
1 of 75 

 
 

Low Damage, High Anisotropy Inductively Coupled Plasma 

for Gallium Nitride based Devices 

 

M.S. Thesis by 

Youssef Hassan 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Master of Science 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

May 2013 

 

 

 

 

 

 



2 of 75 

 

 

 

EXAMINATION COMMITTEE APPROVALS FORM 

 

The Thesis of Youssef Hassan is approved by the examination committee. 

 

 

 

Committee Chairperson_________Prof. Boon Ooi___________________ 

 

Committee Member___________Prof. Jurgen Kosel_________________ 

 

 

Committee Member___________ Prof. Ian Foulds__________________ 

 

 

 

 

 

 

 

 

 

 

 

 



3 of 75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© May 2013  

Youssef Hassan 

All Rights Reserved 



4 of 75 

ACKNOWLEDGEMENTS 

 

I would like to express my sincere gratitude to Professor Boon Ooi for his guidance and 

constant support during my thesis research. I would also like to thank him for granting me this 

excellent opportunity to work on this current topic as everyday at the clean room made me learn 

something new, which I would not learn from traditional textbooks. 

Special thanks also to Ahad el Sayed for his everyday support at the clean room, his 

highly beneficial advice as well as for providing me with the effective SF6/O2 etch recipe. Many 

thanks to him also for the fruitful discussions we had. I would also like to express my 

appreciation for Rami Al Afandy for his assistance in extracting a lot of SEM information from 

the sapphire substrate GaN sample using Nova Nano. I would also like to thank Basil Chew and 

Zhihong Wang for their helpful discussion in the NanoFab clean room. 

 

 

 

 

 

 

 

 

 

 



5 of 75 

 

 

 

ABSTRACT 

Low Damage, Highly Anisotropic ICP for GaN based Devices 

Youssef Hassan 

 

 

Group III-nitride semiconductors possess unique properties, which make them versatile 

materials for suiting many applications. Structuring vertical and exceptionally smooth GaN 

profiles is crucial for efficient optical device operation. The processing requirements for laser 

devices and ridge waveguides are stringent as compared to LEDs and other electronic devices. 

Due to the strong bonding and chemically inert nature of GaN, dry etching becomes a critical 

fabrication step. The surface morphology and facet etch angle are analyzed using SEM and AFM 

measurements. The influence of different mask materials is also studied including Ni as well as a 

SiO2 and resist bilayer. The high selectivity Ni Mask is found to produce high sidewall angles 

~79°. Processing parameters are optimized for both the mask material and GaN in order to 

achieve a highly anisotropic, smooth profile, without resorting to additional surface treatment 

steps. An optimizing a SF6/O2 plasma etch process resulted in smooth SiO2 mask sidewalls. The 

etch rate and GaN surface roughness dependence on the RF power was also examined. Under a 

low 2mTorr pressure, the RF and ICP power were optimized to 150W and 300W respectively, 

such that a smooth GaN morphology and sidewalls was achieved with reduced ion damage. The 

The AFM measurements of the etched GaN surface indicate a low RMS roughness ranging from 

4.75 nm to 7.66 nm. 
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Chapter I 

 INTRODUCTION 

1.1. Motivation. 

Compared to other semiconductors such as GaAs and Si, GaN semiconductors and their 

related alloys, have generally proven to be more challenging to process. Since GaN has a large 

bond strength of 8.92 eV/atom, causing them to be chemically inert, they require higher 

temperature or ion assist bombardment, which can inevitably induce surface damage. The 

processing requirements for laser devices and ridge waveguides are stringent as compared to 

LEDs and other electronic devices. To realize optimum laser device performance, its etched 

mirror facets requires a high degree of verticality as well as exceptional smoothness in order to 

minimize optical scattering losses that would degrade the device’s efficiency.  

 

1.2. Scope and Objective of Thesis. 

Research effort over the last decade has been aimed at understanding the plasma etch 

damage as well as investigating effective techniques to remove these damages. Process 

optimization is crucial for manufacturing high quality GaN devices that demand highly 

anisotropic sidewalls. Literature reports have explored different dry etch plasma chemistries and 

processing parameters in achieving a smooth morphology for GaN materials. Nevertheless, 

according to Hahn et. al. the effect of process parameters on the GaN etch angle has been 

scarcely reported [1]. This research work analyzes the effect of varying the process parameters 

and etch masks to achieve smooth and highly vertical GaN etched facets using a chlorine-based 

plasma.  
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1.3. Properties of III-Nitrides 

The family Group III-Nitrides semiconductors including GaN, AlN, InN, InGaN, AlGaN 

and AlInGaN have unique properties that make them particularly useful for optical devices and 

electronic devices. The bandgap of these materials correspond to a wide range of wavelength 

ranging from the ultraviolet regime to the middle of the visible spectrum and to the infrared. 

This feature is suitable in producing various applications of efficient optical devices. For instance, 

GaN, AlN and InN have an energy bandgap of 3.4eV, 6.2eV and 0.8eV respectively. These 

bandgaps values for these 3 materials correlate to wavelengths of 364 nm, 200nm and 1.55 µm. 

Practical applications include high density optical storage as well as red, blue and green LEDs.  

III-Nitride materials have high radiative efficiency due to their direct bandgap. Fig. 1.1 

illustrates a comparison between a direct bandgap, in which the maxima of the valance band 

minima of the conduction band coincide, as well as an indirect bandgap structure.  

 

  Fig. 1.1 Direct and indirect bandgap structures 

In a direct bandgap structure a radiative recombination, where an electron hole pair is formed, 

can be easily achieved without a change in momentum. The energy is therefore released as a 

photon. However, in an indirect bandgap material such as Silicon, the maxima of the valence 

band and minima of the conduction band are not at the same momentum. As a result, a 

radiative recombination in an indirect bandgap is inefficient and less likely since it requires the 

emission of a photon and phonon. Phonons also heat the semiconductor crystal and can harm its 
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structure. GaN possess a large bond energy, which is relatively larger than other semiconductors 

such as Silicon and GaAs. As a result, its thermal stability makes it also useful for high power 

and high frequency applications, since its electrical characteristics are maintained at high 

temperatures. Its high thermal conductivity of 1.3 W/cm·K can be compared to SiC (κ = 4.9 

W/cm·K) 
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Chapter II  

FUNDAMENTALS OF PLASMA ETCHING 

2.1. Plasma Generation 

 Due to the interaction of charged particles during the plasma process, the composition of 

gas species is not only determined by the gas chemistries injected into the chamber. Moreover, 

the etch process itself produces etch products that are introduced into the chamber’s gas 

composition.   

 In High-density plasma systems the motion of charged particles within the plasma is 

influenced by a magnetic and an electric field. The magnetic field can be utilized to varying the 

plasma density within process chamber and restricts the motion of charged particles across the 

electric field.  

The particle collisions in the plasma can lead to numerous chemical processes that result 

in recombination, ionization, scattering, dissociation as well as other contributions. A plasma is 

produced when the generated electromagnetic energy ionizes the gas in the chamber and thus 

sustains the density of positively and negatively charged particles within the plasma.  

In an ionization process, the high energy electron impact collisions can ionize neutral particles 

and further produce more ions and electrons that would sustain the plasma.  

