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In this study we have performed a thorough characterization of GaN surface after 

etching up to 100 nm in Cl2 plasma under various bias voltage and according to the 

carrier wafer used (Si, SiO2, Si3N4, photoresist). The objective of this article is to evaluate 

the etch damage and contamination of the GaN surface when materials with other 

chemical nature are present during the etching.  The effects of etching conditions on 

surface morphology and chemical compositions of etched GaN films are studied in detail 

using XPS and AFM measurements. 

To this aim, an universal methodology is proposed to estimate accurately by XPS 

the stoichiometry of GaN surface exposed to reactive plasmas when only a Al Kα X-ray 

source is available. The results indicate that the GaN etching mechanisms are very 

sensitive to the chlorine radical density present in the plasma, the latter being strongly 

influenced by the carrier wafer. Substrates that are more chemically reactive with Cl2 

plasma such as silicon or photoresist compared to SiO2 or Si3N4 will lead to a greater 

loading of atomic chlorine, which in turn will lead to lower GaN etch rates. Moreover, 

the GaN surface contamination will depend on the etch byproducts ejected by the carrier 

wafer.  

mailto:erwine.pargon@cea.fr


 2 

The GaN surface exposed to Cl2 plasma shows a Ga-depleted surface, because of 

the more important reactivity of Cl with Ga rather than N, except in the SiO2 carrier 

wafer case. In this latter case, the formation of Ga-O bond limits the Ga removal. 

Regarding the surface roughness, it seems that the contaminants plays little role in the 

roughness formation except for the oxygen released by the SiO2 carrier wafer.  

On the other hand, the surface roughness evolution is clearly driven by chlorine 

radical flux reaching the GaN surface. At low bias voltage, a preferential crystalline 

orientation etching driven by the Cl radicals leads to the formation of hexagonal shaped 

defects that are associated to screw-type threading dislocations already present in the 

pristine GaN material. At higher bias, the enlargement of the defects is limited, leading to 

very low surface roughness value but to amorphized surfaces. 

I. INTRODUCTION 

 

Gallium nitride (GaN) semiconductor is now seriously considered as a choice 

material for high-power microelectronic devices because it can sustain high voltage and 

high current in extreme conditions. Moreover, GaN-based recessed gate architectures 

Metal-Insulator-Semiconductor High-Electron-Mobility-Transistor (MIS-HEMT) is a 

promising solution for the fabrication of normally-off transistor since it enables to keep 

high mobility and high density of electrons without compromising the voltage threshold
1
. 

However, some technological steps involved in the GaN-based MIS-HEMT fabrication 

are critical for the device performances. Among them, the plasma etching step dedicated 

to the gate recess patterning can lead to an electrical degradation of the GaN material 

because of the additional effects of UV photons, energetic ions and radicals during the 
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etching process
2-4

. In addition to these plasma-induced damages, the mismatch of lattice 

parameter and the thermal expansion coefficient between the GaN layer and the 

underlying material generate a high density of threading dislocations (10
7
 to 10

10 
cm

−2
)
5
, 

which are known to induce leakage paths in semiconductor devices
6-9

. 

The GaN gate recess process should provide a high etch selectivity to the mask 

material, an anisotropic profile and, above all, an undamaged surface. Chlorine-based 

precursors such as Cl2 and BCl3 have been widely used for the etching of GaN due to the 

volatility of GaCl3, NCl3 and N2 species
10-12

, whereas fluorine-based plasmas are known 

to form GaF3 nonvolatile etch products. Several studies have already highlighted that 

halogen based plasma chemistries provide controlled etch profiles, low etch damages and 

smooth surfaces
13-16

. 

Similarly to silicon-based materials, GaN materials can be patterned directly with 

a photoresist mask printed by the lithography step or with an additional hard mask layer 

such as Si3N4 or SiO2. The chemical nature of the mask used to transfer the pattern into 

the GaN plays a significant role in the process performance in terms of selectivity, pattern 

profile, surface roughness, etch rates, surface composition and contamination. Indeed, the 

wafer open area is usually about 50%, meaning that half of the material to be etched 

during the process is the mask. The interaction between the plasma species and the etched 

mask results in the production of undesired species in the plasma. Due to gas-phase 

reactions within the plasma such as recombination and ionization processes, the etch 

byproducts of the etching mask participate in the GaN etching mechanisms. In the same 

way, as GaN is an expensive material most GaN plasma process development requires to 

paste a small sample size (< 1*1 cm
2
) on a carrier wafer. The chemical nature of the latter 
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can have impacts on the GaN etching mechanisms and the process performances. Zhirnov 

et al. reported different etch rates and surface roughnesses of GaN when changing the 

cathode materials (quartz, graphite)
, 
or when adding SiCl4 to Cl2 

17
. In the latter case, the 

authors observed a decreasing of the etch rates with the increasing SiCl4 concentration. 

Ladroue et al. observed different morphologies according to the coverplate
18

, and 

proposed a formation mechanism of columnar defects when using a SiO2 coverplate. 

Urushido et al. studied the influences of Ge and Si on the GaN surface in a Cl2 plasma, 

and highlighted the modification concerning the etch rates and etch profile
19

. To the best 

of our knowledge, the influences of the carrier wafer on the plasma composition and the 

GaN surface composition are not fully addressed. As undesired species are likely to 

generate interfacial traps in MIS-HEMT devices, it is mandatory to understand the 

etching mechanisms of GaN materials for a given mask or a given carrier wafer. 

In this paper, we report on the physico-chemical modifications of a GaN surface 

exposed to a Cl2 plasma as a function of both the carrier wafer (photoresist, SiO2, Si3N4 

and Si used), and the bias voltage that drives the plasma ion energy. Ellipsometry is used 

to estimate etched thickness and thus etch rates, X-ray Photoelectron Spectroscopy (XPS) 

analysis for the GaN surface composition and stoichiometry, and Atomic Force 

Microscopy (AFM) for the surface roughness. The objective is to evaluate the etch 

damage and contamination of the GaN surface when materials with other chemical nature 

are present during the etching. In addition to this, we propose a reliable and universal 

methodology to estimate accurately the GaN stoichiometry by XPS when only an Al Kα 

X-ray source is available on the XPS tool. It relies on the detailed peak decomposition of 

the N 1s / Ga L2M4,5M4,5 region that allows extracting the contribution coming from the 
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N 1s only. This fitting procedure is universal and can be very useful to extract the N/Ga 

ratio by XPS when GaN is exposed to reactive plasmas. 

