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Abstract: ScAIMgOs (SAM) is a promising substrate material for group IlI-nitride semiconductors.
SAM has a lower lattice mismatch with III-nitride materials compared to conventionally used sap-
phire (Al20s) and silicon substrates. Bulk SAM substrate has the issues of high cost and lack of large
area substrates. Utilizing solid-phase epitaxy to transform an amorphous SAM on a sapphire sub-
strate into a crystalline form is a cost-efficient and scalable approach. Amorphous SAM layers were
deposited on 0001-oriented Al:Os by sputtering and crystallized by annealing at a temperature
greater than 850 °C. Annealing under suboptimal annealing conditions results in a larger volume
fraction of a competing spinel phase (MgAl204) exhibiting themselves as crystal facets on the sub-
sequently grown InGaN layers during MOCVD growth. InGaN on SAM layers demonstrated both
a higher intensity and emission redshift compared to the co-loaded InGaN on GaN on sapphire
samples, providing a promising prospect for achieving efficient longer-wavelength emitters.
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1. Introduction

The group IlI-nitride material system has enabled numerous technologies including
electronic and optoelectronic devices. InGaN-based LEDs can be used for emitters of dif-
ferent wavelengths by varying the indium content in the film. A higher indium concen-
tration in the quantum well is required for longer emission wavelengths. An increasing
indium content changes their bandgap from 0.7 eV to 3.4 eV, spanning the near IR to near
UV range, respectively [1]. One of the most difficult aspects of the InGaN-based material
synthesis is its lattice mismatch with the conventionally used GaN buffer layer, which is
approximately 11% between GaN and InN [2-5]. Such a high lattice mismatch results in a
high strain, causing dislocations in the crystalline structure and defect generation [1,2].
The use of a relaxed InGaN buffer layer reduces the lattice mismatch between the buffer
layers and the active region of the emitters, enhancing the efficiency of the devices [6].
AlInGaP-based red emitters are conventionally used; however, size reduction results in a
severe efficiency reduction [7-9], which is not a critical concern for nitride-based emitters
[10-12]. Therefore, there is a critical need for a relaxed InGaN substrate technology. One
of the methods to achieve relaxed InGaN is to grow an InGaN buffer layer on a suitable
lattice-matched substrate such as ZnO (lattice-matched to Ino2Gao7sN) [13-17] or
ScAIMgOs (SAM) (lattice-matched to Inoi7GaossN) [18-20]. Using a modified flexible un-
derlayer to achieve relaxed InGaN has been studied, such as the porosification of Si-doped
GaN [21-24] and thermal decomposition of underlying high-composition InGaN [25,26].
These methods have successfully demonstrated relaxed InGaN buffer layers and achieved
different extents of emission redshifts, however, they also had different constraints. Dep-
osition on ZnO requires a very low deposition temperature (<600 °C), porous GaN based
substrates require additional fabrication steps, and thermal decomposition of high com-
position InGaN layer results in an increased dislocation density [14,18,26]. These con-
straints motivated us to pursue the study of accessible SAM substrates for high-composi-
tion InGaN synthesis. SAM has a lattice mismatch of 0% with Inoi7GaossN and ~2% with
GaN, making it a suitable candidate for hetero-epitaxial growth of IlI-nitride materials
[18-20]. The high substrate cost of bulk SAM substrates —USD8900 for 2 in diameter sub-
strates—is quite limiting for academic research [27]. The solid-phase epitaxy (SPE) of
amorphous SAM on sapphire followed by crystallization is a cost-efficient way to solve
this issue. A problem associated with the creation of thin layers of SAM is that the crys-
tallization of the SAM layer with unoptimized annealing conditions leads to the appear-
ance of scandium-deficient regions on the surface, which lead to the formation of unde-
sirable spinel-phase MgAl:Os material [28]. The surface roughness of SPE-grown SAM is
considerably higher than the other substrate technologies cited before due to its multi-
crystallinity. In a previous study, Chen et al. demonstrated the synthesis of epitaxial SAM
on a sapphire substrate with a preferred lower temperature of crystallization to constrain
the formation of spinel-phase MgAl2Os [28].

