Ga atoms being surrounded by electronegative species, here CI.
Therefore, the temperature might play a role on the position of the Cl" among the atomic

structure, preventing re-oxidation more efficiently.
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IL.1.5 Desorption

An additional observation noted with HCI treatments was the decrease of the amount of
chloride detected at the surface over time, when the sample was exposed to air. The “Caro

3:1+HCI” sequence is shown as an example in Figure 30 (a).
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Figure 30. Evolution of (a) the total amount of oxygen and chlorine detected at the surface (b) the
estimated oxide thickness 11 days after treatments

The amount of chloride detected at the surface decreased over time, when the sample
was exposed to air. The amount of chloride present on the surface was almost divided by two,
11 days after treatment. At the same time, the total amount of oxygen started to increase 11
days after the treatment. Surprisingly, the equivalent oxide thickness (Figure 30 (a)) did not
increase over time. This result suggests that the chloride detected at the surface 11 days after
treatment still prevented oxidation. The increase of the total amount of oxygen observed 11

days after treatment could be attributed to an increase of C-O component from the C 1s peak.

I.1.6 Conclusion

The study on GaN wafer has shown that the decrease of the oxide thickness was related to
the adsorption of chloride ions, phosphate, or carbonyl groups following the HCI, H3PO4, and
citric acid treatments respectively. The adsorption of these species played a role in preventing
re-oxidation. When heating the etchant, the oxide thickness was even lowered, with the lowest
oxide thickness obtained with H3POs at 155°C. The example of chlorine-based treatments have
shown that the amount of detected chlorine was the same whether the temperature or the pre-
treatment. Eleven days after treatment, the amount of chloride was divided by two and was still

detected.
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Although, no sulphur was detected, (NH4)2S treatment allowed a decrease of the oxide
thickness as well. Generally, sulphur-based treatments exhibited the lowest amount of carbon,

which indicated that sulphur might have adsorbed at the surface.

This systematic review on GaN wafer highlighted the inertness of GaN (0001) and the
difficulty of attacking the (0002) facets. In order to understand the interactions occurring
between the chemical etchants and the GaN surface, we oriented our researches on GaN

powders.

II.2. Systematic review of chemical treatments on GaN

powder

Having evaluated the impact of conventional wet etchants on GaN wafer surfaces oriented
on the c-plane, the pAR-XPS analyses unveiled that acids and bases had little impact on the
GaN surface which is not surprising as it is well known that c-plane GaN oriented (0001) is
quite inert. Therefore, to understand the interactions between the chemicals species in the
etchant solutions and the GaN surface, an alternative approach was attempted by analysing the
effect of various chemicals on GaN powder, as a previous study performed on Ge particles for
passivation [72]. The study has several interests. First, powdered materials can have important
surface area to volume ratio, and so any signal showing modification of the surface is expected
to be amplified. Second, GaN powders allow three-dimensional analysis like Fourier Transform
Infra-Red (FTIR) and as the surface area is higher, we may observe more surface signals.
Indeed, FTIR analysis on hetero-structure of GaN wafers are disturbed by the multiple layers
underneath. Third, this study was performed at the C2P2 laboratory, which is equipped with
high vacuum lines allowing to perform experiments under strictly controlled atmosphere, hence
allowing to understand the role of oxygen from air. It should be noted that with powdered
samples, all the different facet orientations are treated at the same time, which was expected to

help illustrating the general effects of different chemical treatments.

In addition to the FTIR measurements performed directly at C2P2 laboratory, XPS
measurements were performed at LETI on the same powdered samples in order to try to

correlate the results to those already found for GaN on silicon wafers.
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2.1 Analysis on the untreated GaN powder

For the wet etching treatments on GaN powders, we used a commercially available GaN

powder purchased from abcr®. Scanning Electronic Microscopy (SEM) images of the GaN

particles are shown in Figure 31.

Figure 31. SEM images of commercial GaN purchased from abcr®

Comparison with the SEM micrographs (Figure 31) to the literature disclosing the
synthesis of GaN powders, our purchased GaN particles are likely synthetized by a solvo-

thermal method or via sol-gel techniques [73, 74].

The specific surface area of the powder was estimated using the Brunaeur-Emmet-Teller
equation (BET) from N2 adsorption-desorption experiments at 77 K. It is based on the
determination of gas quantity necessary to cover the surface of the powder (either external
surface of inner pore surface). The measured specific surface area was unfortunately very low

and found equal to: 5.6 m2.g"!.

The crystalline phase of the powder was determined by X-Ray Diffraction (XRD) as
shown in Figure 32. The diffraction lines indicate a hexagonal wurtzite structure with lattice
parameters a=3.188 A and c=5.184 A (versus bulk values for relaxed GaN of 3.189 A and 5.185

A), which is therefore considered to be relaxed material, despite these slightly smaller values.
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Figure 32. XRD pattern of the GaN powder used in the following experiments. The red line is the fit for

hexagonal wurtzite GaN, the blue line is the data

.2.2 Etching experimental protocol under ambient air

Initial works on GaN powders were performed under ambient air as for the previous

experiments on GaN wafers (same conditions). All the treatments were carried out with the

same time duration and temperature. The GaN particles were dispersed into the chemicals and

stirred for ten minutes. For each treatments, 500 mg of powder were dispersed into 6 mL of

etchant. The rinsing step was then performed in a Biichner funnel combined with a Biichner

flask where a partial vacuum was created in order to filter the particles. Rinsing was performed

with de-ionised water several times until a neutral pH was reached. The volume used for rinsing

can be found in Table 4.
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Etchant

Rinsing volume (mL)

NH4+OH 180
(NHa4)2S 180
H2SO04 210
HC1 70°C 120
Citric acid 90
H202 60

1-octanethiol

Table 4. Rinsing volume used for each treatment performed on GaN powders

The drying step was carried out at room temperature in a Schlenk flask connected to
Schlenk lines. In order to completely remove the water adsorbed on the particles, this treatment

under vacuum (102 mbar) was performed overnight.

After drying, the powders were loaded into a glovebox containing a hydraulic press to
make the pellets using dry KBr as dilutant for further FTIR measurements. With the aim of
limiting the exposure to ambient air of the treated powders, the prepared KBr pellets were put
into a customised Schlenk flask. This customised Schlenk flask allowed to isolate the pellet for

ambient air before and during the FTIR analysis.

After each treatments, the remaining powders were kept in sealed Schlenk under Ar in
order to further study the surface chemistry via XPS. The XPS used for GaN powder was
located outside the cleanroom, contrary to the pAR-XPS used for the GaN wafers. Nevertheless,

the analyses were performed with the same conditions as for the GaN wafers (same source Al,

same level of vacuum...).

2.3 Experimental protocol under inert atmosphere

In an attempt to understand the role of oxygen during wet etching, the treatments were
performed on GaN powder under inert atmosphere. The gas used in our researches were Argon

(Ar). Argon has the advantage of being heavier than Oz thus avoiding rapid Oz diffusion into

the samples.
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Before treating the GaN particles, all chemical solutions were degassed via Schlenk lines as

shown schematically in Figure 33.
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Figure 33. Schlenk line set-up for degassing solutions

Purging was also performed via bubbling Ar into the chemicals. Ar is introduced
through a clean long pipe attached to the gas source. The pipe is connected to a needle that
enters the Schlenk flask containing the solutions to be degassed through a rubber septum.

Another needle is placed in the septum to act as a pressure vent.

Another technique used is called Freeze-Pump-Thaw. Due to the relatively ease of use,
this technique was mostly used for sulphur-based solutions and solvents. It consisted of freezing
the liquid, evacuating the gas collected in the headspace and allowing the liquid to thaw. The
freezing step was achieved by immersing the flask in a cold bath (liquid N2). Once the solutions
were completely frozen, the flask valve was opened to expose the frozen solutions to vacuum
during two minutes. Next, the flask was put into static vacuum and removed from the cold bath
to allow the frozen solutions to thaw. The freeze-pump-thaw cycles were repeated at least two

more times. After the final thawing, the flasks were sealed under Ar.

Once all the solutions were degassed, the treatment of GaN powders under inert
atmosphere could be performed. The powder and a stir bar were first placed in a Schlenk flask
and put under vacuum, then exposed to Ar gas. The vacuum/Ar cycles were repeated three times
to ensure that no oxygen was present in the flask. A pumping step was further performed to

ensure that that the flask was under Ar partial pressure. Then the treatments steps could proceed.
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The first step consisted of transferring the degassed solution contained in flask A through a thin
cannula to flask B, containing the GaN powder (Figure 34, step 1). The valve of flask A is
opened and connected to the Ar gas source. Because the pressure difference is Pa>Pg the liquid
migrates from flask A to flask B. The suspension in flask B was stirred for several minutes
under Ar (Figure 34, step 2). Flask B was then connected to the Ar gas source. Once the
treatment was complete, the suspension was transferred to a Schlenk frit under Ar (Figure 34,
step 3). The powder contained in the Schlenk frit was then rinsed by introducing a syringe
containing degassed de-ionised water. Before the introduction of the syringe into the oxygen-
free flask, the syringe was purged by inserting the needle through the septum of the water flask
until reaching the headspace. Then the inert gas is drawn up and expelled out of the flask. This
step was repeated three times and performed while the water flask was under Ar pressure to

avoid any contamination with oxygen.
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Figure 34. Schlenk line set-up for treating GaN powder under inert conditions

The drying step and loading for analyses were the same as presented in section II1.2.2.
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2.4 Impact of acids and bases on GaN powder under ambient

air
The selected chemicals for this study were NH4OH, (NH4)2S, H202, HCI, Citric acid
(CA), and H2SOs4. The choice was based on the initial work performed on GaN wafer (III.1.1).
Chemicals which allowed us to obtain a decrease of the equivalent oxide thickness were
selected, as well as oxidizing agents such as H2SO4 and H202. The FTIR spectra of the untreated
GaN powder and the GaN powders treated with HCl, H2SO4, and citric acid are presented in

Figure 35.
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Figure 35. FTIR spectra of the (a) untreated, and (b) HCI, (c) citric acid and (d) H2SO4 treated GaN

powders

The untreated GaN powder exhibited one major peak at 590 cm™! and a shoulder around
650 cm! assigned to Ga-N vibration [75, 76] and Ga-O vibrations [75-77], respectively. A
large bump from 1000 to 2500 cm™' was also observed and had no particular assignment.

Around 3450 cm! a small peak can be observed and was assigned to adsorbed water [76, 78].
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As shown in Figure 35, the treatments had a small impact on the powder. A few peaks
were detectable but their intensity was very low. In addition, the presence of Ga-Cl bonds after
HCI treatment could not be verified since the related band is found below 400 cm™'. However,
after citric acid and HCI treatments (Figure 35 (b) and (c)), the FTIR spectra revealed peaks
around 1239-1245 cm! and at 1300 cm™!. Those two peaks are not reported in the literature for
GaN particles. However, the peak found at 1245 cm! could be assigned to vibrational Si-O-Si
[79, 80] coming from the beaker. The FTIR spectrum of the powder treated with H2SOu (Figure
35 (d)) did not exhibit new peaks.

The analysis of the FTIR spectrum of the powder treated with H2O2 (Figure 36 (b)) also
exhibited small bands at 1244 and 1300 cm™!. Another small band appeared at 1016-1020 cm™!
after H202 and NH4OH treatments (Figure 36 (b) and (c)). The assignment of this band is
reported in the literature to be Ga-OH bending modes [77, 81]. Bands at this positions were
observed in the spectrum of synthetized GaO(OH). Additionally, the NH4OH (Figure 36 (c))
treatment allowed the appearance of a small peak at 3265 cm™! that was reported to be N-H

vibrations in adsorbed ammonia —-NH2 surface groups [79].

It can be noticed that, like H2SO4 treatment, the GaN powder treated with (NH4)2S
(Figure 36 (d)) showed no band in the spectrum. However, it can be noticed that the band
assigned to O-H stretching vibration (around 3450 cm!) disappeared. This result reinforces the

assumption that a tiny amount of sulphur is adsorbed on GaN.
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Figure 36. FTIR spectra of the untreated, H,0,, NH,OH and (NH4).S treated GaN powder under ambient
atmosphere

While the FTIR measurements showed small modifications, the XPS analyses showed
much bigger variations, in particular for the Ga 2 p spectra. The Figure 37 shows the percentage
contributions of the Ga 2p peak before and after each treatment. All the spectra exhibited an
increase of the Ga-O component. Except for H202, the powders treated with acids, i.e. HCI,
citric acid, and H2SOs4, clearly led to the highest amount of Ga-O component, with a

contribution larger than 50%.
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Figure 37. Percentage contribution of the Ga 2p components for treatment under ambient atmosphere
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Another notable point is that all Ga 2p peak positions shifted toward higher binding
energy (Figure 38), which is in accordance with the fact that Ga atoms were bonded to a more
electronegative atom or group of atoms like Cl, OH", or SO3~ for example. The peak position
shifted by 0.58 eV, 0.75 eV and 0.37 eV for HCI, citric acid, and H2SOu4 respectively.
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Figure 38. Ga 2p spectra before and after HC], citric acid, and H,SO4 treatment on GaN powder under
ambient atmosphere

The Ga 2p signal arising from the GaN powders treated with other etchants, H202,
NH4OH and (NH4)2S are showed in Figure 39. As a reminder, these species presented a higher
Ga-N contribution in Ga 2p than HCI, citric acid and H2SOs4, but still lower than that of the
untreated powder. After H2O2 treatment, the Ga 2p peak position shifted to lower binding
energy (0.34 eV lower). However, after NH4OH and (NHa4)2S treatments, the peak position
shifted to higher binding energy 0.99 eV for both. The basic solutions exhibited the highest

shifts toward higher binding energies.
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Figure 39. Ga 2p before and after H,0,, NH4OH and (NH.),S treatment on GaN powder under ambient
atmosphere

The Ga 3d spectra are shown in Figure 40 (a) and the deconvolution parameters were
slightly different from the deconvolution used when the spectra were acquired in the pAR-XPS
equipment. Due to a lower resolution, the Ga 3ds.2 and the Ga 3ds2 doublet was used and was
assigned to the Ga-N bond. The doublets were 0.45 eV apart for all spectra. Furthermore, the
N 2s core-level positioned at 17 eV had to be added to deconvolute the spectra. Based on
previous works done at LETI, the Ga-O component was 1.2 eV apart from the Ga 3ds. peak.
The increase of the Ga-O component can be seen on the Ga 3d peaks as well (Figure 40 (a)).
The comparison of the Ga-O component of the Ga 2p peak and the Ga 3d peak of the untreated
powder exhibited a smaller amount of Ga-O contributions in the Ga 2p spectrum. Since the Ga
2p signal usually gives information on the 2 first nm, this means that more oxygen were found
in the bulk than at the surface. However, after HCI, citric acid and H2SOu4 treatments the amount
of Ga-O contribution was clearly higher for the Ga 2p peak, which means that electronegative
atoms or groups of atoms as discussed previously were mainly located at the surface of the
particles. It can be noticed that the CI 2p peak was barely distinguishable, therefore, there was
a strong possibility that the HCI treatment acted as an oxidizing agent on the GaN powders.
Unfortunately, no consistent quantification was possible since the N 1s spectra could not be

deconvoluted due to a large contribution of the overlapping Gallium Auger electrons.
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Figure 40. (a) Ga 3d and (b) N 1s spectra before and after HC], citric acid and H,SO.4 treatment on GaN
powders under ambient atmosphere

However, after HCI and citric acid treatments, the N 1s spectra showed a broadening
(Figure 40(b)). This broadening suggested that the nitrogen atoms might be bonded to oxygen
or hydrogen, forming NOx or NH2/NH3 groups. For the HCI treatment, the presence of N-H
bonds could be confirmed with the FTIR spectra where a small peak positioned at 3250 cm™!
and assigned to N-H vibrations were detected (Figure 35 (b)).Concerning the H2SO4 solution,
both XPS and FTIR spectra showed that no specific atoms or groups were present at the surface.
Moreover, the aspect of the N 1s spectra after H2SOa4 treatment was similar to that of the
untreated powder, therefore the nitrogen bonds were not affected by the acid treatment.
However, the Ga 2p suggested that an electronegative group could have adsorbed at the surface
of the particles, however no peak related to the presence of SO%~ nor clear S 2p peak were
detected. As suggested before for XPS analyses of the GaN wafers, the amount of sulphur could

be below the detection limit.
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Figure 41. (a) Ga 3d spectra and (b) N 1s spectra before and after H,02, NH4OH and (NH4),S treatments on
GaN powder under ambient atmosphere

The analyses of the Ga 3d spectra of the GaN powders treated with H202, NH4OH and
(NH4)2S are shown in Figure 41 (a). As observed for previous treatments, the Ga-O
contributions were higher for the Ga 2 peaks compared to the Ga 3d peak which means that the
effects of the treatment were mainly located at the surface of the particles. The aspect of all the
Ga 3d peaks changed after treatments. These changes were also visible on the N 1s peaks
(Figure 41 (b)). Indeed, as observed for the other treatments presented in the previous
paragraph, the N 1s signal was broadened which suggested the formation of NOx and N-H in
the case of H202 and NH4OH treatments, in agreement with the band observed in the FTIR
spectrum. The (NHa4)2S treatment clearly indicated the appearance of new bonding states,
suggesting thus that something was adsorbed at the surface, although, like the H2SO4 treatment,
no S 2p peaks clearly were detected. Nevertheless, the shift observed on the Ga 3d peak revealed
the presence of electronegative species present at the surface, and the presence of S could not

be out ruled.