II. EXPERIMENTAL  

A. SET UP 

Samples consisted of epitaxially grown 3.9 μm-thick GaN films on 4-inch sapphire 

(0001), commercialized by Lumilog. The experiments are performed in a 300 mm 

Centura® Advant- Edge™ MESA™ ICP (inductively coupled plasma) etch tool from 

Applied Materials. The plasma source consists of a dual RF coil operating at 13.56 MHz. 

The carrier wafer temperature and the reactor body are maintained at 60°C and 65°C, 

respectively. More details about the reactor can be found elsewhere
20

. In the present 

study, GaN samples are thermally glued with a thermal pasteat the center of a 300 mm 

carrier wafer. Several carrier wafers are used to investigate their impact on the GaN etch 

mechanisms: a bare Si wafer, or a Si Wafer on which either a 1 μm-thick photoresist is 

spin coated or a 100 nm-thick SiO2 is thermally grown or a 55 nm-thick Si3N4 is 

deposited by Low Pressure Chemical Vapor Deposition. The GaN samples are exposed to 

Cl2 plasma using the following conditions: the Cl2 flow rate is 100 sccm, the pressure is 5 

mTorr and the source power is 600 W. The bias power is the only parameter that is varied 

from 0 W to 90 W corresponding to a bias potential ranging from the plasma potential to 

− 200 V. 

The GaN and carrier wafers etch rates are determined thanks to in situ ellipsometric 

measurements using an UVISEL ellipsometer from Jobin Yvon connected to the reactor. 

To measure GaN thickness before and after etching, spectroscopic acquisitions are 

performed between 2 and 3.2 eV with a step size of 0.005 eV. For all the experiments 
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except those with no bias power used, the etching times are adapted so that the GaN 

etched depths are similar of about 100 nm. An optical emission spectrometer (OES, 

Acton SP-500i) is used to identify the excited species during the etching process. The 

optical port is positioned at 5.4 cm above the carrier wafer. The slit size is fixed at 0.55 

mm and the exposition time is set at 0.4 s. In order to reduce the noise, 50 spectra are 

recorded and averaged. 

The surface roughness is measured using Atomic Force Microscopy (AFM, 

Dimension Icon bruker). The scan size is fixed at 5×5 μm
2
 with 512*512 pixel resolution. 

Surface composition and chemical environment are examined with quasi in situ 

Angle Resolved X-Ray Photoelectron Spectroscopy (ARXPS, Thermo Avantage Theta 

300). The analysis chamber is directly connected to the reactor via a vacuum transfer 

chamber. X-ray photons are generated with a monochromatic Al Kα X-ray source 

(1486.6 eV). The pass energy and the energy step are set at 45 eV and 0.1 eV 

respectively. Low-energy electrons with Ar gas was used to compensate the surface 

charging. Due to the neutral gas introduction, the work pressure was 2×10
−7

 Torr in the 

analysis chamber. The angle-resolved capability of the Theta 300 is used for all analyses, 

with eight angles regularly spaced between 23.75° and 76.25° (i.e. collective angle), 

referred to the normal of the wafer. 

B. XPS FITTING PROCEDURE 

In the literature, there is no reliable methodology to extract properly the atomic 

chemical composition of a GaN surface by XPS, especially when GaN is exposed to 

reactive plasma species such Cl, F, Br that can form new chemical bonds with Ga such as 

Ga-Cl, Ga-F or Ga-Br. Indeed, if using an Al Kα XPS source, the Ga Auger L2M4,5M4,5 
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lines overlaps with the N 1s core level, compromising the determination of the N content, 

while with a Mg Kα source (hʋ = 1253.6 eV), the Ga L3M2,3M4,5 Auger lines (Ekinetic = 

963-973 eV) and the Ga L3M4,5M4,5 Auger lines (Ekinetic = 1055-1070 eV) overlap with 

the C 1s and Cl 2p core levels, respectively, introducing uncertainties on the carbon and 

chlorine quantifications. 

To obtain a complete GaN XPS analysis, it is optimal to use both Mg Kα and Al 

Kα sources in order to have information on the N 1s and the C 1s core levels. 

Unfortunately, not all XPS machines are equipped with both sources. In most published 

works using Al kα source only, the Ga L2M4,5M4,5 Auger contribution is often 

represented with two or more peaks without constrained fit values, but more importantly, 

without physical meaning. The fit parameters of those Auger lines (peak position, Full 

Width at Half Maximum (FWHM), the Gaussian ratio) are determined for a reference 

sample and then the parameters are fixed and applied during the fitting procedure of the 

others samples
22

. This methodology may eventually work if all the analyzed samples 

present the same proportion of Ga chemical environment as the reference (Ga-N and Ga-

O for instance), but fails if some new chemical Ga bonds are present. This is illustrated in 

Fig. 1 that shows the N 1s / Ga L2,3M4,5M4,5 region obtained for a pristine GaN (with its 

native oxide) (Fig. 1a), and GaN films exposed to different reactive plasmas (Fig. 1b/c/d). 

It is obvious that the Ga L2M4,5M4,5 Auger lines can be very different from a condition to 

another, and that the method consisting in fixing similar L2M4,5M4,5 Auger lines 

parameters for all samples is not suitable. In the case of oxidized and fluorinated GaN 

surfaces (Fig. 1c/d), the N 1s signal (around 397.1 eV) is completely screened by the Ga 

L2M4,5M4,5 signal, making difficult to extract the N 1s peak area with accuracy if no 
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method is applied. In this article, we propose an universal method of accurate, detailed 

peak decomposition of the N 1s / Ga LMM region when using only the Al Kα source for 

the XPS analysis. This procedure allows to accurately extract the contribution coming 

from the N 1s only, especially in the cases of GaN surface exposed to reactive plasmas. 

 

Fig. 1. N 1s XPS spectra at 76° recorded for (a) a pristine GaN sample and GaN exposed   

to (b) Cl2 plasma (c) O2 plasma (d) fluorocarbon-based plasma.  

 

Before dealing with the fitting procedure, let’s recall the Auger process leading to 

the Ga L2,3M4,5M4,5 Auger lines. The latter transitions are initiated by the creation of L2 

and L3 inner-shell holes, corresponding to the 2p1/2 and 2p3/2 core levels, respectively. 
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These core holes may be filled by M4,5 outer shell electrons (i.e. Ga 3d core level), and a 

second electron may leave the M4,5 shell with a kinetic energy depending on the binding 

energy of the three considered energy levels
23

. The kinetic energy difference between two 

identical final states (e.g. 
1
G of Ga L2M4,5M4,5 and 

1
G of Ga L3 M4,5M4,5), equals the spin-

orbit splitting of the Ga 2p core level (ΔBE = 26.9 eV).  

