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ABSTRACT

Indium nitride (InN) is a highly promising material for high frequency electronics given its low bandgap and high electron mobility. The
development of InN-based devices is hampered by the limitations in depositing very thin InN films of high quality. We demonstrate growth
of high-structural-quality nanometer thin InN films on 4H-SiC by atomic layer deposition (ALD). High resolution x-ray diffraction and
transmission electron microscopy show epitaxial growth and an atomically sharp interface between InN and 4H-SiC. The InN film is fully
relaxed already after a few atomic layers and shows a very smooth morphology where the low surface roughness (0.14 nm) is found to repro-
duce sub-nanometer surface features of the substrate. Raman measurements show an asymmetric broadening caused by grains in the InN
film. Our results show the potential of ALD to prepare high-quality nanometer-thin InN films for subsequent formation of heterojunctions.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0014900

Group III-nitrides are highly important semiconducting materi-
als for electronic and optoelectronic devices. The low bandgap of InN"
allows light-emitting-diodes (LEDs), with high In-content InGaN or
InN as active layers, to operate in the near infrared regime and facili-
tates new photovoltaic and photocatalytic applications.” The high
electron saturation velocity and high mobility of InN, predicted up to
12000 cm*/V's,” make InN very interesting for high-frequency devices.
Modeling has predicted that the two-dimensional electron gas (2DEG)
density, electron localization, and 2DEG mobility can be greatly
enhanced by either inserting a single layer of InN between AlGaN and
GaN in a high electron mobility structure or using an electron channel
of up to 5nm of InN, if the underlying buffer layer could prevent InN
from relaxation.”” High-quality nanometer thin InN layers are, there-
fore, of high interest for future LED and high-frequency transistor
technologies.

The growth of homogeneous nanometer thin InN layers suffers
from a large lattice mismatch to common templates and substrates for
group III-nitride epitaxy. Furthermore, In-adatoms have high surface
diffusivity and high self-cohesive force, meaning that metallic In drop-
lets are prone to form. Deposition of InN is also hampered by the low
decomposition temperature of InN. Therefore, InN deposition

typically results in separated crystalline islands or films with high den-
sity of structural defects. Chemical vapor deposition,”” hydride vapor
phase epitaxy,” sputtering,” and molecular beam epitaxy'”'' (MBE)
have been employed for growth of InN to study the bulk properties.
MBE has also been used to prepare InN monolayers embedded in a
GaN matrix for short-period superlattices.'” However, the knowledge
and deposition techniques for just-a-few-nanometer InN films are still
at their infant stage.

Recently, atomic layer deposition (ALD) has emerged as a prom-
ising method for the growth of AIN,” GaN,'*" and InN.'*" The
ALD approach, characterized by the alternating introduction of the
group III and the nitrogen precursors separated by inert purge gas
between pulses, fully depends on surface chemical reactions, eliminat-
ing gas phase reactions between the different precursors. The hallmark
of ALD is also a perfectly conformal film on topographically complex
substrates, potentially opening up for more complex device structures.

Here, we present homogeneous, wurtzite InN layers epitaxially
grown on on-axis 4H-SiC (0001) by ALD. 4H-SiC possesses type-I
band alignment with respect to InN, which could be a promising sub-
strate to initiate the InN heterojunctions for device applications."®
The growth of InN is done by ALD at 320 °C and 6 mbar in a Picosun
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R-200 advanced ALD system as previously described.'” The ALD sys-
tem is equipped with a commercial microwave plasma generator with
an adjustable power range between 300 and 3000 W. Trimethyl
indium (TMI) and (NH; + Ar) plasma were used to provide In and
N, respectively, for complete reaction of InN. Double-side polished
with a Si-face chemical-mechanical polished, on-axis 4H-SiC (0001)
substrate used in this work was commercially acquired in test grade
from Norstel AB. The 4H-SiC (0001) substrate was chemically cleaned
using a standard RCA cleaning procedure before loading into the reac-
tor. After stabilization at 320 °C for 60 min and prior to the growth
of InN, the 4H-SiC (0001) substrate was subjected to (100 sccm
Ar+50sccm N,) 2800 W plasma treatment for 2min to remove
residual surface oxide. After the plasma treatment, the system was
purged with 100 sccm N, for 10 s followed by the first TMI pulse. An
ALD cycle comprises 4 s TMI pulse, 10 s N, purge, 12 s (50 sccm NH;
+ 100 sccm Ar) 2800 W plasma exposure, and 6 s N, purge. The
ALD cycle was repeated in different times to obtain InN with different
thicknesses as shown in Fig. 1. It should be mentioned that InN grown
under this condition reveals better structural and morphological
properties than others within the growth window that we reported in
Ref. 19. In addition, a fill-empty step for TMI pulses was employed to
facilitate the flow of TML'’ More information related to the growth
process can be found in the supplementary material.

