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The interfaces between dielectrics and semiconductors play a
dominant role in the performance of both electronic and
optoelectronic devices. In this article, we report the band offset
characterization of atomic layer deposited Al2O3 on non-polar
m-plane ð1�100Þ GaN grown by hybrid vapor phase epitaxy
using X-ray photoelectron spectroscopy (XPS). The surface
band bending of GaN was investigated by employing the angle
resolved XPS (ARXPS). The Fermi level pinning is found to be

at�2.4 eV above valence band maximum near the surface. The
valence band offset and conduction band offset at the Al2O3

and m-plane GaN interface were determined to be 1.0 and
2.2 eV respectively. Electrical measurement was done by using
metal–oxide–semiconductor capacitor. Capacitance–voltage
hysteresis loop indicated low density of oxide traps. The
frequency dependent C–V curves also showed a small
dispersion.
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1 Introduction Gallium nitride (GaN) is a widely
investigated wideband gap semiconductor with a wide range
of applications including high voltage power amplifiers, high
speed THz devices, power switching devices, and light
emittingdiodes (LEDs); becauseof its largebandgap [1], high
breakdown voltage [2], and high electron mobility [3]. It also
has the capability to form alloy with AlN and InN, allowing
different heterostructures for various applications in electron-
ics and optoelectronics [4–6]. In addition, the polarization
fields in thewurtzite nitride systemhasbeenexploited forhigh
mobility and polarization doping [4, 7]. However, the
polarization field also reduces the doping flexibility in
GaN [8]. Moreover, the polarization field reduces the
efficiency of optoelectronic devices built on GaN hetero-
structures because of the spatial separation of electron and
hole wave-functions caused by the polarization electric
field [9, 10]. The polarization field has also been partially
attributed to the reliability of GaN high electron mobility
transistors (HEMTs) [5, 11, 12]. In order to improve the
efficiency of optoelectronic devices, non-polar GaN has
recently attracted a lot of attention [13–15].Theabsenceof the
polarization field in non-polar (a- and m-plane) and semi-
polar GaN not only benefits LEDs and lasers [16], but also
improves electronic device performance [17]. Non-polar

indium nitride has been demonstrated to have an unpinned
Fermi level at the surface [18]. Density functional theory
(DFT) predicts that the surface Fermi level is pinned close to
midgap regardless of the doping type in polarGaN [19, 20]. In
contrast, the non-polar p-type GaN exhibits an unpinned
Fermi level [19, 20], which can help reduce the contact
resistance to p-type layers [21]. Low resistance p-contacts to
GaN is useful for hetero-structure bipolar transistors [22] and
p-channel GaN field effect devices in addition to LEDs and
lasers [23, 24].

Understanding the interfacial properties between gate
dielectric and non-polar GaN is essential for both electronic
and optoelectronic devices. Atomic layer deposited (ALD)
Al2O3 has beenwidely used for gate dielectrics onMOSFETs
because of its large dielectric constant and band gap (�7 eV)
providing small current leakage and high breakdown voltage.
The band offset between high-k dielectrics and polar GaN has
been intensively studied [25, 26], but there are very few
reports on the interfacial properties betweenhigh-k dielectrics
and non-polar m-plane GaN. In this work, we investigate the
band offset of ALD-Al2O3 and m-plane GaN by using angle
resolved X-ray photoelectron spectroscopy (XPS). The
electrical properties of the interface were also characterized
in MOSCAP structures.
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2 Experimental
2.1 Spectroscopic characterization The m-plane

bulk GaN was grown at Kyma technologies, Inc. The m-
plane GaN was sliced from bulk c-plane GaN which was
grown by hydride vapor phase epitaxy (HVPE). Figure 1
shows the scanning electron microscopy (SEM) and atomic
force microscopy (AFM) images of the bare GaN which
shows a smooth surface with a root mean square (RMS)
roughness of 0.5 nm extracted from the AFM image. For
band offset measurement, the Al2O3 films were deposited by
thermal ALD at 300 8C in a Cambridge Nano Tech S100
system using trimethylaluminum (TMA) and water (H2O).

The carrier concentration of the m-plane GaN was
estimated by using Raman spectroscopy. The Raman spectrum
was measured by using a Renishaw InVia Raman microscope
with a 514nm laser source. The Raman spectrum was taken in
y z�ð Þ�y geometry,where y is perpendicular to sample surface and
z is parallel to the direction of (0001) plane. The carrier
concentration could be extracted from the plasma-coupled
longitudinalopticalphoton(LOPC)peak[27].The intensityand

the location of the LOPC is related to the plasmon frequency
(vp) which is a function of the carrier concentration [27]:

v2
p ¼

4pnq2

e1m� ; ð1Þ

where the n is the carrier concentration, e1 is the dielectric
constant at high frequency and the m� is the effective carrier
mass.

