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Abstract 
 

A comprehensive analysis of oxygen chemisorption on epitaxial gallium nitride (GaN) films grown at different 
substrate temperatures via RF-Molecular Beam Epitaxy is carried out. Photoemission (XPS & UPS) 
measurements were performed to investigate the nature of surface oxide and corresponding changes in the 
electronic structure. It was observed that the growth of GaN films at lower temperature lead to lower amount of 
surface oxide, however vice versa was perceived for higher temperature growth. The XPS core level (CL) and 
valence band maximum (VBM) position shifted towards higher binding energy (BE) with oxide coverage and 
revealed a downward band bending. XPS valence band spectra were de-convoluted to understand the nature of 
hybridization states. UPS analysis divulged higher values of electronic affinity and ionization energy for GaN 
films grown at higher substrate temperature. The surface morphology and pit structure were probed via 
microscopic measurements (FESEM & AFM). FESEM and AFM analysis revealed that surface was covered 
with hexagonal pits which played a significant role in oxygen chemisorption. The favourable energetics of the 
pits offered an ideal site for oxygen adsorption. Pit density and pit depth were observed to be important 
parameters governing the surface oxide coverage. The contribution of surface oxide was increased with increase 
in average pit density as well as pit depth.  
 

Keywords: GaN, Chemisorption, Photoemission, Microscopy, Oxide. 

 

Introduction: 
Understanding of surface properties is of key 
importance for the design, characterization and 
development of III-Nitrides based noble device 
structures. Surface properties play a crucial role 
in governing the performance of these devices. 
They assist various technological issues like 
surface states1,2, Fermi level pinning (or 
unpinning)1,3, band bending2-4, quality of metal 
contact5,6, leakage current7,8, current collapse7,9, 
etc. Theoretical and experimental analysis of 
oxygen chemisorption on GaN surfaces were 
initiated by Elsner10 and Bermudez et al.11 They 
reported that the chemisorption of oxygen lead to 
increase in work function and electron affinity of 
the films. In order to fabricate high quality 
metal/semiconductor contact, it was observed 
that Aluminium deposited on GaN surface reacts 
with surface oxide and forms Al2O3.

12 The 
quality of metallization and Schottky barrier 
formation are significantly altered by the surface 
oxide.13 Shalish et al.14 analysed the correlation 

between surface oxide (gallium oxide) with 
yellow luminescence and reported that the 
presence of oxygen on the surface decorates 
grain boundaries and produces defect related 
yellow luminescence. Previous reports have 
proposed that oxygen can produce native gate 
oxide15 and the oxygen related traps can increase 
the gate leakage.16 In a recent study, it was 
reported that the oxide particles (Ga2O3) lead to 
the OFF-state degradation of AlGaN/GaN high 
electron mobility transistors.17 These studies 
indicates the necessity to have a better 
understanding of oxygen chemisorption on GaN 
surfaces.  
It is well understood that the surface morphology 
of the grown GaN films can vary due to growth 
kinetics18,19. It has been observed that GaN 
surfaces exhibit pits on the surface20. These pits 
possess different energetics21 than flat surface 
and may act as a favourable site for oxygen 
adsorption. However, even being so important, 
this area is relatively unexplored and lacks 
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scientific attention. Hence, it would be 
interesting to investigate and analyse the effect of 
surface pits on oxygen chemisorption and 
electronic structure of the grown films. To the 
best of our knowledge, it would be the first study 
that compares and correlates the structures of the 
pits with oxygen chemisorption on the surface. In 
the present study, a systematic photoemission 
(XPS & UPS) analysis has been carried out to 
analyse the surface oxide coverage and its effect 
on the electronic properties. The nature of 
surface oxide and the valence band hybridization 
states were also analysed. We have correlated the 
surface oxygen chemisorption with surface 
morphology and pit structures.  
 