Figure 42 exhibits the evolution of the O 1s peak before and after the treatments. It
revealed that the lowest intensity was obtained after the (NHa4)2S treatment, which was in
agreement with the assumption that a little amount of sulphur, in the form of S?, may be
adsorbed at the surface of the GaN particles. In the same way, the intensity of the O 1s peak
was slightly lower after the H2SO4 treatment compared to that of the untreated particles. The

difference with the (NH4)2S example could be explained by the adsorption of SO3™.
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On the contrary, all the other treatments led to an increase of the intensity. The highest
increase was obtained after H2O: treatment, and came with a shift toward lower binding
energies. Therefore, the increase of intensity of the O 1s peak might be correlated with the
adsorption of oxygen. In the case of citric acid, this increase can be related to the adsorption of

carbonyl groups.
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Figure 42. Evolution of the intensity of the O 1s peak after treating the GaN powders with acids and bases

Unlike the GaN wafers, the GaN powders reacted differently with the chemicals. Indeed,
all treatments indicated a decrease of the percentage of Ga-N bonding contribution in favour of
an important increase of the Ga-O bonding contribution. Although no major impact was
recorded via FTIR analyses, combining the investigations via XPS led to the following
conclusions. The increase of the Ga-O contributions was attributed, in the case of NH4OH and
H>0: treatments, to the formation of N-H, N-Ox, and Ga-OH bonds. For the HCI treatment, this
was assigned to the adsorption of chloride ions, as observed on the GaN wafer. No specific
groups were assigned for the increase of the Ga-O contribution after citric acid treatment.
However, the increase of the O 1s peak suggested the possible presence of carbonyl groups.
Concerning the sulphur-based treatments, H2SO4 and (NHa4)2S, the FTIR and XPS analyses led
to the conclusion that a small amount of sulphur was present, since the spectra exhibited the
lowest O 1s intensity, and no band related to water was present in the FTIR spectra. The sulphur
detected might be in the form of SO3~ and S, after H2SOs4 and (NHas)2S treatments,

respectively.
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For all the treatment performed under ambient atmosphere, the comparison between the Ga 3d
and the Ga 2p peaks revealed that the modification of the chemical states was more located at

the surface of the particles.

r.2.5 Impacts of acids and bases on GaN powder under Ar

The role of oxygen during the immersion of the particles in the different solutions was
also investigated, by performing the treatments under Argon as previously described. As for the
experiments under ambient atmosphere, GaN powder treated by sulphur-based chemicals did
not exhibit any absorption band under both inert and ambient atmosphere. However, the spectra
of GaN treated by citric acid, H2O2, HCI and NH4OH treatments under Ar revealed small
absorption peaks previously assigned to Si-O-Si vibrations around 1240 cm™! as shown in
Figure 43. The peak at 1240 cm’! was not present in the case of NH4OH under ambient air.
Since commercial NH4OH solutions are mainly composed of dissolved NH3 gas in water, after
degassed solution would have lost all the NH3 during the cycling and so only contained a large
amount of OH groups that can easily attack the beaker. Therefore, no band related to N-H
vibration, around 3265 cm™!, was found when GaN was treated under inert conditions. However,
after NH4OH a new band appeared around 981 cm™! that could be assigned to Ga-O bonds. No
band related to N-H vibration was found after HCI treatment either. Concerning citric acid, the
band recorded around the 1133 — 1153 cm™! region was no longer visible when the treatment
was performed under Ar. The peak around 1016 — 1020 cm™ was no longer present when

powders were treated with NH4OH and H20x.
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Figure 43. FTIR spectra of citric acid, H;0,, HCl and NH4OH treated GaN powder under inert atmosphere

Figure 44 shows the XPS Ga 2p spectra of the untreated GaN powder and after treatment
with NH4OH, H202, HCI and citric acid. The analysis of the Ga 2p spectra showed a shift toward
higher binding energies of 0.75 eV and 1.0 eV after NH4OH and HCI treatments respectively.
This shift could be attributed to the increase of the Ga-O component. The percentage
contribution of the Ga-O component was 42 % and 81 % for NH4OH and HCI respectively.
Compared to the experiment performed under ambient atmosphere, the percentage of the Ga-O
component did not change in the case of the NH4OH. This could therefore be attributed to the
possible binding of Ga with oxygen, since no band related to Ga-OH were detected in the FTIR
spectra. In the case of HCl, the Ga-O component had raised up to 81 %, while it was 74 % under

ambient conditions.
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Figure 44. Ga 2p spectra of untreated, NH4OH, H,0>, HCI and citric acid treated GaN powder under Ar
This increase could be related to the presence of chloride detected at the surface of the
powder (Figure 45). Due to the intensity of the CI 2p peak of the GaN treated under inert

atmosphere, it could be deduced that a larger amount of chloride groups was absorbed.
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Figure 45. Cl 2p spectra of GaN powder treated by HCl under ambient atmosphere (Air), Argon
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Concerning H202, and citric acid, the percentage of the contribution of Ga-O was
lowered when the treatment were done under inert conditions compared to ambient air (Figure
38, Figure 39 and Figure 44) . After H202 treatment, the Ga-O contribution was 8.5 % vs 36 %
under ambient air and the Ga-O contribution was 16 % under Ar versus 88 % under air for citric
acid. Surprisingly, the amount of Ga-O decreased after H2Oz treatment under inert atmosphere

compared to that of the untreated sample which was 12 %.

The analyses of the Ga 3d spectra are shown in Figure 46 (a). Once again, the Ga-O
contribution were more important on the Ga 2p peaks, except after the citric acid treatment. The

difference indicated that the bulk was affected by the treatment.
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Figure 46. (a) Ga 3d spectra and (b) N 1s spectra before and after NH40H, H0,, HC], citric acid treatments
on GaN powder under inert atmosphere

The N 1s spectra (Figure 46 (b)) of the powder treated with NH4OH and HCI reinforce
the assumption that electronegative atoms were present at the GaN surface. Indeed, a shoulder
could be observed at higher binding energies. No shoulder could be observed after H2O2 and

citric acid treatments.

In conclusion, without the presence of oxygen in the atmosphere or dissolved in the
solutions, H202 and citric acid had no particular impact on the GaN particles. The changes

observed after HCI, and NH4OH were attributed to the presence of chloride and OH" groups
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adsorbed at the surface of the particles. The results showed that in order to adsorb more chloride
ions at the surface, oxygen has to be eliminated, since chlorides and oxygen are in competition.

The XPS analyses did not allow bringing to light the assignment of the 1245 cm! peak.

In order to better understand the adsorption of atoms at the surface of GaN and to the
possible passivation by sulphur atoms the next paragraph deals with the adsorption of an

alkanethiol reagent.

ML.2.1 Investigation of sulphur adsorption on GaN

The difficulty to observe a peak related to the presence of sulphur on GaN via pAR-
XPS, gave an additional interest in the experiments performed on GaN powders, which possess
a higher surface area and enable the use of other characterisation techniques. Note also that
various crystalline planes are exposed, increasing the chance to detect sulphur. Since only a
very few publications show the XPS peak S 2p, we decided to replace (NH4)2S by 1-octanethiol.
In this manner, the presence of 1-octanthiol could be indirectly suggested by the presence of
carbon, and by a higher amount of carbon at the GaN surface via FTIR and XPS analysis
respectively. In a study, Bermudez investigated the adsorption of vapour phase 1-octanethiol
on GalN (0001) wafer and revealed a saturation coverage of 0.28 monolayers [83]. However, he

could not determine the nature of the bond between gallium and sulphur.

Due to the low specific surface of the GaN powder used, we increased the time of
treatment. The duration time was initially set on 10 minutes in order to be in line with the

experiments performed on GaN wafer.
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First, the experiments were conducted under ambient atmosphere. Since the impact of
the chemicals on the GaN powder was very little for 10 minutes of treatments, the treatment

duration was also set to 2 hours.
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Figure 47. FTIR spectra of untreated GaN powder and GaN powder treated by 1-octanethiol for 10
minutes and 2 hours under ambient atmosphere

As for the other sulphur-based treatments, for H2SO4 and (NH4)2S (Figure 35 and Figure
36, respectively) no band related to water was detected after treatment for both 10 minutes and

2 hours treatment (Figure 47). However, no evidence of carbon was detected.

Based on the observations made by FTIR and pAR-XPS analyses on both GaN powder
and GaN wafer treated by sulphur-based treatments, there is a strong possibility that a very

small amount of sulphur was at least adsorbed. Indeed, no band related to water was detected
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after treatment, and the review study on a GaN wafer revealed a lower carbon level for all
sulphur-based solutions (section III.1.1). Therefore, to comprehend how sulphur could bond to
GaN and detect its presence, GaN powder was treated for 4 hours under inert conditions and
analysed by FTIR and XPS, still under inert atmosphere. The FTIR spectrum of the 1-

octanethiol treated powder is shown in Figure 48.
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Figure 48. FTIR spectrum of GaN powder treated by 1-octanethiol under inert conditions for 4 hours

Here there was a significant change in the FTIR spectrum. Two peaks were detected at
2925 and 2844.53 cm! and were assigned to symmetric and antisymmetric stretching of -CHz
and —CH3 groups of 1-octanethiol [84] [85]. The presence of a weak peak positioned at 2632.40
cm! attributed to S-H stretching indicated the presence of free unreacted thiol. Therefore, there
is a small probability that sulphur was chemisorbed to gallium via a covalent bond. However,
itis more likely that 1-octanethiol was physisorbed on GaN. The region between 1430 and 1380
cm! corresponds to symmetric vibration of -CH3 groups and scissor bonding vibration of ~CH2

groups [85]. The peak positioned at 717.40 cm™' could be assigned as C-S vibration.

Although the FTIR analyses showed evidence of 1-octanethiol on GaN particles, the
survey spectrum from XPS analysis did not reveal peaks related to sulphur at the surface as

shown in Figure 49.
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Figure 49. XPS survey spectrum of GaN power treated by 1-octanethiol under Ar for 4 hours
However, the S 2p, which overlaps the Ga 3s peak, was not clearly detected (Figure 50
(a)), and it was not found in the spectrum of the GaN powder treated by H2SO4 for 10 minutes
under Ar either (Figure 50 (b)). Nevertheless, the S 2p region of the latter revealed a peak
assigned to SO3~ adsorption. Thus, there was some amount of sulphur at the surface, even if no

well defined S 2p was revealed.
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Figure 50. XPS spectra of GaN treated with (a) octanethiol for 4 hours and (b) H,SO4 for 10 minutes under
Ar
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The investigation on the sulphur adsorption revealed that sulphur-based species could adsorbed
on the surface of GaN. However, the presence of the oxygen in the solution tends to hinder their
adsorption and the presence of oxygen in the atmosphere facilitates their desorption after

treatment.

II1.3. Conclusions

An initial work was performed on a GaN on silicon wafer in which a systematic study of
chemicals commonly used in the microelectronic industry was conducted. The evaluation of
the impact of each chemical on GaN surface chemistry was performed by pAR-XPS which
revealed a few changes. Indeed, oxidizing agents such as H2SO4 and Caro acid did not induce
an increase of oxygen content. However, HCI, H3POx, citric acid and (NH4)2S acted as etchants
at the surface of GaN. As those chemicals decreased the estimated equivalent oxide thickness.
The lower oxide thickness compared to that observed on untreated GaN is related with the fact
that those chemicals leave adsorbates on the GaN surface, preventing oxidation. Except for
(NHa4)2S, those adsorbates were all detected by pAR-XPS. The particularity of sulphur-based

treatments lies in the fact that they all exhibited a lower amount of carbon.

Based on the little impact of these chemicals on GaN wafer, a systematic review was also
performed on GaN powders to better understand the interactions between the etching reagents
and the GaN surfaces using complementary FTIR analyses. The experiments were conducted
under ambient air atmosphere and under Argon. The investigations on GaN powders under
ambient atmosphere exhibited a different result if compared to the same treatments performed
on GaN wafers. This could be explained by the fact that several orientations are exposed on
GaN particles, whereas for the GaN wafers, only a few planes are accessible. No etching effects
were recorded with FTIR and XPS. On the contrary, the deconvoluted Ga 2p spectra showed
an increase of the Ga-O component after all treatments. Indeed, due to the accessibility of all
the orientations, the reactivity of the GaN is thus increased. While the solutions induced a
reduction of the Ga-O contribution, an increase was observed with the powders. Therefore, it
can be suggested that due to the variation of the planes available on powders, the reactions led
to a larger amount of OH-, CI', SO~ , S* at the surface of the particles. The adsorption of
sulphur could be deduced from a decrease of the O 1s peak intensity after H2SO4 and (NH4)2S

treatments.
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For experiments run under inert atmosphere, only HCl and NH4OH treatments revealed an
important increase of the Ga-O contribution. This increase was attributed to the adsorption of

CI" and OH" groups respectively.

We also studied the reaction occurring when treating GaN with 1-octanethiol in order to
decipher the nature of the interactions between GaN and sulphur containing compounds with
the putative formation of Ga-S bonds. The experiments under ambient atmosphere did not lead
to significant changes on the FTIR spectra except from the fact that no adsorbed water was
detected. However, the FTIR spectra of GaN powder treated with 1-octanethiol under Ar
revealed the presence of carbon on the surface of the particles. However, a small peak attributed
to S-H vibration suggested that thiol molecules were likely physisorbed on the GaN surface.
Moreover, XPS measurements did not reveal a well defined S 2p peak. The presence of a peak
assigned to SO3~ for GaN powders treated by H2SO4 and the absence of a well-defined S 2p
peak due to the overlapping Ga 3s peak, allowed us to conclude that a small amount of sulphur

was physisorbed on the surface.