Ionization: 

 + 	 → 	 + 2 

In a dissociation reaction a large energy is required to break molecular bonds, forming separate 

products. Generally, the energy required for this process is attained from energetic thermal 

electron collisions. 

Dissociation: 
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 +  	→ 	 +  +  

A neutralization process between ionized particles results in the removal of their charge. 

However, this is an exothermic reaction that is less likely to take place as compared to the 

ionization reactions. 

Neutralization: 

	 +	 	→ 	 + 		 

Various types of molecular reactions may also occur such as the reactions between the oxygen 

vapor within the chamber and neutral species. The following reaction may lead to different 

products such as  	, 		. 

Molecular interactions: 

 +  	→ 	 +  

 

2.2. Plasma Etching Mechanism 

One important technique by which a plasma can etch a material is by sputtering. Due to 

the electric field, positive ions within the plasma are accelerated and strike the surface at normal 

incidence causing an anisotropic etch. This physical bombardment results in energy transfer that 

can eject the molecules from the surface. Low-pressure conditions are required in order to 

completely remove these molecules from the surface and avoid redeposition. One major 

disadvantage in sputtering is that it is unselective. The ion energy that is induced is usually 

much greater than the bond energies of different material molecules.  

In a purely chemical etch process, a reactive feed gas is supplied, where active gaseous 

species are absorbed into the surface, forming etch products, which are then desorbed from the 

surface. It is vital that the resultant etch product formed, should be highly volatile in order to be 

easily removed from the surface. Otherwise, the involatile product would cover the surface and 

inhibit further reaction. Moreover, a pure chemical etch is the most selective etching process. 
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Unlike the ions within the plasma, the neutral species are not affected by the RF bias electric 

field and reach the substrate at random angles of incidence.  

 In an ion-enhanced plasma etching process, the chemical neutral species as well as the 

ions react synergistically in etching the material. The ion bombardment may change the 

structure of the lattice, as well as form dislocations and dangling bonds on the surface, which are 

highly reactive. The ions bombardment interaction renders the surface more reactive, therefore 

facilitating the chemical neutrals to react with it. Since the neutral reactive species strike the 

feature at random angles of incidence, the etching on the sidewalls in Fig. 2.1 is predominantly 

affected by neutral species causing an undercut, or lateral etching. The ion bombardment on the 

sidewalls is relatively less than on the horizontal surfaces of the feature.  

 

 

                                      Fig. 2.1 Ion incidence on etched mesa [2] 

Polymer deposition is larger on the sidewalls, which are subjected to less ion 

bombardment, than on the horizontal surfaces. In case a highly anisotropic profile is required, 

the chemical etchant must be chosen such that its etch rate would be negligible without ion 

bombardment and would be high in the presence of ion bombardment. Cl and Br based etchants 

are an example of such chemistries in etching Si. 

The reactions due to electron impact collisions have a significant role in High density 

plasma systems as an increase in these reactions increase the radical neutral species 
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concentration that reach the substrate. Also, ion-ion and ion-neutral reactions have an influence 

on the plasma chemistry.  

 

2.3. Pressure Effect 

Pressure is inversely proportional to the mean free path and hence, a decrease in pressure 

results in a higher ion energy. Ions can only undergo sputtering if the ion bombardment energy 

exceeds a threshold, which is dependent on the properties of the material and ion being used. At 

higher pressure, the ion energy can be as low as ~10 eV to ~100 eV, where a much reduced 

physical bombardment may take place. The etching process would be chemically dominated. On 

the other hand, a very low pressure causes the ion energy to be as high as ~1000 eV. This 

increase in ion energy permits a more sputtering dominated etching to take place. By applying a 

moderate pressure between the two extremes, the etching process would exhibit anisotropy while 

inflicting less damage.  

 

Fig. 2.2 Ion energy v.s. Pressure [8] 
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Moreover, pressure has an effect on the ratio of ion density to neutral density within the 

plasma. The rate of dissociation by electrons is proportional to the applied pressure. Lower 

pressure results in less collisional recombination and dissociation. Since lower pressure exhibits 

less dissociation, thus a decrease in pressure would translate to a plasma with less neutral 

species. In other words, the change in pressure could dictate whether the etching reaction is a 

predominantly a purely chemical reaction or an ion-enhanced anisotropic etching. A smaller 

concentration of neutrals would result in an ion-enhanced etching process forming anisotropic 

etching, rather than a purely chemical etch mechanism.  

Dissociation: 

 +  	→ 	 +  +  

 +  + 	 → 		 + 2 +  

A decrease in pressure also causes a distinct rise in the sheath potential or RF voltage.  

2.4. Temperature Effect 

 Another variable which dictates the outcome of the etch process is the temperature. 

During a plasma process we can only control the surface temperature of the material. The gas 

plasma temperature itself is dependent on numerous variables such as the power induced in the 

plasma and the heat transfer mechanisms among the plasma particles. Under low pressure, there 

is a thick thermal boundary layer near the material’s surface. This thermal boundary layer is 

larger than the mean free path. As a result, any colliding plasma would already become at the 

material’s surface temperature. 

 Temperature has an influence on the selectivity and etch rate since the rate of all 

chemical reaction are a function of temperature. This can be derived from the Arrhenius 

expression: 

     	 ∝ exp
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k= 1.38 ×	10 is the boltzman constant and is the activation energy.  The activation energy 

is the amount of energy required for the reactants to approach one another and combine. Thus, 

the reaction rate increases as the temperature increases.  

Moreover, by varying the temperature, one can control the volatility of the etch products. 

Since polymer deposition rates increases as the temperature decreases, the surface morphology is 

largely affected by temperature. Low temperature would cause the “micromask” effect to develop 

on the surface and introduce roughness. Furthermore, raising the temperature can also effect the 

anisotropy since the neutrals incident on the sidewalls would cause isotropic profiles at higher 

temperatures. Conversely, decreasing the temperature results in a more anisotropic profile.   

 

2.5. Mask Materials 

In addition to optimizing the profile etch characteristics, high quality GaN facets demand 

a high selectivity between the etch mask and substrate. This is particularly true while using High 

density plasma techniques where the large ion flux can lead to low selectivity and significantly 

damaging the etch mask. The selectivity is dependent on the type of plasma chemistry.  The 

following Table 2.1 lists the common type of masks that are used. 

 

Metal Ni, NiCr, Ti, Al, Pt, W, Cr 

Dielectric SiO , SiN 

 Table 2.1 Mask Materials 

Metals are less affected by sputtering and this makes them durable. In addition the metal 

mask may also serve as an electric contact for the device. However, thin deposition of metals may 

reduce the sidewall smoothness. Other types of masks have also been reported such as a 

multilayer mask with a SiO intermediate layer and an AZ photoresist forming the top and 

bottom layers [4].  
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Mask erosion during the etch process would lead to a high rate of mask deterioration and 

result in angular sidewalls. Mask erosion would cause the mask’s edges to exhibit slight sloping. 

