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Abstract: The electrical properties of InN give it potential for applications in III-nitride electronic
devices, and the use of lower-dimensional epitaxial structures could mitigate issues with the high
lattice mismatch of InN to GaN (10%). N-polar MOCVD growth of InN was performed to explore
the growth parameter space of the horizontal one-dimensional InN quantum wire-like structures
on miscut substrates. The InN growth temperature, InN thickness, and NH3 flow during growth
were varied to determine optimal quantum wire segment growth conditions. Quantum wire seg-
ment formation was observed through AFM images for N-polar InN samples with a low growth
temperature of 540 ◦C and 1–2 nm of InN. Below 1 nm of InN, quantum dashes formed, and 2-D
layers were formed above 2 nm of InN. One-dimensional anisotropy of the electrical conduction of
N-polar InN wire-like samples was observed through TLM measurements. The sheet resistances
of wire-like samples varied from 10–26 kΩ/� in the longitudinal direction of the wire segments.
The high sheet resistances were attributed to the close proximity of the treading dislocations at the
InN/GaN interface and might be lowered by reducing the lattice mismatch of InN wire-like structures
with the substrate using high lattice constant base layers such as relaxed InGaN.

Keywords: nitrides; MOCVD; epitaxy; electronics

1. Introduction

The III-nitride semiconductor system of GaN, AlN, and InN is a promising platform for
next-generation electronics due to its favorable material properties such as high electron mo-
bilities, high thermal conductivities, and high breakdown voltages. InN, which is normally
utilized for InGaN-based visible and ultraviolet optoelectronics [1–4], has interesting electri-
cal properties. These properties include a low electron effective mass of 0.07 m0, leading
to the highest theoretical mobilities of the III-nitrides of up to 14,000 cm2 V−1 s−1 at 300 K
and the highest electron saturation drift velocity of the III-nitrides [5,6]. InN also features a
high electron surface accumulation [7], which has applications in chemical sensing [8,9].
These electrical properties make InN an intriguing choice for electronic devices.

Despite the potential InN has for electronics applications, its performance has fallen
short of theoretical limits because of the challenges involved in achieving high qual-
ity epitaxial material. InN has an extremely high in-plane lattice mismatch to avail-
able substrates, including 10% to GaN and 25% to sapphire, resulting in a 3D (Volmer–
Weber) growth mode and very high dislocation densities of up to 1010 cm−2 at InN/GaN
interfaces [5]. InN grown on GaN is fully relaxed, even for thicknesses as low as 1 nm, and
forms misfit dislocations at the InN/GaN interface that have been observed and studied
in the literature [10–12]. In addition to the high lattice mismatch challenges, due to its
high equilibrium N2 vapor pressure, InN must be grown at very low temperatures com-
pared to GaN in common epitaxial techniques such as molecular beam epitaxy (MBE) and
metalorganic chemical vapor deposition (MOCVD) [13,14]. The ideal MOCVD growth
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temperatures for GaN are above 1000 ◦C, while InN is grown at temperatures between
450 ◦C and 650 ◦C, above which temperature InN will decompose [5]. Growth at low
temperatures results in increased impurity incorporations and reduced structural quality.
In addition, ammonia (NH3), the most common nitrogen precursor for MOCVD growth
of III-nitrides, suffers from greatly reduced pyrolysis efficiency at temperatures below
900–1000 ◦C due to the strength of the N-H bond [15].