The different results obtained between the GaN wafer samples and the GaN particles came
from the polycrystalline nature of the powders. Although the specific surface of the powders
allowed to get closer to the surface of the wafers, the FTIR measurements was not an

appropriate technique due to poor signals.

Another point to highlight is the possible SiO2 contamination coming from the use of beaker
made of borosilicate glass. The use of polytetrafluoroethylene (PTFE) beaker might be more
appropriate for the experiment under ambient atmosphere, and a subsequent FTIR measurement

might confirm or not this assumption.
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Chapter IV - Destabilising the surface of GaN by dry

techniques



The initial systematic review, with chemicals commonly used in the microelectronic and
the encouraging results of the H3zPO4 suggested that the temperature had a role to obtain
significant changes on the surface chemistry. Consequently, we oriented our researches on
methods that could bring a significant amount of energy in order to break the Ga-N bonds of
the surface. On one hand, the destabilised surface of GaN yielded by dry treatments would be
less inert when exposed to wet etching treatments. On the other hand, this method could induce
the formation of oxides that could be easily removed by wet treatments. This way, we could
perform some sort of digital etching by oxidising the surface with dry techniques and remove

the oxide with wet treatments.

The dry techniques investigated during my PhD were LASER annealing and Rapid Thermal
Processing (RTP) with the impact of both types of annealing on the surface chemistry and on
the morphology investigated. We investigated as-grown GaN samples, and dry-etched GaN
samples. For the LASER annealing study, the dry etching was an ICP-RIE plasma and for the
RTP annealed samples the etching processes included an ICP-RIE, followed by an Atomic
Layer Etching (ALE) and a stripping sequence. More details will be given in the following
paragraphs.

IV.1. Nanosecond LASER annealing

IV.1.1 Equipment and annealing conditions

The LASER anneals were performed on an industrial LT-3100 tool from SCREEN. The
XeCl LASER source was developed by SCREEN-LASSE. The wavelength was at 308 nm with
a FWHM of 160 ns pulse duration. A schematic of the tool is present in Figure 51.
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Figure 51. Schematic representation of a typical optical line for a nanosecond laser annealing [86]
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The projected beam onto the surface was shaped by a mask. The mask used in our
experiments was 15x15 mm?. During the anneals, single or multiple laser shots can be
performed at the same location. Furthermore, unless stated otherwise the anneals were

performed under controlled N2 atmosphere and at room temperature.

Right after the anneals, the GaN wafer was directly loaded to the vacuum system of the

pAR-XPS.

IvV.1.2 GaN samples

The GaN substrate used for this study was a single wafer for which half has been dry-
etched and the other half was as-grown. Indeed, to get closer to the transistor process
fabrication, we investigated the impact of LASER annealing on a dry-etched surface. Figure 52
shows the cartography of the wafer before the annealing experiment. Each number
corresponded to specific conditions and energy that will be discussed in the following

paragraph.

Figure 52. Shots pattern used in the experiments

Furthermore, the LASER anneals were performed on an industrial equipment that can
only treat full-sheet wafers therefore this method allowed to load and analyse several LASER

annealing conditions at the pAR-XPS at once.

The dry-etching process of half-part of the wafer included a Clo/BCls-based chemistry
ICP-RIE plasma, at high bias voltage of 237 V. The etching depth was about 300 nm. Figure

53 shows the stacking of the layers of the GaN substrates.

77



Partial etching

GaN layer

GaN/AlGaN buffer

AIN

Si (111)

Figure 53. Layer stack of the GaN wafer used for the LASER annealing investigations

IV.1.3 Energy selection

The first step of this study consisted in determining the energy required in order to
destabilise the Ga-N bonds of the surface without degrading the surface morphology, for
example, by creating N-vacancies. We investigated the required energy necessary for the
material to start melting and this energy was called “melt point” in the manuscript. To do so,
we performed cumulative shots on a specific area on the wafer. The energy of the shots was
gradually increased from 0.3 J.cm? with a step of 0.1 J.cm™. The melt point was found to be

around 1.30 J.cm™ and 1.40 J.cm™ for the as-grown GaN and the dry-etched GaN, respectively.

Next single shots were performed on different areas of the wafer. We started with shots
slightly higher than the melt point at 1.50 J.cm™ then decreased the energy with a step of 0.05
J.cm™. The SEM images in Figure 54 show the evolution of the morphology with a reduction
of the shots energy from 1.50 to 1.00 J.cm™. The full range SEM images can be found in the
Appendix section (A- 1 and A- 2).

1.00J.cm?  1.10 J.cm? 1.30 J.cm? 1.40 J.cm? 1.45).cm?  1.50 J.cm?

REF
o - . -
e . . . . -

Figure 54. SEM images (2x2 um) after laser shots from 1.50 to 1.00 J.cm2 on as-grown GaN (top line) and
dry-etched GaN (bottom line). REF stands for GaN surface prior to laser annealing

When the energy of the shot was set at 1.50 J.cm™, 0.20 J.cm™ higher than the melt point

determined previously for the as-grown GaN, some droplets were observed. The nature of the
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droplets could have been determined by EDX, but there is a strong probability that the droplets
were composed in majority of gallium, since nitrogen tends to desorb more easily. Laser shots
at 1.40 and 1.30 J.cm™ led to the emergence of triangular structures, which might be due to
large thermally induced strain. Large droplets were seen till decreasing the energy to 1.30 J.cm”
2, which was the original melt point energy found for the multi-shot test. A few particles are
also visible and these were probably coming from neighbouring shots. Around 1.10 and 1.00

J.cm, the atomic steps were visible, which indicated a non-degraded surface.

For the dry-etched surface (Figure 54, bottom line), droplets were also seen at 1.50 J.cm-
2, but smaller than those found on the as-grown GaN. Another difference was the emergence of
cracks and particles on the dry-etched GaN after laser annealing. A few droplets could be found
on the surface at 1.45 and 1.40 J.cm™ which was consistent with the value of the melt point
found previously. After shots of 1.40 and 1.30 J.cm™, triangular structures were also visible on
the dry-etched surface as for the as-grown sample. At 1.10 and 1.00 J.cm™, no more particles

were detected and the surface showed a similar morphology too that prior to laser annealing.

The screening of energy shots on these two kinds of GaN surfaces, i.e. as-grown and
dry-etched, illustrated that each surface reacted differently toward laser annealing. Indeed, as-
grown GaN had a melt point at a lower energy than the dry-etched GaN surface. However, at
1.00 J.cm™, both surfaces exhibited a morphology similar to that of the surface prior to laser

annealing.

V.14 Influence of the energy on the surface chemistry

Having determined the melt point and evaluated the morphological impact of the energy
of the laser shots, we chose the energies for detailed surface investigations. Since our purpose
was only to destabilise the Ga-N bonds of the surface, we selected the highest and the lowest
energy where little degradation was detected on the SEM images i.e. 1.30 J.cm™? and 1.00 J.cm
2 for both surfaces. Figure 55 shows the evolution of the Ga 3d spectra before and after laser

annealing at 1.0 and 1.3 J.cm™ for both surfaces.
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Figure 55. Ga 3d spectra (a) as-grown GaN and (b) dry-etched GaN before and after laser annealing at 1.0
eVand 1.3 ]J.cm?

For both surfaces, no significant shift of the peaks was recorded. However, the Ga-O
component significantly increased after a shot at 1.3 J.cm™ for the as-grown GaN. Moreover, a
third contribution has been added at the lower binding energy related to metallic Ga-Ga bonds.
This was in agreement with the SEM images where droplets were observed at this energy
(Figure 54, top line). Therefore, the droplets could be attributed to metallic gallium formed at
the surface after laser annealing. In the case of the dry-etched GaN, the Ga-O component started
to increase at 1.0 J.cm?, and no presence of Ga-Ga bonds could be detected. This is also
coherent with the SEM images (Figure 54, bottom line). The increase of the Ga-O component

also came with the increase of a component on the N 1s spectra noted “Ga Auger” (Figure 56).
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Figure 56. N 1s spectra (a) as-grown GaN and (b) dry-etched GaN before and after laser annealing at 1.0
and 1.3 J.cm2

As observed with the Ga-O component of the Ga 3d peaks, the increase of the “Ga
Auger” component started at 1.3 J.cm™ and at 1.0 J.cm™ for the as-grown and dry-etched GaN
respectively. This component was attributed to Ga Auger related to oxidation. The increase of
the “N-Ga-O” contributions was assigned to N for which the closest N neighbours have been
replace by O . Therefore, we can assume that a mixed oxynitride of gallium might have been

formed. This is consistent with the SEM images since no oxide clusters were observed.

The quantitative analyses showed the increase of the Ga/N ratio for both surfaces, with
the highest value obtained for the as-grown GaN (Figure 57 (a)). This result was in agreement
with the SEM images showing Ga droplets, thus, a nitrogen desorption was probably occurring

upon laser annealing. This increase was less pronounced on the dry-etched surface.
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Figure 57. Evolution of the (a) Ga/N ratio (b) total O 1s at.% as a function of
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The desorption of nitrogen came with an increase of oxygen amount detected at the
surface (Figure 57 (b)). Thus, annealing induced the replacement of nitrogen atoms by oxygen

atoms.

Combining the observations of the SEM images with the Ga 3d and N 1s XPS spectra,
and the quantification, led to the conclusion that, the dry-etched surface tended to oxidise more
easily (i.e. with the lowest energy (1.0 J.cm™?)) than the as-grown surface. Nevertheless, the as-
grown GaN surface contained a larger amount of oxygen after a laser annealing of 1.3 J.cm™
which came with the desorption of some nitrogen atoms, leading to the formation of Ga-Ga
bonds related to Ga droplets. For both surfaces, a mix of oxynitride of gallium might be formed
after laser annealing at 1.0 J.cm™ for the dry-etched GaN, and at 1.3 J.cm™ for the as-grown

GaN.

IV.15 Influence of the number of shots

As an alternative method for using laser annealing to destabilise the surface without
degrading its morphology, we conducted multi-shots of 1.0 J.cm™. Between 100 and 3000 shots
were performed on different areas of the wafer. The impact of the number of shots on the surface

morphology was investigated on both surfaces (Figure 58).
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Figure 58. AFM images of the as-grown (top line) and dry-etched (bottom line) GaN surface before and
after laser annealing with 1000 and 3000 shots of 1.0 J.cm2

For 1000 shots, the as-grown sample exhibited small white dots on its surface. The white
dots seemed to lead to the formation of extended white areas after 3000 shots that could
correspond to the beginning of an oxidation. On the contrary, the dry-etched GaN no

modification after 1000 shots of 1.0 J. cm™ and the less extended white areas started to appear

82



after 3000 shots. Therefore, for both surfaces, the roughness of the surface after laser annealing
increased. The root mean square (RMS) roughness measured are summarised in Table 5. The
as-grown surface exhibited a significant increase of the RMS, from 0.39 to 0.61 nm, after 1000
shots, and reached 0.87 nm after 3000 shots. Conversely, the dry etched GaN did not exhibit an
increased RMS after 1000 shots, but did increase after 3000 shots to 0.54 nm.

Nb of shots at 1.0 J.cm™ | As grown | Dry-etched
0 0.39 nm | 0.35 nm
1000 0.6l nm | 0.39 nm
3000 0.87 nm | 0.54 nm

Table 5. RMS roughness measured by AFM of the as-grown and dry-etched GaN surface before and after
laser annealing with 1000 and 3000 shots of 1.0 J.cm2

The surface chemistry was analysed by pAR-XPS. Figure 59 shows the evolution of the Ga 3d

spectra after multi-shots.
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Figure 59. Ga 3d spectra of (a) a grown GaN and (b) dry-etched GaN after 0, 100, 300, 1000 and 3000
shots of 1.0 J.cm-2

For both surfaces, a progressive increase of the Ga-O component was observed.
Annealing with 3000 shots at 1.0 J.cm?induced a big increase of the Ga-O component by 47%
and 40% for the as-grown and dry-etched GaN, respectively. Between 100 and 1000 shots, the
assumption of the creation of oxynitride gallium seemed coherent as the evolution of the N 1s
spectra indicated that the “N-Ga-O” components progressively increased in the same way as

the Ga-O component of the Ga 3d peaks (Figure 60).
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Figure 60. Evolution of N 1s spectra of (a) as-grown GaN and (b) dry-etched GaN before and after multi
shots at 1.0 J.cm2

However, after 3000 shots, the N 1s spectra became more difficult to deconvolute,
especially for the as-grown surface, since more nitrogen might have desorbed at this stage.
Furthermore, another peak, ascribed “N-Ox” appeared only in the case of the as-grown GaN
after 3000 shots. This new peak was assigned to NOx [87] and was also detected at 23.78°,
which implied the creation of an oxynitride gallium phase at a deeper level. It was however

unclear why the as-grown surface exhibited NOx and the dry-etched surface did not.

The O/N ratio, calculated from the total at.% of O 1s and the N-Ga component from N
Is (Figure 61 (a)) progressively increased with the number of shots. These results indicated that
nitrogen tends to desorb in favour of oxygen adsorption from 100 to 3000 shots. It is noteworthy
to highlight that starting from 300 shots, the as-grown GaN exhibited a slightly higher O/N ratio
than the dry-etched GaN. As observed on the N 1s spectra (Figure 60(a)), the as-grown surface

tended to produce more oxynitride than the dry-etched one.
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Figure 61. Evolution of (a) the O/N ratio and (b) the equivalent oxide thickness as a function of the
number of shots at 1.0 J.cm2 on as-grown and dry-etched GaN

The estimation of the equivalent oxide thickness follows the same evolution (Figure 61
(b)), and after 3000 shots, both surfaces showed an oxide layer of around 7A. It is worth noting
that the increase of the RMS for the as-grown sample might have an impact on the estimation
of the equivalent oxide thickness and that the slightly lower oxide thickness estimate (for 1000

shots and more) for the as-grown GaN might be misleading.

Overall, this study showed that once again that as-grown GaN surface behaved
differently from the dry-etched GaN surface. As grown GaN appeared to adsorb more oxygen,
resulting from a higher RMS related to oxide clusters. Starting from 1000 shots at 1.0 J.cm™, it
was possible to destabilise the Ga-N bonds of the surface without creating any major surface

degradation.

IV.1.6 Influence of the atmosphere during annealing

In order to further increase the oxide thickness layer without damaging the surface, the
standard N2 flow was removed during annealing to create a more oxidising atmosphere. Our
previous results indicated that after 3000 shots at 1.0 J.cm™ the surface exhibited oxide-like
areas and to reduce the thermal budget, we investigated the behaviour of as-grown and dry-

etched GaN after laser annealing for a range of 100 to 1000 shots only, still at 1.0 J.cm™.

As shown in the AFM images (Figure 62), increased roughness interpreted as oxidation,

was clearly visible for both surfaces.
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Figure 62. AFM images of the (a) as-grown GaN and (b) dry-etched GaN before and after LASER annealing,
with several shots without N; flow

Due to the height of the clusters, the RMS roughness is not necessarily a relevant
measurement, although there is a clear increase in the roughness with the increasing number of
shots. It can also be seen from Figure 62 that the as-grown GaN exhibited larger oxide grain
size than the dry-etched GaN, again suggesting that the oxidation of the as-grown GaN is easier
than for the dry-etched surfaces. Figure 63 gives an example of the differences existing between

the two surfaces after annealing with 300 shots.