Besides the previously mentioned Auger transitions, the L2L3M4,5 Coster-Kronig 

transition can occur and impact the shape of L2M4,5M4,5 Auger lines
24-27

. For Ga-based 

materials, the Coster-Kronig transition does not occur because of the high Ga 3d binding 

energy ranging from 18 to 21 eV, and therefore, the Ga L2M4,5M4,5 Auger lines have the 

same structure as the Ga L3M4,5M4,5Auger lines. We emphasized that the absence of 

L2L3M4, Coster-Kronig transition is the condition sine qua none for the following fitting 

protocol. 

Based on this, the proposed protocol requires to acquire both the Ga L2M4,5M4,5 

and Ga L3M4,5M4,5 regions (Fig. 3a). The Ga L3M4,5M4,5 is firstly decomposed in an 

arbitrary manner by using multiple peaks (noted Px with x = 1,2,3,...), but the idea is to 

adjust perfectly the Ga L3M4,5M4,5 envelop. The kinetic energy difference, the FWHM 

and the peak shape function are fixed and propagated on the Ga L2M4,5M4,5 region (from 

407 to 389 eV) without constraining the binding energy or the total area of the whole 

envelop (Table 1). In addition, the bulk plasmon of Ga L2M4,5M4,5 and N 1s must be 

considered between 415 and 425 eV (red rectangle in Fig. 3), because it overlaps with the 

P1 peak of the Ga L3M4,5M4,5. That is why the peak area ratio is not constrained for the 

Ga L2,3M4,5M4,5 Auger contributions at high kinetic energy (i.e. P1 in Fig. 1a and Table 

1). In case of oxygenated and fluorinated surfaces, the presence of additional 
1
S and 

1
G 
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final states, due to Ga-O and Ga-F chemical bonds, is likely to generate some 

uncertainties to the fitting procedure. 

 

Ga L3M4,5M4,5 Ga L2M4,5M4,5 
ΔKE (eV) FWHM (eV) Peak area ratio 

Peak KE  (eV) Peak KE  (eV) 

P1 1067.7 P1 1094.7 

27.0 

2.06 2.7 

P2 1065.5 P2 1092.5 1.90 

1.6 
P3 1064.0 P3 1091.0 1.57 

P4 1062.7 P4 1089.7 1.64 

P5 1058.7 P5 1085.7 1.85 

 

Table 1: Parameters extracted from the fitting of Ga L2,3M4,5M4,5 XPS spectrum of the 

pristine GaN (Fig. 1a). KE: Kinetic Energy, ΔKE: Kinetic Energy difference between the Px 

and Px’ peaks (x = 1-5), FWHM: Full Width at Half Maximum; Peak area ratio: Area ratio 

between the Px and Px’ peaks (x = 1-5). 

 

The N 1s / Ga L2M4,5M4,5 region is then adjusted using the predefined envelop for 

Ga L2M4,5M4,5 and by adding peaks for the N 1s contribution. The Ga L2,3M4,5M4,5 lines 

must be adjusted for each new samples given that the fitting parameters can be different 

from one sample to another. It should be noted that for all the data, the Ga L2M4,5M4,5 

Auger peak positions itself at − 26.95 ± 0.1 eV from the Ga L3M4,5M4,5 during the fitting 

procedure, which is the separation between the Ga 2p3/2 and Ga 2p1/2 core level (ΔE = − 

26.9 ± 0.1 eV), confirming the relevance of the protocol. The main advantage is that the 

fitting procedure provides a physical meaning to the resulting Ga L2M4,5M4,5 

decomposition because it is entirely based on the Ga L3M4,5M4,5 feature. The N 1s core 
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level of the pristine material shows a major contribution at 397.1 eV, with a FWHM 

constrained between 0.8 and 0.9 eV, corresponding to (Ga)3-N-Ga bonds and a small 

contribution only visible at grazing angle at 399.8 eV corresponding to N-O bonds (see 

Fig. 1a).  

 

Fig. 2. (a) Ga 3d (b) O 1s XPS spectra at 76° of a pristine GaN sample. 

 

Regarding the fitting procedure for the Ga 3d peak, most publications use one 

peak that encompasses the Ga 3d5/2 and Ga 3d3/2 doublet, generally positioned between 

19.3 to 20.3 eV for Ga-N bond
28-32

. In this work, each Ga 3d component is fitted with a 

doublet using a spin-orbit splitting of 0.45 eV and an area ratio between the d5/2 and d3/2 

components of 0.66
33-36

. The XPS spectra of the pristine GaN is calibrated in energy by 

fixing the C-C peak position of the carbon contamination at 284.8 eV. Figure 2a shows 

the decomposition of the Ga 3d peak for a pristine GaN with its native oxide. It is fitted 

with two doublets with Ga 3d5/2 components located at 19.3 eV and 20.1 eV and 

corresponding to (N)3-Ga-N and (N)-Ga-(O) bonds respectively. The shift of + 0.85 eV 

for the oxidized Ga component is consistent with literature
37

. After GaN etching in Cl2 
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plasma, there is no more carbon. The spectra are thus calibrated in energy by using the 

(N)3-Ga-N (Ga 3d5/2) environment located at 19.3 eV.  

Turning to the O 1s core level (Fig. 2b), it can be decomposed into three 

components. The peak at 531.0 eV is assigned to the (N)-Ga-O chemical state
38

. The 

peaks at 532.3 and 533.7 eV are attributed to O=C and O-C chemical states, respectively. 

It is expected that the O-N chemical state overlaps with the O-C and O=C contributions. 

