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Mg-doped GaN(0001) epitaxial layers, grown by molecular beam epitaxy in a setup interconnected with an
analytic chamber, were analysed by means of X-ray photoelectron spectroscopy to study their physicochemical
properties under different preparation methods. Investigations were carried out for the following samples: as-
grown, air-exposed and treated with isopropanol (IPA) or HCl, and in situ cleaned. The X-ray photoelectron
spectroscopy results confirmed that the air-exposed samples are contaminated with oxygen and carbon atoms,
which can be removed only by in situ cleaning. The valence band maximum varies in the range from 1.2 eV
to 2.7 eV below the Fermi level for the as-grown and ex situ prepared samples, respectively. The valence band
maximum for in situ cleaned sample is located at 1.7 eV below the Fermi level.
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1. Introduction

GaN-based materials attract great interests in the elec-
tronic industry because of their wide and direct en-
ergy band gap (3.4 eV) and a good thermal conductiv-
ity [1, 2]. These semiconductors have a potential to fab-
ricate the highest standard electronic devices working in
various areas, such as light emitters and high-power de-
vices [3–6]. The condition of the output materials in
the production process has an impact on the final per-
formance of such devices because electronic properties of
GaN(0001) depend on the surface quality. Thus, a na-
tive oxide layer formed on the surface after air exposure
impacts properties of the metal/GaN interface [7]. Sev-
eral methods are applied to prepare the surface of the
output substrate: etching in acids (e.g. HCl, HF) or al-
kalis (e.g. KOH) [8], annealing in vacuum, and ion bom-
bardment [9, 10]. Comparative results show that HCl
is the most efficient concerning surface oxygen coverage
decrease and HF for carbon reduction [11]. GaN sur-
faces treated with HCl are contaminated with Cl atoms
which occupy dangling bonds left by some of the oxygen
atoms and prevent re-oxidation process [10, 12]. Given
that wet etching techniques cannot completely remove
the oxygen and carbon contamination, methods such as
annealing under ultrahigh vacuum (UHV) or an ion bom-
bardment need to be introduced to obtain clean surfaces.
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The ion bombardment with Ar+ or Xe+ introduces de-
fects and preferentially remove nitrogen atoms [13]. To
prevent the nitrogen depletion low energy N+-ion bom-
bardment may be implemented [14] or combined tech-
niques including ion bombardment followed by a short
annealing [11].

The influence of all mentioned preparation techniques
on surface properties of p-GaN epitaxial layers have been
studied before [8–10]. However, these studies omitted
the explicit measurement of the valence band maximum
(VBM) position. Moreover, no comparative analysis with
the as-grown sample, being free of any contamination,
has been done so far. In the literature contradictory in-
formations appear such as different VBM and Ga 3d peak
shifts after HCl treatment [15, 16]. Therefore, our aim is
to take a closer look at the role of native contaminants
on p-GaN surfaces, and in particular, to answer how
different preparation methods impact the physicochem-
ical properties, especially the Fermi level (EF) position
relative to the VBM of p-GaN.

2. Experimental details

Mg-doped GaN sample with Mg concentration
5× 1019 atoms/cm3 (determined from secondary-ion
mass spectrometry measurements) was grown in a molec-
ular beam epitaxy chamber with a base pressure of
5 × 10−12 mbar, on a commercial 5 µm thick, non-
doped MOCVD GaN template deposited on Al2O3. Dur-
ing growth reflection high-energy electron diffraction
(RHEED) technique was used to monitor the crystalline
quality of the sample. RHEED patterns obtained for
as-grown p-type GaN revealed stripes corresponding to
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the (1×1) wurtzite structure. After growth the GaN sam-
ple was transferred under UHV into the analysis chamber
and X-ray photoelectron spectroscopy (XPS) for the as-
grown sample (without exposure to contamination) was
performed. All measurements as well as the transfer of
the as-grown sample were carried out at a pressure lower
than 5 × 10−11 mbar. Then the sample was exposed to
air and cut into pieces of 1 × 1 cm2 in size, which were
subjected to various cleaning procedures: (1) isopropanol
(IPA), (2) HCl treatments, and (3) in situ cleaning by
Ar+-ion bombardment with and without annealing up
to 800 ◦C (2 min). Before the placement into the analy-
sis chamber, samples were rinsed with de-ionized water
and blow-dried with N2. Then they were degassed in the
UHV by annealing up to 500 ◦C for 10 min. Temperature
was measured using a K-type thermocouple. Surface elec-
tronic and chemical conditions of the samples before and
after surface treatments were analysed using XPS with a
monochromatic AlKα (1486.7 eV) radiation source. Pho-
toelectrons were collected with a hemispherical electron
energy analyzer (Argus CU) with a step size of 0.05 eV
and a pass energy of 20 eV. Binding energy (BE) values
were referenced to EF whose position was calibrated us-
ing a cleaned Ag sample. Measurements were made at a
take-off angle of 30◦ with respect to the surface and at
room temperature.