As grown (b) Dry-etched

(a)

6 nm

Figure 63. AFM images of (a) as-grown and (b) dry-etched GaN after 300 shots under ambient
atmosphere

Indeed, for the as-grown GaN, disparity in size grain can be seen. The larger grains were
around 45 nm across while the smaller ones were around 25 nm. In contrast, the dry-etched

surface exhibited uniform grain size around 30 nm.

The impact of the number of shots while annealing under ambient atmosphere was

investigated by pAR-XPS. The Ga 3d spectra are presented in Figure 64.
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Figure 64. Evolution of the Ga 3d spectra of (a) as-grown GaN and (b) dry-etched GaN before and after
multi shots at 1.0 J.cm-2 under ambient atmosphere

Starting from 300 shots, the presence of O 2s peaks, which were not detected in the
previous study, revealed a higher amount of oxygen present on the surface. Figure 65 shows
the evolution of the Ga-O contribution from the Ga 3d peaks as a function of the number of

shots.
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Figure 65. Evolution of the Ga-O contribution from the Ga 3d peak before and after several shots at 1.0
J.cm2

After 100 shots, the Ga 3d spectrum of the dry-etched sample exhibited a contribution
of 55% of the Ga-O component, while for the as-grown GaN it was around 48%. However,
after 300 shots, for the Ga 3d peak of the as-grown sample, the contribution of the Ga-O

component on the Ga 3d peak of the as-grown sample became greater than that of the dry-
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etched GaN, perhaps due to more exposed-time before measurement. The Ga-O component was
78 % for the as-grown sample, but only 62% for the dry-etched GaN. However, after 1000
shots, both surfaces exhibited the same amount of Ga-O contributions, 88% and 84 %, for the
as-grown and dry-etched GaN respectively. The increase of the Ga-O contributions, suggesting
a higher amount of oxide also came with an increase of N-Ga-O and the Ga Auger components
from the N 1s core-level (Figure 66). While a higher amount of oxide and the presence of a
NOx component was observed for the as-grown GaN after 300 shots this was not the case for
the dry-etched GaN. After 1000 shots, it became difficult to deconvolute the N 1s peak due to
the overlapping Ga Auger signals. Furthermore, the “N-Ox” contributions disappeared, that
might explain the desorption of a considerable amount of nitrogen atoms. For the dry-etched
GaN, the deconvolution of the N 1s peak was still possible, however the increasing “Ga Auger”

might mislead the quantification.
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Figure 66. Evolution of the N 1s spectra of (a) as-grown GaN and (b) dry-etched GaN before and after
multi shots at 1.0 J.cm-2 under ambient atmosphere

Once again, the O/N ratio was also found to be slightly higher for the as-grown GaN
(Figure 67(a)), which might be also due to an underestimation of the N-Ga component. With
300 shots and more, the O/N ratio was around 0.8-0.9 for both surfaces. This result suggests
that the majority of N 1s remaining was “N-O” contributions or Ga Auger signals, therefore

most of the nitrogen might have desorbed.
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Figure 67. Evolution of (a) the O/N ratio and (b) the equivalent oxide thickness as a function of the
number of shots at 1.0 ].cm2 under ambient atmosphere on as-grown and dry-etched GaN

Note that the estimation of the equivalent oxide thickness (Figure 67 (b)) is difficult to
interpret after 300 and 1000 shots because above 300 shots, the model did not fit well, and so
gave inconsistent results. As observed in the case of the annealing under N2 flow with 3000

shots at 1.0 J.cm2, this phenomenon was related to an increased roughness.

The comparison between annealing with and without N2 flow showed, as expected a
higher amount of oxygen detected at the surface when N2 flow was removed. The Figure 68

shows the total amount of oxygen for as-grown GaN (a) and dry-etched GaN (b) samples.
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Figure 68. Evolution of the total amount of O 1s for (a) as-grown GaN and (b) dry-etched GaN with and
without Nz flow as a function of number of shots at 1.0 J.cm-2

Firstly, we can see that, the total O 1s percentage increased gradually with the number
of shots for both surfaces. The difference between annealing under N2 and without N2 was

approximately 5.5 to 6.6 at.% from 100 to 300 shots for both GaN samples. However, after
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1000, the total O 1s detected after annealing without N2 flow was 13 at. % higher than annealing
with N2 for the as-grown GaN. On the contrary, the difference of total O 1s between annealing
with N2 and without N2 was around 4 at.%. This disparity could come from the deconvoluted
N 1s peaks where the error might have increased due to the overlapping Ga Auger signals.
Although the relative quantification of the species detected from the pAR-XPS might not give
the exact amount of oxygen, the AFM images from Figure 62 and Figure 63, show that as-
grown GaN tended to exhibit more grains than dry-etched GaN, which we associate with the
oxide formation. Therefore, the as-grown GaN is again shown to adsorb more oxygen atoms

than the dry-etched GaN.

In order to better understand the oxidation process of both GaN surfaces, we analysed
in-depth pAR-XPS on the entire studied GaN layer, 1.e. 10 nm (Figure 69), and compared the

results with those obtained with GaN samples annealed under N2 flow.
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Figure 69. In-depth analyses of the Ga-O contribution from the Ga 3d peaks before and after annealing
with multi shots at 1.0 J.cm2 of (a) as-grown GaN under N; flow, (b) dry-etched GaN under N; flow, (c) as-
grown GaN without N; flow and (d) dry-etched GaN without N> flow

Under N2 flow, the as-grown and dry-etched GaN samples exhibited an increasing
amount of Ga-O while approaching the surface, between 100 and 1000 shots. However, for the
as-grown GaN sample, after 3000 shots, the difference between the bulk angle (23.75°) and the
surface angle (76.25°) was around 0.13%. The more even distribution of Ga-O along the depth
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was attributed to the grain oxides observed on the AFM images (Figure 58). After 3000 shots,
the distribution of the Ga-O of the dry-etched GaN sample became unclear. In spite of this, the
dry-etched surface revealed a more important Ga-O contribution compared to that of the as-
grown surface regardless the take-off angle, mainly due to the prior plasma treatments. The
trend was reversed when annealing without the N2 flow. Indeed, the as-grown GaN sample
globally exhibited a more important Ga-O contribution than the dry-etched GaN sample. The
distribution of Ga-O became homogenous along the depth starting from 300 and 1000 shots for
the as-grown and dry-etched GaN samples, respectively. Once again, this was related to the

presence of oxide grains visible on the AFM images (Figure 62).

However, the higher level of Ga-O for the as-grown GaN sample indicated that oxygen
atoms might have migrated more easily to form an even Ga-O distribution in depth than for the

dry-etched GaN.

IV.1.7 Conclusions

The determination of the minimum energy density for annealing GaN surfaces showed
us that the energy giving a detrimental effect on the surface morphology varied according to
the surface, for example the formation of cracks for the dry-etched GaN. Moreover, the melt
point was observed at 1.30 J.cm™ for the as-grown GaN, which energy is slightly lower than
that needed the dry-etched GaN, which was at 1.45 J.cm™. Single laser shots showed

considerable impact on the oxidation level measured at 1.30 J.cm™ for both surfaces.

In order to avoid too much damage on the surface morphology, the energy density was
chosen at 1.0 J.cm™ to perform multi shots. Under N2 flow, after 3000 shots both surfaces
exhibited white areas on AFM images, which were assigned to oxidation. Furthermore, more
white areas were observed on the as-grown GaN, since the difference the as-grown and the dry-
etched surfaced is the accessibility of the dislocation, where the oxidation starts, and is in
agreement with Yamada et al work [87]. The RMS roughness was however lower than 1 nm
regardless the surface and the number of shots. The XPS results also revealed a progressive
increase of the oxygen level with the increasing number of shots. The total O 1s level increase
came with the rise of the Ga-O component from the Ga 3d core-level and N-Ga-O component
from the N 1s core-level, which indicated the formation of mixed oxides at the surface. The
estimation of the equivalent oxide thickness increased with the number of shots as well and

reached around 7 A after 3000 shots.

91



Removing the N2 flow while annealing enhanced the adsorption of oxygen. Indeed, the
Ga-O contribution of the Ga 3d peak became predominant for both surfaces. Moreover, the O
2s peak started to appear. Above 300 shots the equivalent oxide thickness could not be
determined due to the high roughness of the surface. AFM images showed larger oxide grain
size for the as-grown GaN, again suggesting easier and faster oxidation of the as-grown surface

versus the dry-etched surface.

An in depth study showed that the Ga-O at.% was evenly distributed along the probed
layer after 3000 shots under N2 flow, and the Ga-O amount detected was higher for the dry-
etched GaN sample that for the as-grown. In contrast, removing the N2 flow during annealing
showed a higher amount of Ga-O for the as-grown GaN sample than for the dry-etched GaN
samples. The even distribution of Ga-O was related to the presence of oxide grains visible on

the AFM images.

This study showed that the as-grown GaN surface tended to adsorb oxygen atoms more

easily which migrate in depth, when the annealing was performed under oxidative atmosphere.

IV.2. Rapid thermal processing

One of the most reported technique to oxidise GaN surface is by Rapid Thermal Processing
(RTP), which is a process used in semiconductor industry which heat the wafers at high
temperatures (200-1300 °C [88]) for a few minutes. Initially, studies dealing with the oxidation
of GaN using RTP were conducted with the aim of creating a good quality gallium oxide for
MIS (Metal Insulator Semiconductor) or MOS (Metal Oxide Semiconductor) systems. Indeed,
to reduce gate leakage dielectrics are usually deposited such as SiO2, SizNs, or Al203. Due to
high trap charge density at the insulator/GaN interface, researchers used thermal oxidation to
grow and oxide layer as a gate dielectric [88—90]. These studies mainly focused on thick thermal
oxides (around 100 nm) [92] and it was reported that temperatures below 750°C did not induce

oxide growth for GaN [86, 92].

V21 Equipment and annealing conditions

The Rapid Thermal Processing (RTP) is an equipment for rapid thermal annealing. The
RTP equipment used in this study was a Jipelec Jetfirst and it is designed for rapid process with

a short ramp time to reach high temperature and cool down within 10 minutes.
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All the samples were annealed for temperature at 850°C, 900°C and 950°C under dry

02 sccm for 5 minutes.

V.22 GaN samples

Since the equipment allowed the loading of small samples, the GaN were cut into small

pieces of 2x2 cm?.

As-grown and dry-etched GaN surfaces were investigated. The dry etching process was
the standard used for the power division at LETI. This dry etching process included a Cl2/BCl3-
based ICP-RIE plasma at high bias voltage of 237 V. Next, an Ar-based ALE step was
performed, followed by an identical stripping sequence to that used for to remove the
photoresist resin and the dry etching residues. The total etching depth wad about 350 nm. The
stripping sequence included an O2 plasma and followed by a wet cleaning in DuPont™
PlasmaSolv® EKC 265™, a photoresist remover. Note that no photoresist coating was used in

this study.

The layers stack of the GaN samples used is shown in Figure 70.

As grown GaN Dry-etched GaN

Partial etching (350 nm)

GaN layer (1.8 pm) fayer (1.8 pm)

GaN/AlGaN buffer (1.5 pm) GaN/AlGaN buffer (1.5 pm)

AIN (300 nm) AIN (300 nm)

Si(111) Si(111)

Figure 70. GaN layer stack used for the RTP study

Iv.23 Temperature selection

As stated earlier, our goal was to break the Ga-N bonds of the surface without creating
a thick oxide. Therefore, we studied the impact of short thermal oxidation time. Unlike other
studies where a thermal oxidation were performed for 30 minutes to several hours, we annealed

our samples for 5 minutes under dry O2 (2000 sccm flow rate).
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To see the impact of the thermal oxidation on our wafer we first investigated RTP on
as-grown GaN at 850, 900 and 950°C. We investigated the morphology of the RTP annealed
surfaces. Figure 71 shows the impact of each temperature on the surface morphology. As
expected, the RMS roughness increased with the temperature. Between 850°C and 900°C
(Figure 71 (a) and (b)), the RMS roughness slightly raised to about 1 nm. However, after
annealing at 950°C, the RMS roughness strongly increased and reached 24.2 nm (Figure 71

(c)).
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Figure 71. AFM images of as-grown GaN after RTP annealing at (a) 850°C, (b) 900°C, (c) 950°C. Note the
much larger z-scale for the samples annealed at 950°C

Oxide clusters were observed after annealing at 850°C and 900°C (Figure 71 (a) and
(b)) and the threading dislocations as well as the atomic step were not visible anymore. These
observations are in agreement with the progressive increase of the oxygen amount (Figure 75
(a)). After annealing at 950°C, the oxide clusters gave way to bigger oxide grains (Figure 71

(¢)), similar to that observed in Yamada et al. work [87].

RTP at 900°C (with the same conditions as previous), was carried out again on as-grown

wafer and TEM and EDX were conducted (Figure 72).
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Figure 72. (a) TEM and (b) EDX images of as-grown GaN after RTP at 900°C. Note that the wafer stack
layer included a GaN/AIN capping + AFM

The TEM and the EDX images supports the presence of an oxide layer at the surface.
Furthermore, the comparison of the TEM image with [94] showed that the oxide formed was a

B-Ga20s3 Figure 73.

Figure 73. (a) TEM images from [94] and (b) TEM from our as-grown GaN sample after RTP at 900°C
showing the phase the Ga;03 formed at the surface

From the diffraction pattern, the oxide over-layer exhibited columnar shape of B-Ga203 along

the grown direction of the underneath GaN layer (Figure 74).
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Figure 74. TEM diffraction pattern of the as-grown GaN sample after RTP at 900°C

The impact of thermal oxidation on as-grown GaN at 850, 900 and 950 °C was also
investigated by pAR-XPS measurements. The analyses showed a progressive increase of the

total amount of O 1s with increasing the annealing temperature (Figure 75).
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Figure 75. Evolution of (a) the total relative atomic % of O 1s core-level (b) the equivalent oxide thickness
as a function of the temperature

The total amount of O 1s at.% reached around 50 at.% at 950°C. While the total amount
of O 1s could be a good indicator of initial oxide growth, it can be less relevant when the
oxidation is important. Indeed, as it gives a relative value of each species taken into account,
the calculated amount of the N-Ga contribution from the deconvoluted N 1s peak could be
incorrect as the Ga LMM Auger signal overlaps the N 1s level signal. The Ga Auger LMM
signals might also have shifted due to gallium oxidation. Furthermore, nitride oxides are volatile
and tend to desorb more easily than gallium, making the N 1s signal less detectable compared
to the Ga LMM Auger signals. However, the Ga LMM Auger peaks affected less the

deconvolution of the deeper take-off angles (from 23.25 to 68.75°). The equivalent oxide
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thickness (Figure 75 (b)) exhibited a progressive increase from 850°C to 900°C. The initial
equivalent oxide thickness was at 2.03 A, and reached 4.4 A and 5.7 A after annealing at 850°C
and 900°C, respectively. However, at 950°C, the estimated equivalent oxide thickness did not
fit the model properly, as seen previously on the AFM images (Figure 71 (c)), a non-uniform
growth of the oxide grains resulting with a high RMS roughness could explain the inaccurate

value found.