Due to the angle-resolved capability of the ARXPS, it is possible to investigate 

different probed depths as a function of the collection angle. The considered probed depth 

equals to 3 times the inelastic mean free path, for a given photoelectron kinetic energy, 

and corresponds to 95% of the collected signal. Based on the NIST calculation
39

, the 

probed depths are calculated for N 1s, Cl 2p, Ga 3d core levels and plotted in Fig. 3. This 

work is focused on the surface angle (76°) because it permits to study the reactive layer 

composition located on the near surface (< 1.8 nm), whereas for the bulk angle (23°), the 

reactive layer contributions (Cl 2p, C 1s, Si 2s) are screened by the bulk signal. The N/Ga 

ratio for the pristine material is estimated by taking into account all Ga (Ga-N + Ga-O) 

and N (N-Ga and N-O) contribution. For an XPS angle analysis of 23.6° that mainly 

probes the GaN bulk, this ratio is found to be 1.06. This value will be used as our 

reference ratio for the GaN stoichiometry. 
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Fig. 3. Ga 3d, Cl 2p and N 1s probed depths as a function of the collection angle. 

III. RESULTS AND DISCUSSION 

A. GaN and carrier wafers etch rate in Cl2 plasma 

Figure 4 shows the vapor pressure data of the stable neutral species expected during 

the Cl2 etching of GaN (GaCl3, NCl3) as well as Si, photoresist, SiO2 and Si3N4 carrier 

wafers. It is known that SiCl4 is the main etch byproducts during the etching of Si in a Cl2 

plasma. The etching of photoresist carrier wafers is likely to form the volatile CHxCly 

reactive neutral species. In addition, the presence of hydrocarbon species may form 

hydrocarbon etch products such as Ga(CH3)3. For the SiO2 and Si3N4 carrier wafer, gas-

phase reactions are likely to form SiOx or SiNx reactive neutral species which are 

nonvolatile. In the latter case, there is no data available because Si3N4 is one of most 

thermodynamically stable material. 
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Fig. 4. Vapor pressure data calculated from
40-44

. 

 

Vapor pressure data gives only a simple interpretation of the chemical etching 

mechanism, and the respective volatility of the etch byproducts of the different materials 

used in this study.  

GaN samples are patched on four different carrier wafers and exposed to a Cl2 

plasma using the conditions mentioned in the experimental set up. Only the bias power 

has been varied from 0 W to 90 W corresponding to a bias potential of Vp to − 200 V. 

Fig. 5a shows the carrier wafer etch rate, the GaN etch rate and the selectivity as a 

function of bias potential and according to the chemical nature of the carrier wafer. Due 

to the physical properties of each wafer, the plasma/surface interactions are necessarily 

different even during the exposition to a near-identical Cl2 plasma. 
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Fig. 5. (a) Carrier wafer etch rate (b) GaN etch rate (c) selectivity as function of the bias 

potential used for the Cl2 etching process. 

The Si carrier wafer is clearly etched faster, followed by the photoresist, Si3N4 and 

SiO2 carrier wafers. This is not surprising considering the bond dissociation energy of the 

involved bonds which are 310 ± 1.2 kJ/mol for Si-Si, 338.4 ± 1.2 kJ/mol for C-H, 437.1 ± 

9.9 kJ/mol for Si-N and 799.6 ± 13.4 kJ/mol for Si-O
45

. The volatility of the would-be 

etch byproducts is also a critical parameter, with SiCl4 and CCl4 the most volatile etch 

products (Fig. 4). Overall, the etch rate logically increases with ion energy because of the 

increasing sputtering yields. For low-bias processes (|Vp| ≤ |VDC| ≤ 50 V), the etch rates 

are similar for the photoresist, Si3N4 and SiO2 carrier wafers. In such cases, the physical 

part of the etching is considerably reduced, and the etching relies mostly on the chlorine 

adsorption and etch byproducts desorption.  

Figure 5b shows the impact of the carrier wafer on the GaN etch rate. In the present 

case, there is a relation between the carrier wafer etch rates and the GaN etch rates 

because of the chlorine consumption by the wafer. The more rapidly the carrier wafer is 

etched, the lower the GaN etch rate is. This is due to loading effect, the chemical reactive 

neutrals (and mainly the atomic chlorine) are consumed by the carrier wafer and are less 

available for the GaN etching. The GaN etch rate also increases with ion energy. Similar 

results were obtained by Chang et al. with Ni, SiO2 and photoresist masks
46

. 

Regarding the etch selectivity (Fig. 5c), selectivity above 1 can be easily achieved 

with SiO2 and Si3N4, while for the photoresist and Si carrier wafers, the chlorine 

consumption caused the major difference in term of selectivity. The best selectivity is 

found with the SiO2 carrier wafer and the lowest selectivity when using a Si carrier wafer. 
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In literature, it has been observed a higher selectivity for GaN:SiO2 (mask) than for  

GaN:photoresist (mask)
46-48

. 

B. Optical Emission analyses during Cl2 etching  

 

Fig. 6 shows optical emission spectra recorded during the etching of Si, photoresist, 

Si3N4 and SiO2 carrier wafers with a bias power of 90 W (VDC = − 200 V). A Cl2 

reference spectrum, obtained without carrier wafer, is presented in Fig. 6a for comparison 

purposes. The emission spectrum during the etching of Si carrier wafer in a pure Cl2 

plasma is plotted in Fig. 6b, in which Cl2 vibrational bands, Cl emission lines and Si 

emission lines are observed in the UV region. Furthermore, the distinct features of SiCl, 

SiCl2 and SiCl3 vibrational bands are detected around 280, 330 nm and 390 nm, 

respectively
49

. This confirms the production of SiCl etch byproducts during the Si etching 

in Cl2 plasma. 

Presence of Si excited lines and SiCl vibrational band are also observed during 

the etching of the Si3N4 carrier wafer (Fig. 6e). In addition, the ejection of nitrogen is 

indirectly evidenced with the formation of N2 vibrational bands (from 300 to 400 nm), 

resulting of gas-phase recombination and subsequent excitation by electron impact. 

Turning to the SiO2 carrier wafer (Fig. 6d), there are weak Si emission lines and a weak 

SiCl emission band. However, despite the etching of SiO2 (See. Fig. 5), the oxygen triplet 

at 777 nm remains undetected regardless of the bias potential. It is though that the 

oxygen, which is released from the carrier wafer, reacts to form SiO or SiOCl species 

within the plasma. Nevertheless, the SiO vibrational bands range from 216 to 293 nm
50

, 

and thus overlap with the Cl2 vibrational band.  
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Fig. 6. Optical emission spectra recorded during Cl2 etching (a) without wafer (b) with Si 

(c) with SiO2 (d) with Si3N4 and (e) with photoresist carrier wafers at − 200 V in the UV 

region; (f) Optical emission spectrum recorded during Cl2 etching of photoresist carrier 

wafer at − 200 V in the visible. 