Consequently, the incident ions would etch these round edges at a higher rate than the mask’s 

planar surface, leading to a degraded mask profile. As the substrate is etched further, the 

sidewalls would etch inwardly and therefore form an undercut profile. For this reason it is crucial 

to ensure that the deposited etch mask has vertical sidewalls since any positively sloped 

roundness would be subjected to faster erosion.   

 

      Fig. 2.3 Sidewall sloping due to degradation of mask profile [2] 

 

This effect can be illustrated in the following SEM where the bottom 3 µm appear 

smooth and vertical; however, as the etching is continued the top 2 µm become considerably 

damaged. Also, by depositing a thicker mask the erosion may be delayed.  

 

Fig. 2.4 GaAs pillars where roughness in the top 2 µm is due to mask erosion [2] 
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A Photoresist mask usually have sloped, angular edges after development. Nevertheless, by 

optimizing the photoresist process conditions, such as the exposure dosage and developing time, 

a vertical profile resist can be achieved. Similarly, any roughness or striations on the original 

mask sidewalls would induce roughness and be replicated on the substrate sidewalls.  

 

 

Fig. 2.5 Striation transfer from resist mask to SiO2 mask 

 

 

 

 

2.6. Plasma Chemistry 

 The plasma chemistries that have been investigated for etching III-V semiconductors 

were mainly chlorine, methane, bromine and iodine based mixtures. The following Table 2.2 lists 

those that have been commonly used. 

 

Cl - based 		, 	, , , , , , , ,  

CH4 - based 		, 	 

Br - based 		, 	, 		,  

I - based 		, 	, 		,  

Table 1.2 Plasma Chemistries 
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 To determine the appropriate chemistry to generate in the dry etching process, one must 

consider is the volatility of the etch products formed after the chemical reaction between the 

plasma and the GaN surface atoms. Ion bombardment results in broken GaN bonds, which 

would facilitate the reaction with the chemical neutrals in the plasma. The resultant etch 

products compounds are required to be highly volatile in order to spontaneously desorb from the 

surface. Moreover, sputtering involatile species may cause them to redeposit again. Higher 

volatility also increases the etch rate. The following Table 2.3 shows various possible etch 

products and their corresponding boiling points. 

 

 

Etch Product 

    Boiling Point (°C)  

at atm. pressure 

AlCl3 183 

AlI3 360 

AlBr3 263 

(CH3)3 Al 126 

GaCl3 201 

GaF3 1000 

GaI3 Sublimes 345 

GaBr3 279 

(CH3)3 Ga 55.7 

InCl3 600 

InF3 > 1200 

(CH3)3 In 134 

NCl3 <71 

NF3 -129 

NI3 Explodes 

NH3 -33 
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N2 -196 

(CH3)3 N -33 

                            Table 2.2 Boiling points of possible etch products 

 

If the etch products are not released from the material, they would deposit on the surface 

and sidewalls forming inhibitors, which would slow the etch rate as well as lead to non-

uniformity. Inhibitors may result in micromasking where they would deposit on the surface and 

prevent further etching of the material. For instance, if the material being etched is composed of 

Al, the Al atoms would form Al2O3 molecules after reacting with the moisture in the vacuum 

chamber. These Al2O3 molecules would form grass like structures on the surface of the material, 

which would produce the micromasking effect. In order to avoid these Al from reacting with the 

moisture, BCl3 can be introduced in order to getter the vapor within the vacuum chamber and 

prevent Al2O3 deposition. 

 Methane based etch chemistry is a common etchant for group III-nitrides as its etch 

products have a relatively high volatility when reacting with GaN, AlN as well as InN. The 

disadvantage of using CH4/H2 is their polymer deposition on the substrate and chamber. This 

requires an O2 ash in order to remove the polymers from the chamber walls. This polymer 

deposition may also passivate dopants in the material. Also, compared to halide etch chemistry, 

the chemical reactivity of methane neutrals with Ga, Al and In is relatively less. In addition, the 

H ions in the methane-based chemistry can penetrate deeply within the III-nitride surface 

leading to deep implantations. For this reason, hydrogen containing chemistries are avoided. 

 Chlorine-based plasmas can be attained by using compounds such as BCl3, SiCl4 or Cl2. 

Introducing SiCl4 into the chamber leads to Si doping on the substrate and this is unfavorable for 

III-nitride materials. Furthermore, SiCl4 has a relatively low Cl2 radical production rate. BCl3 

contributes Cl2 neutral species as well as heavy sputtering that may remove native surface oxide. 

Under high RF bias, the sputtering component of BCl3 molecules may exhibit adverse effects.  

Inert gases such as Ar, N and He can be added to aid sputter induced absorption.  These 

inert ions such as Argon, are largely volatile and would be released from the surface. The 



25 of 75 

following group III-nitride material’s boiling points indicate that the nitrogen atoms are 

considerably volatile as compared to the other Group III elements.  

 

III nitride element Boiling Point (°C) 

Ga 2467 

In 2403 

Al 2000 

N2 -196 

   Table 2.3 Boiling Points of some group III-nitride elements 

 

The nitrogen atoms in the GaN material are more likely to be released and break from 

their covalent bonds as compared to the other III- nitride constituents. Thus, the etched surface 

has a larger loss of nitrogen. Due to the high boiling point of the remaining III-nitride 

constituents, it is less likely they would be released even at high temperatures and as a result 

they require physical bombardment. However, the ion collisions in a pure physical etching 

process introduce considerable damage, a higher rate of mask erosion, as well as low selectivity 

between the etched materials. Consequently, the solution remains in balancing the ion 

bombardment and chemical reactions involved in the dry etch process.  

 

2.7. ICP Overall System Design 

In an ICP system, high plasma density of 1 − 3	×	10	 can be achieved, leading 

to faster reaction rates. This is essential in breaking the strong GaN bonds as well as for 

desorption of etch products through sputtering.  

An RF power is generated into an inductive coil that is encircled around a dielectric 

chamber and is used to produce the plasma. The dielectric wall forms a barrier around the 

vacuum chamber where the pressure can range from (1 – 100) mTorr. The low pressure facilitates 
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low ion scattering so that their motion is unidirectional. This inductive coil induces an RF 

current in the plasma with an opposite direction. The external inductive coil behaves as the 

primary coil of a transformer, while the RF current induced in the plasma is the secondary. This 

secondary RF current is mainly carried by electrons, which then transfer power to the plasma 

particles via electron-neutral collisions and electron-electron collisions. For this reason, ICP are 

also referred to as Transformer Coupled Plasma (TCP). 

 

Fig. 2.6 ICP system design 

 

Within the dielectric vessel the electrons are the only particles that immediately respond 

to the RF frequency and therefore absorb the RF power. Since, the external RF power is directly 

coupled to the thermal electrons, this causing them to maintain higher temperature. The 

remaining heavier particles, such as ions and neutrals are unable to respond to the RF source 

and acquire the energy transferred through the electron collisions. In reality, the external RF 

power is not completely absorbed into the plasma due to the matching losses. 

The coil power can be used to alter the density of particles that reach the substrate. 

Meanwhile, the substrate electrode is biased with a negative dc bias source controlling the energy 

with which the ions accelerate towards the substrate.  
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The impedance of the ICP can be modeled as an inductor in series with a small 

resistance. The small resistance results from the collisional heating of electrons with neutrals and 

charged particles. 

