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Properties of MgO layers on p-GaN(0001) and p-6H–SiC(0001) surfaces are studied using X-ray and
ultraviolet photoelectron spectroscopy. Up to 5 nm thickness, MgO thin films have been deposited in
situ under ultrahigh vacuum by electron beam evaporation. The formation of MgO compound with
Mg 2p and O 1s core levels located at 51.0 eV and 531.6 eV, respectively, is confirmed by X-ray
photoelectron spectroscopy. The bandgap widths of MgO films determined from the Mg 2p and O 1s
losses are estimated to be 6.7 eV and 6.9 eV for MgO layers with a thickness of 5 nm deposited on
SiC and GaN substrates, respectively. Valence band maxima of bare substrates and MgO films are
found from the ultraviolet spectra. Offsets of the valence and conduction bands have been calculated.
Their respective values are 1.9 eV and 1.8 eV for the MgO/SiC interface, and 2.3 eV and 1.2 eV for the
MgO/GaN interface.

topics: p-GaN, 6H–SiC, MgO/6H–SiC, MgO/p-GaN interface, valence band, photoelectron spectroscopy

1. Introduction

Wide bandgap semiconductors for high-power/
high-frequency devices have been widely studied
over the years. Silicon carbide (SiC) and gallium ni-
tride (GaN) are well-established materials for such
applications [1–3]. Both owe their high market posi-
tion to good physical properties, such as high ther-
mal conductivity, wide bandgap, high maximum
current density, and high breakdown voltage [4–7].
Both have high chemical and thermal resistivity due
to their hardness, which allows electronic devices to
work under demanding conditions [3].

Dielectric/semiconductor interfaces are inte-
grated parts of a semiconductor device. On the one
hand, they are an active part of the electronic device
and, on the other hand, they can be the result of the
formation of isolation or covering in integrated cir-
cuits. There are many factors that can have an im-
pact on the performance of SiC and GaN-based de-
vices, such as the surface preparation method or
the thin film deposition method. Since the appli-
cation of a dielectric layer can improve the per-
formance of the power devices [8], high dielectric
constant and wide bandgap materials are desired
for SiC and GaN-based devices. Dielectric/p-type
and n-type semiconductor interfaces are of partic-
ular interest, as both types of regions function as
critical device components [9, 10]. Many oxides have
been tested over the years for this application and

several suitable candidates have emerged, such as
tantalum oxide (Ta2O5), aluminum oxide (Al2O3),
nickel oxide (NiO), hafnium oxide (HfO2), and mag-
nesium oxide (MgO) [8, 11–14]. GaN and SiC hexag-
onal crystal structure present a challenge to ox-
ide growth, for example, twinning and faceting re-
sulting from symmetry and surface energies [15].
Among the considered oxides, MgO seems to be
one of the best candidates for a buffer layer. It
has a large dielectric constant and a wide bandgap.
Moreover, it is a cubic oxide that has a relatively
low lattice mismatch with SiC and GaN. Among
the methods used so far for thin MgO layers de-
position on GaN as well as on SiC, molecular beam
epitaxy (MBE) seems to be most used [16–19], how-
ever different methods such as atomic layer depo-
sition (ALD) [20], sol–gel route [21], and electron
beam evaporation [22] were also applied.

One of the most important characteristics of the
interface are the valence and conduction band off-
sets (VBO and CBO) [13, 23, 24], which can be af-
fected by the quality of the deposited oxide layer
and the deposition method. Magnesium oxide is
a widely studied high-k oxide on SiC and GaN,
however most of the research focuses on the de-
position methods [16, 18, 21, 25] or bandgap mea-
surements [25, 26]. Much less research focused on
band offsets for the systems has been conducted.
There are only a few studies on MgO/GaN [23] and
MgO/4H–SiC [27] related to this issue.
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This report presents combined X-ray and ultra-
violet photoelectron spectroscopy (XPS and UPS)
investigation of MgO layers deposited by electron
beam evaporation on both p-type semiconductors.
The results show the physicochemical properties of
MgO/GaN(0001) and MgO/6H–SiC(0001) hetero-
junctions, focusing on the band offsets at the in-
terfaces. The aim of this report is to check if the
studied MgO layers deposited by the electron beam
evaporator on GaN and SiC will have sufficient band
offsets to be considered as a barrier for the carriers.

