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ABSTRACT  

Gallium nitride (GaN) is a promising wide-bandgap material for high-power electronics, where GaN-on-GaN homoepitaxy 
is being developed for fabrication of compact high-voltage vertical devices. However, variation in GaN substrate quality 
strongly influences the properties of epitaxial layers grown on top, which in turn affects device performance and reliability. 
Hence, better knowledge of the surface electronic properties is needed, especially after wafer processing steps that can 
introduce surface contaminants and oxide layers. Photoemission-based techniques provide chemical and electronic 
information but are surface-sensitive; therefore, the formation of native oxides or contamination from ambient conditions 
can affect findings. Here, we present the initial results of various surface treatment methods on the electronic properties 
of p-type GaN epitaxial layers grown via metal-organic chemical vapor deposition (MOCVD) in preparation for 
photoemission electron spectroscopy and microscopy characterization. We use X-ray photoelectron spectroscopy (XPS) 
to evaluate changes in residual contamination after treatment. We find that piranha-based cleaning methods have large 
reductions in surface carbon contamination, while NH4OH and HCl-based treatments remove surface oxide. The elemental 
core levels and valence band correspondingly exhibit binding energy shifts with the different treatment methods, indicating 
reduced surface band-bending. Both XPS and initial photoemission electron microscopy results of the photoelectron yield 
suggest a deeper valence band edge location with respect to the Fermi energy measured for the forming gas plasma-cleaned 
sample. These results demonstrate that combined ex-situ treatments for carbon and oxygen removal are more effective, 
yet further in-situ cleaning is necessary for more complete contaminant removal. 
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1. INTRODUCTION  
 

In recent years, modernization of the electric grid, as well as electrification of automotive technologies, has led to 
increasing demands on high-power electronics1. In order to meet these demands, next-generation high-power devices are 
currently being researched and developed, with wide-bandgap semiconductors, such as gallium nitride (GaN), poised to 
overtake traditional silicon power devices in terms of performance and device footprint2,3. Lateral GaN high electron 
mobility transistors (HEMTs) and silicon carbide metal-oxide-semiconductor field-effect transistors (MOSFETs) have 
already achieved market success4–6; however, scalable high-power devices require vertical structures to fully utilize the 
properties of GaN3,7,8. While kV-class power devices have been demonstrated for vertical GaN archetypes, the fabrication 
technologies for full commercial production are not yet mature2,3,7,8. This is due to several material and engineering issues 
which must be overcome to realize reliable, reproducible, and high-performance devices.  

 



 
 

 
 

One of the main issues has been to develop GaN on GaN growth, i.e., growing controlled GaN epitaxial layers on a GaN 
substrate for vertical device structures3,7,8. Early commercial GaN substrates suffered from a large density of dislocations, 
which was reduced via patterned growth substrates to aggregate dislocations9 and can be further reduced using different 
growth methods10. Elimination of dislocations is crucial for device reliability, as dislocations in the substrate are known 
to propagate through the epitaxial growth, compromising the active device layers11,12. For example, substrates with 
patterned arrays of dislocation centers exhibit spatially-varying device performance and failure locations13–17. However, 
direct correlation between defective substrate areas, dislocations, and device performance is not straightforward: certain 
defects appear to be more harmful for devices than others11,12,16,17. Therefore, knowledge of the electronic properties of 
these defects, which propagate to the surface during the epitaxial growth, is needed to understand the device failure 
pathways. 

 

Photoelectron spectroscopy can give detailed information about electronic and chemical states at a material surface. 
However, photoelectron spectroscopy is surface-sensitive due to the short inelastic mean free path of electrons, meaning 
that formation of native oxides or contaminants from air exposure can affect interpretation of results. Hence, GaN surface 
preparation is crucial for obtaining reliable results, and importantly, surface cleanliness and preparation is critical for 
fabrication of GaN devices. For example, contaminants such as carbon and silicon at growth interfaces can dramatically 
affect device performance18–20. Unsurprisingly, surface preparation of GaN has been a long and ongoing research topic21–

26.  

