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ABSTRACT: We have demonstrated a well-ordered In-rich single crystalline InGaN
nanoridge array grown on GaN/sapphire substrate using the integration of top-down
etching and bottom-up molecular beam epitaxy. During the initial growth of InGaN on a
patterned GaN/sapphire substrate, a (1011) r-plane predominantly forms, suppressing the
growth in [1011] crystal direction and resulting in a triangular InGaN nanoprism. As the
growth proceeds further, a narrow (~50 nm) single-crystal fin-shaped InGaN nanoridge
forms atop the InGaN nanoprism structure. The resulting narrow fin-shaped InGaN
nanoridge structure shows extremely strong photoluminescence (PL) intensity with a
center wavelength at 524—560 nm and narrow distribution compared to the epitaxially
grown planar InGaN layer or InGaN nanowire. High-resolution scanning transmission
electron microscopy (STEM) combined with an energy-dispersive X-ray (EDS) map
reveals that a sharply faceted single-crystal InGaN nanoridge (~50 nm width) forms along
the top of each InGaN nanoprism and is composed of Ga, In, and N without phase
segregation or dislocation. The single-crystalline In-rich InGaN nanoridge will pave the
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way to design a viable architecture for a broad range of IIl-nitride devices.

G rowth of highly crystalline In-rich In,Ga, N is one of
the most important technologies for IlI-nitride semi-
conductor devices. The tunability of its direct bandgap
energies from ~0.65 to 3.4 eV makes it a very promising
material for a broad range of optoelectronic devices including
light-emitting diodes (LEDs),"”” lasers, solar cells,”* and
photoelectrochemical cells’™” as well as electronic devices
such as high mobility transistors.”~'* However, creating highly
crystalline In-rich In,Ga,_,N heterostructures is difficult due to
defects, threading dislocations, and stacking faults caused by
the lattice mismatch between InN and GaN (—11%)."'~"* To
address these issues, nanowire,"*™*® nanoridge, and nano-
wall'”~>? structures have been created that incorporate indium
into GaN crystal. These nanostructures have low densities of
extended defects and eflicient surface stress relaxation in
lattice-mismatched heterojunctions' so they can incorporate
high In content in their structures, thereby tuning the
wavelength in the entire visible and near-infrared spectrum.'*

Although nanowire structures have been extensively studied,
there have been very few reports on the growth of InGaN
nanoridge or nanowall structures. Compared to conventional
nanowires, the unique structure of nanoridges or nanowalls
makes them well-suited for edge-emitting lasers and fin field
effect transistors.”> As wall thickness approaches a few
nanometers, In(Ga)N can exhibit unusually large exciton
binding energy (up to 1.4 €V),”* which rivals that of the
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extensively studied single-layer transitional metal dichalcoge-
nides and therefore offers a new quantum material platform.

To date, however, the fabrication, synthesis, and character-
ization of InGaN nanoridge or nanowall structures is still in its
nascent stage. Recently, Chouksey et al. reported well-ordered
InGaN nanowall structure, but their approach to fabrication
relies solely on top-down etching of InGaN film, which is
fundamentally limited by the aforementioned difficulties in
planar structures showing peak emission below 500 nm
wavelength.”> Random InGaN nanowall networks can be
formed during epitaxy of InGaN epilayers on a Si substrate, but
these networks exhibit uncontrollable size, morphology, and
properties.”” To date, there has been no demonstration of the
controlled synthesis of InGaN nanoridge or nanowall arrays
using a bottom-up approach.

We have combined top-down etching and bottom-up
molecular beam epitaxy to create a new method of fabricating
well-ordered InGaN nanoridge arrays. We also investigated the
effects of the growth conditions on the structural and optical
properties of these nanoridge arrays. InGaN nanoridges are
formed on a Ga-polarity c-plane. Initial growth of InGaN on a
patterned GaN/sapphire substrate is limited by the dominant
formation of the (1011) plane. Increasing the growth duration
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Figure 1. Schematic illustration of the fabrication process of InGaN nanoridge/nanoprism with integration of top-down and bottom-up approach.
Top-down: (a) RIE etching and (b) KOH crystallographic wet etching of GaN nanowall array. Bottom-up: (c) MBE growth of InGaN on GaN
nanowall array. (d) Cross-sectional view and (e) top view illustration of the nanoridge/nanoprism dimension. (f) SEM of cross-sectional InGaN

nanoridge/nanoprism array.