   +  

As a result, the following match network may be implemented to minimize power loss. 

 

        Fig. 2.7 Circuit Model for ICP system 

 

 The match impedance in series with the plasma impedance would yield a 50Ω impedance seen 

from the RF power supply. The dc capacitor also acts as a dc block, which allows a dc bias to 

accumulate on the lower electrode. This dc bias increases the energy of the ions striking the 

substrate 

An RF power source is used to sustain the plasma and it is typically at 13.56MHz. The 

RF bias source is used to control the energy of the ions incident onto the substrate. The RF bias 

directs the plasma normally and thus it facilitates anisotropic etching.  

The main advantage of an ICP process is that the ion energy is not directly related to 

the RF power that is dissipated into the chamber. As a result, an ICP process may generate 

high-density species towards the substrate while ion bombardment can be maintained at energies 

lower than 50 eV. Therefore, the ion flux and ion energy can be independently controlled. If the 
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source power is greater than the RF bias power, the bias power has no influence on the ion flux. 

By increasing the RF bias power, the ion energy would increase accordingly and would not alter 

the ion density. However, if the source power is raised, this would cause an increase the ion 

density, while decreasing the ion’s energy as well. The reason is that an increase in ion density 

correlates to an increase in ion current. The bias power can be calculated as the product of ion 

current and ion energy. The following simplified theoretical relationship may be deduced where 

, 	and  are the RF power, DC bias and ion flux respectively. 

 ∝ 	 	×		 

As a result, if the same bias power is maintained, an increase in ion current must result in a 

decrease of ion energy. 

 

Fig. 2.8 Qualitative representation for change of Ion Flux against ICP Source Power 

 

 

Fig. 2.9 Qualitative representation for change of Ion Flux against RF Bias Power 
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Chapter III  

LITERATURE REVIEW 

 

Hahn et al. recently investigated the influence of 3 different etch masks on the etch angle 

[1].  The 3 different masks that were studied were a 3 µm thick AZ6632, a 780nm thick SiO2 

mask, and a 100nm thick Ni mask.  The flow rates used for the BCl3/N2/Cl2 plasma were 8, 5, 

and 32 respectively. The RF bias and ICP power was -70W and 300W respectively. Also, a 

pressure as low as 3.75 mTorr was used for a directional plasma. The best sidewall angle achieved 

was 78° using the Ni mask. 

Many studies have been made using chemically assisted ion beam etching (CAIBE) to 

achieve smooth etched GaN surfaces with anisotropic profiles. Adesida et al. performed a 500 eV 

Ar ion beam etch in Cl2 ambient and an etch rate of 210 nm/min is reported [5]. Similarly, Ping 

et al. used CAIBE using HCl at a lower ion energy of 300 eV in comparison with Cl2 [6]. Later 

Lee et al. formed GaN facets using CAIBE in Cl2 and analyzed the effect of varying the CAIBE 

tilt angle from 20° to 30° on the sidewall roughness [7]. 

Khan et. al investigated forming laser facets using an oxide mask in ICP also in a Cl2–Ar 

discharge. However, the pressure used was as low as 2mTorr at 160V. [2]. Pearton et al. did 

extensive research on GaN dry etching using ICP. In one report highly anisotropic, smooth 

profiles are achieved using Cl2/H2/Ar at 22.5 sccm, 2.5 sccm, and 5 sccm respectively with a 

temperature of 25°C [3]. The ICP power was 500 W, the RF bias was -280W and the pressure 

was a 5mTorr pressure. Nevertheless, the following SEM published clearly shows striations on the 

sidewall.  
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Fig. 3.1 Striations on GaN sidewall [3] 

 

In another report, Pearton et al. demonstrates etching of ridge waveguides in ICP using a 

Cl2–Ar discharge [3]. The etch mask used was a SiNx mask. Also, moderate powers of a 500W 

ICP and a 150W RF power were used. In this report it is stated the sidewalls are reasonably 

vertical; however, striations can be seen due to the roughness of the photoresist mask that was 

transferred to pattern the SiNx . Furthermore, higher ion energy lead to further roughening of the 

sidewall which can be seen in Fig. 3.2  

. 

Fig. 3.2 GaN sidewall patterned with SiN mask [3] 
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       Ren et al. also investigated several methods in improving the sidewall roughness of the SiO2 

mask [18]. The resist sidewall patterning would usually propagate onto the dielectric mask 

sidewalls. In his work he has demonstrated a slight improvement in the sidewall roughness 

through introducing a thin SiN overcoat layer as a protective layer for the resist mask [18]. 

 

Fig. 3.3 Propagation of resist roughness onto SiO2 mask has been improved by introducing 

coating a thin SiN coating layer 

(Ren et al.)[18] 
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Chapter IV  

PLASMA ETCH-INDUCED DEFECTS IN GaN 

Although plasma etching is the dominant technology for GaN processing, various types of 

surface damages may inevitably result during the etch process. This may impose dire 

consequences to the device performance. Defects can be manifested in many ways and can be 

derived from the following reasons: 

1. Ion implantation into the material’s subsurface 

2. Lattice defects formed by disrupting the material’s crystal bonding 

3. Polymer or etch product deposition on surface or sidewalls. 

Etch species such as hydrogen may penetrate the surface causing implantations. Hydrogen 

can typically penetrate a depth of hundreds of angstroms into the material and lead to doping 

passivation. It can be introduced from various etch chemistries including methane based 

chemistry. Plasma chemistries such as SiCl4 and BCl3 can cause unintentional doping of silicon 

and boron ions. Energetic ions can cause defects by displacing elements from their lattice 

structure. Surface damage may also be formed due to the deposition of mask erosion products, 

surface etch products, polymers or residue species that exist in the chamber.  

 

4.1. Stoichiometric Effects 

Plasma etch species can induce changes in the crystal lattice of the material’s surface. 

Impinging ions may also penetrate a depth of a few hundreds of angstroms beneath the surface 

and form implantations. For instance, a plasma chemistry containing SiCl4 may cause Si ions to 

embed within the crystal and introduce dopants.  

             The high volatility of nitrogen atoms generally leads to the preferential loss of the 

nitrogen elements from the surface lattice. The released nitrogen atoms would combine to form 
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N2 gas. The nitrogen vacancies cause stoichiometric imbalance on the gallium rich surface. The 

resultant dangling bonds on the surface are highly reactive and are likely to react with 

contaminants and form unwanted layers such as oxides. For instance, if the surface was later 

processed by annealing, the exposed dangling bonds would form gallium oxide. The excess 

gallium on the surface may be removed by surface treatment.  

 

4.2. Morphological Effects 

The Ga-rich layer formed due to the depletion of nitrogen has an impact on the surface 

morphology as well. Excess Gallium atoms shape small droplets on the surface. Oxides produced 

due to dangling bonds cause grass structures. The reason is that the Ga-O compounds have 

relatively higher bond strength of 14.7 eV/atom as compared to the Ga-N molecules (8.92 

eV/atom). The oxidized atoms would be more immune to the plasma and lead to the micromask 

effect. The surrounding areas would be etched at a higher rate and thus forming grass structures. 