 

As part of our goal to reliably measure the surface electronic properties of GaN, here we report on ex-situ cleaning of p-
type GaN epitaxial layers using several commonly available methods. We quantify the changes in surface contamination 
using X-ray photoelectron spectroscopy (XPS) for the different cleaning methods, and find that a combination of methods 
(e.g., piranha + NH4OH and piranha + HCl) works better for removing both carbon and oxygen from the GaN surface. 
After treatments with piranha and HCl, sulfate and metal chloride are also observed, respectively. Further, we find that ex-
situ plasma cleaning in a forming gas mixture removes carbon contamination; however, it also causes a large shift in the 
core level binding energies, opposite to that induced by the chemical treatments, indicating a more n-type surface. Initial 
photoemission electron microscopy (PEEM) measurements confirm the changes in the valence band position for the 
plasma-treated sample. 

 

2. METHODOLOGY 
 

2.1 GaN samples 

The GaN samples investigated were 500 nm thick p-type (Mg dopant) layers epitaxially grown via metal-organic chemical 
vapor deposition (MOCVD) on an 8 µm thick unintentionally doped (UID) buffer layer on an n-type GaN substrate16,17. 
The samples were coated in photoresist for transport. A 1 cm2 wafer piece was cleaved into four roughly equal sized pieces, 
as illustrated in the top row of Figure 1. The cleaved pieces were then cleaned via the different methods described in 
section 2.2. 

 
2.2 GaN cleaning procedures 

The photoresist was removed from all GaN samples by sonication in acetone for 5 min, followed by sonication in 
isopropanol (IPA) for 5 min, then dried with nitrogen. One piece of GaN was initially kept aside as a reference sample 
(Ref.) for comparison to treatments. The overall cleaning and measurement flow is illustrated in Figure 1 and the specific 
treatment details are listed in Table 1. 

 

 

     Table 1. Parameters for the various cleaning procedures. 



 
 

 
 

Sample First Treatment Second Treatment 

Reference - - 

NH4OH NH4OH (15 mol L-1), 15 min - 

Piranha H2SO4 (18 mol L-1) and H2O2 (9.8 mol L-1), 
H2O2 volume fraction is 0.25, 15 min - 

Piranha + NH4OH H2SO4 (18 mol L-1) and H2O2 (9.8 mol L-1), 
H2O2 volume fraction is 0.25, 15 min NH4OH (15 mol L-1), 15 min 

HCl HCl (9.45 mol L-1), 3 min - 

Piranha + HCl H2SO4 (18 mol L-1) and H2O2 (9.8 mol L-1), 
H2O2 volume fraction is 0.25, 15 min HCl (9.45 mol L-1), 3 min 

HCl + Plasma (previously 
HCl only) HCl (9.45 mol L-1), 4 min N2/H2 plasma, N2 volume fraction is 

0.95, 773 K, 30 min 
 

All samples were rinsed with deionized (DI) water and blown dry with N2 after chemical treatment. Samples were 
immediately transported and loaded into the XPS vacuum chamber within 30 min after treatment.  

Plasma cleaning was performed in a quartz tube furnace and the sample was placed approximately 1 cm downstream from 
the plasma plume during treatment. The plasma conditions were 20 W power, 53 kPa pressure, and a 10 cm3 min-1 flow 
rate. The sample was transported in a N2-filled glovebag and immediately loaded into the XPS after plasma treatment. 

 
Figure 1. Overview of cleaning procedures and measurement flow. 
 

 

2.3 Photoelectron characterization 

XPS was measured at normal emission in a commercial system with a hemispherical analyzer. The base pressure was 
6×10-9 mbar (6×10-7 Pa) or lower. Spectra were measured using monochromatic Al Kα excitation (10 mA, 15 kV) with a 
pass energy of 20 eV (for high resolution spectra) or 160 eV (for survey spectra), step size of 0.1 eV (for high resolution 



 
 

 
 

spectra) or 0.5 eV (for survey spectra), and a nominal analysis area of 1 mm2. The binding energy was calibrated by 
measuring the core level energy of sputter cleaned noble metals27 and no charge compensation was used. 

The relative sensitivity factor, photoelectron inelastic mean free path, and transmission function were accounted for when 
analyzing and comparing the integrated areas of different core levels.  