In this work, we present an improved crystallization method for SAM layers grown
on a sapphire substrate and present Metal-Organic Chemical Vapor Deposition (MOCVD)
growth of InGaN layers on crystalline SAM. The surface roughness and crystallinity were
optimized by annealing SAM at different temperatures for various durations. The InGaN
layers grown on SAM on sapphire demonstrated a higher photoluminescence (PL) inten-
sity and a longer peak wavelength of emission compared to the same layers grown on a
co-loaded reference GaN on sapphire template.

2. Materials and Methods

InGaN on SAM on sapphire was achieved following a three-step process. Initially,
an amorphous SAM was sputtered onto a sapphire substrate, which was then subjected
to crystallization through annealing. Finally, InGaN films were deposited on the crystal-
ized SAM film on sapphire using MOCVD (Figure 1). The amorphous SAM layer was
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deposited using on-axis radio frequency (RF) magnetron sputtering with a chamber pres-
sure of 2.4 Pa and RF power of 45W applied on the substrate at room temperature. The
crystallization of the SAM layer was accomplished by annealing in a pre-heated furnace
in air at different temperatures (1123 K-1223 K) for different time ranges (20-30 h). After
annealing, the samples were cooled outside the furnace in ambient air.

400 nm /100 nm InGaN buffer
Amorphous SAM Crystalline SAM Crystalline SAM
Sapphire Sapphire Sapphire
(a) (b) (c)

Figure 1. Cross-sectional schematics of (a) amorphous SAM deposited with RF magnetron sputter-
ing, (b) crystallization of the SAM by annealing in a tube furnace, (c) subsequent MOCVD growth
of InGaN.

In the first set of experiments, the effect of pre-annealing sapphire was studied. The
pre-annealing step improved the surface morphology and atomic step uniformity of the
sapphire substrate [29,30]. Moreover, high-temperature treatment will result in a uniform
oxygen-terminated surface that can improve the deposition of the SAM [31]. Pre-anneal-
ing of the sapphire substrate was performed at 1673 K for 10 h. A 40 nm thick amorphous
SAM layer was deposited on the pre-annealed sapphire and unannealed sapphire. Both
samples were then annealed for 10 h at 1173 K followed by 15 h at 1223 K for the layer
crystallization. Further series of crystallization experiments were performed. The first was
a time series where three samples with nominally the same amorphous SAM layer thick-
ness of 75 nm were deposited on sapphire substrates. These samples were annealed at
1223 K for 20 h, 25 h, and 30 h. In the second set of crystallization experiments, three dif-
ferent thicknesses of the SAM layers were studied: 25 nm, 75 nm, and 90 nm. All the sam-
ples in the second series were annealed at 1223 K for 25 h. In the third series, the temper-
ature of one of the two annealing steps was varied as follows. A thickness of 40 nm was
chosen for two samples that were annealed for a total of 25 h at different temperatures for
the first 10 h and 1223 K for the remaining 15 h. The second annealing step of 1223 K for
15 h was designed to ensure crystallization, and by varying the temperature of the first 10
h of annealing, the volumetric ratio of spinel to SAM phases was compared to determine
the ideal crystallization annealing condition.

After SAM crystallization, InGaN layers were grown using MOCVD with triethyl-
gallium (TEGa), trimethylindium (TMI), and ammonia (NHs). The 100 nm and 400 nm
thick InGaN layers were grown with a calibrated composition of xn=0.14 on both SAM
on sapphire as well as a reference GaN template on sapphire. These layers were grown
with TMI and TEGa flows of 2.6 and 4.9 umol min™ at 1138K, respectively, with an NHs
flow of 89 mmol/min.

