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In this letter, we report the band offset characterization of the atomic layer
deposited aluminum oxide on non-polar m-plane indium nitride grown by
plasma-assisted molecular beam epitaxy by using x-ray photoelectron spec-
troscopy. The valence band offset between aluminum oxide and m-plane in-
dium nitride was determined to be 2.83 eV. The Fermi level of indium nitride
was 0.63 eV above valence band maximum, indicated a reduced band bending
in comparison to polar indium nitride. The band gap of aluminum oxide was

found to be to 6.7 eV, which gave a conduction band offset of 3.17 eV.
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Indium nitride (InN) is a promising III-N semi-
conductor with potential applications in both opto-
electronics and electronics. Due to its narrow gap
(0.7 eV)'™ and the ability to form alloys with GaN
and AIN, it has the potential to extend III-N opto-
electronic devices into the near infra-red.'™ On the
other hand, it also holds promise for high—sgeed
electronics due to the large electron velocities® en-
abled by its low effective mass. Although high
electron velocities have been confirmed experimen-
tally,® serious challenges exist for real device
applications. These challenges include high density
of dislocations within the epitaxial InN film which
lead to high background dopin% densities,” large
surface electron accumulation,® " and the difficulty
of p-type doping.'®!! It has been shown that the
Fermi level (Ef) at the InN surface is at ~1.8 eV
above valence band maximum.'?'® Considering the
small band gap, the Fermi level is deeply pinned
inside the conduction band. Consequently, at the
surface, it has extreme downward band bending,
leading to a high carrier concentration (i.e., surface
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electron accumulation). The high concentration of
electrons impedes the field effect modulation of the
bulk electrons in a FET structure.’* The electron
accumulation layer also makes it challenging to use
the conventional methods of determining bulk car-
rier transport properties in p-type doped InN.'%1!
There have been a number of reports of partial
unpinning of the InN surface after careful surface
treatments and vacuum annealing,’®'" however,
FET devices have not been demonstrated.

The deep Fermi level pinning has been attributed to
the intrinsic surface properties of the polar InN sur-
face’® 2% in addition to external effects. Density
functional theory studies have indicated that the non-
polar (m-plane and a-plane) InN surfaces have re-
duced band bending.'®?° The reduced band bending
in the non-polar InN surfaces have been reported
in situ cleaved surfaces®' and also in InN nanowires.??
The p-type doping and p-channel devices have also
been reported in nanowires.?*?* In addition, the non-
polar and semi-polar III-Ns have distinct advantages
for light emitting diodes (LEDs) and lasers due to the
absence of polarization fields that separate electron
and hole wave functions in polar films.?®

Additionally, high quality dielectrics on InN are
necessary to realize InN devices. The understanding
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of interfacial properties between dielectrics and InN
is essential for device applications. Al;O3; is an
excellent material for gate dielectrics, because it has
a large dielectric constant (~8),%° providing higher
breakdown voltage and superior insulating proper-
ties. However, there are very few reports on the
characterization of interfacial properties between
non-polar InN and Al,Os. In this letter, we investi-
gate the band alignment of atomic layer deposited
(ALD) Al,03 on m-plane InN by using x-ray photo-
electron spectroscopy (XPS).

The non-polar m-plane InN film (500 nm) was
grown by plasma-assisted molecular beam epitaxy
(PA-MBE) on m-plane GaN substrates at growth
temperatures of 350°C with a 100 nm GalN buffer
layer grown at 720°C. To avoid indium metal dro-
plets on the surface, the indium to nitrogen ratio
was set to be about 1:1. For band alignment studies,
Al,O3 films were deposited by thermal ALD at
300°C in a Cambridge Nano Tech S100 system
using trimethylaluminum (TMA) and water (H20).