2. Materials and methods

Samples of about 10× 5 mm2 are applied as sub-
strates for these studies. In the case of 6H–SiC sam-
ples, they were cut from a wafer (CREE) with the
Al-doped p-type homoepitaxial 6H–SiC layers (the
concentration density of Al, Na = 7 × 1015 cm−3).
The p-type GaN samples were cut from a Al2O3

wafer with Mg-doped GaN layer (5 µm thick)
grown by metalorganic chemical vapor deposi-
tion (TDI Inc.) (the concentration density of Mg,
Na = 5 × 1016 cm−3).

First, the substrates are cleaned ex situ by
dousing in alcohol and rinsing with distilled wa-
ter, then they are mounted on Mo plates and
placed into the UHV chamber with a base pressure
≈ 1 × 10−10 Torr. After that, the substrates are
cleaned in situ by cycles of annealing at 800◦C. Bare
substrates and the MgO/6H–SiC, MgO/p-GaN in-
terfaces are characterized in a SPECS surface anal-
ysis system using XPS with Mg Kα (1253.6 eV)
and Al Kα (1486.6 eV) radiation sources, and by
UPS with the He(I) (21.2 eV) line, from a DC
discharged lamp with two-stage differential pump-
ing (UVS 10/35). Additionally, low electron en-
ergy diffraction (LEED) is studied with an ErLEED
3000D camera. A hemispherical electron energy an-
alyzer (HAS, Phoibos 100), with a take-off angle
of 90◦C, is used in a constant analyzer energy (CAE)
mode. To measure core levels and valence bands,
pass energies of 10 eV and 2 eV are used in steps
of 0.1 eV and 0.025 eV, respectively. The MgO lay-
ers were deposited under ultrahigh vacuum (UHV)
conditions at room temperature (RT).

The magnesium oxide films have been evaporated
by electron beam evaporation using 99.95% pure
MgO pieces (Kurt Lesker) as an evaporation source.
After the film deposition, the sample is character-
ized at RT by the XPS and UPS, and the deposi-
tion process is repeated. Film thickness is estimated
based on the XPS measurements from the relative
intensity of the Ga 3d peak in the case of GaN and
the C 1s peak in the case of SiC [28–31].

The Fermi level (EF) position is determined from
the Ar-cleaned Au reference sample to which all
the spectra obtained are related. A Prisma 200
quadrupole mass spectrometer is used to monitor
the residual gas composition in the chamber. The
UV spectra are measured with −5 V and −10 V bias

to obtain clean cut-off energy (Ecutoff) in addition
to the measurement in the state of electrical equi-
librium. XPS and UPS spectra are analyzed with
CasaXPS software (ver. 2.3.19PR1.0) using Gaus-
sian and Lorentzian GL(60) line shapes with Shirley
background for peak fitting. All measurements are
performed in situ under UHV at RT.

The procedure proposed by Greczynski and Hult-
man [32–34] has been used for checking sample
charging. It is based on the assumption that the
sum of the binding energy of the C–C bonding and
the work function φS of the measured sample is con-
stant, i.e., E(C−C)

B + φS = 289.58 ± 0.14 eV. The
binding energy correction for the peaks has been
applied for the samples where the relation differs
by more than the error. After the whole cleaning
procedure, the p-GaN exhibits a small amount of
carbon and oxygen contamination (≈ 4%). In the
case of SiC samples, the oxygen contamination was
almost completely removed, but the surface was en-
riched with carbon due to carburizing [32, 35].