Experimental: 
The growth of undoped crystalline GaN films 
(1µm thick) was carried out on commercially 
purchased MOCVD grown GaN template 
(GaN/c-sapphire) via RIBER RF-Plasma 
Assisted Molecular Beam Epitaxy (PAMBE). 
The films were grown at three different substrate 
temperatures namely 720oC (sample 1), 730oC 
(sample 2) and 740oC (sample 3) under identical 
Ga/N flux ratio and RF power of 500W. The 
samples are abbreviated as S1, S2 and S3 
respectively, in the present report. Photoemission 
(XPS & UPS) experiments were performed in 
Ultra-high Vacuum (UHV) based system 
(OMICRON Multiprobe Surface Analysis 
System) operating at a base pressure of 5×10-11 
Torr. Samples were ultrasonicated in acetone for 
10 min to remove the physisorbed 
contaminations prior to introduction in UHV 
chamber. No chemical etching was employed to 
clean the samples as they may etch the surface 
and alter the coverage of chemisorbed surface 
oxygen. Samples were mounted on molybdenum 
plates using conductive tape with silver contacts 
on the edges to avoid charging; however the 
system was also equipped with a charge 
neutralization facility to eliminate the additional 
build-up charge during the measurement. The 
XPS measurements were carried out using both 
MgKα (1253.6 eV) and monochromatized AlKα 
(1486.7 eV) radiation sources. Monochromatized 
AlKα radiation was employed to determine the 
exact position of C (1s) core level due to the 
masking occurred by Ga (LMM) Auger lines via 
MgKα radiation. Ultraviolet photoelectron 
spectra (UPS) were obtained using in-situ 
discharge lamp (OMICRON HIS 13) with He (I) 
(21.2 eV) radiation. The calibration of work 

function of the system and the binding energy in 
photoemission spectra was carried out referring 
to Au 4f7/2 emission line and Au Fermi level. The 
core level (CL) curve fitting was done using 
Shirley background and Voigt (mixed 
Lorentzian-Gaussian) line shape calibrated 
against C (1s) binding energy of 284.8 eV. The 
VB maximum (VBM) position was determined 
by extrapolating a linear fit to the leading edge of 
the valence band photoemission to the 
baseline.22,23 Surface morphology and pit 
structure were probed by Atomic Force 
Microscopy (AFM, Multimode-V Veeco) and 
Field-emission Scanning Electron Microscopy 
(FESEM, ZEISS AURIGA). 
 

Results and discussion: 
To investigate the surface oxide coverage and the 
interaction of chemisorbed oxygen with the 
surface of the films, systematic XPS 
measurements were performed.  Figure 1 shows 
the de-convoluted XPS Ga (3d) CL spectra of 
sample 1, 2 and 3 observed at binding energy 
(BE) position of 19.5 eV, 19.7 eV and 20.0 eV, 
respectively. The peaks were de-convoluted into 
three major components attributed to Ga-Ga 
(18.5±0.1 eV), Ga-N (19.7±0.1 eV) and Ga-O 
(20.7±0.1 eV) bonding.22-24 Table 1 represents 
the FWHM and percentage contribution of the 
observed components in Ga (3d) CL spectra. The 
shift of the Ga (3d) CL towards higher BE (0.2 
eV for S2 and 0.5 eV for S3) and increment in 
the FWHM revealed higher amount of surface 
oxide. Further, the shifts in the CL also indicate 
towards strong downward band bending (from 
S1 to S3). The degree of band bending in the 
grown GaN films increased from S1 to S3. The 
observed downward band bending is an 
indication of large concentration of surface states 
(surface oxides, contaminants etc.) in the grown 
films. These states can pin the Fermi Level and 
produce significant effect on the VB offset in the 
heterostructures. We observed that the 
contribution of surface oxide increased from S1 
to S3. However, the contribution of metallic 
gallium decreased significantly (absent in S3). 
The de-convoluted XPS O (1s) CL spectra are 
shown in Figure 2. The identified components 
were attributed to chemisorbed oxygen (in the 
form of GaXOY and Ga2O3) and hydroxyl species 
(due to adsorption of water on the surface)22 
located at BE of 530.2±0.1 eV, 531.4±0.1 eV and 
532.8±0.1 eV, respectively. Several 

experimental
25,26

 and theoretical
27,28

 