3. Results and discussion

The XPS measurements (Fig. 1) show that the as-
grown p-GaN is free of oxygen and carbon contaminants
unlike the air-exposed samples subjected only to chem-
ical treatment. The spectrum for p-GaN after IPA pro-
cedure can be regarded as the spectrum for air-exposed
sample, because the experiment has shown that IPA pro-
cedure does not shift VBM and does not significantly
change the amount of oxygen and carbon contaminants
compared to air exposed samples. The O 1s peak lo-
cated at BE of 531.9 eV had the highest intensity for the
IPA sample (Fig. 1a). Its position shifted to 532.1 eV
and the oxygen amount noticeably decreased for the p-
GaN treated with HCl. Trace amounts of oxygen com-
pletely disappear for samples cleaned by Ar+-ion bom-
bardment in the UHV chamber. As shown in Fig. 1b, the
similar amount of carbon was found in samples which
underwent IPA or HCl procedures. The C 1s line has
a position of the binding energy equal to 285.2 eV.
Carbon was not detected for the Ar+-ion bombarded
sample.

The evolution of the valence band for p-GaN(0001)
samples as a function of different surface treatments is
shown in Fig. 2. The results indicate that the VBM of
the as-grown sample is located 1.2 eV below EF and is
shifted by about 1.5 eV towards higher BE for the air-
exposed samples. The VBM lies at a BE of 2.7 eV for the
IPA sample and is slightly shifted for the HCl treated p-
GaN layer. One can see that the Ar+-ions bombardment
significantly changes the valence band. In the vicinity of

Fig. 1. The XPS spectra of (a) the O 1s and (b) C 1s
core level lines for the p-GaN(0001) sample after differ-
ent surface treatments.

the Fermi level the electron density of states increases.
Thus, the energy position of the valence band edge is dif-
ficult to estimate. This is due to the fact that Ar+-ions
preferentially sputter nitrogen atoms which leads to gal-
lium enrichment of the surface [13]. Therefore annealing
up to 800 ◦C was applied to compensate the loss of N
atoms by desorbing the excess of Ga and afterwards the
VBM was located at 1.7 eV. The shift of VBM from about
2.7 eV to the mentioned value results from a reduction
of oxygen and carbon contaminants on the surface. It
should be noted that the result obtained for the sample
after the ion bombardment with annealing is the closest
to the as-grown sample, however the VBM value after
this surface treatment is still higher by 0.4 eV. In Fig. 3
positions of the Ga 3d peaks are shown. One can see that
the Ga 3d line shifts similarly to the VBM. The Ga 3d
state for the as-grown p-type GaN has a BE at 18.95 eV
and after air-exposition its position is shifted to higher
binding energies by ca. 1.5 eV. Next, for the Ar+-ions
bombardment the Ga 3d is located at a BE of 19.2 eV
and 19.45 eV followed by annealing. The energy distance
between the Ga 3d peak and the VBM for all samples
oscillates around 17.75 eV, which is consistent with pre-
viously reported results [14, 17, 18].

The theoretical study by Segev and Van deWalle shows
that at the GaN(0001) surface two singularity of surface
density of states (SDOS) can appear [19, 20]. The upper
state is located at ≈ 2.8 eV and the lower at ≈ 1.7 eV
above the VBM. According to the calculation, in the case
of non-doped GaN the higher states are empty, while the
lower states are full and their occupation depends on the
conductivity type and the doping concentration [19–21].
The Fermi level pinning at these states was experimen-
tally observed by Janicki et al. in Ref. [22].
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Fig. 2. The XPS spectra of the valence band for the
p-GaN(0001) sample after different surface treatments.

Fig. 3. The XPS spectra of the Ga 3d state for the
p-GaN(0001) sample after different surface treatments.

Based on our results we can state that the presence of
oxygen atoms adsorbed at the p-type GaN surface im-
pact the electronic properties of the surface which leads
to the pinning of EF at the upper, empty state which in
consequence leads to emerge the inversion layer. Further-
more, the 1.2 eV distance between the VBM and EF for
the as-grown sample is lower than expected from Segev
and Van de Walle’s calculation [19] and Janicki’s mea-
surements [22]. This can be a result of the fact that the
lower state is not fully occupied and/or this difference
may arise from the surface photovoltage effect appearing
during XPS and UPS measurements, which was noted by
Long and Bermudez [21]. The VBM for the air-exposed
sample and Ar+-ions bombarded is located at 1.7 eV be-
low EF, which is in good agreement with the DFT cal-
culation and Janicki’s measurements [22]. This may also
stem from the fact that on the ion bombarded surface the
photovoltage effect can be weaker or even does not occur
at all. This is also consistent with other works [14, 23],
where N+-ion bombardment was applied.

4. Conclusions

The XPS technique was used to study physicochemi-
cal properties of the p-type GaN(0001) surface just af-
ter growth and air exposure followed by different surface
preparations (isopropanol, HCl, Ar+-ion bombardment).
The valence band maximum (VBM) relative to the Fermi
level position is 1.2 eV for the as-grown sample and ca.
2.7 eV for the samples air-exposed. The sample cleaned
in situ by Ar+ bombardment followed by annealing has
the VBM at the binding energy of 1.7 eV. The obtained
VBM value for the cleaned sample is in line with previ-
ous theoretical results. The energy distance between the
Ga 3d peak and the VBM is about 17.75 eV for all the
samples proving that the analyzed shifts of our XPS spec-
tra result from electrostatic charge formed on the surface
after certain treatments. The presence of oxygen and car-
bon contaminants on p-GaN(0001) surface changes the
electrostatic charge of the sample surface, consequently
leading to appearance of the inversion layer.
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