The thickness of surface layers was estimated using the method developed by Hill et al.28,29 

𝑡𝑡  =  𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆 ln �1  + 𝐼𝐼𝑂𝑂/𝑆𝑆𝑂𝑂
𝐼𝐼𝑆𝑆/𝑆𝑆𝑆𝑆

� (1) 

where t is the overlayer thickness, λ is the photoelectron attenuation length, θ is the emission angle (θ = 0 for normal 
emission), Io and Is are the core level peak intensities of the overlayer and substrate, respectively, and So and Ss are the core 
level sensitivity factors for the overlayer and substrate, respectively. The Ga 2p3/2 core level was used as the substrate core 
level for estimating the carbon and oxygen overlayer thicknesses, while the Ga 3s core level was used when calculating 
the Cl and S thicknesses.  

The Ga 2p3/2 core levels were fit with a Voigt function30 with a fixed full width at half maximum (1.9 eV) and a Shirley 
background to extract the contributions from the Ga-O and Ga-N binding states. The position of the Ga-O state was fixed 
at 1.3 eV higher binding energy than the Ga-N state31. 

The PEEM system used was described previously32,33. The base pressure of the measurement chamber was better than 10-

9 mbar (1×10-7 Pa) GaN samples were outgassed at 500 K overnight before measurements. The light source was a 
conventional 100 W high-pressure Hg lamp. PEEM images were taken at room temperature with a 50 µm field of view 
and no beam-restricting apertures. The image of the as-received GaN was taken with a 10 s camera exposure time, 30 
averages, and a detector voltage of 1340 V. The image of the HCl and plasma-cleaned GaN was taken with a 5 s camera 
exposure time, 50 averages, and a detector voltage of 1400 V. Images were corrected for detector non-uniformity using a 
standard flat-field and dark image method. Sample position drift was corrected before averaging individual frames. Images 
were corrected for different camera exposure times and detector voltages to allow for a direct comparison of the 
photoemission intensity. 

 

3. RESULTS 

 
3.1 Contamination reduction 

 
Following the experimental flow illustrated in Figure 1, XPS spectra were recorded after the various cleaning methods to 
assess their efficacy. We first show the survey spectra in Figure 2a, where the main core level peaks associated with GaN 
(e.g., Ga 2p, N 1s, Ga 3d, and Ga LMM) and atmospheric contaminants (O 1s and C 1s) are observed for all samples. The 
integrated areas of the O 1s and C 1s core levels, relative to the Ga 2p3/2 core level, are compared in Figure 2b, along with 
the ratio between the Ga 2p3/2 and Ga 3d5/2 core levels.  

From the changes in the C 1s core levels, we find that treatments using piranha reduced the carbon surface contaminants 
from a thickness of approximately 1.6 nm ± 0.1 nm (reference) to roughly 0.56 nm ± 0.04 nm, where the error is the 
standard deviation from measurements at multiple locations on the sample. Treatments only using NH4OH or HCl did not 
significantly change the amount of carbon contamination (1.4 nm ± 0.1 nm and 1.5 nm ± 0.1 nm, respectively). The plasma 
treatment reduced the carbon contamination by a similar amount as the piranha treatments (0.52 nm ± 0.01 nm). 
Conversely, NH4OH and HCl treatments had larger effects on reducing the surface oxygen content. The estimated oxide 
thickness decreased from approximately 1.14 nm ± 0.01 nm for the reference sample to approximately 0.67 nm ± 0.04 nm 
and 0.66 nm ± 0.02 nm for the combined piranha + NH4OH and piranha + HCl treatments, respectively. These changes 
are also correlated with the increase in the ratio of the more surface-sensitive Ga 2p3/2 core level to the bulk-sensitive Ga 
3d5/2 level, indicating that surface contaminants are removed by the different treatments. 

 



 
 

 
 

 
Figure 2. XPS survey of various cleaning methods. a) XPS survey spectra of the different cleaning methods, with the main core level 
contributions indicated. Spectra are offset for visibility. b) O 1s and C 1s area ratios relative to the Ga 2p3/2 core level and Ga 2p3/2 to 
Ga 3d5/2 ratio. The ratios are normalized to the reference sample for easier comparison. The error bars represent the standard deviation 
from measurements at different locations on the sample. 
 