Page 2 of 10Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



investigations of water adsorption on GaN 

surfaces have performed in recent years. The 

studies indicated towards the aqueous stability
26

 

of the GaN films with very low coverage of 

adsorbed water molecules (OH species).
27

 The 

GaN films were observed to be more reactive to 

molecular oxygen than molecular water in air 

ambient consitions.
25-28

 First principle 

calculations revealed that the coverage of 

hydroxyl species could be up to 0.75 

monolayers.
28

 The de-convoluted O (1s) CL 

spectra also shows a decrease in the hydroxyl 

species in the present study. No significant 
shifts in the CL spectra were observed but the 
FWHM followed an interesting pattern. FWHM 
of the peaks varied from 2.78 to 2.13 (see table 
1). The lower FWHM of S2 and S3 were 
attributed to the minimal contribution from the 
GaXOY species as shown in Figure 2 (b & c). The 
contribution of chemisorbed oxygen increased 
from S1 to S3; however S2 divulged absence of 
GaXOY bonding (see table 1). The chemisorbed 
oxygen was perceived to be of Ga2O3 in nature 
due to its lower Gibbs free energy. The CL 
analysis confirmed that the amount of 
chemisorbed oxygen was increased from S1 to 
S3 and the nature of chemisorbed oxygen is 
dominated by Ga2O3 bonding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: (Color online) De-convoluted Ga (3d) XPS 
spectra of sample 1(S1), 2 (S2) and 3 (S3) displaying 
various components. Open circles showing 
experimental data while solid lines are fitted curves. 

Table 1: Peak positions, FWHM and the percentage 
contribution of different components in the de-
convoluted Ga (3d) and O (1s) core level of the grown 
GaN films. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: (Color online) De-convoluted O (1s) XPS 
spectra of S1, S2 and S3 displaying various 
components.  
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Figure 3: (Color online) De-convoluted XPS valence 
band spectra of the GaN films using 
monochromatized AlKα (1486.7 eV) excitation 
representing the hybridization states.  

 
For the analysis of electronic structure and the 
valence band hybridization states, samples were 
characterized via monochromatized AlKα 
excitation as shown in Figure 3. The VBM 
positions were calculated to be 2.0±0.1 eV, 
2.2±0.1 eV and 2.6±0.1 eV below the Fermi 
Level (FL) for S1, S2 and S3 respectively. The 
high value of VBM for S3 was attributed to the 
presence of higher surface oxide22,23 as evident 
from the de-convoluted Ga (3d) CL spectra. The 
energy separation between Ga (3d) CL and VBM 
[i.e. E(CL-VBM)] which is a material property, was 

obtained to be nearly identical (17.5 eV) for all 
the samples and lies within the reported values of 
17.1-18.4 eV.22 The obtained valence band 
spectrum was in agreement with the theoretical29 
as well as experimental30 studies. The de-
convolution of the VB spectra was performed to 
understand the nature of hybridization states after 
reviewing the available literature reports.29-33 The 
de-convoluted VB spectra for the samples 
revealed five identified peaks labelled as PI, PII, 
PIII, PIV and PV. The positions and the 
corresponding hybridization states of the 
mentioned peaks are tabulated in Table 2. These 
peaks denotes to the N2p-Ga4p31-33, N2p-
Ga4s*24, mixed orbitals31,32 (or surface 
adsorbates) and N2p-Ga4s31-33 hybridization 
states along with a small satellite peak.24,33  The 
N2p-Ga4s* corresponds to slightly higher 
energy, but due to the non-zero density of states, 
was ascribed to this energy. The better 
explanation for locating the peak at above 
mentioned position can be found in earlier 
reports.24,33 The de-convolution divulged that the 
valence band hybridization states correspond to 
the interactions of Ga 4s and Ga 4p orbitals with 
N 2p orbital. The intensity of hybridization states 
was observed to vary with oxide coverage (see 
Fig. 3). The reason behind this variation is still 
not known and needed to be explored more. The 
position of the peaks was observed to be shifted 
towards higher BE (S1 to S3). Previous 
studies34,35 have reported that the pinning or 
defect states related to either gallium dangling 
bonds or nitrogen vacancies are located at ~0.5-
0.7 eV below the conduction band edge. Since 
the VBM position for S3 is in the close vicinity 
of the value (~0.8 eV below the conduction band 
edge), it was expected that the sample possess 
gallium dangling bonds. The dangling bonds can 
offer a favourite site for oxygen adsorption (due 
to the strong difference in the electronegativity) 
and higher amount of surface oxide. The 
observed results and above explained mechanism 
justifies the higher amount of oxide in sample S3 
in an appropriate manner.  
 