leads to the formation of a very narrow (~50 nm) fin-shaped
InGaN nanoridge structure above the InGaN nanoprism array.
The resulting fin-shaped InGaN nanoridge structure shows
strong photoluminescence (PL) intensity with wavelength
centered at 524—560 nm and a narrow line width as compared
to previously reported InGaN nanowire structure. High-
resolution high-angle angular-dark-field (HAADF) suggests
that the InGaN nanoridge exhibits single-crystalline structure
largely free of phase separation or dislocations with
homogeneous In-distribution throughout the growth direction.
These improvements over previously reported nanowire *~'*
or nanoridge/nanowall structures'” 2! are attributed to the
combination of the top-down and bottom-up method, which
will be useful for device fabrication. This study provides not
only a better understanding of InGaN epitaxial growth but also
benefits the development of nanostructured InGaN-based
electronic devices.

GaN nanowall structures were formed by projection
lithography and etching on an n-type GaN template on a
sapphire substrate. First, a stripe pattern of silicon dioxide
(SiO,) was patterned on the GaN template parallel to the
[1120] a-direction. With the SiO, as a masking layer, 1 um of
n-type GaN was etched by LAM 9400 inductively coupled
plasma (ICP)-reactive ion etching (RIE) with Cl, gas as shown
in Figure la. Transformer coupled plasma (TCP) power of
600 W and radio frequency (RF) bias of 300 W were used with
flowing 30 sccm of Cl, gas while maintaining pressure of 2
mTorr for ICP-RIE. Please refer to Figure S1 for further
details. Subsequently, the sample was immersed in 30 wt %
KOH solution at elevated temperature of 120 °C for § min to
reveal the crystal plane and to achieve smooth and vertical
sidewall as shown in Figure 1b.”**” Finally, the SiO, masking
layer was removed using HF solution. SEM images of the GaN
nanowalls after each step are shown in Figure S1.
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In this study, the GaN nanowall template had a wall width,
spacing, and height of 500 nm, 400—500 nm, and 1 um,
respectively (Figure 1d). Smaller sizes can be readily achieved
using e-beam lithography. The length of each segment of GaN
nanowall was 0.5 mm as indicated in Figure le. The sample
was subsequently loaded in a Veeco Gen II MBE system
equipped with a radio frequency plasma-assisted nitrogen
source for InGaN growth. For studying the growth conditions
of the InGaN, the III-N ratio was varied by altering nitrogen
flow rate from 1.5 sccm down to 0.45 sccm. In beam equivalent
pressure (BEP) was maintained at 9.8 X 10™® Torr, Ga BEP at
2.7 X 107® Torr, and growth temperature at 755 °C. Samples
A—C had nitrogen flow rates of 1.5, 0.8, and 0.45 sccm,
respectively, as listed in Table 1. Because of the In desorption

Table 1. MBE Growth Conditions for InGaN Nanoridge.

sample Ga flux/Torr In flux/Torr N, flow/sccm III-V ratio
A 2.7e—8 9.8e—8 1.5 N,-rich
B 2.7e—8 9.8e—8 0.8 N,-rich
C 2.7e—8 9.8e—8 0.45 metal-rich

above 540 °C,*® an accurate III-V ratio is difficult to
determine, so the boundary between the metal- and nitrogen-
rich conditions was determined by the presence of metal
droplets on the sample.

We investigated the effect of nitrogen flow rate on the
epitaxy of InGaN nanostructures. For sample A, the abundance
of nitrogen plasma induces 3-dimensional growth of the
InGaN grown on the GaN nanowall template, as shown in
Figure 2a and b. As the plasma flow was reduced to 0.8 sccm,
we observed less roughness on the InGaN, but nanoscale
roughness was still present on the surface, as illustrated in
Figure 2c¢ and d. Once the nitrogen flow reached 0.45 sccm in
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Figure 2. Bird’s eye view SEM image of InGaN/GaN structure grown in MBE under the conditions of samples (a) A, (c) B, and (e) C. The inset
shows the cross-sectional schematic illustration of surface roughness after growth. High-resolution top-down view of SEM image of InGaN
nanostructure grown in MBE under the conditions of samples (b) A, (d) B, and (f) C. Refer to Table 1 for the growth conditions of each sample.
(g) Room-temperature micro-PL emission comparison of InGaN nanostructure under sample A (black solid line), sample B (red dashed line), and
sample C (blue short dotted line) conditions. The peak wavelengths are at 468, 452, and 545 nm for InGaN nanostructure with sample A, B, and C

conditions, respectively.
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Figure 3. Cross-sectional SEM image of single GaN nanowall segment with InGaN growth duration of (a) 0, (b) 2, (c) 4, and (d) 6 h. In (b—d),
the InGaN region is shown with arrows to indicate the growth length along the c-axis. All scale bars represent 500 nm unless specified. (e) High-
magnification cross-sectional SEM image of very narrow fin-shaped InGaN nanoridge elongated on top of InGaN nanoprism after 6 h of growth. (f)
Measured InGaN height (black square) and calculated [0001] direction growth rate (red circle) with respect to growth time.