3. Results and discussion

Main XPS signals from the MgO/6H–SiC thin
films are shown in Fig. 1. The Si 2p and C 1s core
level lines of the p-6H–SiC substrate decline follow-
ing the MgO film growth (see Fig. 1a and b). Bind-
ing energy (BE) and full width at half-maximum
(FWHM) of the Si 2p peak amount to 101.7 eV and
1.4 eV, respectively. After a deposition of a 5 nm
thick MgO film, the Si 2p peak shifts slightly 0.1 eV
towards higher BE values. The shift does not exceed
the value of an error limit of the energy evaluation.
The C 1s core level spectrum can be fitted with
two components, similar to the fittings reported ear-
lier [36–39]. With the BE value of 283.8 eV and the
FWHM value equal to 1.1 eV, the main line is at-
tributed to Si–C bonds consistently with the other
studies [40–43]. The smaller BE component equal
to 285.4 eV can be attributed to carbonaceous con-
taminants [41]. As opposed to the prior report [44],
the LEED patterns observed here exhibit (1 × 1)
structure with no additional spots, which excludes
graphene termination as described in our previous
work [38]. The position of the C 1s peak remains
the same throughout the experiment.

For a bare p-6H–SiC(0001) surface, the Mg 2p
signal is not observed (see Fig. 1c) and the O 1s
signal is barely visible (see Fig. 1d). The deposition
of the MgO film results in the formation of the O 1s
and Mg 2p peaks, for which the BE values, in the
case of a 3 nm thick film, are respectively 531.6 eV
and 51.2 eV. The FWHM of the latter is 1.4 eV, and
the new peak position is shifted by about 1 eV to-
wards higher BE values with respect to the position
of the Mg 2p line reported for metallic Mg [45]. Such
a location of the peak indicates that the XPS sig-
nal arises from the MgO compound [46, 47], which
was confirmed independently by means of two XPS
databases [45, 48].
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Fig. 1. The XPS spectra of (a) Si 2p, (b) C 1s,
(c) O 1s, and (d) Mg 2p core lines of the p-6H–
SiC(0001) surface before and after deposition of the
MgO films of the average thickness of 3 and 5 nm.

The major features of the XPS spectra collected
for the MgO/p-GaN system are presented in Fig. 2.
For the bare substrate, the Ga 3d BE amounts to
20.4 eV with 1.5 eV FWHM (see Fig. 1a). Cycles
of annealing at 800◦C under UHV may remove sur-
face impurities, as well as decompose chemical sto-
ichiometry of the surface. So to preserve acceptable
surface stoichiometry, the annealing treatment must
be interrupted when some remainders of oxygen im-
purities are still present on the surface (see bare p-
GaN spectrum in Fig. 2c). This leads to the deple-
tion of the subsurface layers of p-type carriers and,
consequently, to the presence of an inversion layer,
as has been reported in [49]. Complementary LEED
investigation of the bare p-GaN (0001) substrate af-
ter the annealing, exhibits the (1× 1) structure de-
spite the presence of some of the oxide reminders
mentioned above. The Ga 3d signal can be decon-
voluted into four components coming from Ga–O,
Ga–N, Ga–Ga bonds and overlapping of the N 2s
state [50] (see Fig. 2a). After the MgO deposition,
the Ga 3d line shifts slightly towards the lower BEs,
finally locating at 20.2 eV. Similar behaviour is ob-
served for the N 1s core level line. For the bare sub-
strate, the N 1s line has BE of 397.6 eV with 1.1 eV
FWHM and it shifts after the MgO layers deposi-
tion, reaching a value of 397.3 eV (see Fig. 2b). The
O 1s core level line resulting from MgO located at
531.6 eV is independent of the MgO film thickness
(see Fig. 2c), likewise, the Mg 2p line is positioned
at 51.0 eV (see Fig. 2d).

Fig. 2. The XPS spectra of (a) Ga 3d, (b) N 1s,
(c) O 1s, (d) Mg 2p core lines of the bare
p-GaN (0001) surface and covered with MgO
films.