Mask erosion and roughness during the etch process would transfer striations to the 

sidewalls. The sidewall roughness would lead to optical losses in the device. Polymer deposition is 

likely to occur by using chemistries such as methane-based chemistries or from photoresist 

particles. 

 

4.3. Electrical and Optical Effects 

 Etch defects induced into the material introduce defect states and recombination centers 

changing the efficiency of optical devices. Intra band gap defect states can cause the emission of 

photons at lower energies. The properties of a conductive substrate material are also altered by 

etch impurities. Implanted ions would promote scattering and cause the carrier mobility to 

decrease. It may also alter the doping profile. A hydrogen containing plasma or water vapor 

inside the chamber can cause the dopants within the surface to become passivated. For instance, 
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it may react with Mg and result in the loss of P-type dopants. Changes in the Deterioration of 

the crystal lattice would also affect the carrier mobility. 

Water vapor within the chamber may also result in oxide formation in some materials. 

Metal contacts are susceptible to gaining higher resistance and heating due to these conditions. 

Similarly, deterioration of Schottky contacts would increase their leakage current and vary their 

breakdown voltage. Such etch damages are unsuitable to the performance of high frequency 

devices. 

 

4.4. Structural Defects 

GaN contains a high density of structural defects, which mainly arise from the way it is 

grown. GaN decomposes at about 1000 °C and growth of bulk GaN is difficult to achieve. Thus, 

GaN is grown upon a substrate in which there is a lattice mismatch such as SiC, Si and sapphire 

(Al2O3). Sapphire is a common substrate and has a mismatch of approximately 17%.  

Structural defects such as nanopipes and threading dislocations, alter the lattice 

periodicity and determine its crystal quality. GaN grown on sapphire consists of numerous 

threading dislocations and ranges from (108 – 1012) cm-2. This is caused by the GaN and sapphire 

lattice mismatch as well as their differences in thermal expansion coefficient.  The progress of 

GaN growth techniques; however, has lead to the decrease of defect density. Threading 

dislocations can affect LEDs by forming nonradiative centers where recombination can occur 

without the emission of photons. A phonon would be emitted instead and this can lead to 

considerable heating. They can also cause carrier scattering in electrical devices. Other existing 

defect types include inversion domains, nanopipes, stacking faults and twins. 
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4.4.1. Point Defects 

Point defects always exist in semiconductors. They can be substitutional atoms, 

vacancies or interstitial. In a binary compound material such as GaN, a loss of an anion or cation 

can lead to vacancy which is an intrinsic point defects in the lattice. An interstitial point defect 

is usually an impurity atom that is located in an irregular position in the lattice between regular 

crystal atoms. However, a self-interstitial may result when a crystal atom is transferred from a 

regular position to an irregular position. Also, an impurity atom, such as a dopant, may 

substitute a crystal atom position and is usually chemically similar to the atom that is being 

replaced. Carbon and oxygen are usual contaminants in GaN where Oxygen replaces Nitrogen 

atoms and Carbon may replace either Gallium or Nitrogen atoms, although it is more likely to 

replace Nitrogen. Gallium vacancies VGa are more probable in n-type GaN and are acceptor 

defects.  Similarly, nitrogen vacancies VN are the primary type of vacancies in p-type and behave 

as donors. Nitrogen vacancies can also be replaced by acceptor atoms in positively doped GaN 

and this may lead to the conversion of positively doped GaN to a negatively doped GaN 

 

4.4.2. Dislocation 

Dislocations are linear defects where the ordering of the atoms is altered in the crystal 

along a line.  

 

Fig. 4.1 Edge Dislocation in lattice 

The misaligned or vacant atoms would result in improper bonding among the adjacent atoms. 

When an external plane of atoms is inserted into the interior of the crystal along a line, this is 

classified as an edge dislocation. Also, a screw dislocation is a dislocation that occurs at the 

boundary where crystal planes are displaced with respect to each other.  
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Fig. 4.2 Screw dislocation due to a slight displacement of planes in lattice   

            Threading dislocations are of particular interest due to their effect on the properties of 

GaN. Threading dislocations (TDs) can be a pure edge, a pure screw or a mixture of both. They 

emerge from the lattice mismatch interface. It is believed that TDs arise from the boundaries 

between island coalescences during the beginning of the GaN growth process. Nevertheless, there 

is more than one theory in attempting to explain its origins. Narayanan et al. disputes against 

this theory and has examined TEM images, shown in Fig. 4.3, of the island coalescence as they 

developed [10]. From these images he proposes that the TDs do not appear within the boundary 

of their intersection. 

 

Fig. 4.3 a) and b) GaN island coalescence TEM images taken of growth stage after 20s.  

c) and d) GaN island coalescence TEM images taken of growth stage after 75s [10]  
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Narayanan et al. proposes instead that the TDs emerge from defects that exist near the interface 

between GaN and sapphire [10].  

         Wu et al. suggested that as the island coalescence are generated, their intersection 

boundaries result in local edge dislocations [9]. From the following TEM image in Fig. 4.4 he 

explains that the large edge location density shown is located in coalescence boundaries.  

 

         Fig. 4.4 TEM image of GaN depicting edge dislocations [9] 

 

Threading dislocations have a detrimental influence on LED’s efficiencies by promoting 

the non-radiative recombination of electron and holes. Thus, when recombination occurs between 

electrons and holes, the energy is released in the form of phonons instead of photons. The 

induced phonons result in harmful heating of the device. LEDs can lose most of their power 

through heating, which reduces their efficiency. There are different analyses over how the TDs 

cause the charge carriers to undergo non-radiative recombination. TDs are discovered to be 

strongly charged and therefore this also causes the charge carriers to be repelled. They carry 

positive charges in p-type GaN, while they possess negative charges in n-type GaN [12]. 
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Fig. 4.5 TEM image of Threading dislocations shown in GaN/sapphire interface [11] 

 

4.5 Etch-induced defects 

Generally, an etched GaN surface contains numerous hexagonal small pits and pillars. These 

pits and pillars arise due to the structural defects inside the material. Edge pits that have an 

inverse pyramid appearance have been found to originate from edge dislocations. Those pits that 

are hexagonal, but truncated, arise from screw dislocations. Finally, pits that are trapezoidal 

shaped with a triangular base, arise due to mixed dislocations. An illustration of the various 

types is presented in Fig. 4.6 and Fig. 4.7.  
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Fig. 4.6 AFM images of GaN surface with several etch pits [13] 

 

 

 

 

Fig. 4.8 SEM image illustrating different 

types of etch pits [13] 

 Fig. 4.7 TEM images of 

different etch pits [13]  
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           Fig. 4.9 shows other types of etch induced defects [14]. By imposing stronger ion energy, 

either by raising the DC bias or reducing the pressure, these defects would be more evident. 