sample C, the InGaN surface became smooth, as seen in Figure
2e and f, resembling what is typically observed for high quality
InGaN epilayers grown by plasma-assisted MBE under nearly
metal-rich conditions.”” The most interesting feature of this
growth regime is the emergence of a very narrow, fin-shaped
InGaN nanoridge on top of the triangular InGaN nanoprism,
which is the focus of our results.

PL emission spectra of samples A—C were measured at
room-temperature and are given in Figure 2g. A 405 nm laser
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source was used as the excitation source with a 100X objective
and a beam ~1 ym in diameter. For samples A and B, the peak
wavelengths of InGaN nanostructures were 468 and 452 nm,
respectively. For sample C, the PL emission of InGaN
nanoridge/nanoprism showed a peak at 545 nm with intensity
nearly 2 orders of magnitude stronger than that of samples A
and B, as shown in logarithmic scale in Figure S2. In addition, a
weak emission of ~450 nm was measured from sample C.
These studies suggest that, under optimum growth conditions
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Figure 4. Single-crystal 1D InGaN nanoridge grown on GaN nanowall array (a) Side-view SEM (b) HAADF STEM image on cross-sectional fin-
shaped InGaN nanoridge from one of the InGaN nanoridge/GaN nanowall arrays in (a) and simultaneous STEM EDS spectroscopic mapping
showing the grown InGaN tip primarily comprised of Ga (red), In (blue), and N (green). (c) High-resolution HAADF STEM on the sharply
faceted InGaN nanoridge in (c) indicating highly single crystalline. (d) Room temperature micro-PL of InGaN nanoridge (black solid line), planar
(red dashed line), and nanowire (blue short dotted line) measured with 405 nm laser source. Peak wavelength positions for 6 h InGaN nanoridge
and InGaN nanowire samples are 524 and 546 nm, respectively. Full-width at half-maximum (fwhm) values for 6 h InGaN nanoridge and InGaN
nanowire samples are 40 and 101 nm, respectively. (e) Atomic resolution HAADF STEM on the termination of the InGaN tip in (c) indicating the

lattice constant that is consistent with InGaN.

(nearly metal-rich epitaxy conditions), the optical quality can
be significantly enhanced for InGaN nanoridge/nanoprism
structures. Furthermore, the presence of two emission peaks
suggests nonuniform indium distribution. We attribute the
strong PL intensity to the highly crystalline quality of the
InGaN nanoridge grown on top of the nanoprism. Such
nanoridge structure allows effective strain relaxation and
therefore high crystalline material. The strong PL intensity of
sample C may originate from favorable growth of high-quality
InGaN material under slightly metal-rich condltlons, which is
analogous to conventional epitaxial film growth.”” The red-
shift of the wavelength on sample C compared to samples A
and B may be attributed to effective strain relaxation and
reduced density of defects by improved wetting, which may
promote incorporation of In with decreased nonradiative
recombination sites.”’