The UPS spectra of the valence band (VB)
for both substrates are typical for semiconductors
(see Fig. 3b and d). The valence bands are located
below the Fermi level, which lies at 0 eV. There is
no visible Fermi edge as in the case of metals. The
VB maxima (VBM) has been determined by linear
extrapolation of the onset of the spectrum to the
background. The VBM of the 6H–SiC substrate is
estimated to be 2.9 eV below the EF, and 280.9 eV
above the C 1s core level, which is consistent with
earlier results [51, 52]. The p-GaN VBM amounts to
2.7 eV below the EF, and 17.7 eV above the Ga 3d
core line, which is in line with other works [49].
The VBM position shows a shortage of the p-type
charges — this behaviour was also observed by Long
and McIntyre [53].

The MgO bandgap widths are set down from in-
elastic energy losses of the O 1s and Mg 2p core
levels for MgO on 6H–SiC [54] and GaN [25] films,
respectively (see Fig. 3a and c). For 5 nm thick
films, bandgap widths are equal to 6.9 ± 0.2 eV on
GaN and 6.7 ± 0.2 eV on SiC. The bandgap for the
3 nm film on SiC is slightly narrower and it amounts
to 6.5 ± 0.2 eV. For 2 nm film on GaN it is impos-
sible to determine the bandgap width with reason-
able accuracy. When the bulk MgO bandgap is as-
sumed to be equal to 7.8 eV, the surface bandgap
appears to be narrower than in the bulk [26] and
might be even as narrow as 1 eV for very thin
films, nonetheless, usually it does not exceed a range
of 5–7 eV [55].
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The electron affinity (EA) has been calculated
from the equation EA = hν − W − Eg. Here,
hν = 21.2 eV is the photon energy of the source,
W is the difference between the VBM and the
cut-off energy of photoemission of the spectrum
(Ecutoff), and Eg is the bandgap width of the
material (ESiC

g = 3.0 eV, EGaN
g = 3.4 eV). The EA

of the bare 6H–SiC and p-GaN substrates amounts
to 4.0 eV and 3.4 eV, respectively. The work func-
tions (WFs) of the substrates are determined to
be 4.1 eV for both and were calculated using the for-
mula WF = hν−Ecutoff . These values are consistent
with other studies [56, 57]. Knowing the bandgap
of MgO layers of the investigated systems and the
width of the UPS spectra (WMgO/GaN = 13.5 eV,
WMgO/SiC = 13.7 eV), the EA of both systems is
calculated to be 0.8 eV, which is in line with the
results of previous studies [58].

The valence band offset (VBO) and the conduc-
tion band offset (CBO) in terms of the binding en-
ergy difference ∆ECL between the core levels (CL)
of the semiconducting substrate from one side of the
interface and the oxide film as an insulator from the
other side might be evaluated from two equations
VBO = ∆ECL + (EsCL − EsVBM) − (EdCL − EdVBM),

(1)
and

CBO = Edg + VBO − Esg . (2)
Terms (EsCL − EsVBM) and (EdCL − EdVBM) are the
valence band maxima with reference to core level
positions for semiconductor and the insulator rel-
evantly. Symbols Edg and Esg are the correspond-
ing bandgap widths. Since C 1s core level of bare
SiC substrate is positioned at ESiC

C 1s = 283.6 eV
(see Fig. 1a) and Mg 2p core level from a 5 nm-
MgO/SiC film at EMgO

Mg 2p = 50.9 eV (see Fig. 1c),
the value of ∆ECL for this system is 232.7 eV. Con-
sidering ESiC

VBM = 2.9 eV as well as EMgO
VBM = 4.4 eV

(see Fig. 3b), the (ESiC
C1s − ESiC

VBM) term amounts to
281.0 eV and the (EMgO

Mg 2p−E
MgO
VBM) term to 46.5 eV.

Substituting the above data into (1) results in the
VBO value equal to 1.8 eV. Putting the last value
into (2) under the assumption that Esg ≡ ESiC

g and
Edg ≡ EMgO

g , the CBO value of 1.9 eV is obtained.
The energy band diagram of the MgO/p-6H–

SiC(0001) heterojunction for a 5 nm thick MgO thin
film is shown in Fig. 4a. Using the same algorithm
as above results in the values VBO = 1.2 eV and
CBO = 2.3 eV for the MgO/p-GaN(0001) hetero-
junction of the same 5 nm MgO film. The energy
diagram of this junction is shown in Fig. 4b.