A possible path toward achieving high performance MOCVD-grown InN material
is the use of lower dimensional epitaxial structures such as 0D quantum dots and 1D
quantum wires, which have applications in optoelectronics and electronics such as light-
emitting diodes, lasers, and transistors [16–20]. The quantum confinement provided by
such structures leads to enhanced carrier confinement and reduced sensitivity of material
properties to changes in temperature and structural defects [21,22]. The decreased defect
sensitivity of lower dimensional structures is especially attractive because it could enable
effective devices in large lattice mismatch systems such as InN/GaN that normally suf-
fer from defect-induced degradations of transport properties. InN quantum dots have
been grown epitaxially by MOCVD and molecular beam epitaxy (MBE), demonstrating
signatures of quantum confinement such as blue-shifted photoluminescence (PL) peak
wavelengths and temperature-insensitive optical properties [23–25]. The InN quantum dot
results from the literature indicate that using quantum confinement improves the perfor-
mance of InN for optoelectronics. However, quantum dots are not suitable for electronics
applications as charge carriers are typically confined to the dots and, therefore, have highly
reduced mobility; thus, 1D quantum wires come into consideration as charge carriers
have plane wave character and potentially high mobility one dimension. InN quantum
wires and nanowires grown by various methods have been achieved with 1D transport
properties [26–33]. Some of the most outstanding results arise from studies of MBE-grown
freestanding InN nanowires on Si (111) substrates [27,31,33]. The InN wires were 0.7–4 µm
tall with free carrier concentrations as low as 1 × 1013 cm−3 and extracted room temperature
electron mobilities of up to 12,000 cm2 V−1 s−1, which approaches the theoretical mobility
values for InN [33]. The enhanced performance was attributed to reduced structural de-
fects in the wires. Based on the MBE results, it appears that the epitaxial growth of InN
wires with 1D electrical conduction has the potential to widen the design and application
flexibility for III-nitride electronics as well as unlock the true potential of InN.

While there has been significant research effort towards vertical InN quantum wires,
there is less prior work on horizontal InN wire arrays that could be more easily incorporated
into full epitaxial devices. It has been previously shown in several III-V semiconductor sys-
tems that vicinal or high-index substrates enable the epitaxial growth of horizontal quantum
wires with 1D optical and electrical properties [34–41]. Such substrates in the III-arsenides
system include high-index (311) A GaAs and miscut (100) and (110) GaAs [35–37]. For the
III-nitrides, a horizontal quantum wire formation has been observed in MOCVD-grown
N-polar AlGaN/GaN heterostructures on miscut sapphires [38,40–43]. Vicinal sapphire
substrates with miscut angles in the range of 2–5◦ have been found to suppress hexag-
onal hillock formation during N-polar III-nitride MOCVD growth, resulting in smooth,
high-quality films [43]. N-polar AlGaN/GaN heterostructures grown on these sapphire
substrates with tuned growth conditions exhibited lateral carrier confinement along the
surface step direction, anisotropic charge distribution, electron mobility, and optical po-
larization [38,40,41]. Thus, the use of such substrates is a promising method towards the
growth of horizontal InN quantum wires.

N-polar III-nitride MOCVD growth on miscut substrates also provides benefits for
InN quantum structures intended for epitaxial device stacks. While capping MOCVD-
grown metal-polar InN quantum dots with GaN formed conformal caps rather than pla-
narized layers [44], which inhibited the direct epitaxial growth of full device stacks, N-polar
MOCVD-grown InN grown on miscut GaN was found to form quantum dashes rather
than dots, and the dashes elongated along the direction of the surface steps [45]. GaN
cap layers grown on top the dashes exhibited planarized surfaces, even with multiple
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layers of dashes, enabling the growth of additional device layers on such structures [24,45].
Both uncapped and capped InN quantum dashes showed pronounced infrared lumines-
cence [24]. In addition, just 20 nm thick MOCVD-grown N-polar InN films exhibited
electron mobilities of up to 706 cm2 V−1 s−1 [45]. Thus, the N-polar orientation provides
several benefits for approaching horizontal InN quantum wires, planarized GaN capping
capability, and additional benefits to electronic performance from the reversed polarization
fields that make the N-polar orientation a natural choice for III-nitride electronics applica-
tions [46,47]. By carefully tuning the MOCVD growth conditions of N-polar InN, it may be
possible to elongate the quantum dashes into horizontal quantum wire arrays and achieve
1D conduction.

In this work, the growth parameter space of MOCVD-grown horizontal N-polar InN
quantum wire-like structures on GaN was investigated using morphological and electrical
measurements. It was found that a low temperature of 540 ◦C with a narrow thickness
window of 1 nm–2 nm was required to form InN quantum wire segments rather than dashes.
Fabricated InN wire segment samples were electrically conductive with sheet resistances
of 10–26 kΩ/� along the wire segment direction, with much higher sheet resistances
perpendicular to the wire segment direction. The InN could be capped with a thin layer
of GaN while retaining electrical conduction. The results of this work demonstrate the
possibility of control over the dimensionality of lower-dimensional InN epitaxial structures
while establishing the performance limits of such structures on GaN.