To better understand the evolution of the oxide growth among the GaN layer, we plotted
the evolution of the relative at.% of the Ga-O contribution from the Ga 3d peak through 8 angles

from 23.75° to 76.25° for each studied temperatures.
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Figure 76. Evolution of the relative at.% of the Ga-O contribution (Ga 3d) of GaN before and after RTP
annealing at 850, 900 and 950°C as a function of the take-off angle

Before annealing, the GaN surface exhibited a progressive increase of the Ga-O
contribution along the GaN layer, with a slightly higher amount found at the very top surface,
i.e. at 76.25°. Indeed, the Ga-O contribution represented relative at.% of 5 around 10 nm deep,
1.e. at a take-off angle of 23.75°, to almost 8% around the first 2 nm, i.e. 76.25°. After annealing
at 850°C and 900°C, the same evolution of Ga-O contribution was observed. The impact of the
annealing was visible at 23.75°, with a Ga-O contribution around 14% for 850°C and 900°C
which hardly evolved, with an at.% around 15.6 and 16%, for annealing at 850°C and 900°C,
respectively. After annealing at 950°C, the Ga-O contribution did not significantly change
along the take-off angles. The Ga-O contribution ranged from 26 to 27% from the seven first
angles, i.e., from 23.75° to 68.75°. At the eighth angle (76.25°), the Ga-O contribution was

slightly lower due to overlapping with gallium Auger signals that could alter this value.
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The RTP anneals performed on as-grown GaN led to the formation of oxide grains that
most likely evolved to be B-Ga20s3. The similarity with Yamada et al. work [87] led to think

that oxide grains started at dislocation sites.

Iv24 Comparison of the impact of RTP on as-grown and dry-
etched GaN at 850°C

In the previous paragraph, we saw that performing RTP at 850°C enabled a surface
modification with the adsorption of oxygen leading to the cleavage of the surface Ga-N bonds
without causing an excessively high RMS roughness. Therefore, the next study deals with the

impact of RTP at 850°C on as-grown GaN and dry-etched GaN surfaces.

The AFM measurements of the samples before and after the anneals are shown in Figure

7.
Before RTP RTP 850°C
2nm
»
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Dry-etched

Figure 77. AFM images before and after RTP anneals at 850°C on as-grown and dry-etched GaN

Unlike the previous AFM measurements (Figure 71 (a)), the as-grown sample did not
exhibit oxide grains after RTP at 850°C. This might be related to the fact that in the initial work
(section IV.2.3) conducted for the selection of the annealing temperature the wafer had been
stored for a longer period of time compared to those used in this study. However, the dry-

etched GaN exhibited small white dots similar to that previously observed on the as-grown GaN
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at 850 and 900°C (Figure 71 (a) and (b)). This observation suggested that the growth of the

oxide grains might be eased on damaged surfaces.

To understand the differences observed on the surface morphology between the as-
grown and dry-etched GaN we performed pAR-XPS measurements. The pAR-XPS showed a
higher amount of oxygen detected on the dry-etched surface compared to that of the as-grown
one (Figure 78). However, after annealing, both surfaces exhibited almost the same amount of
oxygen, (ca. 33-34 at.%) which suggesting that at this temperature, the surface modification is

either auto-limiting or the reaction rate slows with time.
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Figure 78. Impact of RTP before and after annealing at 850°C on (a) the total relative at.% of O 1s and (b)
the equivalent oxide thickness

The estimation of the equivalent oxide thickness (Figure 78 (b)) showed a slightly
thicker layer on the dry-etched GaN surface prior to RTP annealing compared to that observed
for the as-grown GaN surface. From the evolution of the total amount of oxygen, we can
conclude that similar oxide thicknesses are yielded on both samples upon annealing, with values

of 4.7 A and 5.1 A for the as-grown and the dry-etched GaN samples respectively.

The in-depth pAR-XPS (Figure 79) analyses exhibited a similar behaviour between both
surfaces as well. Indeed, as seen previously on the as-grown GaN (Figure 79 (a)), the Ga-O
contribution from the Ga 3d peak gradually increased towards the surface (going from 4.4 to
7.7 at.%) while after RTP annealing the variation of the Ga-O component with take-off angle
was less marked (going from 14.4 to 15.6 at.%).
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Figure 79. Evolution of the Ga-0 at.% from the Ga 3d peak before and after RTP annealing at 850°C for (a)
as-grown GaN and (b) dry-etched GaN

For the dry-etched GaN prior to annealing, the Ga-O contribution was initially more
uniformly distributed over the entire probed depth, with a small difference between the bulk
angle and the top surface of 1.31 % (Figure 79 (b)) and after annealing at 850°C, the variation

of the Ga-O at.% seemed to increase but the values were within the error bars.

V.25 Conclusions

This initial RTP study on as-grown GaN showed a progressive increase of the total O
Is at.% level with increasing temperature. The equivalent oxide thickness for the samples
annealed at 850°C and 900°C were 4.7 A and 5.7 A respectively, versus 2.0 A prior to RTP.
Once again, the equivalent oxide thickness could not be determined for the sample annealed at

950°C due to a high roughness.

In depth pAR-XPS study showed as expected an increasing Ga-O at.% when
approaching the surface. Along the surveyed layer, the Ga-O at.% distribution was gradually
increasing toward the surface after annealing at 850°C and 900°C. The distribution was uniform
after annealing at 950°C, likely due to higher roughness. Annealing at high temperature induced
rougher surface, with RMS roughness around 1.2 nm and 2.3 nm for samples annealed at 850°C
and 900°C respectively, it reached 24 nm when annealed at 950°C. Grains were visible
regardless of the temperature, and these were interpreted as gallium oxide. Their size increased

with the increasing temperature.

The comparison of an as-grown GaN and a dry-etched GaN revealed a larger amount of
oxygen adsorbed on the as-grown GaN. Both surfaces ended up to exhibit approximately the
same equivalent oxide thickness. In depth analyses highlighted small differences between the

two surfaces.
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IV.3. Comparison between the dry techniques

These studies highlighted that in presence of oxygen during annealing, as-grown GaN
tended to adsorb more oxygen at the surface. Indeed, for both techniques used, when oxygen

was present during the anneals, as-grown GalN exhibited more oxygen.

The in-depth analyses of the Ga-O component extracted from the Ga 3d spectra brought
into light the possible migration throughout the surveyed layer. For laser annealing the
migration was eased with the increasing number of shots and a uniform distribution of Ga-O
bonds was reached at 1000 shots for an energy density of 1.0 J.cm™, if not at 300 shots. Indeed,
the example of the sample, which received 300 shots, was exposed to air several days before
measurement and could explain the uniform distribution of Ga-O bonds throughout the depth.
By contrast, the dry-etched GaN showed a less even distribution of Ga-O bonds and less Ga-O
bonds were detected at the surface angle, i.e. 76.25°, than for the as-grown GaN. This persistent
Ga-O gradient for the dry-etched was assigned to a higher number of N vacancies initially
present compared to an as-grown surface. However, regardless the surface, the presence of
oxygen during annealing enabled an easier migration of oxygen atoms toward the bulk. Indeed,
after laser annealing under N2 flow the Ga-O bonds percentage were predominant at the surface,
except when 3000 shots were performed. Unfortunately, a too high number of shots had
detrimental effects on the surface morphology. For the same amount of Ga-O bonds found at
the bulk, RTP annealing at 850°C allowed to keep a clean surface morphology. However, the
dry-etched GaN was more prompt to exhibit a rougher surface due to initial oxide growth at
dislocation sites. Concerning the surface chemistry of RTP annealed samples, a linear increase
of the Ga-O bonds toward the surface was observed among the six first angles. Unlike laser
annealing, the dry-etched surface exhibited a slightly higher amount of Ga-O. This behaviour
could be explained by the fact that due to vacancies and dangling bonds the dry-etched surface
combined with a high temperature, the nitrogen atoms desorbed more easily. Indeed, more NOx
species was found adsorbed at the surface of the dry-etched GaN. The NOx species were not
detected after laser annealing except when the sample was exposed to air several days, which
was the case of the as-grown sample shots 300 times at 1.0 J.cm™. This observation
demonstrated that while oxygen atoms migrate to the surface, the nitrogen atoms bond with
oxygen forming more volatile oxides than that of the gallium oxides. The observation of NOx

at the surface was consistent with the following reaction:

GaN + O2 — GaOx + NOx
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Furthermore, nitrogen removal seemed to be eased with the help of the structural defects
induced by the previous plasma on the GaN surface. Indeed, the formation of small oxide cluster
was observed in AFM images on the dry-etched GaN only. The vacancies, dangling bonds, and
maybe the more exposed threading dislocations induced by the plasma enhanced the formation
of oxide grains. A mechanism of thermal oxide growth was proposed by Yamada et al. [87]

where they found that the formation of oxide grains was initiated at the surface defects at 850°C.

IV.4. Wetetching on RTP annealed GaN surfaces
V4.l A technique toward digital etching

In order to get an atomically clean surface, a method discussed in section 1.5.4 is to form

an oxide film, then etch the oxide by wet etching.

Based on the systematic review, we observed that hot HCI (70°C) was a good option for
etching the native oxide present at the surface of the GaN wafers. The adsorption of chlorine
was assumed to hinder the re-oxidation after treatment. In addition, (NH4)2S exhibited a
reduction of the oxide thickness, and probably hinder the re-oxidation of GaN as well.
Therefore, we performed, in the same conditions as presented in chapter III.1.1, HCI at 70°C
and (NHa4)2S at RT wet etching, on the 850°C RTP annealed-samples. Once again, as-grown
and dry-etched GaN samples were investigated. In order to appreciate the etchant effect of HC1
and (NH4)2S on the surface morphology and the possibility of oxide removal, we performed

AFM measurements.

RTP 850°C RTP 850°C + HCI RTP 850°C + (NHy),S
2nm
R\
As grown
2x2 i
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Figure 80. AFM images before and after HCl and (NH4)2S wet etching on annealed as-grown and dry-
etched GaN samples
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After HCI treatment, both surfaces exhibited holes related to threading dislocations.
Larger pits were present on the as-grown surface, with a size going from 0.043 um to 0.114
um, with a total of 80 dislocations, which was higher than the pit density after RTP annealing.
Therefore, we can suggest that during the time between the annealing and the wet etching, oxide
clusters started to grow at dislocations and defect points, and were etched with HCI, leaving
etch pits on the surface. On the contrary, the dry-etched surface exhibited 37 pits, with a
homogenous size distribution around 0.056 pm. Surprisingly, the number of pits did not match
the number of the white dots encountered before the HCI treatment. Due to poor image quality,

the density of pits may have been underestimated.

As for the (NH4)2S treatment, no etch pits were visible on as-grown samples. For the
dry-etched GaN sample, oxide grains were visible with a density of 2.4x107 per cm2, similar to
that of before the wet etching treatment (2.1x107 per cm?). However, the mean diameter of the
oxide grains was 27.8 nm, versus 40.8 nm after RTP without wet etching treatment. Therefore,

the (NH4)2S wet treatment had a limited etchant efficiency on the thermal oxide grains.

The evolution of the total amount of oxygen and the equivalent oxide thickness are

shown in Figure 81.
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Figure 81. Impact of the RTP annealing followed by HCI or (NH4).S wet etching on (a) the relative total O
1s at.% and (b) the equivalent oxide thickness

The total amount of oxygen (Figure 81 (a)) detected on the oxidised samples, i.e. RTP
annealed samples, decreased after immersion in HCI. This decrease was observed on both
surfaces, in agreement with the AFM measurements. Moreover, the initial amount of oxygen
of the untreated samples exhibited a higher at.%. Therefore, the combination of annealing and

wet etching in HCI enabled a lower amount of oxygen than an untreated post-epitaxy GaN. It
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can be noted that the amount of oxygen on the dry-etched sample was similar to that of the as-
grown, which indicated that we might have recovered the surface from the prior damage
induced by the dry-etching processes. However, the use of (NH4)2S as an etchant on
intentionally oxidized GaN was less effective to remove the oxides compared to HCI treatment.
Indeed, for the dry-etched GaN the total amount of oxygen was similar to that of the annealed
sample. However, for the as-grown GaN the level increased of about 20%. This important rise

was mainly caused by a contamination of SiO2 as shown in Figure 82.
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Figure 82. (a) pAR-XPS Si 2s peak and (b) EDX images related to SiO, contamination on the as-grown GaN
samples

The intensity of the Si 2s peak (Figure 82 (a)) related to SiO2 was higher at the extreme
surface angle (76.25°) than at the bulk angle (23.75°), which indicated that the contamination
was located at the surface, which is in agreement with the EDX images (Figure 82 (b)) which
exhibited a thin layer of few nanometres at the surface as well. This contamination might have

occurred during the annealing.

The impact of the HCl wet etching on the equivalent oxide thickness (Figure 81 (b))
exhibited a decrease on the RTP annealed sample for both surface. However, it must be noted
that for the dry-etched sample, the model did not fit and the estimation was therefore wrong.
Concerning the effect of (NH4)2S treatment, we can notice a decrease of the oxide thickness for
both surfaces, which indicates two things. First, that the total amount of oxygen detected after
(NHa4)2S (Figure 81 (a)) was indeed not related to the oxidation of GaN but was related to the
presence of SiO:2 at the surface. Second, the estimation of the equivalent oxide thickness did

exhibit etchant properties, which was not revealed by the total amount of oxygen. This
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difference came from the fact that the Ga 2p core-level is more surface sensitive than the O 1s

core-level.

To conclude, HCI was an efficient etchant that hindered further oxidation whereas (NH4)2S
was less effective. The removal of the oxide layer after HCI treatment indicated that the oxide
growth starts at dislocations in agreement with [87]. The pits were more visible on the as-grown
surface. Indeed, the pits had been enlarged, which was not the case on the dry-etched surface.
This difference between the two surfaces could be explained by the direct accessibility of the
dislocations where oxygen atoms are adsorbed, on as-grown GaN samples. Moreover, this study

highlighted the capacity of GaN to continue to oxidise after RTP.

V42 A technique to enhance chemical passivation

The combination of HCI followed by (NH4)2S treatment was investigated with the aim
to etch then passivate the surface. The annealed samples treated by HCI were immersed in
(NHa4)2S. AFM measurements were conducted to investigate the surface morphology (Figure

83).

RTP 850°C RTP 850°C +HCl  RTP 850°C + HCI +(NH,),S
2nm
N
As grown
2X2 pm
-2nm
RTP 850°C RTP850°C +HC1 ~ RTP 850°C +HCI+(NH,),S
) . . 2nm
Dry-etched
-2nm

Figure 83. AFM images before and after HCl and HCl+(NH4)2S wet etching on annealed as-grown and dry-
etched GaN

The as-grown sample exhibited some white dots on the surface, probably oxide grains.
Therefore, we assume that oxidation occurred after the HCIl treatment. However, the
dislocations were less visible than after the HCI wet treatment. Conversely, for the dry-etched
GaN samples, no oxidation grains appeared after the HCI treatment or the little grains that might

have grown had been etched by the (NH4)2S treatment.
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pAR-XPS analyses focused on the amount of oxygen and the oxide thickness were estimated

(Figure 84).
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Figure 84. Impact of the RTP annealing followed by HCl and (NHa4),S wet etching on (a) the relative total O
1s at.% and (b) the equivalent oxide thickness

The total O 1s at.% (Figure 84 (a)) exhibited a slightly higher amount compared to the
samples only treated by HCI. This trend was observed for both surfaces and ended up with the
same amount of about 14 at.%. The increase observed for the as-grown was in agreement with
the AFM image (Figure 83, top line), where oxide grains were observed. In the case of the dry-
etched GaN this increase did not lead to oxide growth but could be observed in the future. The
re-oxidation process might therefore be delayed in the case of dry-etched surface. This delayed
effect could come from the amorphous material to be etch in the first place, but also to the less

accessible dislocations, where the oxidation seems to start.

The equivalent oxide thickness were calculated and did not show evidence of more
oxidation. Indeed, the oxide thickness remained around 2 A. However, note that the model did
not fit well for both surfaces. Note that the presence of sulphur was not detected on both

surfaces.