More defects can be observed using a strong Ar plasma. Ion deflections from the sidewalls cause 

trenches next to the sidewalls that are shown in Fig. 4.9 d). [15] 

 

Fig. 4.9 Etch induced GaN defects. a) GaN sidewall b) Columnar defects c) Cavity pits d) 

Trenches e) Cavity pit [14] 

 

Several recent attempts were made in investigating the probable origins of these etch 

induced defects. The following Fig. 4.10 shows etch induced columnar pillar on InGaN surface. 
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        Fig. 4.10 Etch induced columnar pillars in InGaN based material 

 

 Threading dislocations in undoped GaN are negatively charged [16, 17]. Ladroue et al. 

proposes that the columnar defects occur due to the preferential deposition of positively charged 

oxide ion impurities on threading dislocations [14]. Since gallium oxide has a bond strength of 

14.7 eV/atom, the strong Ga-O bonds would exhibit a slower etch rate. Oxide and other hard 

mask ion impurities accumulate on this location and they form a passivation layer. This 

positively charged passivation layer would deflect incident plasma ions. However, the top surface 

of the column may still be bombarded and this may lead to a hollow column. This proposed 

explanation for the appearance of columns in illustrated in Fig. 4.11 

 

Fig. 4.11 Positive Ion passivation of TD [14]     Fig. 4.12 SEM image of column defect [14] 
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EXPERIMENTAL SECTION  

 

CHAPTER V  

OPTIMIZATION OF GaN ICP ETCHING  

GaN - on - sapphire 2 inch wafers were cleaved into samples that were used for 

processing. The total GaN thickness was 30 µm while the sapphire substrate thickness was 500 

µm. A Pre-clean process was done using BOE, a mixture of NH4F and HF, for approximately 10 

seconds in order to remove the native oxide layer from the GaN surface. The AFM was used to 

measure a root mean square (RMS) that indicated the quadratic mean of the roughness of the 

GaN surface. The RMS can be calculated using the following equation. 

  1



 

Where  is the deviation of the  point from the mean and  is the total number of 

points scanned on the surface. The initial RMS roughness was measured using a random sample 

and ranged from 2.82 nm to 4.97 nm. The AFM results for the as-grown sample are shown in the 

following Fig. 5.1 for a 30 µm and 10 um surface scan.  

 

a) 
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Fig. 5.1 AFM measurements of a cleaved as grown GaN sample. ) A 30µm2 as grown GaN 

surface with an rms roughness of 4.97 nm.  c) A 10µm2 a grown GaN surface with an rms 

roughness of 2.82 nm.  

  

 

             Each sample was mounted on a Si carrier wafer using AZ9260 photoresist. The ICP 

plasma tool used was the Oxford Plasmalab 100.  A clean chamber process was done where a Cl2 

and SF6 gas flow was set for duration of 30 mins and then an O2 gas flow was set for 60 mins. 

The ICP power was first set to a minimum value of 300W to reduce surface damage. The ICP 

parameters were initially varied within the following range of values. 

 

b) 
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 Flow Rates 

Cl2 = 20 → 30 sccm, BCL3 = 8 → 20 sccm ,  Ar = 2 → 5 sccm 

 RF Power            70 - 80 W 

 ICP power           300 W  

 Pressure           10mT 

 Temperature           30°C - 40°C  

           The initial results were investigated using Cl2 / BCl3/ Ar plasma chemistries at low RF 

power ~70 W. SEM results indicated a rough surface and sidewalls as well as numerous chemical 

deposits. The following Fig. 5.2 shows an SEM example of these preliminary results. 

 

: 

Figure 5.2 Top view SEM showing rough Surface Morphology using a combination of      

Cl2/ BCl3/ Ar plasma chemistries 

 

Etched GaN Surface 

Masked Region 
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       Fig. 5.3 SEM of sidewall using a combination of Cl2/ BCl3/ Ar plasma chemistries 

 

Fig. 5.4 Top view SEM showing rough Surface Morphology using a combination of         

Cl2/ BCl3/ Ar plasma chemistries 

Etched GaN Surface 

Masked Region 

Masked Region 

Etched GaN Surface 
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Although a small percentage of Ar gas was used, the etched surface morphology showed 

considerable roughness due to the strong ion bombardment caused by the heavy Ar ions. The 

rough surface generally signifies non-stoichiometry caused by the removal of N2 atoms. In 

addition, the Ar gas flow induced severe roughening for the GaN sidewall as can be seen in Fig. 

5.5.  

 

 

Fig. 5.5 Sidewall roughening caused by Ar ion sputtering 

 

Later several experments were made using only Cl2 and BCl3 chemistries. Nevertheless, small flow 

rates of BCl3 lead to chemical deposits that were not desorbed by ion bombardment. This can be 

seen from Fig. 5.6 and the etch parameters used in Table 5.1. It is also clear that BCl3 caused 

sidewall patterning. 

 

 

 

 

Etched GaN Surface 

Masked Region 
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Flow Rates Cl2  = 25 sccm 

BCl3 = 8 sccm 

RF Power 95 W 

ICP power 300 W 

DC bias 230 V 

Pressure 5 mT 

Temperature 40°C 

                  Table 5.1  ICP parameters for GaN Etch in Fig. 5.6 and Fig. 5.7. 

 

 

Fig. 5.6 SEM of GaN sidewall using BCl3 /Cl2 plasma.                                      

Patterning on Sidewall due to BCl3 deposits  

Masked Region 

Etched GaN Surface 
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Fig. 5.7 SEM of GaN sidewall using BCl3 / Cl2 plasma.                                     

Patterning on Sidewall due to BCl3 deposits 

 

The RF bias had a clear impact on the sidewall angle. In order to avoid severe surface 

damage while using an Ar plasma, the RF bias was reduced to ~70W. By having a low RF bias, 

initial results showed sloped sidewalls. Although a low pressure of 2.7mT was used, the shadow 

boundary of the square feature in Fig. 5.8 indicates shallow angular sidewalls. Table 5.2 indicates 

the etch parameters used in Fig. 5.8. The 2.7mT low pressure was achieved by adjusting the ICP 

pressure valve.  

Flow Rates Cl2  = 25 sccm 

Ar = 2 sccm 

RF Power 70 W 

ICP power 300 W 

Pressure 2.7 mT 

Temperature 40°C 

    Table 5.2 ICP parameters for GaN Etch in Fig. 5.8 

Etched GaN Surface 

Masked Region 
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Fig. 5.8 Top view SEM of GaN profile using Ar / Cl2 plasma at low RF power = 70W 

An RF bias ≥ 100W showed higher etch rates and less sloped sidewalls. This can be illustrated 

from the example in Fig. 5.9 and Table 5.3 where 100W was used at 5 mT.  

 

Flow Rates Cl2  = 25 sccm 

Ar = 2 sccm 

RF Power 70 W 

ICP power 300 W 

Pressure 5 mT 

Temperature 40°C 

    Table 5.3 ICP parameters for GaN Etch in Fig. 5.9 

 

Etched GaN Surface Masked Region 
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Fig. 5.9 GaN sidewall using 100W RF bias and Cl2 /Ar plasma.                                

Argon ion bombardment lead to roughening on Sidewall.  

As the RF power was varied from 130W to 150W, the surface morphology and sidewalls were 

comparably smooth. However, an RF power ≥ 160W lead to higher DC bias and higher chlorine 

ion energy at low pressure. This resulted in significant surface damage. Although, the etch rate 

significantly increases as RF power is raised; however, highly energetic ions could result in 

tunneling adjacent to the sidewalls due to ion deflection across the sidewall. This tunneling effect 

is depicted in Fig. 5.10 where the RF bias of 170W was used. 