The XPS spectra were acquired by using a Physical
Electronic PHI VersaProbe 5000 equipped with a hemi-
spherical energy analyzer. A monochromic Al Ka X-ray
source (1486.6 eV) was operated at 25.3W and 15 kV. High
resolution spectra were acquired by operating the analyzer at
a pass energy of 11.75 eV and were used to characterize the
valence band offset (VBO). The energy resolution was
0.025 eV. The acquisitions were performed under ultrahigh
vacuum conditions (operating pressure < 4� 10�6 Pa,
background pressure < 1� 10�6 Pa). The effect of surface
charging on the acquired signal was reduced by utilizing
dual charge neutralization in the XPS measurement.
Electron and Ar ion neutralization was used.

The binding energies were aligned by setting the CHx

peak in the C 1s envelope at 284.8 eV to correct for the
charging effects [28] within an error of�0.1 eV. Angle
resolved measurements for valence band at same condition
were performed at take-off angles ranging from 158 to 758 at
158 increments. With the increasing take-off angle,
the sampling depth of XPS became deeper inside
substrate [29].

The XPS spectra were curve fitted with Voigt band
function after Shirley background subtraction with follow-
ing limits: binding energy �0.2 eV, FWHM�0.4 eV, and
92% Gauss. The valence band offset (VBO) was extracted
by the method given by Kraut et al. [30]:

DEv ¼ EAl2p
Al2O3=GaN

� E
Ga2p3=2
Al2O3=GaN

� �

þ E
Ga2p3=2
GaN � EVBM

GaN

� �

� EAl2p
Al2O3

� EVBM
Al2O3

� �
; ð2Þ

where the superscripts represent XPS core level peaks and
subscripts represent the samples. Three different samples
were analyzed: 50 nm Al2O3 on GaN, bare GaN, and

�3 nm Al2O3 on GaN. The terms E
Ga2p3=2
GaN � EVBM

GaN and

EAl2p
Al2O3

� EVBM
Al2O3

were calculated through the XPS spectra of
the bare GaN and the GaN with 50 nm Al2O3. The term

EAl2p
Al2O3=GaN

� E
Ga2p3=2
Al2O3=GaN

was obtained from the XPS spectra

of the 3 nm Al2O3/GaN heterojunction. The conduction
band offset (CBO) can be found by

DEc ¼ DEg � DEv; ð3Þ

where DEg is the band gap difference between Al2O3 and
GaN and DEv is the VBO. The bandgap of an insulator can

Figure 1 (a) SEM and (b) AFM image of bare GaN. The RMS
roughness was extracted to be 0.5 nm.
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be determined from the threshold energy of its loss energy
spectrum [31].

2.2 Electrical characterization The electrical prop-
erties of the interface were measured using metal–oxide–
semiconductor capacitor (MOSCAP). The main challenge
of fabricating a MOSCAP is the formation of ohmic contact
between metal and GaN surface due to the surface Fermi
level pinning. It has been reported that the ohmic contact
could be achieved by employing reactive ion etching and
thermal treatment [32]. The wafer was firstly subjected to
2 min buffered-HF cleaning to remove any oxide layer on
top of GaN. Next, the wafer was exposed to an inductively
coupled plasma reactive ion etch (ICP-RIE). The power of
ICP and RIE was set to be 300W and 200W, respectively. A
gas combination of BCl3 and Cl2 was used. The bottom
contacts (S/D contacts) were patterned using electron beam
lithography (EBL), followed by the deposition of a metal
layer that consists of Ti/Al/Ni/Au in electron beam
evaporator. Following a lift-off process, the wafer was
annealed at 950 8C in a rapid thermal annealing (RTA)
system. Next, the Al2O3 was deposited in ALD system at
300 8C. A top gate contact (Ni/Au) was also defined by EBL
and lift-off process. Since the S/D contacts were covered by
the dielectric, an additional S/D contact opening was
required, utilizing an alumina etchant.

Prior to the capacitance–voltage measurement, the
leakage current was measured on the MOSCAPs using
Agilent 4155B semiconductor parameter analyser. With a
small leakage current, the C–V measurements were
performed using Agilent 4294A impedance analyzer with
42941A impedance probe. The C–V hysteresis loop was
measured at a frequency of 1MHz with an oscillation level
of 20mV. The frequency dependent C–V curves were
obtained at a frequency range of 10 kHz to 1MHz.