To further study the formation of InGaN nanoridge
structures, we observed the evolution of InGaN structure
grown on top of the single GaN nanowall segment using the
growth conditions from sample C. Illustrated in Figure 3a—d
are cross-sectional SEM images of the GaN nanowall template
and InGaN nanostructure after 2, 4, and 6 h of growth,
respectively. InGaN grows on top of the c-plane GaN nanowall
in the form of a prismatic shape for up to 4 h, as seen in Figure
3a—c. This InGaN forms a nanoprism structure that is bound
by r-planes. In crystal growth, the slowest growing facet will
eventually determine the crystal plane.”’ From observation,
growth in the [0001] direction is faster than that in the [1012]
or [1011] directions. Therefore, the (0001) facet will diminish,
and the r-plane w111 dominate, resulting in pyramidal shape as
growth proceeds.” The angle between inclined side planes and
the (0001) plane was 63° (Figure S3), which indicates that the
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r-plane of InGaN nanoprism has a (1011) facet.’”** The
formation of a semipolar (1011) r-plane facet in the nanoprism
is consistent with the hexagonal pyramid formation in self-
assembled growth (SAG) of wurtzite GaN nanowires.””*” The
only difference is that SAG nanowires have six r-plane facets of
equal size on top of perfect hexagonal pyramid, whereas our
structure shows elongated prismatic shape along the [1120] a-
direction. Growth interface of SAG nanowire and nanoprism
are represented in Figure S4. After 4 h of growth, the structure
evolves into a fin-shaped nanoridge on top of the nanoprism,
which starts to elongate proportionally to the growth duration.
This fin-shaped nanoridge structure has growth along the
[0001] direction with their sidewalls being m-planes (1010)
and (1010) planes. This narrow fin-shaped InGaN nanoridge
has not been observed in any other work to our knowledge.
Figure 3e shows the magnified cross-sectional SEM image of a
nanoridge segment on top of the InGaN nanoprism.

As shown in Figure 3f, the growth rate along the c-axis
decreases from an average growth rate of 140 nm/h in the first
2 h of growth to 109 nm/h from the second to fourth hour of
growth. We attribute this to the reduced probability of Ga and
In adatoms reaching the top of the nanoprism.”*>> When the
narrow fin-shaped InGaN nanoridge starts to form, the chance
of Ga and In adatoms migrating to the tip lowers even farther,
reducing the growth rate to 91 nm/h from the fourth to sixth
hour of growth. This growth rate reduction is consistent with
the previous studies of reduced axial growth rate of self-
assembled GaN nanowires over time.>* In SAG nanowires, Ga
adatoms supplied by diffusion on a Mo mask need to diffuse to
the top of GaN nanocolumns to contribute to the axial
grow‘ch.33’34 Similarly, in InGaN nanoridge, both Ga and In
adatoms will need to diffuse to the tip of the nanoridge, which
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will be more challenging as the growth along the axial direction
proceeds.

In this study, we did not observe any significant growth (>20
nm/h) along the lateral direction on the sidewall of the GaN
nanowall. The epitaxy proceeds in a way to reveal the plane
that has the lowest surface energy. The surface energy of the
m-plane is lower than that of other nonpolar crystal
planes.*****” Therefore, the m-plane, which is the slowest
growing plane, will be what forms the nanowall sidewall, which
is supported by our observations. This is analogous to the
previously reported SAG nanowire going through morpho-
logical evolution toward a thermodynamically stable hexagonal
shape with m-planes.”

Room-temperature micro-PL spectra of the InGaN nano-
structure grown on GaN nanowall with various growth
durations are shown in Figure SS. As the growth duration
increased from 2 to 6 h, we observed an increase in the
intensity of the peak emission above 500 nm. After 4 h, the
narrow fin-shaped InGaN nanoridge structure emerged, and
we measured extremely strong PL emission. The indium
incorporation is further derived using the equation

Ep Ga_ N = %Epn + (1 = x)Eg,y — bx(1 — x)

The InGaN nanostructure sample is shown to have x ~ 0.3,
where we used b = 1.10 €V as the average bowing parameter.””
To further verify that the emission is coming from the narrow
fin-shaped InGaN nanoridge structure, we compared with the
signal from InGaN grown on a planar region near the
nanoridge/nanoprism. Figure S6 shows a schematic of the laser
beam spot position at which PL was measured for the InGaN
planar region and nanoridge/nanoprism region. The PL from
the planar region showed negligible intensity compared to that
from the nanoridge/nanoprism region, suggesting that the
signal is coming from the InGaN grown on the GaN nanowall
array template. This leaves two possible cases: the signal is
from the nanoridges or from the InGaN between the
nanowalls. If the emission originates from the InGaN between
the GaN nanowall segments, these samples would show a
strong PL emission at ~524—560 nm regardless of the GaN
nanowall width. On the other hand, if the emission is coming
from the InGaN nanoridge/nanoprism, the emission will
depend on the presence of the nanoridge/nanoprism because
InGaN growth atop wider GaN nanowalls does not have the
InGaN nanoridge. To confirm that the signal is not from the
InGaN grown between GaN nanowall segments, we prepared
GaN nanowall templated samples with widths of 500, 800, and
1200 nm but the same spacing between walls. InGaN was
grown on the GaN nanowall templates for 4 h. For this growth
time, we only expect to see an InGaN nanoridge on the 500
nm width sample. From Figure S7a and b, emission from
samples with wall widths of 800 and 1200 nm shows a
negligible peak at ~524—560 nm, indicating that the strong
emission at 524—560 nm is coming from the InGaN
nanoridge. These studies also indicate that the weak emission
measured below 500 nm is likely from the InGaN nanoprism
and/or InGaN layer grown on the bottom between the GaN
nanowall spacings.