Figure 1 shows the reflection high energy electron
diffraction (RHEED) image of the grown InN films.
The clean and sharp periodic diffraction spots implied
good quality InN film. Figure 2 shows the x-ray
diffraction (XRD) spectrum of InN/GaN. The XRD
spectrum was taken from bare m-plane InN after
growth. XRD spectrum showed that the peak of (1100)

InN was completely separated from (1100) GaN,
indicating a relaxed InN film.?" In addition to the two
(1100) peaks, (0002) GaN and (0002) InN were also
observed from the XRD spectrum, which suggests
that some c-plane domains exist in the film.?®

Using Bragg’s law of diffraction:

2Asin 0 = ni,

where the A is the distance between two adjacent
crystal planes, 0 is the diffraction angle, n is a pos-
itive integer, and 4 is the incident wavelength. The
lattice constants of InN and GaN were calculated to
be: a (InN)=355A, ¢ (InN)=569A, «a
(GaN) = 3.19 A, and ¢ (GaN) = 5.16 A, which were
in good agreement with reported values.**’
Surface morphology was characterized by scan-
ning electron microscopy (SEM) and atomic force
microscopy (AFM). Figure 3a and b show the SEM
and AFM images of bare InN. We observed slate-
like morphology, indicating a m-plane surface.?%3!
The root mean square (RMS) roughness was deter-
mined to be ~25 nm from AFM, which was very
rough. Figure 4a and b show the cross section
transmission electron microscopy (TEM) at the
GaN/InN interface and the InN/Al,O3 interface. In
Fig. 4a, it can be seen that the density of disloca-
tions inside InN epitaxial film was very high be-
cause of the lattice mismatch at the GalN/InN
interface, which is shown in the inset of Fig. 4a. In
contrast, in Fig. 4b, the interface between Al,O3 and
InN was pretty clean, and there was no significant
interfacial layer. In order to characterize the lattice
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Fig. 1. RHEED image obtained from bare InN.
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Fig. 2. XRD spectrum of GaN/InN. The lattice constants of InN were
calculated to be 3.55 A in the basal plane and 5.69 A in the c-axis
direction (color on line).

mismatch at the GaN/InN interface, the TEM
diffraction patterns near the interface were ac-
quired as shown in Fig. 5. The direction of the
incident electron was in the [0001] or [0001] direc-
tion. In Fig. 5, both InN and GaN lattice diffraction
patterns are presented. Since the growth direction
was in the [1100] direction, so the lattice mismatch
should be in the [1120] direction. According to the

TEM diffraction equation:

rR-2E (1)
A

where R is the distance between two transmitted
beam spots, AL is the camera constant, and A is the
lattice spacing. The distance (R) between two spots
in the [1120] direction for GaN and InN was found to
be 6.4/nm and 5.8/nm, respectively. The lattice
mismatch, AA, can be found by:
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where A¢, Ag denote the inter-planar distance of the
epitaxial film and the substrate, respectively. The
lattice mismatch was determined to be 10.46%,
which was close to the reported value.??

The band alignment between Al,O3 and InN was
characterized by XPS. The XPS spectra were ob-
tained using a Physical Electronic PHI VersaProbe
5000 equipped with a hemispherical energy ana-
lyzer. A monochromatic Al Ka (1486.6 eV) was
operated at 25.3 W and 15 kV. High resolution
spectra were acquired by operating the energy of
the analyzer at a pass energy of 11.75 eV. The en-
ergy resolution was 0.025 eV. The acquisition was
performed under an ultrahigh vacuum environment
(operating pressure <4.0 x 108 Pa, background

pressure <1 x 1076 Pa). Dual charge neutralization
was utilized to reduce the effects of charging on the
acquired signal. Additionally, binding energies were
calibrated by setting the CH, peak in the C 1s en-
velope at 284.8 eV to correct for charging ef-
fects.?3* However, the charging effects do not affect
the band offset characterization.