 

It should be pointed out that SiCl2 and SiCl3 vibrational bands cannot be clearly 

detected during the etching of the SiO2 and Si3N4 carrier wafers.  

Given that the photoresist wafer (Fig. 6c) is mostly composed of hydrocarbon 

species, C and H atoms eventually reacts with Cl atoms at the surface or in the volume. 

Fig 6e indeed confirms the formation of CCl etch by products, while Fig. 6f highlights 

the presence of C2 vibrational bands (Swan bands) and H balmer series 

. 
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The reaction path for the formation of C2 excited species is not clear given that 

such species could be a result of CClx or/and CHx recombination processes and 

subsequent excitation processes. the negligible intensity of Hβ could be caused by the 

recombination processes between H and Cl/Cl2 species to produce HCl, but the latter 

species cannot be detected in the visible spectral range. Optical emission spectroscopy 

provides a simple analysis of plasma chemistry. It can be extrapolated that the presence 

of excited species (C2*, SiClx*, N2*, H balmer series) conveys the presence in the plasma 

of positives ions (CClx
+
, SiClx

+
, Nx

+
, Hx

+
) and reactive neutral species (SiClx, CClx, N, 

CxHy) that will interact with the GaN substrate during the etching process. The amount of 

contaminants detected by OES is well correlated with the carrier wafer etch rate of Fig 

5a, namely that the OES spectra of Si and PR substrates that are etched faster show more 

intense new emission lines. 

C. GaN surface composition after etching in Cl2 plasma 

 

As it will be detailled later in this article, after GaN etching in Cl2 plasma, Cl is 

detected on the GaN surface whatever the nature of the carrier wafer.  In the case of Si 

carrier wafer, Si is also detected while in the case of photoresist, C is detected. The other 

contaminants that can be detected in a few amount are O and F that come from the 

reactor wall. In the case of the SiO2 carrier wafer, O can also come from the carrier wafer.  

We will first focus on the XPS spectra deconvolution of N 1s, Cl 2p, Ga 3s, Si 2s 

and Ga 3d core levels recorded at a collection angle of 76° (surface angle) after the 
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etching of GaN with different carrier wafers at − 100 V in a Cl2 plasma (Fig.7). Table 2 

lists the binding energy extracted from the XPS spectra deconvolution.  

 

Fig. 7. N 1s, Cl 2p, Ga 3s, Si 2s and Ga 3d XPS spectra (collection angle = 76°) recorded 

after GaN etching in Cl2 plasma at − 100 V bias voltage according to the carrier wafer 

used.  
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Element Core level Environment GaN on Si GaN on photoresist GaN on SiO2 GaN on Si3N4 

N 1s 

Cl-(Ga)-N-(Ga) 397.3 397.3 397.3 397.4 

(Ga)-N-Cl 397.9 

 

(Ga)-N-Si 396.5 

Ga 3d5/2 

(N)-Ga-Si 18.7  

(N)-Ga-N 19.3 

(N)-Ga-Cl 20.1 

Cl 2p3/2 

Cl-Ga 198.1 198.1 198.4 198.4 

Cl-(Cl, Si, N) 199.3 199.3 199.6 199.6 

Si 2s Si-(N, Cl) 153.1  

C 1s C-Ga  284.0  

 

Table 2: Binding energy values (± 0.2 eV) of N 1s, Ga 3d, Cl 2p, Si 2s and C 1s peaks 

after GaN etching in Cl2 plasma at − 100 V bias voltage according to the carrier wafer 

used.  

 

The deconvolution of Ga 3d, N 1s and Cl 2p peaks are similar for photoresist, 

SiO2 and Si3N4 carrier wafer. The case of Si wafer showing different chemical 

environments is discussed afterwards.  

The Ga 3d is deconvoluted with two doublets with the Ga 3d 5/2 peaks located at 

19.3 eV and 20.1 eV. The first doublet is assigned to the (N)-Ga-N chemical states, while 

the second doublet with a higher chemical shift of + 0.8 eV is attributed to Ga-Cl or Ga-O 

chemical bond. No GaCl2 or GaCl3 bonds are detected since these chemical environments 

present higher chemical shift of + 1.3 eV
51

 and + 2.3 eV
34

, respectively. 
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The Cl 2p spectra are fitted with two doublets, with a spin orbit separation of 1.6 

eV and 2:1 peak area ratio, and shows two chemical environments. The major one 

corresponds to Ga-Cl bonds at 198.2 ± 0.2 eV. The other one is located at 199.4 ± 0.2 eV 

and could be mainly attributed to physisorbed Cl2
51

.  

In the case of photoresist substrate, C is also detected on the GaN surface. The 

main peak is located at 284.0 eV that we attribute to C-Ga chemical bonds. Some very 

weak contributions can be found at 286 eV and 289 eV and can be attributed to CCl and 

CCl2 bonds but the signals of those bonds constitutes less than 2% of the total atomic 

concentration. 

The N 1s core level shows only one contribution positioned at 397.3 ± 0.1 eV. 

However, it should be noticed that the N 1s peak position is slightly shifted of + 0.2 eV 

compared to the pristine material. We attribute this slight shift to higher energy as a 

second neighbouring effect due to the presence of Cl-(Ga)-N-Ga bonds rather than solely 

(Ga)-N-Ga.  

Regarding the Si substrate, in addition to the peaks mentioned above for the other 

substrates, SiClx species are also detected as revealed by the Cl 2p3/2 peak at 199.5 eV 

and the Si 2s peak at 153.1 eV (+ 2.5 eV chemical shift that can only be attributed to 

SiCl2/SiCl3 species)
52

. The N 1s peak presents also two new contributions at 396.5 eV 

and 397.9 eV that we attribute to (Ga)-N-Si and (Ga)-N-Cl bonds. Furthermore, the Ga 

3d core level is slightly affected by the presence of Si/SiClx at the surface. Another 

contribution must be added at 18.7 eV and it is associated to the Ga-Si chemical state.  
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Fig. 8. In-depth profiles of atomic elements present on GaN surface after etching in Cl2 

plasma at − 100 V bias voltage with (a) Si (b) photoresist (c) Si3N4 (d) SiO2 carrier wafer. 

The profiles are obtained from the ARXPS data. 
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Thanks to the angle resolved capability of our XPS, the in-depth profile of the 

contaminant concentrations on the GaN surface exposed to Cl2 plasma at − 100 V can be 

plotted (Fig 8). 

