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ABSTRACT: One of the main challenges in achieving long-
wavelength InGaN-based emitters is their large lattice mismatch,
around 11% between InN and GaN. ScAlMgO4 (SAM) is lattice-
matched with In0.17Ga0.83N, which allows the growth of high
indium composition InGaN films with good quality. Using solid-
phase epitaxy (SPE) of SAM on a sapphire substrate, SAM films
can be achieved at any wafer size with greatly reduced cost while
keeping their lattice-matched properties. In this work, we have
achieved smooth InGaN films grown on SAM on sapphire with
similar morphology as InGaN films deposited on free-standing
native SAM substrates. Moreover, we have demonstrated the first InGaN-based green LED on SAM on a sapphire substrate with a
peak emission wavelength at 525 nm and ∼9 nm of blue shift.

■ INTRODUCTION

III-Nitride materials have been favored for visible-range optical
devices due to their high e7ciency and stability.1−4 Using GaN
and InN, InGaN-based LEDs can cover the wavelength range
from near UV to near IR1. Currently, GaN on Silicon or GaN
on sapphire are commonly used as substrates or templates for
InGaN-based devices. One of the main challenges of long
wavelength InGaN-based LED is the large lattice mismatch
between InN and GaN, which is around 11%.5−8 This lattice
mismatch will cause significant strain, leading to dislocations
and the formation of crystal defects, which makes it challenging
to achieve high indium content.5 Therefore, developing a
relaxed InGaN layer is essential for III-Nitride-based long-
wavelength emitters. Di<erent approaches to achieve a relaxed
InGaN layer have been widely explored, such as creating a
flexible underlayer with thermal decomposition of underlying
high-composition InGaN9−11 or porosification of Si-doped
GaN.12−14 These approaches have e<ectively demonstrated the
relaxation of InGaN, resulting in a redshift in emission.
However, thermal decomposition requires a high-composition
InGaN layer, which may lead to high dislocation and defects.
Additional fabrication steps are required to create porosified
substrates before InGaN deposition.11,14 Another way to
achieve relaxed InGaN bu<er layers is by using lattice-matched
substrates, such as ZnO or ScAlMgO4 (SAM). ZnO is lattice-
matched to In0.22Ga0.78N. However, a very low deposition
temperature (<600 °C) is required to prevent ZnO
decomposition.15−18 SAM is lattice-matched with
In0.17Ga0.83N and only 2% mismatched with GaN, which
makes it a great candidate for the deposition of III-Nitride
materials.19−22 Recently, thick InGaN bu<er layers along with

red InGaN quantum well have been successfully demonstrated
on bulk SAM substrates with step-flow morphology and red PL
emission.19,20 However, bulk SAM substrates are only available
in small sizes and with high cost (>4000 $ for a 2-in. wafer),23

which is quite limiting for extensive research and commerci-
alization.
High-quality SAM on sapphire substrate can be created

through SPE of amorphous SAM on sapphire followed by
crystallization. This method allows SAM to be deposited on
any size of a sapphire wafer while still maintaining low lattice
mismatch with high-composition InGaN layers deposited on
them. However, a key challenge with SPE of SAM is that the
scandium-deficient regions may appear due to unoptimized
crystallization conditions, leading to the formation of
undesirable spinel-phase MgAl2O4 material with high surface
roughness.24,25 Recently, we have performed a systematic study
of SAM crystallization with di<erent annealing conditions and
demonstrated a reduction in the spinel phase (spinel to SAM
phase volumetric ratio decreased from 1 to 0.2) as well as up to
120 nm photoluminescence (PL) red-shift compared to the
same film grown on GaN on sapphire.24 However, the residual
spinel phase still a<ected the surface morphology, and the
surface roughness of SAM on sapphire (∼2 nm) was still
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significantly higher than conventional substrates such as GaN
on sapphire template (<0.2 nm), leading to a high surface
roughness of InGaN bu<er layers deposited above these SAM
on sapphire pseudosubstrates.24