Iv43 Conclusions

To conclude, the use of RTP as an oxidation step for digital etching might not be suitable
especially on heteroepitaxial GaN-on-Si. Indeed, the oxidation process starts preferentially at
dislocations. This entry point lead then to an oxide layer. The removal of the oxide layer led to
larger pits, which supports the assumption that the white dots on AFM images were oxide grains
and not particles. Nevertheless, RTP on dry-etched surface showed a delayed oxidation. This
was explained by the fact that the accessibility of the dislocations was restrained by the previous

plasma, hindering the adsorption of oxygen at those sites.
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Chapter V - Destabilising the surface of GaN by wet

etching



V.1.  Hot sulphuric acid: hydrogen peroxide mixture

The previous pAR-XPS systematic study on GaN wafers (section III.1.1) highlighted the
fact that the temperature had an important role in etching the quasi-inter surface of c-plane, with
Ga polarity GaN. In particular, we saw that H3PO4, which has the highest boiling point of the
chemical treatments used, had the biggest impact on the estimated equivalent oxide thickness.
High temperature could also be reached with H2SO4 and H2SO4:H202 mixtures. In the following
paragraphs, we investigated the impact of H2SO4:H202 mixture and H3PO4 when used during a
more extended period of time at high temperatures to initiate a considerable modification of the

surface chemistry, with the expectation of Ga-N bonds cleavage.

V.1.1 Equipment and conditions of the wet treatments

We conducted the treatment on a semi-industrial automatic cleaning equipment from
SubMicron Systems Corp. The wafer was immersed into a tank where the concentration of
etchant solution was set to 110 mL of H202 (30 vol. %) in 40 L H2SO4. At each immersion of
the wafers, a spike of H202 was automatically injected. The temperature of the tank was
regulated at 110°C. In order to modify the surface chemistry, the wafer was immersed for 2.5
minutes into the tank then rinsed in warm deionised water for 30 seconds. The immersion in

the H2SO4:H202 mixture followed by the rinsing step was repeated 40 times.

V.1.2GaN substrate

In order to check the possibility of a relevant etching rate, we used GaN wafers caped
with GaN/AIN additional layers, so that it would be possible to measure any reduction in the
thickness of the GaN layer using X-ray reflectivity. The thickness of the GaN and AIN layers
were 16 nm and 2.5 nm respectively (Figure 85) and were measured before and after

H2S04:H202 repeated treatments.
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GaN layer 16 nm

AIN 2.5 nm

GaN layer 1.8 um

GaN/AlGaN buffer L5 um

AIN 300 nm
Si(111) 1 mm

Figure 85. GaN layers stack used for the wet H,S04:H20, mixture study

V.1.3 Influence on the surface chemistry

We investigated the impact of the hot H2SO4:H202 mixture on the surface chemistry of the GaN
surface via pAR-XPS. Figure 86 shows this impact on the Ga 3d and N 1s peaks.
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Figure 86. Evolution of (a) the Ga 3d spectra and (b) the N 1s spectra after 40 cycles of H,S04:H;0;
mixture/ deionised water

It can be noticed from Figure 86 (a) an important increase of the Ga-O contribution of
the Ga 3d peak after repeated immersions into H2SO4:H202. Furthermore, the peak shifted to
0.3 eV toward higher binding energies. However, no significant shift was observed for the N
1s peak (Figure 86 (b)). The shift of the Ga 3d peak toward higher binding energies and the
diminution of its intensity could be related to a high amount of OH groups at the surface. Indeed,
as shown in Figure 87, the O 1s spectra shifted toward higher binding energy. Furthermore, we

can observe that the FWHM was smaller after the H2SO4:H20:> treatments with 1.9 for the
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treated sample versus 2.7 for the untreated one. Although the O 1s could not be deconvoluted,
the shift and the reduction of the FWHM suggested the adsorption of an electronegative group,
such as OH" or the formation of Ga hydroxide. Furthermore, the peak was centred around 532.5
eV, which was reported to be related to the introduction of hydroxyl groups through the
dissociative adsorption of water molecules [34, 94]. The adsorption of hydroxyl groups after
H2S04:H202 mixture has already been reported [48] and even used to functionalise the surface

of GaN through hydroxylation reactions [96].
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Figure 87. O 1s spectra before and after H,S04:H,0>

We investigated the presence of hydroxyl groups by contact angle measurement, which
is an effective measure to evaluate the hydrophilic or hydrophobic nature of a surface. We used
the sessile drop technique shown in Figure 88. A water drop is deposited onto the surface with

a syringe and is automatically measured by the Advance (Kriiss) software.

Figure 88. Contact angle measurement by the sessile drop technique (Kriiss website)

The modification of the wettability can be attributed to the presence of OH species,

oxidation [97] or also to the morphology [98]. In [97], the wettability was modified due to the
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high electronegativity of the oxygen incorporated which increases the dipole moment of the

surface and enables polar liquid like water to bond via hydrogen bonds or Van der Waals forces.

After the H2SO4:H20: treatments, the surface was hydrophilic, with a contact angle of
56° (0 <90°). However, the contact angle was increased compared to an untreated GaN surface

for which the contact angle was 40°.

The increase of the carbon level might be responsible for the increase of the contact
angle. As shown in Table 6, the total amount of carbon detected increased by 7.9 at.%. The total
amount of oxygen only increased by 2.3 at. %, and the peak position of the O 1s peak indicated
a change in the bonding state of oxygen that might be related to the formation of a Ga-OH layer
on top of the GaN layer. Indeed, the Ga-O contribution increased about 3.3 at.% after the
H2S04:H20: treatments.

Ga-N | Ga-O | N-Ga | N-Ga-O | O C | Ga/N
REF 194 | 74 | 21.0 1.5 19.0 | 32.0 | 0.48
H>SO4:H202 | 11.3 | 10.7 | 14.2 2.6 21.3 1399 | 0.44

Table 6. Atomic percentage (at. %) of GaN before and after H,S04:H,0, treatments

The decrease of the Ga/N ratio after H2SO4:H20: treatments suggested a loss of Ga-N
bonds at the surface. The large contribution of OH species at the surface could have created
gallium hydroxides, like Ga(OH)s that might have been dissolved in the liquid medium.
However, the equivalent oxide thickness increased from 1.7 A t02.2 A after treatments, which
contradicts the putative etching of the surface by the formation of soluble gallium hydroxides.
Therefore, the amount of gallium lost at the surface might be related to specific etching on

defect points, which expose other faces than the c-plane that are more reactive towards etchants.

V.1.4 AFM and XRR measurements

The overall XPS investigations may suggest that the H2SO4:H202 mixture could have
etch at defect points by forming gallium hydroxides, which were subsequently dissolved in the
etching solution. Thus, we performed AFM measurements in order to evaluate the impact of

the repeated H2SO4:H20:2 treatment on the surface morphology as shown in Figure 90.
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Figure 89. AFM image of the surface of GaN after several H,S04:H20; treatments

We found white dots on the surface which may be linked to the presence of the OH
species. Furthermore, some white dots were located next to dislocations and atomic steps, which
could confirm our assumption, that the species of the H2SO4:H202 mixture attacked at defects

points, here the dislocations or atomic steps, while no etching was observed at the c-plane.

It is important to keep in mind that the white dots represent interactions with the tips, and were

thus not considered as oxide or hydroxide grains.

XRR measurements were also conducted in order to see if the wet treatments had etched
the 17 nm GaN top layer. The measurements were performed at three different points, which
were located at the centre, the mid-radius, and the edge of the wafer. The results are listed in

Table 7.

GaN/AIN cap thickness (nm)
Centre Mid-radius (45 mm) Edge (80 mm)
GaN AIN GaN AIN GaN AIN
Untreated 17.1 2.7 16.0 2.6 14.2 1.8
H2S04:H202 17.2 2.7 16.0 2.6 14.2 1.9

Table 7. Evolution of the GaN/AIN cap thickness after the H,S04:H,0; treatments

Again, no evidence of etching properties could be found, with no change in the thickness
of the GaN/AIN remained the same after the H>SO4:H2O:> treatments. Therefore, one
explanation of the gallium atoms loss could be their removal at the defects points where the

surface is less stable.
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V.1.5 Evolution of the surface morphology overtime

The XPS analysis revealed OH coverage over the surface. However, the XPS analyses
were only performed four months after the H2SO4:H20: treatments. This paragraph intends to
show the evolution of the surface morphology several months after the treatments. Figure 90
exhibits the surface morphology a few days after dipping the wafer into the solution. As we can

see, no morphological changes could be observed after the H2SO4:H20:2 treatments.

(a) (b)
: 2nm
i
-2nm

Figure 90. AFM images (a) before and (b) after H2S04:H20, treatments

However, after performing new AFM measurements one month later (Figure 91), white
dots started to appear all over the surface (Figure 91 (a) and (b)) and more specifically next to

dislocations were visible (Figure 91 (b)). Two months later, the density of white dots had greatly
increased (Figure 91 (c)).

1.5x1.5pm *

Figure 91. Evolution of the white dots after H,S04:H,0; treatments, (a) one month after the treatment (b)
a zoom image of (a) showing the white dots near dislocations and (c) the evolution of the white dots 3
months after the treatments
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The evolution of the white dots on the surface suggested that the modification of the
surface chemistry started at dislocations then spread on the surface, perhaps through the atomic
steps. This is similar to results in the literature, which suggest that oxidation starts at

dislocations [87].

V.2.  Hot phosphoric acid

V.2.1 Equipment and conditions of the wet treatments

Hot phosphoric acid (H3POs4) treatments were performed on a semi-automatic wet bench
from SAPI. This equipment has the advantage to maintain the water in the solution while
heating at high temperature, by adding periodically water which immediately mix with the acid
to maintain the temperature. This way, the H3POs4 solution keeps its initial concentration, which

was 85% (w/w).

The treatments were performed at 155°C and the immersion of the samples in H3PO4
was set for four different durations: 10, 20, 30 and 60 minutes. Then the samples were rinsed

in deionised water and dried under N2 flow.

V.2.2 Substrates

As mentioned in section 1.4.2, for the transistor fabrication, a dry etching step is used to
remove the AlGaN layer and thus depletes the 2DEG. Such energetic treatments induce surface
damages and thus modify the surface. Therefore, for this study, we evaluated the impact of hot
phosphoric acid (155 °C) on two kinds of GaN surfaces: as-grown and dry-etched surfaces, in
order to be closer to the transistor manufacturing process. The standard dry etching process was
an initial inductive coupled plasma reactive induced etching (ICP-RIE), which was a Cl2/BCls-
based plasma. The second step was an Atomic Layer Etching (ALE) Ar-based plasma, which
is a less energetic etching step intended to remove the damaged layer. The ALE step was
introduced because it has shown to improve electrical properties after ICP-RIE. For example,
in a previous work [99], a final ALE step after ICP-RIE allowed the reduction of the sheet
resistance of the 2DEG channel of the AlGaN/GaN heterojunction. Indeed, the plasma

treatments are known to increase the resistance sheet which indicates electrical degradations.

During the transistor fabrication, the formation of the gate (and the contacts) of the
transistor is performed with photolithography. A photoresist layer coating is deposited, exposed

according to lithographical masks to define the gate, and then developed, thus defining the zone
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to be etched. Then, the ICP-RIE takes place forming the gate. A stripping sequence is then
required after etching in order to remove the remaining photoresist layer coating, as well as the
etching residues. The stripping sequence consisted of an O2 plasma followed by a wet cleaning
step in DuPont™ PlasmaSolv® EKC 265™, which is a hydroxylamine-based commercial
solution formulated to remove post-etch residue. For this study, and in order to keep the carbon

contamination of the surface constant, no photoresist layer coatings were used.

The layer stack of the wafers was the same as those presented in section III.1.1, except
that the GaN buffer was intentionally n-doped with silicon, with a carrier concentration of
5x10'7 cm. These layers allowed us to evaluate the impact of hot phosphoric acid on the

electrical properties.

V.2.3 Influence of immersion time into H3POg4

V.23.1. Influence on the GaN surface chemistry

We investigated the effect of H3PO4 over time on both the as-grown and dry-etched
surfaces and the Ga 3d spectra are shown in Figure 92. It can be noticed that, before H3PO4
treatment, the dry-etched sample did not exhibit a shift toward higher bonding energy compared
the as-grown sample, unlike [99, 100]. This may be because, after plasma treatments, the
samples were dipped into EKC265™, which had an etchant effect, removing the oxides created

by the plasmas.

After the H3POs4 treatment, the Ga 3d peaks shifted towards higher binding energies, by
about 0.7 eV and 0.5 eV for as-grown and dry-etched samples respectively. A shift toward
higher binding energy typically revealed the adsorption of oxygen in Ga-O* or Ga-OH" forms
[3, 82].

Furthermore, a clear increase of the Ga-O component area could be noted when the
samples were immersed for 30 and 60 minutes in H3PO4. However, no change in the Ga-O
component was observed after 10 and 20 minutes. The contributions in percent of the Ga-O
component are shown in Figure 93, with the formation of a gallium hydroxide starting from 30

minutes of treatment.
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Figure 92. Evolution of the Ga 3d spectra of (a) as-grown GaN and (b) dry-etched GaN at different time of
H3PO4 treatment

Dry-etched samples were slightly more oxidised than as-grown samples, in line with previous
work [102]. We can also see from Figure 93 that the Ga-O amount of the dry-etched samples
decreased and the difference between as-grown and dry-etched samples was reduced after 10
minutes in H3PO4. Thus, the decrease of the Ga-O component for the dry-etched sample was
likely due to surface damage removal. We assume that the dry-etched GaN had initially more
active sites that might be related to dangling bonds and vacancies, enabling the formation of
Ga-O bonds, while for the as-grown GaN fewer active sites were initially present. However,
the number of active sites significantly increased between 30 and 60 minutes. In addition,
between 30 and 60 minutes of treatment, the as-grown sample gained almost 10% more of Ga-
O contribution whereas the dry-etched sample barely gained 3%. This means that after 60
minutes, they both had around 70% of Ga-O.
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Figure 93. Evolution of the Ga-O component from the Ga 3d as a function of time in H3PO4

The analysis of the N 1s spectra led to a similar conclusion (Figure 94). After
deconvolution, there was an increase of the N-Ga-O component at the expense of the N-Ga
component. As for the Ga 3d spectra, the N-Ga-O contribution started to increase after 30
minutes of treatment and further increased with the H3PO4 treatment duration. However, no
shifts toward higher binding energy was observed for 30 and 60 minutes after immersion in
H3POs4for both surfaces. However, shifts can be observed after 10 and 20 minutes of treatments,
and the N 1s peaks of as-grown samples shifted by 0.38 eV and 0.68 eV for 10 and 20 minutes
respectively. In the case of dry-etched samples, the N 1s peaks also shifted after 10 and 20-

minutes treatments. In this case, the shifts were the same for both times, about 0.54-0.55 eV.

The shifts toward higher binding energies observed for the Ga 3d and the N 1s spectra
after H3PO4 could be attributed to charge effects due to the adsorption of PO3~ and hydroxyl

groups.
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Figure 94. Evolution of N 1s spectra of (a) as-grown GaN and (b) dry-etched GaN at different times of
treatment in HzPO4

The relative atomic percentage (at. %) of elements present at the surface are shown in Table 8

and Table 9, for the as-grown and dry-etched samples respectively.