3 Results and discussion
3.1 Spectroscopic characterization Figure 2

shows the Raman spectroscopy spectrum taken in y z�ð Þ�y
geometry. The inset of Fig. 2 shows the LOPC peak [27].
We observed A1 (TO) [27, 33] at 530.5 cm

�1, E1 (TO) [27]
at 558.2 cm�1, and LOPC peak [27] at 739.1 cm�1. The
observation of E1 (TO), which is forbidden in this geometry
in non-polar GaN [33], is attributed to the polarity mixture
due to the miscut in the slicing process. Assuming a high
frequency dielectric constant of 5.35 and effective electron
mass of 0.19m0, where m0 is the electron mass, the fitting of
the LOPC peak [27] gave a carrier concentration of
�1.0� 1016cm�3 which is in good agreement with the value
obtained from Hall measurement (n¼ 1.1� 1016cm�3).

Figure 3a shows the XPS spectrum of the as-receivedGaN.
We observed a very strong Ga–O peak at 1,120.0 eV compared
to the Ga–Npeak at 1,118.9 eV, suggesting a thick native oxide
layer. It has been reported that the hydrofluoric acid (HF) could

Figure 2 Raman spectroscopy of the GaN. The inset shows the
experimental and fitted LOPC peak. A carrier concentration of
1.0� 1016 cm�3 was determined.

Figure 3 (a) XPS spectrum of the as-received GaN. The Ga–O
peak at 1,120.0 eV was much stronger than the Ga–N peak at
1,118.9 eV, suggesting very thick native oxide layer on top of GaN.
(b) Ga 2p3/2 peak and valence band maximum acquired from bare
GaN after etching of the native oxide in HF. The native oxide was
effectively removed after HF as a very small Ga–O peak was ob-
served from Ga 2p3/2 peak as shown in (b).
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remove native oxide on GaN effectively [34]. Therefore, the
surface oxides were removed by etching for 2min in hydro-
fluoric acid (HF) which gave sharp Ga–N peaks with minimal
Ga–OpeakasshowninFig.3b.TheGa2p3/2 spectrumfrombare
GaNinFig.3bshowedasmallpeakat1,118.9 eVcorresponding
to Ga–O bond in additional to the Ga–N peak at 1117.9 eV,
suggesting a very thin native oxide layer remaining on top of
GaN after the HF cleaning. The angle-resolved XPS spectra of
the bare GaN after HF etching were acquired to investigate the
Fermi level pinning near the surface.

Figure 4 shows the valence band spectra at different
take-off angles acquired from the bare GaN after HF
cleaning. The valence band maxima (VBM) were found by
the linear extrapolation of the leading edge of the XPS
spectra [31]. At 308, 458, 608, and 758, the Fermi level near
the surface was at 2.3–2.5 eV above the VBM. We were
unable to extract the VBM at 158 due to the very weak
signal. The position of surface Fermi level with respect to
the VBM was in accordance with the value predicted by
DFT (0.7 eV below conduction band minimum) [19, 20].
The non-polar m-plane GaN exhibited similar surface Fermi
level pinning compared to polar GaN [35, 36].

Figure5aandbshowtheXPSspectraacquiredfromtheGaN
with 50nmAl2O3 and3nmAl2O3/GaNheterojunction at a take-
off angle of 458, respectively. From XPS spectra at the take-off

angle of 458, the E
Ga2p3=2
GaN � EVBM

GaN and EAl2p
Al2O3

� EVBM
Al2O3

were
calculated tobe1,115.4and71.2 eV.ThepeakpositionofGa2p3/
2 with respect to the VBMwas in good agreement with reported
values (1115.49�1116.47 eV) [37–39]. The energy difference
between Al 2p and VBM of Al2O3 was comparable to the
reported thermal ALD-Al2O3 (70.74�71.75 eV) [40–45],
plasmaenhancedALD-Al2O3(70.5 eV)[46]and(0001)sapphire

(70.84�70.85 eV) [47, 48]. The EAl2p
Al2O3=GaN

� E
Ga2p3=2
Al2O3=GaN

was

found to be �1043.2 eV, giving a valence band offset (DEv) of

Figure 4 The valence band XPS spectra at different take-off
angles. The VBM was extracted to be 2.3–2.5 eV below Fermi
level from 308 to 758.

Figure 5 XPS spectra used to calculate the valence band offset.
(a) Al 2p peak and valence band maximum acquired from 50 nm
Al2O3/GaN. (b) Ga 2p3/2 peak and Al 2p peak obtained from
�3 nm Al2O3/GaN heterostructure. The valence band offset was
calculated to be �1.0 eV.