Regarding the Si carrier wafer (Fig. 8a), a mixed SiClx/GaClx layer is present on 

the first 0.5 nm and Cl penetrates slightly deeper in the GaN up to 0.8 nm. Turning to the 

photoresist carrier wafer in Fig. 8b, it appears that the first 0.5 nm is composed of GaN 

reactive layer rich in C and Cl. This mixed layer is certainly composed of the Ga-N, C-C, 

C-Cl and Ga-Cl bonds that we have identified on the XPS spectra. The chlorine 

penetrates deeper up to 0.8-1 nm as in the Si case. We cannot exclude that the hydrogen 

present in the photoresist and released in the plasma during the etching (as evidenced by 

the OES) interacts with the GaN surface and creates some deeper damage but it cannot be 

highlighted by XPS. With the Si3N4 carrier wafer (Fig. 8c), a very thin GaOCl reactive 

layer is formed on the very first 0.5 nm. The surface seems to be less deeply modified 

than in the two previous cases. Finally, with the SiO2 carrier wafer (Fig. 8d), the Si is 

detected in a very few amount compared to oxygen and is located at the extreme surface 

(0.5 nm). This may suggest that the oxygen that is detected deeper is linked to Ga and 

compete with chlorine to form either Ga-O or Ga-Cl bond. Unfortunately, it is impossible 

to distinguish Ga-Cl or Ga-O bonds on the Ga3d core level, since they present similar 

chemical shifts. Finally, the ARXPS data indicates that the GaN surface is more deeply 

impact up to 1 nm. However, as evidenced by the AFM measurements of next section, 

the surface roughness is very high for the SiO2 carrier wafer at – 100 V, so it is hard to 

clearly conclude on the species penetration in this case compared to the other substrates. 
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From this first analysis of the XPS data, it appears that the Si3N4 substrate seems 

to be the one providing the thinnest reactive layer, and the shallowest chlorine penetration 

compared to Si and PR carrier wafers.  

Molecular dynamics simulations, dealing with the surface modifications of Si 

exposed to chlorine plasmas
53

, show that there are two main parameters that drive the 

thickness of the SiClx reactive layer that forms on the Si surface during the etching: the 

ion energy and the neutral over ion flux ratio (Γn/Γi).  Higher ion energy or lower Γn/Γi 

leads to thicker reactive layer. They also observed that the thicker the reactive layer the 

lower the etch rate.  

For all the carrier wafers, the ion energy used is similar of 100 eV but the 

chemical nature of the ion is different. From the OES data, it is suspected that heavy 

SiClx
+
 dominates over Cl

+
/Cl2

+
 in the case of Si, while Cl

+
/Cl2

+
 ions may be the majority 

ions for the two Si3N4 and SiO2 carrier wafers. According to the molecular ion 

implantation Theory
54

, the net ion energy is given by Em/M, where E is the energy of the 

molecular ion, m is the mass of the atom, and M is the total mass of the molecule. 

Therefore, with polyatomic ions, the net energy of the energetic atoms reaching the 

surface is much less than the energy of the atoms issued from monoatomic ions reaching 

the surface. For example, the net energy of chlorine atoms reaching the surface as a 

SiCl2
+
 molecular ion with a given energy is 36% less than the energy of a Cl

+ 
atomic ion 

reaching the surface with the same given energy. Consequently, the penetration depth of 

chlorine ion should be less in the case of PR and Si substrates than in the Si3N4 case, 

which is not what we observe. In contrast, for Si and PR substrates, it is likely that the 

atomic chlorine concentration in the plasma is greatly reduced due to the carrier wafer 
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consumption, which may lead to a decrease of Γn/Γi, which in turn would lead to a thicker 

reactive layer as predicted by Paulin et al. 

Besides, for an equivalent energy, heavy molecular ions (SiClx
+
, CClx

+
) may less 

penetrate in the GaN surface explaining why Si and C species are mainly located at the 

very near surface. 

Our data indicates that the reactive layer thickness, and thus the GaN etch rate, is 

mainly driven by the atomic chlorine radical present in the plasma. This explains why the 

reactive layer is thinner in the Si3N4 carrier wafer case and why higher etch rates are 

obtained.  
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Fig. 9. XPS surface composition (collection angle = 76°) of GaN surface after etching in 

Cl2 plasma according to the bias potential voltage with (a) Si (b) photoresist (c) Si3N4 (d) 

SiO2 carrier wafer. 
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Fig. 10. N/Ga ratio according to the bias potential and the carrier wafer. 

Surface chemical compositions extracted from the deconvolution of the XPS 

peaks obtained at a collection angle of 76° according to the carrier wafer and the bias 

potential are shown in Fig. 9. Similar XPS spectra deconvolution as described previously 

has been used and no other chemical environments were identified with other bias 

voltages. 

Regarding the Si wafer (Fig. 9), SiClx species are detected for all bias potential 

and their contribution to the chemical composition of the probed surface increases from 

14.1% to 26.1% when increasing the bias voltage. As mentioned earlier, the SiClx species 

come from the etching of the Si substrate, and their concentration in the plasma phase 

increases with increasing bias power, since the Si etch rate increases (see Fig. 4). These 

etch byproducts are likely to be ionized and then participate to the etching of the GaN 

material. 



 27 

In the case of a photoresist substrate (Fig. 9b), the carbon contamination 

constitutes between 8% and 15% of the total chemical quantification at the surface, 

showing no clear trend with increased bias voltage. Some O contamination is also 

randomly detected. 

For Si3N4 carrier wafer, the reactive layer on the GaN surface is similar for all 

bias substrate. It remains very thin and is mostly composed of (N)-Ga-Cl species with 

some O contamination coming from the reactor wall.  

Finally, for the SiO2 substrate, SiOx contamination can be detected for all bias 

voltage (Fig. 9d). At − 50 V, we could clearly identify two O 1s contributions at 531.0 eV 

and 532.6 eV, assigned to O-Ga and O-Si chemical states. It is observed that the SiO 

contamination on the GaN surface decreases with the bias voltage increase. This could be 

in contradiction with the highest SiO2 etch rate at higher bias, releasing even more 

oxygen and silicon in the plasma. However, the higher bias voltage may facilitate the 

sputtering of SiOx products that deposit on the GaN surface. 

To go deeper in the analysis the N/Ga ratio is plotted in Fig. 10 as a function of 

the bias voltage and the substrate used and compared to the reference N/Ga ratio of 1.06.  