We now look in more detail at the Ga 2p3/2 core level following the different treatments, as shown in Figure 3a, where 
there are apparent changes in intensity and binding energy positions. The Ga 2p3/2 core level spectra were fit to extract the 
relative contributions of the Ga-O and Ga-N bonding states. A representative fit is shown for the reference sample in 
Figure 3a. The integrated area ratios of Ga-O to Ga-N from the Ga 2p3/2 core level are summarized in Figure 3b. The 
NH4OH and HCl based treatments (except with plasma) have the largest reduction in the Ga-O contribution, which 
qualitatively agrees with the relative reduction in the integrated O 1s core level (Figure 2b). 

Taking these results together, we conclude that combined ex-situ chemical cleaning treatments using piranha and either 
NH4OH or HCl appear to have the largest effect of reducing the surface carbon and oxygen contamination levels on GaN. 
While the plasma treatment also successfully reduces the surface contamination, it causes large binding energy shifts, 



 
 

 
 

which will be discussed in more detail in section 3.2. However, the oxygen and carbon removal is incomplete, in agreement 
with other reports in the literature using chemical cleaning methods21–25. Hence, further in-situ cleaning is required to 
achieve pristine GaN surfaces. Therefore, for more detailed studies, combinations of treatments should be pursued to 
achieve the cleanest surface, e.g., ex-situ chemical cleaning followed by in-situ annealing and other treatments. 

 
Figure 3. Detailed XPS core levels for the various cleaning methods. All spectra are offset for visibility. a) Ga 2p3/2 core levels. The 
dashed vertical line is a guide to the eye. The black dashed lines are fits of the Ga-O and Ga-N contributions (shown only for the Ref 
data in blue, for simplicity). The fitting background is represented by the grey dotted line, and the black solid line is the total fit. b) Ratio 
of the Ga-O area contribution to the Ga-N component of the Ga 2p3/2 core level for different treatments. The error bars represent the 
standard deviation of measurements at different locations on the sample. c) S 2p core level for different piranha treatments. d) Cl 2p 
core level for different HCl treatments. 
 
Aside from the main core levels, we also observe binding states related to sulfur (Figure 3c) and chlorine (Figure 3d) 
following piranha and HCl treatments, respectively. The S 2p core level at 169 eV binding energy, as shown in Figure 3c, 



 
 

 
 

is visible for the sample treated only with piranha, and corresponds to a sulfate or metal sulfate bond34. The resulting sulfur 
coverage is approximately 0.2 nm thick. Subsequent treatment with NH4OH completely removes the S 2p signal, while 
subsequent treatment with HCl greatly reduces the S 2p core level intensity. Therefore, the sulfate is easily displaced by 
other treatments. 
 
The Cl 2p core level with its spin-orbit splitting of 1.6 eV is clearly visible after treatment with HCl (Figure 3d) at a binding 
energy of 199 eV for the Cl 2p3/2 peak. Only one pair of peaks consistent with metal chloride is observed24, indicating 
there is negligible organic chlorine. The coverage corresponds to approximately 0.4 nm of Cl. Pre-treatment with piranha 
does not appreciably change the Cl chemical state; however, the Cl 2p core level is not detectible after treatment with 
N2/H2 plasma at 773 K. This coincides with reports on the desorption of Cl from GaN at elevated temperatures21,25. 
 
These results provide further evidence to observations of passivation by S and Cl21,22,25,35–37. Hence, HCl and H2SO4 based 
treatments can provide anion bonding or physisorption, which may be beneficial for short term passivation of GaN surfaces 
between processing steps. However, the removal process should then be considered in terms of the total processing 
procedure, as high temperatures or a reducing environment may be required to remove Cl. 
 