2. Methods

N-polar InN quantum wire-like structure samples were grown by atmospheric pres-
sure MOCVD on 2-inch diameter sapphire substrates, with a miscut of 4◦ toward the
a-direction (4A), which resulted in GaN surface steps parallel to the a-direction [42,43]. Am-
monia (NH3) was used as the nitrogen precursor, and trimethylindium (TMIn), trimethyl-
gallium (TMGa), and triethylgallium (TEGa) were used as the metalorganic precursors.
InN growth rates were calibrated using InN deposition on Si (111) substrates. All InN
quantum dash and quantum wire-like structure growths started with the deposition of a
20 nm thick GaN buffer layer grown at 1060 ◦C, with precursor flows of 12 µmol min−1 of
TMGa and 45 mmol min−1 of NH3, followed by a 2 µm thick semi-insulating GaN template
grown at 1200 ◦C using 40 µmol min−1 of TMGa and 45 mmol min−1 of NH3, as reported
previously [45]. InN was deposited on top at growth temperatures of 540–640 ◦C with
0.6 µmol min−1 TMIn and 143 mmol min−1 NH3, and any GaN caps over the InN were
grown using 1.5 µmol min−1 TEGa and 143 mmol min−1 NH3. The GaN base layers char-
acterized by X-ray diffraction exhibited FWHM values of 311 arcsec for the 0002 reflection
and 340 arcsec for the 2021 reflection. These values correspond to dislocation densities
in the mid 108 cm−2 range [43]. The polarity of the GaN base layers was confirmed pre-
viously [43]. All layers after the initial GaN template were grown with N2 as the carrier
gas. Several experimental series were drawn to investigate the effects of the InN growth
temperature, InN thickness, NH3 flow, and cap growth temperature and thickness on the
formation and properties of the InN quantum wire-like structures. The capping of InN on
select samples was investigated as well. In the growth temperature series, nominally, 1 nm
of InN was deposited on the semi-insulating templates at temperatures between 540 ◦C
and 640 ◦C. In the InN thickness series, nominally, 0.5 nm–20 nm of InN was deposited at
540 ◦C. In the NH3 flow series, nominally, 1 nm of 540 ◦C InN was deposited with NH3
flows between 0.5 SLM and 6 SLM. Capped samples included 6 nm of TEGa-grown GaN
grown entirely at 540 ◦C, partially at 540 ◦C, partially at 640 ◦C, or entirely at 640 ◦C.
Figure 1 shows the epitaxial structure of uncapped InN samples.
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the InN dash structures became larger and less dense, which is expected thermodynami-
cally and has been observed previously [44,48]. At the lowest temperature of 540 °C, the 
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Figure 1. Epitaxial structure of uncapped N−polar InN samples.

InN growth rate calibration samples on Si were measured using ellipsometry. The N-
polar InN samples and GaN template were characterized by atomic force microscopy (AFM)
to assess surface morphology. Room temperature Hall measurements were performed
on thicker InN film samples (20 nm thick InN) to measure electron concentrations and
mobilities. Hall measurements were conducted using a Van der Pauw configuration on
cleaved 1 × 1 cm pieces and pressed indium dot contacts. Selected samples were fabricated
with transmission line measurement (TLM) structures parallel and perpendicular to the InN
wire-like structure direction to measure sheet resistance. The fabrication process included a
BCl3/Cl2—based mesa etch and Al/Au ohmic contacts.