Figure 1 shows the XRD 20- scan of InN on 4H-SiC with dif-
ferent numbers of ALD cycles. The diffraction peaks at 31.3° and
35.58° can be indexed to the relaxed wurtzite InN (0002) planes and
to the (0004) planes of the 4H-SiC substrate, respectively. Given that
the critical thickness of InN on 4H-SiC is less than one monolayer,12 a
relaxed InN film is expected. However, 2.3 nm InN is seemingly com-
pressively strained as the profile shifts toward a lower 20 angle.
Metallic In, which is a common inclusion in InN thin films or on the
surface, seen as a peak at 33°, is not detected in our films."" On
the other hand, no peak is observed in a grazing incidence XRD
(GI-XRD) 20 scan in the range of 20-90° using a fixed 0.5° incident
angle under current geometry. By tilting the sample 90° (; = 90°),
the diffraction peaks associated with (1010) and (1120) of InN should
be revealed under their corresponding orientations. According to the
hexagonal crystalline nature of InN, the occurrence of both (1010)
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FIG. 1. X-ray diffractograms of 26-w scan of InN films grown with different numbers
of ALD cycles on 4H-SiC (0001). The number of ALD cycles and their correspond-
ing film thicknesses determined by fringes are indicated, respectively, in the plot.
The curves are plotted on the log scale and are shifted vertically for visual clarity.
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and (1120) would exhibit sixfold symmetry by fixing 20 — o to corre-
sponding angles of either (1010) and (1120) planes and performing
in-plane rotation scans (¢ = 0 — 360°). In addition to their respective
set of sixfold symmetric peaks, a 30° offset is expected between these
two sets. To prove the epitaxial relationship between InN and SiC, the
angles for the occurrence of InN are expected to be identical to that of
SiC. According to our experimental results (see the supplementary
material, Figs. S1-S3), all the criteria described above are fulfilled.
Waurtzite InN grown epitaxially on the 4H-SiC substrate is concluded
based on our XRD results. The multiple satellite peaks in the vicinity
of InN (0002), as seen in Fig. 1, are thickness-correlated fringes caused
by the interference between InN and 4H-SiC (0001). The simulated
profiles match well with our experimental results, suggesting a smooth
surface and sharp interface in our case (see the supplementary
material, Fig. $4).

Despite the pronounced broadening of the InN (0002) peak in
20-w scan, the full-width at half-maximum (FWHM) of InN (0002) in
the w-scan does not show any significant broadening even when the
InN film thickness is less than 5nm (see the supplementary material,
Fig. S5). A comparable FWHM for InN (0002) and 4H-SiC (0004)
suggests that no significant amount of screw- and mixed-type thread-
ing dislocations is generated during the growth of InN. The shape of
-scan curves of the InN follows those of their 4H-SiC substrates,
indicating that the inherent “mis-orientations of SiC” are duplicated
by the InN films. Our XRD @-scan results further suggest that the
degree of coherence of InN stacking is determined by the underlying
4H-SiC (0001) substrate.