In this work, we have further improved the sputtering
condition of SAM and, consequently, the InGaN material
quality deposited on SAM on sapphire pseudosubstrates. The
spinel phase was suppressed to minimal intensity, and low
surface roughness similar to a conventional bulk SAM substrate
(RMS ∼ 0.3 nm) was achieved on SAM on sapphire.23 The
Metal−Organic Chemical Vapor Deposition (MOCVD)
grown InGaN on SAM on sapphire demonstrated similar
roughness as the InGaN grown on bulk SAM substrates.
InGaN-based green LED structure was deposited on SAM on a
sapphire substrate, resulting in an emission wavelength of 525
nm at 0.5 A/cm2. These results demonstrate the potential of
using SPE of SAM for long wavelength emitters.

■ METHOD

The amorphous SAM film was deposited on a sapphire
(Al2O3) substrate with pretreatment through the RF sputtering
method using the Denton Discovery 24 tool. Details of
sapphire pretreatment were described in the previous work.24

The sputtering condition included a 100 W RF power, 10
mTorr chamber pressure, and 10 sccm Argon flow. Thereafter,
the film was transferred to a high-temperature furnace and
annealed at di<erent temperatures, 775 °C, 825 °C, 875 and
950 °C, for 10 h in air under atmosphere pressure. After the
crystallization process, the wafers were loaded into the
MOCVD chamber for the deposition of the InGaN film
(Figure 1). The precursors used during the MOCVD
deposition included triethylgallium (TEGa) and trimethylin-
dium (TMI) for the group III species, and ammonia (NH3) for
the group V species. A 400 nm thick InGaN film was deposited
at 920 °C.26,27 InGaN (or Indium content) calibration was first
performed on standard GaN on a sapphire substrate, and no
strain relaxation methods were employed. Based on our
calibration and past PL studies, the expected Indium content
was ∼7% and ∼14% when the same deposition parameters
were used on GaN on sapphire and SAM on sapphire,
respectively.24 The RMS surface roughness was obtained on
both amorphous and crystalline SAM on sapphire samples with
Atomic Force Microscopy (AFM) by using a Bruker Icon AFM
tool. X-ray di<raction (XRD) was performed on SAM on
sapphire for crystallinity using an XRD Panalytical Empyrean
tool. Scanning Transmission Electron Microscopy (S-TEM)
was performed to examine the SAM and sapphire interface.
After examining the surface morphology and crystallinity of the
underlayers, SAM on sapphire samples showed reasonable
results as a substrate for III−N-based LED devices. Therefore,
an InGaN-based LED structure was deposited above these
SAMs on sapphire substrates with an InGaN bu<er layer.
The LED structure involved 400 nm of Si-doped

In0.07Ga0.93N deposited at 920 °C with GaN interlayers, 3

repetition of multiple quantum wells (MQW) comprising of
2.7 nm InGaN quantum well (QW), 1.5 nm AlGaN QW cap
and 10 nm GaN quantum barrier (QB), 120 nm of Mg-doped
In0.045Ga0.955N layer and a 20 nm of heavily p-doped
In0.045Ga0.955N grown at 940 °C. The InGaN QW and cap
were deposited at 800 °C, and the GaN QB was deposited at
900 °C. The pressure was kept at 375 Torr throughout the
deposition, and the NH3 flow was kept at 178.5 mmol min−1

for the InGaN layers. The LED activation was performed at
600 °C for 20 min in air ambient. 50 × 50 μm2 devices were
defined through optical lithography patterning (Heidelberg
DWL 66+ laser writer) followed by a low power (15 W)
reactive ion etch (RIE) pattern etching with chlorine gas to
reduce sidewall damage. The metal stack of 30 nm/250 nm
Ti/Ni and 70 nm Ni was deposited as n-contact and p-contact,
respectively, by using an E-beam evaporator.