3. Results and Discussion

AFM imaging revealed insights into the optimal MOCVD growth conditions for InN
quantum wire-like structure formations. Figure 2 shows the surface morphology of the
N-polar GaN template layer for reference. Figure 3 depicts the surface morphologies of the
samples from the InN growth temperature series. As the growth temperature increased, the
InN dash structures became larger and less dense, which is expected thermodynamically
and has been observed previously [44,48]. At the lowest temperature of 540 ◦C, the small,
dense dashes merged along the a-direction of the surface steps to form wire segments, as
seen in Figure 3a.
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The NH3 flow series resulted in no visible difference in InN wire-like surface mor-
phology for all flows above 0.5 SLM NH3. For the sample with an NH3 flow of 0.5 SLM, 
indium droplets were present on the surface, indicating insufficient active nitrogen spe-
cies on the growth surface due to the aforementioned reduced NH3 cracking efficiency at 
the low temperatures required for MOCVD InN growth. The results of the NH3 flow series 
suggest that the NH3 flow does not have a significant effect on InN quantum wire-like 

Figure 3. 1 × 1 µm AFM images of nominally 1 nm of N−polar InN grown at different tempera-
tures. InN dash and wire−like structures are aligned along the a−direction. (a) 540 ◦C. (b) 560 ◦C.
(c) 580 ◦C. (d) 600 ◦C. (e) 620 ◦C. (f) 640 ◦C. Vertical scale bar is 0–20 nm for (a) and 0–10 nm for (b–f).

Figure 4 shows AFM images of samples from the InN thickness series grown at 540 ◦C.
The InN transitioned from a dash-like morphology for thicknesses below 1 nm to a wire-like
morphology for thicknesses of 1–2 nm. Figure 4c, which is the same as Figure 3a, shows the
wire-like structures that were characteristic of N-polar InN growth at lower temperatures
with relatively low thicknesses. The 2 nm thick sample, shown in Figure 4d, does show
some wire segments, and it is possible that the more dash-like structures have formed on
top of wire segments buried underneath. For InN thicknesses above 2 nm, the morphology
became more film-like as the InN coalesced and fully covered the surface. The morphology
results indicate that there is a narrow thickness window for the formation of N-polar InN
wire-like structures rather than dashes or films.
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The NH3 flow series resulted in no visible difference in InN wire-like surface morphol-
ogy for all flows above 0.5 SLM NH3. For the sample with an NH3 flow of 0.5 SLM, indium
droplets were present on the surface, indicating insufficient active nitrogen species on the
growth surface due to the aforementioned reduced NH3 cracking efficiency at the low
temperatures required for MOCVD InN growth. The results of the NH3 flow series suggest
that the NH3 flow does not have a significant effect on InN quantum wire-like surface
morphologies after a minimum lower limit of NH3 flow during growth to prevent In
droplet formation. Considering the parameters of InN growth temperature, InN thickness,
and NH3 flow during InN growth, it is clear that the growth temperature and thickness
are the most important for facilitating InN wire segment formation rather than dashes or
films. The low growth temperature ensures that the surface density of InN dashes is high
enough to enable merging of dashes along the surface step direction, and limiting the InN
thickness to 1–2 nm further allows dashes to merge without forming 2-D films.