Except for the SiO2 carrier wafer, there is a Ga depletion at the GaN surface that 

is slightly enhanced by the bias voltage, but the trend is not so clear. This Ga depletion is 

especially pronounced in the case of the Si carrier wafer. Other studies dealing with GaN 

etching in Cl2 plasma have shown that Cl preferentially reacts with Ga rather than N to 

form volatile GaClx products. Hasegawa et al. highlighted a N-enrichment, in a Cl2/Ar 

ALE process, attributed to GaCl3 volatily after a chlorination step
51

. Kim et al. observed 

a N-rich surface after the etching after a 100% Cl2 process
55

. When using a Si carrier 
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wafer, it can be inferred that the N-Si bonds that are formed (see Fig. 1) may even more 

slows down the Cl reaction with N, explaining why in this case the N/Ga ratio is the 

highest. This is also supported by the fact that the N-Si bond dissociation energy (437.1 ± 

9.9 kJ/mol) is higher than that of Ga-N (205 kJ/mol)
45,56

. 

Increasing the ion energy increases both the sputtering effect and the activation of 

the chemical etching. Molecular dynamics simulations show a preferential sputtering of 

nitrogen atoms in a pure sputtering regime such as Ar
+
, leading to a N-depleted surface 

because the etching yield of higher than Ga
57

. Increasing the bias could then lead to a 

decrease of the N/Ga ratio by enhancing the N sputtering. However, it is not necessary 

the observed trend, meaning that the increase of the ion energy in a Cl2 plasma seems to 

contribute to the enhancement of the chemical etching of Ga.  

For the photoresist carrier wafer, the N/Ga ratio remains very close to the one of 

the reference for any bias. We have no explanation for why the N/Ga ratio is the less 

impacted with the photoresist carrier wafer.  

The case of SiO2 carrier wafer is the only one showing for some bias voltage a reverse 

trend, namely a N/Ga ratio inferior to the reference one, conveying a N-depletion rather 

than Ga. Although the N/Ga ratio evolution with bias does not seem to be correlated with 

the amount of O present on the GaN surface, we think that the presence of O at the 

surface may play a role in the low N/Ga ratio in two ways. The XPS data reveal the 

formation of Ga-O bonds (especially at – 50 V) that may block some Ga attack sites by 

chlorine atom. And in parallel, it cannot be excluded that oxygen reacts with N to form 

NO volatile etch byproducts. Both phenomena lead to a decrease of the N/Ga ratio. 
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D. GaN surface roughness after etching 

 

Fig. 11. AFM image of  GaN surface before (a) and after etching in Cl2 plasma with no 

bias and Si3N4 CW during (b) 5 min (c) 10 min (d) 20 min; (e) etch pit shape evolution 

with process time (f) etch pits density evolution with process time. 

Figure 11 shows the GaN surface roughness evolution with time when exposed to 

Cl2 plasma with unbiased carrier wafers. The case of GaN sample on a Si3N4 carrier 

wafer is shown, but exactly similar trend is observed with the photoresist and SiO2 

substrates. The case of Si wafer is different and will not be discussed here because XPS 

analyses reveal the formation of a SiClx deposition on the GaN surface that prevents from 

drawing conclusions on the GaN surface roughness evolution.  

The AFM image of the as-grown GaN surface (Fig 11a) shows the atomic steps, 

characteristic of the epitaxial growth and also reveals some few point defects positioned 

at surface step terminations. 
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These defects are known to correspond to the surface termination of pure-screw or 

mixed dislocations
58

. The etch pit density estimated for the as-grown sample is of 3.10
8
 

cm
-2

 which is close to the threading dislocation density of 4.10
8
 given by the supplier and 

the RMS roughness is 0.3 ± 0.05 nm. By exposing the GaN surface to an unbiased Cl2 

plasma, hexagonal pyramid-shaped pits located at atomic step termination are formed on 

the GaN surface. These etch pits grow in diameter and depth with increasing processing 

time (Fig. 11b/c/d/e) but their density remain constant and similar to the as-grown sample 

(Fig. 11f). This leads to an increase of the RMS roughness with plasma exposure time. 

The fact that the location of the pits and their density are similar to the ones of the as-

grown sample reveals that the defective region of the GaN sample is preferentially etched 

away under unbiased Cl2 plasma.  

Moreover, the hexagonal shape of the pits reflects crystallographic symmetry of 

the GaN lattice, suggesting a crystal orientation dependent etching. Similar defects have 

already been reported in the literature dealing with the wet etching of GaN. Lai et al. 

describes the formation mechanism of hexagonal holes when using a heated KOH 

solution on the GaN surface
59

. They correlate the degree of difficulty to etch a given 

crystallographic plane with the planar density and the number of dangling bonds on N 

atoms.  

Based on this, they show that in a pure chemical type of etch the c plane is the 

harder to be etched while the r-plane is preferentially etched and turns into the (1011) 

plane with longer etching time, forming a hexagonal hole on the GaN surface. 

Similar mechanisms may be involved in the unbiased Cl2 plasma conditions used 

in this study. In these conditions the chemical aspect of the plasma is enhanced compared 
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to the physical one since ion energy is about the plasma potential of about 15-20 eV. The 

etching is mainly driven by the atomic chlorine present in the plasma. As the etch rate of 

the carrier wafer is extremely low (see Fig 5a), the atomic chlorine is fully available for 

the GaN etching. The atomic Cl preferentially etch the less dense r-plane compared to the 

c-plane, leading the hexagonal shaped defects. It is besides known that GaN c-plane 

(0001) is hardly etched with no or low energetic ions.  
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Fig. 12. GaN surface roughness as function of the carrier wafer and the bias potential 

during Cl2 etching. The dashed line represents the RMS reference value for the pristine 

GaN surface. 

AFM measurements are also performed after GaN etching in Cl2 with different 

bias voltages and the Si, phororesist, SiO2 and Si3N4 carrier wafers (Fig. 12). 

The surface roughness of GaN after etching in Cl2 is not much impacted if Si, 

photoresist or Si3N4 carrier wafers are used, except at low bias potential of − 50 V. At 

higher bias, the surface roughness values are quite similar to the ones of the pristine GaN 

(Fig. 11a), suggesting that the contaminants found on the GaN surface by XPS according 

to the wafer used play here a minor role in the roughness formation.  
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Regarding the SiO2 substrate, the roughness is significantly higher than for the 

other substrates but is decreased down to similar low values at higher bias potential. We 

explain the significant surface roughness formation by the presence of the SiOx residues 

at the surface (see Fig. 8 and Fig. 9) that act as micromask
17-19 

and generate columnar 

defect. This is comforted by the fact that at higher bias, no Si is detected by XPS at − 200 

V on the GaN surface and in parallel, the GaN surface roughness is smooth. The presence 

of GaO bonds may also have an impact in the roughness formation at low bias. 