Time in H3POy4 | Total C % | Total O % | N-Ga % | N-Ga-O % | Total P % | Ga-N% | Ga-O %
(min) (Cls) (Ols) (N1s) (N1s) P2p) (Ga3d) | (Ga3d)
0 29 21 20 5 0 17 8
10 22 23 20 3 9 16 7
20 22 23 20 3 8 19 5
30 24 22 16 6 8 10 14
60 33 22 10 6 9 6 13

Table 8. Relative atomic percentage of elements present at the surface of the as-grown GaN samples

Time in H3PO4 | Total C % | Total O % | N-Ga % | N-Ga-O % | Total P % | Ga-N% | Ga-O %
(min) (Cls) (O1s) (N1s) (N1s) P2p) (Ga3d) | (Ga3d)

0 24 19 23 5 0 21 8

10 22 26 18 3 9 16 6

20 20 27 16 3 11 17 6

30 24 22 16 6 8 9 15

60 27 22 13 7 8 8 15

Table 9. Relative atomic percentage of the elements present at the surface of the dry-etched GaN samples
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The amount of PO}~ detected did not significantly change over time. Except for the dry-
etched sample after 20 minutes of immersion, the atomic percentage (at. %) of P 2p was around
8 to 9 at. %. The amount of adsorbed phosphorus has been reported to be correlated with the
treatment temperature [103], but we did not explore different temperatures in this study. Due to
this relatively high amount of phosphorus, i.e. PO}, the O 1s spectra were difficult to
deconvolute. Therefore, the amount of oxygen refers here to the total amount of O 1s detected

which could include, Ga-O, PO3~, C-O, etc.

The total amount of oxygen remained largely unchanged throughout the different
treatment times. Although the O 1s spectra could not be deconvoluted (Figure 95) , the shifts
of the peaks toward higher binding energy and the increase of intensity around 533 eV,
indicated a relatively important adsorption of OH groups [104]. The adsorption of PO3~could
also be responsible for this increase and the shifts. The adsorption of OH groups at the surface
explains the shifts of the Ga 3d spectra as well as of the N 1s for 10 and 20 minutes. Therefore,
between 10 and 20 minutes, for both surfaces, a certain amount of OH groups may be present
at the surface, leading to peak shifts. After 30 minutes, dangling bonds are created which are
passivated with the OH groups present in the solution, promoting thereby the formation of some
forms of gallium hydroxides. The formation of hydroxides at the surface is consistent with other

works using H3POas based treatments [103, 104].
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Figure 95. Evolution of the O 1s spectra of (a) as-grown GaN and (b) dry-etched GaN at different time of
H3PO4 treatment
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The evolution of the Ga/N ratio, which was calculated based on the Ga-N component of
the Ga 3d and N 1s peaks is presented in Figure 96. A decrease was observed after 30 minutes
of H3PO4 treatment for both surfaces. This result revealed a non-stoichiometric distribution of
the gallium and nitrogen atoms at the surface, which was initially not far from Ga/N=0.5. After
30 minutes of treatment, the Ga/N ratio reached 0.40 and 0.35 for the as-grown GaN and the
dry-etched GaN respectively. While the ratio did not change after 60 minutes for the dry-etched
GaN, it was reduced to 0.37 for the as-grown GaN. Therefore, the Ga-N bonds at the surface
were dissociated by the POx species, forming gallium hydroxide, in line with the work of

Shintani et al. [53].

7

055/ As grown ]
@ Dry etched
‘ [ ]
0,50 |
o
=z @
o 0,45
O]
0,40 - ]
0,35 ] ®
0,30 : : : ; 7/ :
0 10 20 30 60

Time in H;PO, (min)

Figure 96. Evolution of the Ga/N surface ratio on as-grown and dry-etched GaN as a function of time in
H3PO4

The dissociation of the Ga-N bonds might have resulted in the replacement of nitrogen

atoms by oxygen atoms as illustrated in Figure 97.
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Figure 97. Scheme of the expected connections at the surface after H3PO4 treatment
The surface, which was initially covered by native oxide, was attacked at reactive sites,
PO3~ dissociating the Ga-N bonds, as suggested by [53]. The treatment or the subsequent
rinsing in deionised water, provided hydroxyl groups on the surface as well. Note that the exact

nature of the Ga-OH and Ga-POx bonds are unclear.
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V.23.2. Influence of H3PO4 on the morphology

The GaN surface morphological changes were examined by AFM as shown in Figure
98. We can see that, prior to H3PO4 treatment, the as-grown sample clearly exhibited defined
rounded atomic steps, together with dark spots associated with threading dislocations having a
screw type component. For the dry-etched sample, the surface was rougher because of the

plasma treatment and it is difficult to clearly see atomic steps and dislocations.

As grown GaN

REF ;

2.0 nm

2%2 pm

Dry etched GaN
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Figure 98. AFM images before and after hot H3PO, treatment at different durations

For the as-grown sample, the atomic steps became straight and crystallographically
aligned after 10 minutes of immersion in H3PO4. After 20 minutes, steps started to become
triangular before becoming parallel after 30 minutes of immersion. Dark spots associated with
threading dislocations on the as-grown sample evolved into well-defined hexagonal pits after
60 minutes in hot H3POs in line with the literature results on c-plane GaN [103—-106]. In this
case, there were 22 large pits after 60 minutes, compared with 21 pits on the surface of the as-
grown sample without H3PO4 treatment. Larger holes were likely the emergence pits of
dislocations with a screw component, while smaller ones could be pure edge type. The total
density of threading dislocations was therefore of about 1.9x10° ¢m™, in line with the
observations by Yon et al. [108] on similar samples. However, it is important to note that after
60 minutes, some of the large holes had hexagonal structures of different sizes, which is likely

due to their overlapping making an accurate counting of dislocations difficult (Figure 99 (a)).
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Figure 99. AFM images of (a) overlapping dislocations and (b) a single dislocation of the surface of an as-
grown sample after 60 minutes in HzPO4

These AFM images indicated that etchant species attacked at defect points, i.e.
dislocations or surface defects, in agreement with [55]. Indeed, the (0002) surface is very stable
so the H3POu is not expected to attack everywhere. It is more likely that the attack occurred at
non-equilibrium positions such as dislocations, atomic steps edges, or surface defects. Etching
is reported to be dependent on the number of dangling bonds on the surface [28]. This is
coherent with the opening of dislocations, which exposes inclined planes, with therefore
different crystalline orientations on the surface, which can be attacked more easily. Atomic

steps became aligned and straighter, in order to reduce their energy.

For the dry-etched sample, the surface started to show changes after 20 and 30 minutes,
with the appearance of small triangular structures. After 60 minutes of immersion in H3POu,
the dry-etched surface exhibited straight atomic steps similar to those of the as-grown sample

after 30 minutes in H3POs4. This evolution is shown schematically in Figure 100.

Step 1 Step 2 Step 3 Step 4
Disordered Reorganisation Merging creating bigger triangles Merging creating parallel
small triangles of the small Incomplete atomic steps steps ‘
triangles (at the same time etching occurs (depending on the surface,
in dislocation) hexagonal structures also
appear)

Figure 100. Evolution of the GaN surface for different durations in H3PO4. The black line is a visual guide to
delimit the atomic steps
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Based on these observations, we can thus suggest the following dry-etched recovery
mechanism upon immersion in H3PO4. The use of a plasma treatment results in an amorphous
surface where surface defects are not directly accessible. The kinetic migration of the wet
etchant species toward active sites is therefore decreased. The H3PO4 wet etching starts first
with the removal of the amorphous layer caused by the dry etching. Next, the re-organisation
of the surface starts, with the emergence of small triangular structures (Figure 100, step 1).
Small triangles merge overtime (Figure 100, step 2 and 3), leading to the appearance of parallel
atomic steps oriented along the same crystallographic direction (Figure 100, step 4), as seen for
the as-grown sample. During that stage, there is a progressive revelation of dislocations. Finally,
based on the AFM image of the as-grown sample (Figure 98, top line), it is likely that
dislocations will be further opened on GaN dry-etched surfaces for immersions longer than 60

minutes, with the same dislocations opening and merging [106].

V.2.3.3. XRR measurements

The AFM images clearly exhibited the etching properties of H3POa4 at non-equilibrium
areas like atomic steps edges, dislocations and surface defects. Therefore, in order to see if the
c-plane could be attacked as suggested in [109], we conducted XRR measurement on a GaN
wafer capped with an additional GaN/AIN layers like presented in paragraph V.1.2, but with
an initial thickness of about 26 nm and 2 nm for the GaN and AIN layers, respectively . The
experiment was performed on an as-grown GaN immersed in H3PO4 for 60 minutes in the same
conditions as those used before. We chose the duration time of 60 minutes because it exhibited
the clear signs of over etching as presented in Figure 99. The results of the impact of H3PO4 on

the GaN cap are shown in Table 10.

GalN/AIN cap thickness (nm)
GaN AIN
Untreated 259 2.0
H3PO4 60 minutes 25.0 2.0

Table 10. Evolution of the GaN/AIN cap after a 60 minutes H3PO4 treatment on as-grown GaN

The thickness of the GaN cap was slightly reduced by 0.9 nm. This is a significant result
and not within the error of the measurement, as the XRR data showed a clear change in

frequency between the two measurements (Figure 101).
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Figure 101. XRR scans before and after H;PO,4 treatment (60 minutes)

Two possible scenarios might have occurred during the 60 minutes in H3PO4. The first
possibility is that there was a vertical attack, i.e. c-plane that might have reduced the thickness.
This case was suggested by Reiner et al. [109], where they used SEM and EDX analysis to
propose a mechanism in which through dislocations, OH™ groups induced, steeper and more
vertical etch rates. However, it seems unlikely that there would be an etch rate of 0.9 nm per
hour, which is extremely slow. The second possibility is that the attack is only lateral, and due
to etch back the atomic terraces, the overall thickness is reduced. Finally, a third scenario
combines the two cases described before where both, vertical and lateral attacks occur,

however, with a higher lateral etching rate than that of the vertical.

V.2.4Influence of the ALE within the dry etching processes
V.24.1. Influence of H3POs on the surface chemistry

The delayed effect of H3PO4 on the dry-etched samples prompted us to investigate its
effect at each step of this standard dry etching process. Table 11 summarises the dry etching
steps of the studied samples. Samples A and B, which had been studied in the previous section,

were used as references. Sample A stands for the as-grown GaN and sample B the standard dry-

etched GaN.
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Etching steps prior to H3PO4

ICP-RIE | ALE | Strip. O2 | EKC 265™
Sample A
Sample B v 4 4 v
Sample C v v v
Sample D v v

Table 11. Different dry etch treatment applied prior to H3PO4 wet etching

In particular, having shown the ability of H3PO4 to recover atomic steps after dry
etching, this was also intended to examine whether the use of H3PO4 could avoid the need for

expensive and time-consuming ALE.

The samples were immersed in H3POs4 for 30 minutes. This duration was chosen since
it showed an impact on the surface chemistry without causing major degradations, such as wide
dislocations opening, on both as-grown and dry-etched surfaces. This was also considered an
acceptable time for industrial applications. The Ga 3d spectra before and after H3PO4 treatment
are shown in Figure 102. Prior to H3POs4, the Ga 3d spectra of sample D exhibited a large
contribution of the Ga-O component, whereas the sample C did not. Thus, the ALE probably
allowed the formation of dangling bonds and vacancies leading the adsorption of oxygen, and
forming some oxides at the surface. However, the stripping sequence did not exhibit the same
amount of Ga-O and we suggest that the EKC 265™ step etched the oxides formed after the O2

stripping. Therefore, all samples exhibited a different surface chemistry.

As a result, samples C and D did not exhibit the same evolution as the standard dry
etched sample (sample B) nor the as-grown sample (sample A) after immersion in H3POas.
Indeed, no increase of the Ga-O component was observed on samples C and D. On the contrary,
when the dry etching sequence stopped at the ALE step (sample D), a decrease of the Ga-O
component was observed. Therefore, the H3POa4 enabled the removal of oxides formed after the
ALE step. As discussed above, for a duration between 10 to 20 minutes, H3PO4 enabled the
removal of some oxides as well for the standard dry etched GaN, sample B (Table 9 and Figure

93).

127



Sample A Sample B Sample C Sample D
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Figure 102. Evolution of the Ga 3d spectra for samples A to D before and after 30 minutes of H3PO4
treatment

The analysis of the N 1s spectra (Figure 103) showed the same trend that is the removal
of some oxides. Indeed, before immersing the samples in H3POa, the N 1s spectra of samples
C and D needed a new contribution to fit the curve. This new contribution was positioned at
400 eV and could be assigned to Ga Auger because of the oxidised gallium. In the case of the
sample C, this contribution (referred as Ga Auger in Figure 103) disappeared, since the final
stripping was in EKC 265™, a hydroxylamine-based solution, which removed the oxide formed
by the plasma treatments. This contribution also disappeared after H3PO4 treatment for samples

C and D, which indicated the removal of some oxides.

Sample A Sample B Sample C Sample D
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Figure 103. Evolution of the N 1s spectra for samples A to D before and after 30 minutes of H3P04
treatment

The quantification of the elements before and after H3POu, are presented in Table 12 and Table

13 for sample C and D respectively.
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Ga-N | Ga-O | N-Ga | N-Ga-O | O C P
Before H3PO4 | 15.0 6.5 13.6 1.6 21.0 1424
After H3PO4 | 19.6 5.6 18.6 1.7 242|216 | 8.7

Table 12. Relative atomic % of surface species on sample C, i.e. ICP-RIE + Strip., before and after 30 min in
H3PO4

Ga-N | Ga-O | N-Ga | N-Ga-O | O C P
Before H3PO4 | 10.7 | 12.8 | 12.2 5.3 19.2 1398 | O
After H3POs | 16.7 6.6 20.8 3.6 242 | 18.0 ] 10.1

Table 13. Relative atomic % of surface species on sample D, i.e. ICP-RIE + ALE, before and after 30 min in
H3PO4

The dry etching processes did not seem to have an impact on the amount of phosphorus
detected at the surface, which again is in good agreement with the result of Wilkins et al. [103]

who only observed an influence of the temperature.

However, for the sample C, where the ALE step was removed, neither the Ga-O nor the
N-Ga-O components increased. As stated before, the ICP-RIE induced considerable damage
such as the creation of dangling bonds and vacancies, which make the surface somewhat
amorphous. These induced defects can be found deep within the material. Therefore, the
subsequent ALE step allowed the removal of the amorphous material resulting in a closer
network more similar to the as-grown sample. In contrast, the surface of sample C, which is
directly exposed to oxidative atmosphere right after the ICP-RIE plasma, was probably more
damaged with the incorporation of oxygen, weakening the Ga-N bonds even more. The highest
level of carbon was observed for sample C, due to the use of the EKC 265™ solution. As a
consequence, fewer Ga atoms were accessible for bonding with hydroxyl groups. The H3PO4
treatment allowed the reduction of up to 50 % of the total amount of carbon, thus, we can
assume that the reactions that first took place were the removal of some oxides and the carbon

contamination.

V.24.2. Influence of H3PO4 on the morphology
The morphology of these samples was investigated by AFM before and after H3POa4
treatment as shown in Figure 104. The final morphology of the surface after Hs3PO4 immersion
strongly differed from that obtained with the “standard dry etching” process including both
ALE and the stripping sequence.
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Sample A Sample B Sample C Sample D

As grown Steady etch + ALE Steady etch + Steady etch + ALE
+ strip. strip.
Before
HsPO, 2,0 nm
After
H3PO, -2,0 nm

Figure 104. AFM images before and after 30 minutes in H3PO4 of sample A to D

The sample C without ALE appeared to exhibit a more organised surface after H3PO4
treatment than sample B, with ALE. Indeed, well-defined triangular structures appeared after
immersion of sample C into H3PO4 whereas triangular structures of the “standard dry etching”

process (sample B) were less distinguishable and smaller.