The atomically sharp interface between 4H-SiC and InN is seen
in the HR-STEM lattice-resolved micrograph in Fig. 2(a). The corre-
sponding Fast Fourier transform (FFT) diffractograms [inset in Fig.
2(a)] prove that the AB-type (2H) stacking of InN and the ABAC-type
(4H) stacking of the 4H-SiC substrate are well-aligned along the
[0001] and [0110] direction, confirming the hetero-epitaxy. According
to our FFT diffractogram, the lattice mismatch between InN and SiC
substrates is 14.7% along [1120] (a-direction), in good agreement with
that derived from reported values for relaxed InN*’ and 4H-SiC sub-
strates. Owing to the large lattice mismatch, the strain relaxation is
expected to take place at a very early stage of InN growth. Misfit dislo-
cations are commonly seen at the interface in our study. The Burgers
circuit analysis around individual misfits indicated the Burgers
vector of b = a{0110) association with edge dislocation as shown in
Fig. 2(b). This type of misfit can be observed periodically at the inter-
face, which could be visualized by the filtered inverse FFT image
(IFFT, Fig. 2(c)]. These edge-type misfit dislocations are known to be
the most common and efficient defect for strain relaxation at interfaces
with a large lattice mismatch as has been observed in InN/AIN*' and
other material systems.””*’ The only other structural defects observed
are some regions where certain atomic columns do not show well-
distinguished projections as indicated by the blue arrows in Fig. 2(d).
We believe that these are in-plane irregularities related to point defects
caused by the coalescence between separate grains of monolayers in
order to minimize the energy, a consequence of the extremely low
growth rate (0.37 A per ALD cycle), and so the imperfections such as
vacancies and impurities are introduced at boundaries without any
distinguishable Burger vectors. It should be mentioned that the dark
contrast propagating along the growth direction in the STEM image
is not associated with threading dislocations. Instead, they reflect the
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In-deficient nature due to high-angle annular dark-field imaging.
Indium vacancies and impurities of light elements are speculated to be
the point defects. This argument is supported by our Raman results,
which will be discussed later.

Figure 3(a) shows a representative top view SEM image of a
20nm InN film deposited on (0001) 4H-SiC. The contrast of the
image is weak, indicating that our InN film is smooth and is free from
the common surface non-homogeneities such as large crystal grains
and In-rich droplets.”'" It should be mentioned that non-optimal
ALD growth conditions will lead to a rougher surface and In-rich clus-
ters as observed in the literature.”* A smooth surface is further shown
by the topographical atomic force micrograph of the InN surface [Fig.
3(b)]. The root-mean square (RMS) roughness of the 20 nm thick InN
film is 0.16 nm. For comparison, the root-mean square roughness of
the bare 4H-SiC substrate is 0.13 nm. We find that the RMS roughness
of InN is independent of the thickness of InN in this study. The sur-
face stepping feature of 4H-SiC caused by the CMP process finished
at the substrate supplier [inset in Fig. 3(b)] is duplicated by the InN
film, showing the conformity of the InN growth at the nanometer
scale.
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FIG. 2. (a) HR-STEM image from the InN film grown on 4H-SiC; the correspond-
ing FFT is shown in the inset. The golden pattern in FFT is associated with InN
while the cyan pattern with 4H-SiC. (b) Magnified image from the interface region
as depicted by the red box in (a). The Burger circuit analysis is depicted by the
dashed lines. (c) The corresponding filtered IFFT image of (b). Misfit takes place
regularly as indicated by the red line. (d) Lattice-resolved image of first 9 layers
of InN. The blue arrows point out where the atomic-column projections are not
well-resolved.
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100 nm

FIG. 3. (a) A representative top-view SEM image of a 20 nm InN film grown on the
4H-SiC substrate. (b) An AFM micrograph of a 20nm InN film grown on the
4H-SIiC substrate, inset: an AFM micrograph of a 4H-SiC substrate prior to
the growth of InN.