The band bending of the bare substrates, in-
duced by the pinning of the Fermi level at the sur-
face states is visible in both cases. Assuming the
bulk Fermi level of both materials is positioned
0.2 eV above the top of the valence band, the band
banding of the bare substrates is equal to 2.7 eV
and 2.5 eV for the SiC(0001) and GaN(0001) sur-
faces, respectively. It should be noted that these

Fig. 3. (a) The bandgap widths of the MgO films
as determined from the onset of O 1s energy loss
spectra. (b) Positions of valence band maxima on
the UPS valence band spectra taken for the bare p-
6H–SiC substrate and for a 3 and 5 nm thick MgO
films deposited on it. (c) The Mg 2p energy loss
spectra measured for the MgO/p-GaN films 2 and
5 nm thick; the bandgap width is possible to be
determined for a 5 nm thick MgO film. (d) Positions
of valence band maxima on the UPS spectra of the
MgO/p-GaN system.

bending may be slightly flattened due to surface
photovoltage (SPV) caused by photon illumination
from X-ray or UV sources [59]. Even though the
substrates are p-type, the surface Fermi levels are
closer to the conduction band minimum than to the
valence band maximum.

After creating interfaces, the bands of the sub-
strates are getting flattened (relative to the bare
surfaces) by 0.3 eV and 0.2 eV for MgO/SiC and
MgO/GaN, respectively. There are two factors re-
sponsible for the observed flattening. The first one
results from the fact that electrons fill out the
phase boundary states connected with near-surface
defects introduced during the oxide-semiconductor
junction formation. Since the MgO layers do not
grow epitaxially, thus the growth favors the for-
mation of defects. The second factor results from
the above mentioned SPV-assisted effect [57]. The
flattening values obtained here are estimated in-
directly and cannot be determined directly from
the UPS spectra due to the overlap of the electron
states of the substrate with the electron states of the
MgO layer. They are estimated based on the C 1s
and Ga 3d core level lines displacements after
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Fig. 4. Band alignment of junctions formed by 5 nm thick MgO thin films deposited on (a) p-6H–SiC(0001)
and (b) p-GaN(0001) substrates. Band bending of the bare substrates is marked by dotted line. Flattening of
semiconductor bands caused by semiconductor–insulator interface formation is visible. Red values correspond
to the band and vacuum level offsets at the interfaces. Green values refer to the reduction in band bending
magnitudes. See text for details.

the MgO film deposition and the fact that the en-
ergy distances between these peaks and the va-
lence band maximum are constant. The mean free
path for electrons from the core level lines is longer
than for electrons from the valence band — that
is why the peaks from the substrates are visible.
The difference in the VBM position for the bare
substrate and after MgO deposition leads to low-
ering of the vacuum level by 1.3 eV for MgO/p-
6H–SiC and 0.3 eV for MgO/p-GaN. For both sys-
tems, the electron affinity value is 0.8 eV. The band
offset values determined here for the MgO/p-6H–
SiC(0001) and MgO/p-GaN(0001) heterojunctions
meet the requirements for the band discontinuity
values demanded for device operating at high tem-
peratures [13, 27].

4. Conclusions

It has been shown that MgO thin layers can
be deposited by electron beam evaporation. Com-
bined XPS and UPS methods were employed to
characterize the physical and chemical properties
of MgO/6H–SiC and MgO/GaN heterojunctions
at RT. LEED measurements carried out after the
cleaning procedure revealed the diffraction pattern
of ordered (1×1) structure observed for the 6H–SiC
and p-GaN substrates. No diffraction patterns were
observed for MgO layers. The MgO/6H–SiC het-
erojunction VBO and CBO are calculated to be
1.8 eV and 1.9 eV, respectively. In the case of the
MgO/GaN heterojunction, the VBO and CBO are
equal to 1.2 eV and 2.3 eV, respectively. The stud-
ied heterojunction may act as a barrier for carriers
due to sufficient band offsets values.
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