■ RESULT

In this experiment, 30 nm of amorphous SAM on sapphire was
annealed at temperatures ranging from 775 to 950 °C for 10 h
in air. All the wafers underwent a preannealing step to assist
crystallization, which was discussed in our previous study.24

Annealing temperatures were varied to find the optimal
balance of crystallization and roughness. The higher annealing
temperature may accelerate the crystallization process of the
amorphous film due to the presence of thermal energy.
However, a higher temperature may also lead to a larger grain
size, leading to the film’s roughness.28−31 In the case of SAM
on sapphire, a high annealing temperature will also promote
the formation of undesired MgAl2O4 spinel phase, resulting in
high surface roughness and uneven stoichiometry. Therefore,
finding the optimized temperature to ensure crystallization
while minimizing the surface roughness is essential for
achieving high-quality SAM on sapphire. The annealing
temperature of SAM on sapphire was first set to 950 °C to
ensure crystallization. The XRD omega-2-theta scan showed a
minimal spinel peak (MgAl2O4) with all annealing temper-
atures (Figure 2). With the annealing temperature changed
from 950 to 825 °C, although the XRD scans’ background
noise was di<erent, the peak intensity among di<erent samples
is very similar, indicating the films were fully crystallized.
However, as the annealing temperature decreased from 825 to
775 °C, the intensity of the SAM 009 peak was barely visible,
leaving only the substrate sapphire peak the dominant peak.
This behavior showed that a low volume of crystalline material
was detected, indicating the film was likely not fully
crystallized, which is at the partial-crystallization stage.
The RMS roughness of amorphous SAM on sapphire in a 1

× 1 μm2 scan size was 0.214 nm (Figure 3a). A surface
roughness of 0.982 nm (Figure 3b) was achieved with a 950
°C crystallization temperature, which is around four times
higher than amorphous SAM on sapphire (Figure 3a). When
the annealing temperature was decreased to 775 °C, the
roughness of crystalline SAM on sapphire decreased to 0.21

Figure 1. Illustration of MOCVD-grown InGaN deposited on SPE SAM on sapphire.
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nm, which is very similar to the amorphous SAM on sapphire
substrate. While comparing the surface morphology of the two
samples in the 3D AFM image, the grain sizes are smaller and
more evenly distributed at 775 °C than 950 °C (Figure 4). The
roughness of the crystalline SAM on sapphire was observed to
be proportionate with the annealing temperature (Figure 3).
The result of the AFM scan of the sample annealed at 775

°C, which showed no roughness increment when compared
with the amorphous sample, further confirmed the assumption
drawn from the XRD result that the sample is likely at the
partial-crystallization stage. A longer annealing time might be
needed for samples with an annealing temperature of 775 °C
to fully crystallize. Therefore, we believe an 825 °C annealing
temperature for a duration of 10 h for a 30 nm thick SAM film
on a sapphire substrate is the most optimal condition among
all temperatures due to its low surface roughness and e7cient
crystallization process. The surface morphology and crystal-

linity improved significantly from our previous work. AFM
roughness reduced from ∼1.25 nm to ∼0.3 nm, and the spinel
to SAM phase volumetric ratio decreased from ∼0.2 to nearly
0.
Moreover, high-resolution scanning transmission electron

microscopy (STEM) analysis was conducted at the interface
(Figure 5). The area of interest (AOI) shows focuses on the

SAM film, which exhibited a columnar structure, indicating
crystallization. Organized columnar patterns in the crystalline
region of the SAM film suggest low defect density. However,
dark areas observed in the TEM scan indicate scattering losses,
likely due to partial crystallization. These promising results
indicated that the SAM on a sapphire substrate has the
potential to achieve a quality similar to that of a bulk SAM
substrate.
SAM layers on sapphire substrate crystallized at 825 °C were

used for the MOCVD of InGaN layers due to their low
roughness and crystalline properties. An AFM scan of 10 × 10
μm2 was performed on both InGaN on SAM on sapphire
(Figure 6a) and on a coloaded bare sapphire sample (Figure
6b). The only di<erence between the two samples was the 30
nm crystalline SAM layer, however, the film surface after the
InGaN deposition demonstrated significantly improved surface
roughness and morphology for the sample with the SAM layer.
Lower surface roughness of 11.7 nm was achieved on SAM on
the sapphire sample, while InGaN film deposited on the
sapphire showed a roughness of 27.4 nm. Moreover, the
InGaN film deposited on SAM on sapphire formed small

Figure 2. XRD omega-2-theta scan of SAM on sapphire with various
temperatures.