While the AFM imaging of the InN surface morphologies visually indicated wire-like
structures, the electrical measurements elucidated the extent of 1D electrical conduction
in the wire-like samples and determined the practicality of such structures for electronic
devices. Figure 5 shows the sheet resistances of fabricated InN samples extracted from TLM
measurements. TLM measurements were taken along the direction of the wire segments (a)
and perpendicular to the direction of the wire segments (m). The ratio of sheet resistance in
the directions parallel and perpendicular to the wire segment direction indicated the onset
of more 1D conduction—a ratio closer to one suggested more 2D conduction indicative of
a quantum well, and a lower ratio suggested 1D conduction as the sheet resistance in the
direction of the wire segments became much lower than the sheet resistance perpendicular
to the wire segments. As depicted in Figure 5, the sheet resistance ratio significantly
dropped below 1 for InN thicknesses of 2 nm and lower, confirming the observations of
the surface morphology from the AFM images. The 1 nm thick InN sample was fully
non-conductive perpendicular to the wire segment direction, suggesting a high extent
of 1D conduction. The sheet resistances of truly wire-like samples with 1–1.5 nm InN
ranged from 10—25 kΩ/�. While the measured TLM sheet resistances of the wire-like
samples were in the kΩ/� range, the thicker InN films were much less resistive. As
seen in Figure 5, the 10 nm thick film sample had a TLM sheet resistance of 132 Ω/�.
The measured Hall data of the 20 nm thick InN included a sheet carrier concentration of
1.1 × 1014 cm−2 and electron mobility of 397 cm2 V−1 s−1, giving a low sheet resistance of
142 Ω/�. Note that all samples with InN dashes rather than wire segments were resistive.
These results indicated that thicker N-polar InN films grown by MOCVD had good quality
and properties. The rather high sheet resistances measured for the InN wire-like samples
likely originated from the required narrow InN thickness window to form 1D wire segments
on the GaN template. As the InN must be only 1–2 nm thick for wire segment formation,
dislocations forming at the InN/GaN interface were in close proximity to the wire segments,
thereby amplifying the effects of electron scattering from the interfacial dislocations. It
had been previously observed that the electron mobility in InN decreased for thin layers
with decreasing layer thicknesses because of scattering by misfit dislocations forming at
the InN/GaN interface [49]. In addition, InN wire segment thickness variations may affect
the sheet resistance values. In order to reduce the sheet resistance of InN quantum wire
segments, the interfacial dislocation density could be reduced by the growth of the InN on
base layers with a lattice constant closer to that of InN, such as relaxed InGaN.
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Figure 6 shows compiled sheet resistance data for all processed N-polar InN samples.
A 2 nm thick InN wire-like sample that was capped with 6 nm of GaN grown at the InN
growth temperature of 540 ◦C is indicated in the figure with an arrow. Samples capped
with any thickness of GaN grown at a higher temperature than the InN were insulating.
The sheet resistance of 2 nm thick N-polar InN wire segments increased from 1.2 kΩ/� to
1.6 kΩ/� with GaN cap layers grown at the InN growth temperature, indicating that
electrical conduction could be retained with GaN capping, although it resulted in a slight
increase in sheet resistance. The compiled electrical data warrant a discussion of the
origin of electrical conduction in the N-polar InN wire segments. The electrical conduction
could have possibly originated from the surface electron accumulation of InN or from
unintentional oxygen impurity incorporation. It is known that N-polar III-nitride material
grown by MOCVD typically exhibits higher impurity incorporation than metal-polar
MOCVD-grown material [42], and the low growth temperature of InN also leads to higher
impurity levels; thus, there could be high unintentional oxygen incorporation in the InN.
The Hall and TLM data from the uncapped samples allowed for conduction in the bulk film
and also via the surface electron accumulation layer, as the contacts were directly on the
surface of the InN. However, the conductivity reduced only slightly with GaN capping, and
it had been observed previously that capping InN layers with GaN eliminated the surface
accumulation [50]. It was also possible that the electron accumulation concentration may
have varied based on the volume of the InN layer, the varying polarity of InN surface on
the wire segments, or both. Further investigation is required to fully clarify the mechanisms
active in the InN wire segments.
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4. Summary

In summary, MOCVD-grown horizontal N-polar InN quantum wire-like structures
with 1D conduction were achieved on GaN using miscut sapphire substrates and tuning
of the growth conditions. Growth temperatures on the lower end of the InN growth
temperature window were found to have sufficient InN quantum dash densities, causing
merging of the dashes along the direction of the surface steps, resulting in continuous wire
segments. InN-formed dashes for thicknesses below 1 nm, wire segments for thicknesses
between 1–2 nm, and continuous films for thicknesses above 2 nm. A minimum NH3 flow
was required to prevent In droplet formation on the surface but, otherwise, did not have a
significant effect on wire-like morphology. Fabricated InN wire samples exhibited sheet
resistances between 10–26 kΩ/�, likely due to the close proximity of dislocations at the
InN/GaN interface to the relatively thin wire segments. The sheet resistances in the wire
segment direction were much lower than the sheet resistances perpendicular to the wire
segment direction, suggesting anisotropic 1D conduction in the wire-like structures. An
approach for future work could be the growth of InN on higher lattice constant underlayers
such as relaxed InGaN, which would reduce the lattice mismatch between InN and its
substrate, thereby reducing the interfacial threading dislocation density and possibly
reducing the quantum wire segment sheet resistance.
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