Table 2: Energy separation and Peak positions for the 
hybridized levels as observed from the convoluted 
valence band spectra from the GaN samples. 
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To analyse the energy band structure (estimated 
by the position of surface FL and is one of the 
most important parameter in governing the 
performance of devices) and electronic 
properties, UPS measurements of the samples 
were performed. Figure 4 shows the observed 
UPS VB spectra [Fig. 4(a)] and band structure 
[Fig. 4(b)] of the samples. The intensity of the 
peak located at ~15.0 eV was observed to be 
completely supressed from S1 to S3, however 
that of the peak at ~13.5 eV was minimized 
slightly. The major difference between the 
samples is the presence of metallic gallium and 
the amount of surface oxide. Hence, it was 
expected that the peak (at ~15.0 eV) belongs to 
metallic gallium (or Ga-N bonds) and therefore 
was highly supressed in S3 (due to the absence of 
metallic gallium). The UPS VBM values were 
calculated to be 3.4±0.1 eV, 3.8±0.1 eV and 
3.95±0.1 eV for sample S1, S2 and S3 
respectively. The FL of the samples was 
observed to be above the conduction band 
minimum (CBM) and followed the similar trend 
like XPS.  

 
Figure 4: (Color online) a) UPS valence band spectra 
acquired using He (I) (21.2 eV) radiation, and b) 
band-structure diagram of the GaN films 
 

The electron affinity (χ) was determined using 
UPS spectra via following equation: 

χ � hν �W� Eg.  [1]  
where, hν is the energy of the incident photons, 
W is the spectral width and Eg is the band gap 
(3.4 eV) of the material.22 The photo threshold 
energy or the ionization energy of the electrons is 
the energy difference between the UPS photon 
energy and the spectrum width or the sum of the 
electron affinity and band gap. The calculated 
values of the electron affinity (and ionization 
energy) and the schematic band structure 
diagram of the samples are shown in Fig. 4(b). 
The higher values of electron affinity and 
ionization energy for sample S2 and S3 
corresponds to the presence of surface oxides.36  

 
Figure 5: (Color online) Field Emission SEM images 
of the GaN films showing surface morphology and the 
hexagonal pits.  
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Figure 6: (Color online) AFM images of the samples of the GaN films displaying step flow growth and flat 
terraces along with surface pits.   

 
The photoemission measurements confirmed that 
S3 possess the highest amount of surface oxide 
and absence of metallic gallium. Hence, to 
correlate the surface oxide with the morphology 
of the grown films, microscopic (FESEM and 
AFM) measurements were performed. The root 
mean square (rms) roughness, average pit depth 
and pit density of the samples are represented in 
table 3. The plan-view FESEM images of the 
samples are shown in Figure 5. Surface of the 
films were observed to be covered with small 
hexagonal pits which have a V-shape in cross 
section (as shown in the inset of Fig. 5).37-39 The 
side walls of the individual pit is defined by six 


101
1� facets, but they start adjoining when the 
density of pits are large [Fig 5(b) and 5(c)]. The 

side wall then appears form (101
3� or (101
4� 

plane, rather than the 
101
1� facet.38 The 
adjoining of the facets was observed in S2 and 
S3 due to the high density of surface pits. It is 
well understood that the number density, size and 
depth of these pits are dependent on growth 
conditions. We have grown the samples at 
different temperatures, so it was expected that 
samples may exhibit different morphologies.38 

For the accurate explanation of oxygen 
adsorption, it is essential to understand the 
energetics of these pits. Kim et al.39 reported that 
the film become more tensile from outer area to 
the centre of the pit via exhibiting a biaxial stress 
of 0.13 GPa between them. Previous studies 
reported that these pits possess higher energy37 

and the concentration of electron inside the pit is 
much higher than outside the pit.40 The major 
cause for the formation of these surface pits are 
attributed to the defect structures 
(dislocations)39,40 but in the present scenario the 
films are grown on MOCVD-GaN template. 
Hence it was expected that the defect structure 

should remain constant throughout the grown 
samples.. A STEM study by Hawkridge et al.41 
suggested that the Oxygen content increases 
replacing Nitrogen inside a dislocation and while 
the Gallium content remains intact. They also 
proposed that Oxygen can accumulate at surface 
pits and completely substitute the nitrogen on 
facets.  Since the energy inside the pits is higher 
and Oxygen coverage can produce sufficient 
change in the energy, we expect that the Oxygen 
would have substituted Nitrogen and interacted 
with the residual Gallium to form oxides of 
Gallium (Ga-O) inside the pits. The 
aforementioned explanations support that the pits 
are an ideal site for the oxygen adsorption on the 
surface. Butcher et al.42 reported that the 
coalescence of dislocations allows higher amount 
of oxygen on the surface, which is in well 
agreement with our results. Sample S2 and S3 
show coalescence of surface pits and divulge 
higher amount of surface oxide.    
 