Figure 6 O 1s peaks obtained from 50 nm Al2O3/GaN to
determine the bandgap of Al2O3. The bandgap of Al2O3 was found
to be 6.6 eV.
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1.0 eV. Figure 6 shows the core level of O 1s obtained from the
50nmAl2O3/GaN sample. The bandgap of Al2O3 was found to
be 6.6 eV, which agreed with the values reported in literature
[40,46].Considering thebandgapofGaNas3.4 eV[1],aCBOof
2.2 eV was obtained. The VBO values obtained here are
comparable to the recently reported VBO value of 0.7–0.9 eV
[26] between thermal ALD-Al2O3 and c-plane GaN. While, the
VBO values are higher (VBO: 1.7–1.8 eV [49]) in plasma
enhancedALD-Al2O3andGa-polarGaNcompared to thevalues
reported here. The extracted larger CBObetween thermal ALD-
Al2O3 andm-planeGaN is beneficial for electronic applications.
Recently, a VBO of 0.63 eV between a-plane AlN and a-plane
GaNhas been reported [50].Assuming a bandgapof 6.2 eV [51]
forAlN, aCBOof 2.17eVwas obtainedwhichwas comparable
to ALD-Al2O3 and m-plane GaN. With a post deposition
annealing, the valence band offset between thermal ALD/CVD-
Al2O3 and polar GaN could be reduced [25, 52]. Figure 7a and b
shows the simulated band structure of the bare GaN and the
heterostructure at Al2O3/GaN interface respectively with
measured band parameters. Compared to the upward band
bending of 0.345eV on Ga-face GaN with a Si doping
concentration of 4� 1017cm�3 reported in Ref. [29], our

m-plane GaN surface exhibited a large upward band
bending of 0.88 eV.

Due to the extraction of the valence band, there was an
error of 0.2 eV in determination of the energy difference
between core level and VBM. Although dual neutralization
was used to reduce the charging effects, the differential
surface charging between GaN and Al2O3 can introduce
error in extracting binding energies of core level and
calculating the band offsets, especially in a short scanning
period [53].

3.2 Electrical characterization The electrical char-
acterization was done by utilizing MOSCAP as mentioned
above. All the measurements were done in low-light
environment to avoid light generated electron-hole pairs. In
order to reasonably characterize MOSCAP, verification of
the ohmic contact was carried out by measuring the I–V
curve on two adjacent S/D contacts. Figure 8 shows the post
annealing I–V curve, indicating ohmic contact.

The leakage current of MOSCAP was then measured,
shown in Fig. 9. It was found that the leakage current was

Figure 7 (a) Band diagram of the bare GaN. (b) Band diagram of
the Al2O3/GaN heterostructure.

Figure 8 I–V curves of the two adjacent S/D contacts after
annealing. The linear I–V indicates an ohmic contact.

Figure 9 Leakage current. A small leakage current was obtained,
revealing a good quality of dielectric layer.

Figure 10 C–V hysteresis loop. A small dispersion was observed
between the two directions indicating low density of oxide traps.
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small. At�10V, the leakage current was around 1 pAmm�2.
With the small leakage current, the capacitance–voltage was
characterized. Figure 10 shows the C–V hysteresis loop at
frequency of 1MHz. This measurement was done by
sweeping gate voltage up and down. The dispersion of the
C–V curves reflects oxide traps. However, in our study, the
dispersion was very small, indicating a low density of oxide
traps [54]. Figure 11 shows the frequency dependent C–V
curves. The C–V curves were obtained at 10 kHz, 50 kHz,
100 kHz, 500 kHz, and 1MHz. With increasing frequency,
the C–V curve shifted to positive voltage. Although a
dispersion was observed, it was small so that the density of
interface trap could be low. Further advanced temperature
dependent capacitance and conductance voltage characteri-
zation are needed to quantitatively extract the interface trap
density across the bandgap.

4 Summary We investigated the band offset between
ALD-Al2O3 and m-plane GaN by XPS. The valence band
offset and conduction band offset were determined to be 1.0
and 2.2 eV, respectively. A large conduction band offset is
desired to reduce the current leakage though the MOS
junction. Angle resolved XPS of the valence band shows
that the Fermi level is pinned at 1.0 eV below the conduction
band edge which was in good agreement with DFT
calculations and also with Fermi level pinning in polar n-
GaN reported in literatures. I–V curve of MOSCAP
exhibited a small leakage current. C–V hysteresis loop
revealed a good quality of the interface and the small
frequency dispersion indicated a potentially low density of
interface trap (Dit).
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