 

Etched GaN Surface 

Masked Region 
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Fig. 5.10 A top view SEM of a GaN sidewall. Tunneling occurred adjacent to sidewalls at 

170W RF power. 

Masked Region 

Etched GaN Surface 

Tunneling adjacent to sidewall 
1
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Figure 5.11 RMS roughness (nm) v.s. RF bias (W) 

 

Fig. 5.12 Etch Rate (nm/min) v.s. RF bias (W) 

 

 

 In order to attain smooth GaN sidewall with least chemical deposits and defects, the 

recipe was optimized to the following parameters in Table 4.4 and Fig. 5.13. 
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Flow Rates Cl2  = 25 sccm 

RF Power 130 W 

ICP power 300 W 

DC Bias 466 V 

Pressure 5.2 mT 

Temperature 40°C 

      Table 5.4 Optimized ICP parameters for GaN Etch in Fig. 5.13 

 

Fig. 5.13 GaN smooth sidewalls and surface using optimized parameters in Table 5.4 

 

Etched GaN surface 

Masked Region 
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Fig. 5.14 SEM of GaN sidewall using higher RF power = 170W (Cl2 = 25 sccm, ICP = 

300W, Pressure = 5 mT, Temperature = 40°C) 

 

 

 

 

 

 

 

 

 

Masked Region 

Etched GaN surface 
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5.2. Ni Mask 

Nickel has very high selectivity in chlorine-based plasma and this is essential for facet 

formation. Multiple etched facets were structured by Ni lift off.  An image reversal resist AZ5214 

was selected to obtain a suitable undercut resist profile. The undercut profile would enable a 

more vertical Ni mask deposition after the lift off process. The diagram in Fig. 5.15 illustrates a 

typical AZ resist profile and its dependence on the dosage and development time. In addition, 

the image reversal baking temperature was also a critical step and it was set to 120°C. Therefore 

it is critical to set the appropriate resist type, thickness, exposure dosage and development time 

in order to achieve a successful lift off profile that would result in straight and vertical sidewalls. 
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Fig. 5.15 AZ Resist Profile at different stages of development                                                

and with  different exposure doses                                                             

(source: modified from [26]) 
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The following steps were used for the AZ5214 image reversal process. 

AZ5214E 

Softbake: 110°C 60s hotplate 

Thickness @ 4000rpm: 1.4µm 

Exposure: 70 - 110mJ/cm2 broadband 

Reversal bake: 120°C 120s hotplate (most critical step) 

Flood exposure: > 200 mJ/cm2 (not critical) 

Develop: AZ726 60s 

 

 

Figure 5.16 Theoretical undercut profile for image reversal resist 

 

A 100nm Ni layer was deposited using the sputtering tool. Fig. 517 shows SEM images of 

Ni lift off attempts of 2 different sidewalls. Although smooth, anisotropic sidewalls were 

obtained, however, under high resolution it is apparent that the uneven sidewalls were influenced 

by the imperfectness of the lift off procedure.  
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Fig. 5.17 Anisotropic, smooth GaN sidewall with 100nm Ni mask layer. The uneven profile 

was caused by the imperfectness of the lift off procedure. (RF power = 140W, Cl2 = 25 

sccm, ICP = 300W, Pressure = 5 mT, Temperature = 40°C) 

Non-uniform metal film deposition may also result since the sputtered energetic Ni 

particles arrive to the substrate at random angles. Thus, Ni deposition using the evaporator is 

better suited due to the normal deposition of the mask layer. E-beam lithography was also 

considered in order to obtain a high resolution straight lift off profile. However, since the 

NanoFab’s E-beam machine required maintenance, this technique was not employed.  

Etched GaN surface 

Ni Mask Region 
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Dry etching of Ni mask required heavy Argon bombardment and this resulted in severe 

roughness to the GaN surface. Other attempts were also investigated using wet etching of the Ni 

Mask by using a thin 50nm thick Ni deposition. The thin layer was presumed to allow for less 

isotropic etching of the Ni sidewalls before the exposed Ni region was completely removed. 

Nevertheless, the the 50nm Ni mask's sidewalls were subjected to deep isotropic etching, which 

lead to irregular GaN sidewalls 

 

 

5.3. SiO2 Mask 

Several experiments were conducted using a SiO2 mask. Since the selectivity was 

approximately 5:1 in chlorine based plasma a thickness of 1 µm was deposited. The following 

steps were done for the SiO2 dry etch process.  

 

PR removal 

 

 

SiO2 deposition via PECVD 

 

 

Pattern soft mask for SiO2 
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   SiO2 dry etch 

 

 

 

 

  GaN dry etch 

 

 

GaN Etch 

GaN
 

Fig. 5.18 Procedure for GaN facet structuring using dielectric mask 

  

An ECI 31027 4 µm resist was selected for patterning the SiO2. Since the Nanofab 

Contact aligner is designed only for regular wafers, the GaN sample mounted on the 4 inch wafer 

would lead to a nonuniform surface during the mask alignment process. During the 

wedge compensation alignment step, the mask aligner would exert a strong force on the sample 

causing removal of thick resist layers from the sample onto the patterning mask. As a result, a 

higher pre-bake temperature of 105°C was done for a duration of 2 mins. Since the resist coated 

sample was mounted on another AZ9260 resist layer, the higher pre-bake temperature was 

necessary to avoid resist adhesion to the contact aligner mask.      
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  A standard SiO2 dry etch recipe was first done using a C4F8 and O2 plasma. The 

complete etch recipe is stated in Table 4.5 and had an etch rate of ~180nm/min to ~200nm/min. 

However, according to Ren et. al. the use of C4F8 molecules would leave fluorinated carbon 

residue on the SiO2 sidewall, which can be seen in the SEM in Fig. 5.19 [18]. This carbon coating 

would harden during the etch process and cause roughening. This coating would form roughness 

on the SiO2 sidewalls that would later transfer to the GaN sidewall in the proceeding step.  

 

 

Flow Rates C4F8  = 40 sccm 

O2  = 5 sccm  

RF Power 100 W 

ICP power 1500 W 

Pressure 10 mT 

Temperature 10°C 

Table 5.5 SiO2 standard etch parameters initially used 
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Fig. 5.19 SEM of SiO2 mask sidwall using C4F8/O2 plasma. Sidewall roughening is caused by 

flourintated carbon residue. 

  

To avoid carbonaceous residue on the dielectric mask’s sidewalls, the SiO2 etch parameters, using 

an SF6/O2 plasma, in Table 4.6 was then used instead. Its etch rate was measured and ranged 

from ~62 nm/min to ~78 nm/min. The use of this SF6/O2 plasma is better than SF6/Ar plasma 

proposed by Ren et. al, as it avoids heavy Ar bombardment [18]. The SiO2  etching duration was 

16.5 mins and included several one minute break steps in order to avoid resist burning.  