Table 3: RMS roughness, average pit depth and 
density of the GaN samples. 

 

Photoemission and FESEM measurements 

revealed that oxide coverage is directly related to 
the pit density. The contribution of surface oxide 
(Ga-O) was increased with increase in pit density 
from S1 to S3 (table 1 and 3). However, it was 
interesting to see that the contribution was 
observed to be higher for sample S3 which had a 
lower pit density. Hence we performed the AFM 
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measurements of the samples for the better 
correlation and understanding of the adsorption 
mechanism. The AFM images of the grown GaN 
films are shown in Figure 6. Surface of the 
samples showed step flow growth and areas of 
flat terraces along with few pits.43 The rms 
roughness and average pit depth of the samples 
are mentioned in table 3. The average pit depth 
was observed to be highest for S3. Comparing S2 
and S3, we observed that the average pit depth 
and pit density varied from 7 nm to 16 nm and 
15.7 (×108 cm-2) to 13.5 (×108 cm-2), respectively. 
There was significant variation (~2.3 times) in 
average pit depth from S2 and S3. The larger pit 
depth was an outcome of grouping (coalescence) 
of pits as evident from AFM as well as FESEM 
analysis. Thus, we observed that the increase in 
oxide component for S3 was an outcome of pit 
depth. The AFM analysis concluded that the pit 
density is not the only parameter affecting the 
oxygen chemisorption but it depends on pit depth 
as well. The rms roughness of the samples was 
observed to be increased from S1 to S3. The 
increase in surface roughness was attributed to 
two major reasons namely (i) adsorption of 
oxygen and (ii) presence of metallic gallium.38,42 

The low roughness in S1 and S2 was attributed to 
the mobility of metallic gallium43 (see 
photoemission part). The presence of metallic 
gallium lead a two dimensional growth and 
increased adatom mobility. The high mobility of 
these adatoms favours migration of atoms in 
order to reduce the surface free energy. The 
density functional calculation states that 
delocalized Ga-Ga bonds possess very low 
barrier to surface migration.44 Metallic gallium 
(Ga-Ga species) in S1 and S2 encourages the 
covering of the pits and hence a smooth and less 
pitted surface was formed. However in case of 
S3, there was not metallic gallium species but 
surface oxide. The oxygen may have less adatom 
mobility and the surface possess high energy 
barrier due to different surface kinetics. The 
migration of adatoms was low and thus formed a 
rough surface. Thus it can be assumed that 
surface oxide also plays a significant role in 
governing the morphology (pits as well as 
roughness) of the grown films. The pit assisted 
oxygen chemisorption lead to significant change 
in electronic structure as well. 
In summary, oxygen chemisorption on GaN 
surfaces was analysed. Surface oxidation lead to 
shifts in core levels as well as valence band 
spectra. Hybridization states of the valence band 
were investigated. It was observed that pits play 

a significant role in surface oxidation and are 
favourable site for oxygen adsorption. The 
contribution of surface oxide increased with pit 
density as well as average pit depth. The 
roughness of the films was also found to be 
increased with increase in surface oxide. 

 

Conclusion: 
Oxygen chemisorption on GaN films grown at 
different temperatures was analysed via 
Photoemission and Microscopic (FESEM and 
AFM) techniques. Surface oxidation lead to 
shifts in CL and VB spectra. An increase in 
downward band bending with increase in surface 
oxide was observed. The VB analysis revealed 
that GaN film have N2p-Ga4p, N2p-Ga4s*, 
mixed and N2p-Ga4s hybridization states. 
Surface pits were identified as ideal site for oxide 
formation due to favourable energetics. The 
increase in average pit density and pit depth lead 
to increase in the contribution of oxide. The rms 
roughness of the surface also increased with 
surface oxidation. 
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Graphical Abstract 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We correlate the oxygen chemisorption on GaN films with pits structure. The surface pits acted as a favourable 
site for oxygen chemisorption due to their favourable energetics, which resulted in significant changes in 
electronic properties and energy band structure.  
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