Raman spectroscopy was conducted to study the vibrational
properties and the strain status of the films. The spectra are shown in
Fig. 4, where the spectrum of a bare 4H-SiC substrate is also shown
for reference (the bottom curve). Two of the Raman modes allowed in
the backscattering geometry, E,(high) and A,(LO), are observed in all
samples, but instead of sharp peaks, we observe significantly broad-
ened bands peaking approximately at 585cm ' and 489 cm ™', close
to the positions of these modes in a relaxed, single-crystalline wurtzite
InN grown along the c-direction.”” The A,(TO) Raman mode is
forbidden in the backscattering geometry, but appears in our spectra
as a band positioned around 450 cm ™. Both the broadening of the
Raman modes and the appearance of the forbidden A;(TO) can be
understood by the grained structure of the films. According to our
TEM analysis, the grains are on the nanometer scale defined by the
thickness and the “in-plane irregularities.” The existence of grains
aligned along the c-axis but coalesced laterally with respect to each
other implies defects associated with the positioning boundaries
between the individual grains. Hence, inhomogeneous strain distribu-
tion within the film is expected, which leads to inhomogeneous broad-
ening of the Raman peaks. In addition, the selection rules could be

Intensity (arb. unit)

'
'
'
'
'
'
'
'
'
'
'

260 360 4(I)0 560 660 700
Raman Shift (cm™)

FIG. 4. Raman spectra of InN films with different thicknesses. The spectrum of the
bare 4H-SiC substrate is also included for comparison. The Raman modes also
observable in bulk InN are denoted in the graph, and their corresponding peak posi-
tions are guided by dashed lines. A 532 nm laser is used, and the measurement
configuration is Z(X, .)Z. The results are shifted vertically for visual clarity.
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relaxed by the deformation potential originating from the small dis-
placement of atoms from their equilibrium positions. Such a phenom-
enon has been observed in nano-crystals or GaN films with
anisotropic strain.”’ Finally, a band centered around 380 cm ! is also
observed. In a previous study, the appearance of this band has been
associated with localized gap mode due to In vacancies.”* This sugges-
tion is somewhat in line with the In-deficient nature observed in our
TEM image.

A dlear shift of approximately 5cm ™' toward the higher wave-
number for A;(LO) is observed in the 4.2 nm InN film. Such a shift
can be due to the presence of compressive strain within the film and/
or the coupled longitudinal optical phonon-plasmon mode (LPP+).”’
It should be mentioned that all Raman signals we observed are much
broader than the typical linewidth from bulk counterparts.”” The pro-
nounced asymmetric broadening can be due to the combined effects
of disorder-activated scattering caused by various grain sizes in the
ultra-thin InN layer,30 surface optical modes of InN,”! and Fano inter-
ference caused by discrete phonon modes and background continuum
electron transitions in the system.””” Despite the fact that our
XRD results support the presence of compressive strain, the contribu-
tion of LPP+ cannot be ruled out due to the surface accumulation
effect especially for InN nanostructures.”® Further studies are under
way to unveil the thickness-dependent optical and electrical properties
of InN.

In summary, the growth of nanometer-thin epitaxial InN films
with very high structural quality on (0001) 4H-SiC by ALD is
reported. InN is seen to relax in the first layer via the formation of mis-
fit dislocations on 4H-SiC followed by a nearly homoepitaxial stacking
of InN. An atomically sharp and smooth InN/4H-SiC interface is seen
by both XRD and TEM. A high structural quality is demonstrated
even for a 2.3 nm InN film. The ALD process renders excellent unifor-
mity of the macroscopic surface morphology. According to our TEM
and Raman spectroscopy, inhomogeneous stress conditions caused by
point defects at grain boundaries are suggested to be responsible for
the inhomogeneous Raman broadening and for the relaxation of the
selection rules leading to the observation of the A1(TO) mode. Our
results highlight the advantage of ALD to prepare homogeneous, epi-
taxial InN nano-layers on foreign substrates.

See the supplementary material for the detailed information
related to the growth process and XRD results that support the hetero-
epitaxy between InN and SiC.
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