PL emission was also measured for InGaN nanowire arrays
with peak emission at 546 nm, as shown in Figure 4d (see
Figure S8 for nanowire sample details). We found that the
InGaN nanoridge structures exhibit intensity nearly 4-times
higher than that of spontaneously formed InGaN nanowires
despite the relatively small surface area of nanoridge structures.
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Moreover, the emission of the nanoridge sample is sharper
with a full-width-at-half-maximum (fwhm) value of 40 nm
when compared to the fwhm value of 101 nm for the nanowire
sample.

InGaN crystals were grown with hierarchical order that
spans the nano- to atomic scale through lithographic
templating (Figure 4a—c). Cross-sectional electron microscopy
shows the periodic GaN nanowalls (width, ~500 nm; height,
~1 um; spacing, ~400—500 nm) that template-confined
InGaN growth (Figure 4a). The single crystallinity of the
InGaN nanoridge (~S0 nm width) that forms along the top of
each InGaN nanoprism is reflected in the sharply faceted
termination of (100) sidewalls and (001) top (Figure. 4c) of
the 6 h grown sample. In confined geometry heteroepitaxy,
increased In incorporation can occur due to the onset of strain-
relaxed growth.” In the 4 h sample, the InGaN nanoridge was
formed with smaller width and height than that of the 6 h
sample. In addition, this nanoridge was highly crystalline but
lacked the sharp facets and contained a partially amorphous
surface termination (Figure S9), suggesting that with further
growth the nanoridge may crystallize and facet. An energy-
dispersive X-ray (EDS) map shows a well-defined InGaN
nanoridge after 6 h of growth homogeneously composed of Ga,
In, and N without phase segregation (Figure 4b, Figure S10).
This homogeneous distribution of Ga and In elements in our
InGaN nanoridge is superior to that of InGaN growth on a
randomly oriented c-axis GaN nanowall, where Rodriguez et al.
observed strong fluctuation of the In composition in their
structure.”’ Energy-dispersive X-ray (EDX) spectra collected
from four InGaN nanoridge regions estimates In occupies 27 +
5% of Ga sites (i.e, x = 0.27 + 0.05). Pure GaN regions
confirmed EDX quantification of Ga concentration to within
~10%. This In occupancy result is consistent with the PL
result estimated to having x ~ 0.3 for InGaN. Atomic-
resolution dark-field scanning transmission electron micros-
copy (STEM) shows lattice spacings of 2.85 and 2.95 A
(Figure 4e, Figure S9) and confirms an In-rich InGaN crystal
(GaN and InN spacings are 2.75 and 3.06 A, respectively).
This corresponds to the (100) lattice plane of InGaN with an
orientation that indicates preferred growth along the [0001] c-
axis direction. Lastly, the highly ordered 1D InGaN provides
strong PL emission (Figure 4d).

In summary, we have investigated the epitaxy and structural
and optical characterization of InGaN nanoridge structures
grown on a Ga-polarity GaN nanowall template. It is observed
that a nearly defect-free fin-shaped InGaN nanoridge emerges
from the c-axis InGaN bulk nanoprism structure, which can
exhibit superior structural and optical properties. Under
optimized growth conditions, PL emission from this InGaN
nanoridge structure exhibits much higher intensity than InGaN
grown on a planar structure or spontaneously formed InGaN
nanowire arrays. Detailed structural study of this growth
regime over the growth time clearly shows the structural
evolution of the bulk triangular InGaN nanoprism into a very
narrow, fin-shaped InGaN nanoridge. Atomic-resolution
HAADF STEM and simultaneous STEM EDS spectroscopic
mapping also suggests that this InGaN nanoridge structure is
single crystalline with homogeneous In distribution. We
envision that our integration of top-down and bottom-up
approaches to obtain single-crystalline InGaN nanoridges with
high In content will emerge as a viable architecture for
designing a broad range of IIl-nitride devices. Moreover,
further reducing the dimensions to the nanometer range may
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provide an extremely scaled quantum material platform for
next-generation ultrahigh efficiency electronic, photonic, and
solar energy devices and systems.
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