The sample D with ALE and without the stripping sequence exhibited larger triangular
structures and atomic steps started to appear. Moreover, the dislocations turned into hexagonal
structures, and some were overlapping, which is a sign of over etching. In the case of the as-
grown sample (sample A), the over etching started after 60 minutes of treatment. Then we can
see that the ALE without the stripping sequence tended to accelerate the etching of H3POas. This
could be explained by the strong possibility of residual chlorides adsorbed at the surface. In
contrast, the standard dry etching process, which includes all the steps, seemed to delay the
effect of H3POu for re-organising the surface. Then, in between, we have the sequence without
ALE (sample C), where residual chlorides from the ICP-RIE might have been removed by the
stripping sequence. Therefore, the effect, delayed or accelerated, observed on dry etched
samples (B, C and D) strongly depends on the steps following the ICP-RIE process. These
observations are consistent with the report of Tautz et al. [110] who reviewed the influence of
surface damages induced by pre-processing on the etching rate of KOH. Depending on the
damaging techniques conducted prior to wet etching, for example, it was reported that
irradiation with Au+ ions at high energy combined with wet KOH treatment enhanced the

formation of defect related etch pits.

Combining these observations with the pAR-XPS data showed that the amount of Ga-

O was not directly responsible for the recovery of the surface. However, the effect of H3PO4 on
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the surface may be related to sites that had been previously activated by the dry etching steps.
We suggest that the accelerated etching process of sample D may be related to the presence of
chloride residues coming from the plasma treatments. The presence of chloride then helped the

removal of damaged material.

V.2.5 Influence of H3PO4 on the electrical properties

In order to understand the beneficial or detrimental impact of the H3PO4 treatment on
the electrical properties, we performed C-V measurements at room temperature on the as-grown
and standard dry-etched GaN surfaces before and after H3PO4 immersion. The elaboration of
the MIS capacitors was presented in chapter I1.6. First, we evaluated the impact of the H3PO4

treatment for a duration of 20, 30 and 60 minutes. The C-V curves are shown in Figure 105.
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Figure 105. C-V curves before and after 20, 30 and 60 minutes in H3P04 for as-grown (left) and dry-
etched GaN (right)

For the untreated samples (as-grown and dry-etched samples), a hysteresis loop can be
observed for both surfaces. Hysteresis is generally attributed to the presence of trapped charges
at the interface or/and in the oxide. The immersion of GaN surfaces in H3PO4 allowed a clear
reduction of this hysteresis loop for both surfaces which means that the wet treatment allowed
the removal of impurities such as native oxides for example. Moreover, the reduction of the
hysteresis also came with a negative shift of the curves for both GaN surfaces, which indicates
probably a decrease of the Dit[111] and a reduction of the fixed charges. For the as-grown GaN,
the shift towards negative voltage continues over time. However, for the dry-etched GaN, has

no significant differences between the curves were seen for the variations in the duration of the
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treatment. However, it should be noted that all of the curves show a negative voltage except the

untreated sample of as-grown material.

To analyse the hysteresis behaviour of the capacitors Figure 106 represents the AVrs of

the as-grown GaN and the dry-etched GaN.
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Figure 106. AVgg before and after 20, 30 and 60 minutes in H3PO4 for the as-grown (left) and dry-etched
GaN (right)

For the as-grown GaN, the AVrp decreased with the increasing duration of treatment.
The lowest AVrB value obtained after 60 minutes in H3PO4 (mean value of 220 mV). The
constant decrease of the hysteresis indicated a progressive reduction of the trapped charges.
Therefore, neither the adsorbed species such as POx, or OH", nor the surface re-arrangement or
the opening of the dislocations after 60 minutes had a negative impact on the density of surface

trap.

For the dry-etched GaN, the lowest AVEs was also recorded to be after 60 minutes in
H3PO4, with a mean value similar to that obtained for the as-grown GaN sample (230 mV).
However, an increase of the AVrs was observed after 30 minutes of treatment, which may be
due to the variations of the processes. According to the previous investigations done on the
surface morphology, at this particular duration, the surface morphology started to re-organise
into small atomic steps combined with de-organised small triangular structures, so this may also
be playing a role. Concerning the surface chemistry, while the atomic % of Ga-O did not
change, the level of N-Ga-O increased after 30 and 60 minutes of treatment, as shown in Figure
107 (a). The N-Ga-O contribution from the N 1s peak was attributed to the chemical
environment of N atoms for which the nearest neighbours had been replaced by O atoms. We

suggest the following mechanisms to explain the evolution of the N-Ga-O contribution and
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AVrs. If we attribute the decrease of the hysteresis for the 20 first minutes to oxide removal,
this is coherent with both measurements. At 30 minutes, we suggest there is a simultaneous
creation of N vacancies and the filling of the latter by O atoms, resulting in an increase in Ga-
O. The filling of N vacancies by O was reported to act as a shallow donor, and to be
energetically more favourable than N vacancies [112]. Finally, after 60 minutes, more created
N vacancies were filled, decreasing the amount of trapped charges. Moreover, after 60 minutes,
the surface morphology had been recovered, which could also explain a better AVrs, as a well
reconstructed surface should contain fewer trapped charges. The increase of the N-Ga-O

contributions after 30 and 60 minutes was also observed for the as-grown GaN (Figure 107 (b)).
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Figure 107. Evolution of the relative at. % of N-Ga-0 and Ga-O contributions before and after H3PO4
treatment overtime of (a) dry-etched and (b) as-grown GaN

V.2.6 Conclusions

The C-V measurements, we showed that H3PO4 treatments lead to a decrease of trapped
charges as suggested by the reduction of the hysteresis loop (or AVrs). However, the MIS
capacitors showed differences between as-grown GaN and dry-etched GaN. While the C-V
curves of the as-grown GaN exhibited an increasing negative shift with increasing time of
immersion, the evolution of the C-V curves of the dry-etched GaN did not show a particular
impact of the treatment duration. Combining the pAR-XPS analyses with the C-V
measurements showed that for both surfaces, the first 20 minutes of immersion enabled the
decrease of the hysteresis loop, which was attributed to the native oxide removal. After 30
minutes in H3POys, the surface was covered by OH™ and POx species, as suggested by the Ga 3d
and the P 2p peaks and the position of the O 1s peak. Those species did not exhibit an impact
on the electrical properties for the as-grown GaN. Furthermore, the surface morphology after

30 minutes was at an intermediate stage between the removal of some remaining amorphous

133



material and the recovery of the atomic steps. This was confirmed by the decrease of the AVrs
which was also the lowest and at the same time, the atomic steps were clearly defined along
with the increase of the “N-Ga-O” contribution, revealing a more complete filling of the N
vacancies compared to 30 minutes of treatment. The increase of the hysteresis loop after 30
minutes was also observed in the process flow experiments, which indicated that the state of
the surface morphology and the surface chemistry after 30 minutes had an impact the electrical
properties. After, 60 minutes in H3POs4, the opening of the treading dislocations observed on

the as-grown GaN did not have a detrimental impact on the electrical properties.
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General conclusion

In this PhD project, an initial work focused on a systematic review of commonly used
wet etchants encountered in the microelectronic industry. This investigation was conducted on
GaN wafers and GaN powders. From these experiments, we found that, in agreement with the
literature, there was little impact of the wet etchants on the GaN wafers oriented (0001). The
most effective treatment to reduce the surface oxygen content was obtained with high
temperature solutions, HCI and H3POa. The re-oxidation was hindered by adsorbates present
on the surface, such as chloride and phosphate ions after HCl and H3POs treatments
respectively. Although no XPS peak related to the presence of sulphur could be detected,
sulphur-based treatments, particularly (NH4)2S, enabled a reduction of the oxide thickness and
a reduction of the total amount of carbon, suggesting thus a very small amount of sulphur
passivating the surface. The study on GaN powders made it possible to overcome the
characterisation difficulties related to the heteroepitaxial material and to work under inert
atmosphere (Argon), in order to gain better understanding of the mechanisms occurring during
wet treatments. Due to the polycrystalline nature of the powders, the XPS analyses yielded
opposite results from that obtained with GaN wafers. Indeed, most treatments found to have
etching properties such as NH4OH, HCI, and (NH4)2S which exhibited oxidising properties.
However, experiments performed with of 1-octanethiol on the GaN powders suggested that
passivation might be possible with sulphur compounds which were more likely to be
physisorbed on the GaN surface. Finally, the relatively low specific surface area of the powder
limited the sensitivity of the measurements, meaning that it was not always easy to extract clear

conclusions.

The overall observations done within the initial systematic review highlighted the inert
characteristic of c-plane GaN. Therefore, the second part of this PhD project focused on the
destabilisation of the Ga-N bonds at the surface, in order to initiate a more significant effect of
the wet etchant, or to initiate oxidation, with the idea of moving towards digital etching. The
first part of this study was dedicated to dry techniques that included nanosecond LASER and
Rapid Thermal Processing (RTP). The nanosecond LASER first determined the melt point on
as-grown and dry-etched GaN. SEM images revealed different behaviours between as-grown
and dry-etched GaN, with the formation of droplets at the surface of the as-grown surface,
which was attributed to gallium droplets, in agreement with the appearance of Ga-Ga

contribution on the XPS Ga 3d peak. Furthermore, the as-grown GaN sample exhibited a
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slightly lower melt point than the dry-etched GaN surface. In depth investigations highlighted
this difference as well, in particular when the anneals were performed without N2 flow. In this
case, the as-grown surface adsorbed more oxygen than the dry-etched surface. The surface
morphology investigated by AFM showed white areas or white dots when performing the
anneals under N2 or without N2. These white areas/dots were attributed to oxide grains and their
size increased with the number of shots. Their sizes were also larger on as-grown GaN, in

agreement with the pAR-XPS analyses.

The RTP anneals performed under O: flow also allowed to examine the difference
between the as-grown and the dry-etched GaN. AFM measurements revealed white dots on the
dry-etched GaN while no particular structures appeared on the as-grown GaN. However, EDX
and pAR-XPS analyses revealed the presence of a SiO2 contamination layer that could have
protected the GaN surface during the RTP anneals. The wet etching with HCI and (NH4)2S
performed in the same conditions as conducted in the initial systematic review revealed the
efficiency of HCI as an etchant. Indeed, a total removal of the oxide grains observed on the
annealed surfaces disappeared after HCI treatment, and the oxygen decreased and was found
lower than before the RTP anneals for both surfaces. However, (NH4)2S seemed to be less
efficient on intentionally oxidised GaN. The wet etching performed with HCl treatment
revealed larger dislocations on the as-grown surface while the dislocations were less visible on
the dry-etched GaN but were still more distinguishable than before the wet etching treartment.
This result showed that oxidation starts at surface defect points, such as at dislocations where
crystallographic orientations other than (0001) are exposed, which is in agreement with the

literature.

A second method for destabilising the GaN surface was investigated through wet
etching performed at high temperature (155-160°C). Several short-time immersions into
H2S04:H202 solution led to the formation of white dots that appeared several months after the
treatment. As a first step, the density of white dots corresponded to the density of dislocations
known for GaN-on-Si and, as a second step, the density of the white dots spread all over the
surface. Combining these observations with pAR-XPS analyses, those white dots were believed

to be related to the formation of a Ga-OH layer on top of the GaN layer.

To get closer to the transistor process fabrication, the influence of the H3POs4, as
destabilising treatment of the Ga-N bonds, was investigated on as-grown and dry-etched GaN.
The investigations on the surface morphology showed a recovery of the atomic step on the dry-
etched GaN. The re-organisation of the surface occurred with delay on the dry-etched surfaces
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compared to as-grown GaN. This delayed effect was attributed to the less accessible reactive
sites, which were believed to be the surface sites where alternative crystallographic orientations
were exposed, such as atomic step edges and dislocations. A mechanism of the atomic step
recovery was proposed. For both surfaces, the first 20 minutes of treatment revealed oxide
removal, then after 30 minutes OH™ adsorption occurred. No relationship between the OH"
adsorption and the re-organisation of the surface was established. However, C-V measurements
revealed a progressive reduction of the trapped charges as a function of the duration of treatment
for both surfaces. The first 20 minutes were attributed to the removal of the native oxide, and
after 30 minutes to the filling of the N vacancies by oxygen atoms. We also investigated the
possibility of removing the ALE step from the standard dry-etching process. The results
indicated that without ALE, the etching rate was accelerated and led to the opening of the
dislocation within 30 minutes (versus 60 minutes for the as-grown surface). On the other hand,

removing the stripping sequence led to an incomplete recovery of the surface.

This PhD project highlighted the challenge of etching and passivating the (0001)
orientation. Despite these difficulties, we found that long treatment of H3POu4 led to a recovery

of the surface atomic steps after dry etching, and to an improvement of the electrical properties.

Perspectives

As this study showed the complexity of treating GaN surfaces, there is a significant

amount of work which could be done to further this work.

First, to complete the link between the initial GaN (0001) studies and the powder
samples, it would be interesting to perform tests on powder samples with a higher specific
surface area to generate more signal from the surface reactions. Furthermore, as the powder
samples expose multiple orientations on their surface, a study of different planes such as m-
plane, or a-plane could help to explain the different reactions occurring on powder and GaN on

silicon samples.

Next, it would be useful to push the destabilisation experiments further. Although the
RTP + HCI treatment revealed dislocations for the as-grown samples, this was not the case for
dry-etched samples, and so it may be possible to combine an oxidation of samples after etching

with chemical treatments, such as HCI or even H3POa4. Furthermore, surface investigations of
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oxide removal after LASER anneal was not performed, and it would be interesting to compare
the results to those after RTP annealing. LASER annealing could be easier to integrate into
processing flows, due to its lower thermal budget for the same peak temperatures. These points
could then also be integrated into electrical components, first as capacitors, and then as

transistors, in order to understand their impact on the device properties.

Although this PhD examined temperature as a way of breaking down surface bonds, an
alternative method would be to try to use various plasma treatments to damage the surface
bonds. In combination with wet chemical treatments, this could also function as a “digital

etching” mechanism, to allow surface contamination elements to be removed.

Another point which was not completely understood is the mechanism behind the
H3POs etching. In particular, the fact that 9A of GaN was etched during a H3POu treatment of
60 minutes is surprising. If this is an auto-limiting reaction, or if there is an attack taking place
along the atomic steps, a better understanding would allow improved implementation of this

wet treatment, perhaps in combination with annealing or oxidation steps.

Finally, at several points during this PhD, we observed evolution of the GaN surface
over time, in particular in combination with annealing or oxidation steps. Due to the time-
consuming nature of such a study, it was not possible to pursue this any further, but this is an

important element of GaN surface understanding which would be important to examine.
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Appendix

1.05 J/em™ 1.10J/em?

1.15J/em™ 1.20 J/em? 1.25 J)/em™? 1.30 J/em?

A- 1 SEM images of as-grown GaN before and after a single LASER shot of at different energies from 1.0 to
1.5 J.cm2. REF stands for the surface prior to LASER anneal
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1.05 J/em? 1.10J/em™

1.15 J/em? 1.20 J/em™2 1.25 J/em™2 1.30 J/ecm™2

1.35 J/em?

A- 2 SEM images of dry-etched GaN before and after a single LASER shot of at different energies from 1.0 to
1.5 J.cm2 REF stands for the surface prior to LASER anneal
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