  

Etched GaN surface 

SiO2 mask  
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Flow Rates SF6  = 15 sccm 

O2  = 4 sccm  

RF Power 50 W 

ICP power 800 W 

Pressure 10 mT 

Temperature 10°C 

 

Table 5.6 ICP parameters for SiO2 etching using SF6 / O2 plasma to avoid flourine 

carbonated coating 

 

As seen from Fig. 5.20 and Fig. 5.21, dry etching of the SiO2 mask layer caused severe 

mask erosion under Cl2 plasma. This occurred even before the proceeding GaN dry etch step. 

Since facet formation required high selectivity and to protect the etch mask layer, a resist and 

SiO2 bilayer was then used. The smooth and protected resist and SiO2 bilayer can be seen in 

Fig 5.22 bellow. 
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Fig. 5.20 SiO2 etched layer and sidewall indicating severe mask erosion. This occurred prior 

to etching the GaN layer 

 

Fig. 5.21 SiO2 etched sidewall indicating severe mask erosion. This occurred prior to etching 

the GaN layer. Also tunneling can be seen near the SiO2  sidewall  

Etched SiO2 surface 

SiO2 mask region 

Etched SiO2 surface 

SiO2 mask region 
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Fig. 5.22 A Resist and SiO2 bilayer mask sidewall showing exceptionally smooth SiO2 

sidewalls. This is prior to etching of GaN layer. Tunneling can be seen only on the SiO2 as 

the GaN layer has not been etched 

A few attempts were measured using a pure SF6 flow as the SiO2 layer etching 

terminated in order not to form Ga-O bonds on the GaN surface. However, Oxygen was 

necessary in order to passivate the SiO2 sidewalls as the layer was being etched. Removal of the 

oxygen flow in the terminating SiO2 etch step resulted in sloping and uneven sidewalls. This 

Resist and SiO2 bilayer 

mask  

Etched SiO2 region 
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roughening was later transmitted to the GaN sidewalls bellow. This is evident in the following 

Fig. 5.23. 

 

 

Fig. 5.23  SEM where SiO2 was etched using an SF6 plasma with the removal of O2. Both 

SiO2 and GaN layers are etched; however, the SiO2 and GaN sidewalls are sloped and 

uneven. This is due to the pure SF6 plasma and removal of oxygen passivation of the SiO2 

sidewalls. 

 

        In order to form vertical sidewalls, the parameters for both mask and GaN etching pressure 

was lowered to 2 mT each. These low pressure conditions with the 150V resulting in a high DC 

Resist and SiO2 

bilayer mask 

Etched GaN region 
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voltage of ~650V. A high DC voltage enhances the sidewall verticality. Also, it was necessary to 

adjust the resist’s profile to be vertical as well. An exposure dosage of 210mJ/cm2 for ECI 3027 

was considered to perform better results. Although, this lead to a higher verticality for the GaN 

sidewalls, the sidewall angle was less as compared to the Ni mask lift off attempt. The AFM 

results for this process at 150W RF power showed an rms value of 4.75 to 7.66. This can be seen 

in Fig. 5.24. 

 

 

 

 

a) 

b) 
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Fig. 5.24  AFM measurement of GaN etching using the bilayer mask. The Bilayer mask has 

been removed using BOE. a) An AFM image depicting a GaN sidewall. b) A 100µm2 etched 

GaN surface with an rms roughness of 7.66 nm.  c) A 30µm2 etched GaN surface with an 

rms roughness of 4.75 nm.  

Process parameters are (RF power = 150W, Cl2 = 25 sccm, ICP = 300W, Pressure = 5 mT, 

Temperature = 40°C ) 

c) 
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The Following Table 5.7 shows a comparison of inductively coupled plasma etching of GaN from 

various publications and the optimized parameters achieved in this work.  

 

Ref. Plasma 

Chemistry 

Flow Rate 

(sccm) 

RF 

(W) 

ICP  

(W) 

Pressure 

(mTorr) 

Temperature 

(˚C) 

Mask 

Material 

RMS (nm) 

[1] Cl
2
/H

2
/Ar  22.5/2.5/5 150 500  1  25 AZ4330 

photoresist 

 4.35 

±0.48  

[27] Cl
2
/BCl

3
 8 / 16 100 500 5 24 photoresist ~5 

[28] Cl
2
/H

2
/Ar 30 / 8 / 8 150 500 10 20 SiO

2
 ~5 

[29] BCl
3
/Cl

2
 

/N2 

8 / 32 / 5  * 300 3.75 -- Ni 1.4 

[30] Cl
2
/Ar 10 / 5 150 750 2 -- SiN

x
 8.281 

[31] BCl
3
/ Cl

2
 2 / 18 300 400 5 25 AZ 5214 

photoresist 

3.5  

[32] BCl
3
 /Cl

2
 

/Ar 

8 / 32 / 5 125 500 2 -- -- < 5.1 

This 

Work 

Cl
2
 25 150 300 2 40 SiO

2
 4.75 – 

7.66** 

* A low DC Bias of -40V was used in [29] 

** The RMS of the as grown samples in this work was measured to range                              

from 2.82 nm to 4.97 nm 

 

Table 5.7 A comparison of inductively coupled plasma etching of GaN from various 

publications and the optimized parameters achieved in this work 
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Chapter VI  

Conclusion and Future work. 

        Optimization of the process parameters for facet formation has been investigated where 

both the influence of both Ni mask and a SiO2 and resist bilayer have been studied. The Ni mask 

shows sidewall angles of up to 79°, although further optimization of the lift off process is required 

in order to obtain a perfectly straight sidewall. A perfect lift off profile would necessitate 

optimizing various factors such as the exposure dosage, development time as well as the resist 

type and coating thickness. Sidewall roughness would significantly degrade the device’s efficiency 

through photon scattering. Straight and smooth morphology and sidewalls have been achieved 

using a SiO2 and resist bilayer. SEM has been used to characterize the sidewall roughness and 

angle. The AFM measurements of the etched GaN surface indicate an RMS roughness of 4.75 

nm to 7.66 nm. The dependence of both the etch rate and RMS roughness with the RF bias has 

been plotted. Although the etch rate significantly increases as the RF bias is raised, the surface 

roughness has an inverse relationship. Sputtering would lead to assisted ion etching and the 

removal of etch products. Nevertheless, the physical etch component dominates causing much 

surface damage. 

 Since the installment of a nitrogen line is anticipated for the NanoFab ICP system, 

this can be utilized for several future improvements for the GaN surface morphology as well as 

etch angle verticality. Research results have proven that the use of nitrogen plasma at elevated 

temperatures is an efficient surface treatment method for GaN based devices. Wang et al. 

demonstrated surface treatment at 705°C using only 0.7 sccm [19]. A nitrogen plasma is 

advantageous in filing nitrogen vacancies, repairing surface defects, and enhancing the GaN 

crystal’s quality. Also, surface treatment through nitrogen gas is not as effective as the use of 

nitrogen plasma in reacting with the Ga atoms. Furthermore, the introduction of a nitrogen 

additive chemistry to the chlorine plasma would act as an effective physical component in 

removing contaminants and GaClx etch products as well as enlarging the etched facet sidewall 

angle, since nitrogen ions would inflict less damage than the use of Argon. Alternative surface 
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treatment methods include annealing. This has been demonstrated by Cao et al. where a type 

conversion on GaN was restored by annealing at temperatures ranging from 800° to 900°C. 
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