The evolution of the roughness with bias voltage is similar for all substrates. At 

low bias, the photoresist and Si carrier wafers present etch pits with an average depth 

about 2 nm (Fig. 13a/b), while the average depth is about 5-6 nm for Si3N4 (Fig. 13c) and 

10 nm for the SiO2 carrier wafer (Fig. 13d). As explained above, those etch pits are due to 

the presence of threading dislocations that are revealed by the preferential crystalline 

orientation etching driven by the chemical action of atomic chlorine. Thus, the etch pit 

depth logically correlates with the available atomic chlorine in the plasma which is a 

priori higher in the case of SiO2 and Si3N4 that are etched less rapidly. For all substrates, 

the increase of the ion energy is beneficial for the preservation of the GaN surface 

roughness. At high bias potential, all GaN surfaces present a similar morphology as the 

pristine GaN (see Fig. 11a).  

The roughness decrease with increasing bias can be explained by the activation of 

the surface-plane (c-plane) etching with the energetic ion bombardment, compared to the 

r-plane whose etching rate is not much impacted by the ion bombardment. This means 

that the preservation of the as-grown GaN surface roughness is a well-controlled balance 

between the ionic bombardment that drives the c- plane surface etching and the amount 
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of chlorine radicals that will be responsible for the r-plane etching and the enlargement of 

the initial surface defects. It should be noted that although the RMS roughness values at 

high bias is similar to the one of the pristine materials, the surface morphology is not 

exactly the same. The atomic steps are still visible at high bias but the AFM image is 

more blurred conveying an amorphisation of the GaN surface which may be detrimental 

for the electrical performance of the device.  Finally, except in the presence of SiOx etch 

byproducts, we have not seen an impact of the other contaminants (SiCl, C, H, F..) on the 

roughness. 

 

Fig. 13. AFM image of GaN surface after etching up to 100 nm in Cl2 plasma as a 

function of bias voltage and carrier wafers a) Si, b) Photoresist, c) Si3N4, d) SiO2. 

IV. CONCLUSION 
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In this study, the influence of the carrier wafer during the GaN etching was investigated 

under various bias voltage and according to the carrier wafer used (Si, SiO2, Si3N4, 

photoresist).  

Firstly, a fitting protocol is proposed for the N 1s/Ga L2M4,5M4,5 region in order to 

evaluate the N/Ga ratio when only a Al Kα X-ray source is available. The GaN etching 

characteristics are very sensitive to the physico-chemical properties of the plasma such as 

the atomic chlorine concentration or the ionic flux. The latter attributes are strongly 

influenced by the nature of the carrier wafer.  

The higher etch rates of Si and the photoresist carrier wafers lead to a significant chlorine 

consumption compared to SiO2 and Si3N4, which in turn lead to lower GaN etch rates and 

cause a major difference of the GaN:wafer selectivities. 

 

Moreover, the carrier wafer etching leads to the ejection in the plasma of etch byproducts 

whose chemical nature will depend on the substrate being etched. OES data indicates that 

SiClx products are predominant in the case of Si carrier wafer, CClx for photoresist wafer, 

while Si, SiCl, N2 are detected for Si3N4 carrier wafer. In the SiO2 case, OES data did not 

permit to evidence any etch byproduct. We suspect that the main product must be SiO, 

however the SiO vibrational bands overlap with the Cl2 vibrational bands in the 200-300 

nm range. 

Consequently, the GaN surface contamination after etching is different according to the 

wafer used: a SiClx reactive layer is formed on the GaN surface for Si carrier wafer, 

carbon is detected for photoresist substrate, and SiOx in the SiO2 case. Regarding Si3N4, 

no contamination coming from the substrate is identified, although it is difficult to assert 
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with certainty that the N detected on the GaN surface does not come from the Si3N4 

wafer. Besides, in all cases, a thin GaCl reactive layer, less than 1 nm, is formed on the 

GaN surface, with the Si3N4 carrier wafer leading to the thinner reactive layer on the GaN 

surface. The N/Ga ratio in the Si, photoresist and Si3N4 carrier wafer cases shows that the 

exposition to a Cl2 plasma generates a Ga-depleted surface, due to the more important 

reactivity of Cl with Ga rather than N, while with a SiO2 carrier wafer, the interaction 

between O and the GaN surface induces Ga-O bonds that limits the Ga removal.  

Surface roughness analysis demonstrates that the contaminants (Si, C, H) plays little role 

in the roughness formation. With a SiO2 carrier wafer, the presence of both Si and O 

leads to a SiOx reactive layer on the GaN surface which is responsible of a micromasking 

effect for low-bias processes.  

At low bias, the etching by reactive radicals dominate and the Cl radicals preferentially 

etch the less dense r-plane compared to the c-plane. This leads to the formation of 

hexagonal shaped defects that are associated to screw-type threading dislocations. The 

fact that their density is similar to that of the pristine sample reveals that the defective 

region of the GaN sample is preferentially etched away under unbiased Cl2 plasma. By 

increasing the ion energy, the etching of the c-plane is enhanced compared to the r-plane 

limiting the enlargement of the defects and thus limiting the surface roughness 

degradation. At high bias, similar surface roughness values as the pristine material is 

obtained but the quality of the AFM image suggests that the GaN surface is amorphized. 

This means that the preservation of the as-grown GaN surface roughness is a well-

controlled balance between the ionic bombardment that drives the c-plane surface etching 
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and the amount of chlorine radicals that will be responsible for the r-plane etching and 

the enlargement of the initial surface defects. 

 

The roughness decrease with increasing bias can be explained by the activation of the 

surface-plane etching with the energetic ion bombardment, compared to the r-plane 

whose etching rate is not much impacted by the ion bombardment. This means that the 

preservation of the as-grown GaN surface roughness is a well-controlled balance between 

the ionic bombardment that drives the c-plane surface etching and the amount of chlorine 

radicals that will be responsible for the r-plane etching and the enlargement of the initial 

surface defects. 

 

Electrical characterizations are ongoing to evaluate the critical impact of roughness and 

contamination on the electrical behavior of the GaN.  
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