 
3.2 Valence changes and electronic alignment 

Here, we turn to the valence band region for a more detailed look at several of the treated surfaces to understand the 
electronic changes taking place at the surface. The Ga 3d core level spectra and valence band maximum (VBM) regions 
are shown in Figure 4a for different processing conditions and the Ga 3d peak center and extrapolated VBM positions are 
summarized in Figure 4b. Treatments that resulted in Ga 2p3/2 core level shifts to lower binding energy, such as piranha + 
NH4OH, resulted in the same shifts for the Ga 3d and VBM positions. The dramatic change (≈ 1.6 eV) in core and valence 
levels with the plasma treatment compared to the reference can be attributed to the rapid uptake of H2 at elevated 
temperatures, which de-activates the Mg dopant38. Therefore, plasma cleaning of p-type (Mg doped) GaN may not be 
practical as a general cleaning method, unless the H2 incorporation can be reliably eliminated. However, inducing semi-
insulating GaN with plasma treatments has recently been explored as an alternative to ion implantation for high-voltage 
device isolation39,40, which may have benefits due to less surface damage. Except for the plasma treatment, all ex-situ 
chemical cleaning methods shift the Ga core levels and VBM towards the Fermi level. Together, this shows that the 
different chemical treatments result in a more p-type surface, while the plasma treatment instead results in a more n-type 
surface. The surface VBM are shown for the reference sample, piranha + NH4OH, and HCl + plasma treatments in Figure 
4c and compared to the expected pristine GaN, where for heavily p-doped GaN, the VBM should be pinned by the Mg 
dopant level to approximately 0.3 eV26. Thus, we can infer that our surface is not pristine p-GaN, and likely has a very 
thin native oxide remaining at the surface (as corroborated in Figure 2b) along with surface band bending.  

 
 



 
 

 
 

 
Figure 4. Determination of band alignment. a) XPS spectra of Ga 3d core level and valence band after different treatments. The spectra 
are offset vertically for visibility. The dashed lines are linear fits to extract the VBM. b) Extracted Ga 3d and VBM positions for the 
different treatments. c) Band alignment for the expected pristine p-GaN surface and measured VBM positions for the reference sample 
(no treatment), piranha + NH4OH, and HCl + plasma treated samples with respect to the Fermi energy (EF).  
 
To further confirm the changes in valence structure from the plasma treatment, we also present PEEM images taken of an 
as-received sample stored in ambient after photoresist removal and the HCl + plasma treated sample (immediately after 
XPS measurements) using a Hg lamp as the UV light source. For the as-received sample shown in Figure 5a, there are 
surface features visible in the PEEM, such as bright smudges and spots scattered about on the sample, which are likely 
due to organic or adsorbate contamination. In contrast, the sample treated with HCl + plasma has considerably less 
photoemission intensity overall, as shown in Figure 5b. The HCl + plasma treated sample still exhibits some bright spots, 
though notably fewer and less intense. The reduction in photoemission intensity is quantified by the image histograms in 
Figure 5c, where the HCl + plasma treated sample has almost a tenth of the photoemission intensity of the sample from 
ambient. This agrees with the XPS results, where the valence band is much deeper for the HCl + plasma treated sample, 
resulting in considerably less threshold photoemission. However, for studying the GaN surface directly in PEEM, higher 
energy photons are needed, as evidenced by the long image exposure times needed using the conventional Hg lamp, despite 



 
 

 
 

working at low magnifications. We are currently implementing a laser-based DUV setup to achieve photon energies up to 
6.5 eV (compared to the maximum energy of 4.8 eV from the Hg lamp) with a high photon flux. This will enable advanced 
laboratory-based PEEM studies of the local electronic information around dislocations and other defects in GaN as a 
compliment to synchrotron-based studies41–45.  

 

 

 
Figure 5. Threshold PEEM imaging. a) PEEM image of an as-received GaN surface after photoresist removal. b) PEEM image after 
cleaning with HCl and plasma. The images were corrected for different camera exposure conditions and are displayed on the same 
intensity range. c) Intensity histograms of the images shown in (a) and (b). 
 

 
 



 
 

 
 

4. CONCLUSIONS 

 
We have shown comparatively the results on extensive ex-situ chemical cleaning methods for GaN in preparation for 
PEEM experiments. We found that combined chemical treatments of piranha with either NH4OH or HCl result in a 
reduction of the surface carbon and oxygen contamination. The reduction in contamination was correlated with shifts in 
the VBM to a more p-type surface. Initial PEEM results using a Hg lamp allow us to qualitatively evaluate surface 
contamination due to changes in threshold photoemission.  
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