Figure 3. AFM scan with 1 × 1 μm2 scan size of SAM on sapphire
samples: (a) as-deposited amorphous film, (b) with 950 °C annealing
temperature, (c) with 875 °C annealing temperature, (d) with 825 °C
annealing temperature, and (e) with 775 °C annealing temperature.

Figure 4. 3D AFM scan with 1 × 1 μm2 scan size on crystalline SAM on sapphire samples with (a) 950 °C annealing temperature and 825 °C
annealing temperature.

Figure 5. High-angle annular dark field (HAADF) STEM image
showing SAM and sapphire layers.
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grains with uniform size and distribution. On the contrary, the
InGaN film deposited directly on sapphire showed large facets
with di<erent orientations, indicating an undesirable 3-D island
growth mode. Although the surface roughness of InGaN
deposited on SAM on sapphire substrate is still relatively
higher when compared to InGaN deposited on conventional
GaN on sapphire samples, this roughness of 11.7 nm is very
similar to the previous report of InGaN on native SAM
substrates (10.7 nm in a 3× 3 μm2 scan).20 This surface
morphology has been considered acceptable to proceed with
InGaN-based QW and LED structure demonstrations on
native SAM substrates by the community.21,22 Therefore, our
promising bu<er morphology result encouraged us to proceed
with device demonstration on SAM on the sapphire substrate.
The green InGaN-based LED structure was deposited on the
SAM on a sapphire substrate and coloaded sapphire substrate.
The device was fabricated into 50 × 50 μm2 sized micro-LED
with a peak emission wavelength of 525 nm at 0.5 A/cm2 on
SAM on sapphire substrate (Figure 7). The same device grown
on sapphire substrate did not light up at low current density
(<5 A/cm2) and showed extremely dim emission compared
with device grown on SAM on sapphire. With increasing
injection current density, the emission wavelength of SAM on
sapphire showed a blue shift due to reduced quantum confined
stark e<ect due to the flattened bandgap with higher bias
application. From 5 A/cm2 to 60 A/cm2, the wavelength
shifted by ∼9 nm, comparable to the state-of-the-art high-
e7ciency green micro-LEDs.13 However, the fwhm of this
device (∼80 nm) was much larger than the other green LEDs
on GaN on the sapphire substrate at similar wavelengths (∼40
nm). This was possibly due to unoptimized LED growth
conditions, resulting in indium segregation in the MQW.
Moreover, the surface roughness of InGaN on SAM on
sapphire is still relatively higher than InGaN on commercially
used GaN on sapphire, which may further worsen the indium

segregation. In future work, growth conditions will be further
optimized to reduce the indium segregation e<ect and improve
the fwhm of the emission peak.

■ CONCLUSION

In this work, we further improved both the crystallinity and the
surface morphology of the SPE SAM film on the sapphire
substrate. With a roughness of ∼0.3 nm and a spinel to SAM
volumetric ratio of ∼0, we were able to achieve a smooth
surface of MOCVD-grown InGaN film on SAM substrate, with
surface roughness of ∼12 nm for InGaN bu<er layers,
nominally similar to that deposited on bulk SAM substrate.
The Green LED structure deposited on SAM on sapphire
substrate showed a peak emission wavelength of around 525
nm at 0.5 A/cm2 and a similar blue shift (∼9 nm) compared to
the state-of-the-art LEDs at a similar wavelength. Although the
fwhm of the emission peak is much larger when compared to
devices at similar wavelengths, this preliminary result showed
great potential for using SAM on sapphire substrate for long
wavelength emitters.

■ ASSOCIATED CONTENT

Data Availability Statement

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.
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