The valence band offset was extracted by the
method given by Kraut et al.?":

_ (AI12p In3ds ), In3ds /s VBM
AE, = (EAlzog/InN _EA1203/InN) + (EInN —EpnyN )
Al2p VBM
- (EA1203 —EA1203)a (3)

where the superscripts indicate the XPS core level
peaks and the subscripts indicate the samples.
Here, we analyzed XPS spectra from three different
samples: 40 nm Al;O3 on Si, bare InN, and ~2 nm



(1100)

(0001) (1'170) -

%
GaN/InN ¢
(0001)
GaN

. J(1120) InN @
N, e+ (1120)

Fig. 5. TEM diffraction pattern at GaN/InN interface. The lattice
mismatch in [1120] was calculated to be 10.46%.
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Al,O; on InN, to obtain the (Eﬁ%g —EXBZI&),

In3d, In3d
(EInN v EXPI\IIVI )’ and (Eﬁfgg/lnN - EA12053//21nN)’
respectively. Figure 6a—c show the corresponding
XPS spectra. XPS results were curve-fitted with a
Gauss—Lorentzian band type after Shirley back-
ground subtraction®*3® with the following limits:
binding energy +0.4 eV, FWHM =+0.4 eV, and 92%
Gauss. The valence band maxima (VBM) was found
by the linear extrapolation of the leading edge of
XPS spectra.?° The core level (In 3ds/s) spectrum
on bare InN in Fig. 6b showed a strong In-N
bond at 443.4 eV and also a small peak at 444.5 eV
corresponding to In-O bond,'®*"*? indicating pres-
ence of a thin InO, layer on top of InN. The VBM of
InN was found to be 0.63 eV below the Fermi level
(E¢), which was lower than the Fermi level position
observed in polar InN.!6172143 Reduced band
bending on m-plane InN surface has also been
observed on m-plane InN nanowire surfaces.?”
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Fig. 6. XPS spectra used to calculate valence band offset. (a) Al 2p peak and valence band maximum acquired from 40 nm Al,O3/Si. (b) In 3ds/2
peak and valence band maximum acquired from bare InN. (c) In 3ds,> peak and Al 2p peak obtained from ~2 nm Al,Os/InN heterostructure. The
In-O peak was observed from the In 3ds,» peak as shown in (b) and (c). The valence band offset was calculated to be 2.83 eV (color online).
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Fig. 7. O 1s peaks obtained from 40 nm Al,O4/Si to determine the
bandgap of Al,O3. The inset shows the corresponding loss structure.
The bandgap of Al,O3 was found to be 6.7 eV.
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Fig. 8. Band diagram of the Al,O4/InN heterostructure.

From XPS profiles, the (Eﬁllfgg _ EXBQ%J, (Eﬁirds/zf

EYBM) and (Eﬁg%g N EE%Z/;IDN) were calculated to
be 71.13 eV, 442.79 eV, and —368.83 eV, respectively,
which gave a valence band offset (AE,) of 2.83 eV. Fig-
ure 7 shows the core level and loss structure of O 1s on
40 nm Al,O4/Si. The loss structure of O 1s was used to
determine the band gap of Al;Os. The band gap for the
insulator can be determined from the onset energy of the
loss energy spectrum.®**%#45 Therefore, the band gap of
Al,O3 was found to be ~6.7 €V, which was in good
agreement with the reported value.>**¢ The conduction
band offset was found by:

AEc = AE; — ARy, (4)

where AE; is the band gap difference between Al,O3
and InN and AEy is the valence band offset. Taking
the band gap difference to be 6.0 eV, a conduction
band offset of 3.17 eV was calculated. Assuming the
electron affinity ener§ies of Al,O3 and InN to be
2.58 eV*® and 5.8 eV,?° a conduction band offset of
3.22 eV and a valence band offset of 2.78 eV were
calculated, which were in good agreement with our
measurements. Using the calculated band parame-
ters, the band diagram of the Al,Os3/InN hetero-
junction was calculated as shown in Fig. 8.

In summary, we investigated band alignment
between ALD deposited Al;O3 and m-plane InN by
XPS. The valence band offset and conduction band

offset were determined to be 2.83 eV and 3.17 eV,
respectively. A large band offset both in the con-
duction and valence bands make it a favorable
dielectric for future devices. The VBM of InN was
found to be 0.63 eV below Fermi level, indicating
reduced band bending. The small separation be-
tween VBM and E; provides less carrier concentra-
tion near the surface, making the depletion of
surface electron easier.
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