An atomic force microscopy (AFM) scan was performed to compare the surface mor-
phology of the layers using a Bruker Icon AFM tool. The roughnesses of the films were
evaluated and compared through the root-mean-square (RMS) Ra parameter. The thick-
ness of the SAM layer was measured with X-ray reflectivity (XRR) using the Panalytical
Empyrean X-ray diffractometer. The same equipment was utilized for w-26 and (w-20)—
w reciprocal space map (RSM) scans to evaluate the film crystallinity as well as the layer
composition. SAM- and spinel-phase MgAl:Os peaks were identified with the indexes
from previously reported structures [32,33]. The quality of the crystallized SAM layer was
evaluated by comparing the spinel (311) to SAM (0009) peak-to-background intensity ra-
tio, the SAM (0009) peak’s full width of half maximum range (FWHM), and the spinel
(311) peak’s FWHM from the w-20 scans. Transmission electron microscope (TEM) stud-
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ies are currently underway to investigate crystalline quality. Due to the thickness re-
striction on acquiring high-quality RSM on thin SAM films, RSM scans were performed
on the reference InGaN on GaN template on sapphire to determine the calibrated indium
content in 100 nm and 400 nm thick InGaN layers. The approximate indium content on
different substrates was quantified with photoluminescence (PL) spectroscopy using a
Horiba LabRAM HR Evolution Raman Spectrometer, using a blue 405 nm laser with an
acquisition time of 0.5 s and 125 W/cm? power. The systematic variation of the experi-
mental parameters is summarized in Table 1. Sputtered amorphous SAM film on Si along
with a bulk SAM substrate were externally characterized using X-ray fluorescence (XRF).
XRF was performed using a Rigaku Primus II WDXRF X-ray source with a rhodium X-
ray tube in vacuum conditions across a 10 mm diameter measurement area.
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Table 1. Phase content, ©-20 FWHM, and roughness for crystallized SAM layers. The annealing
temperature for part one (T1) and annealing time for part two (t2) were varied in different experi-
ments. The time of annealing part one was 10 h (t1) and the temperature for annealing part two was

1223 K(T2).
SAM Spinel RotIl{Mh:ess
Pre-  Thickness Tl t2 Spinel-to- FWHM FWHM 8 In
Sample (nm) in 0.5

annealing  (nm) (K) (h) SAM Ratio (Arc- (Arc- m x 0.5 content
Seconds) Seconds) ’

pm Scan
A Yes 40 1173 15 0.220 1307 901 1.57
B No 0 173 15 oM
crystalized

C Yes 25 1223 15 0.203 1512 1188 1.25

D Yes 75 1223 15 0.521 1033 900 1.75

E Yes 90 1223 15 0.408 1008 936 23

F Yes 75 1223 10 0.453 720 959 1.41 20.8%
G Yes 75 1223 15 0.446 953 991 1.7 20.8%
H Yes 75 1223 20 0.177 953 929 2 25.9%
I Yes 40 1123 15 0.263 1059 994 1.48 20.9%

3. Results and Discussions
3.1. XRF Results

The results of the film compositions (Wt%) and atomic percentages (At%) of sput-
tered amorphous SAM film on Si and bulk SAM substrate are summarized in Table 2.
These results indicate that the stoichiometry of both the sputtered SAM film and the SAM
substrate were fairly comparable, pointing to the possibility of using a crystalline thin
SAM film as a substitute for SAM substrate.

Table 2. Stoichiometry of amorphous SAM film on Si and SAM Substrate.

Amorphous SAM Amorphous SAM Bulk SAM Sub- Bulk SAM Sub-

on Si Wt% on Si At% strate Wt% strate At%
Sc 26.8 13.6 28.2 14.4
Al 17.6 14.8 16.3 13.8
Mg 15.5 14.5 15.7 14.8
@) 40.1 57.1 39.8 57.0

3.2. Effect of Pre-Annealing

The pre-annealing experiment was performed to improve the sapphire substrate
morphology and study its effect on the crystallization of sputtered SAM.

Sample A and B (Table 1) have the same thickness (40 nm) with the same deposition
and annealing condition (1173 K for 10 h and 1223 K for 15 h). Sample A used pre-annealed
sapphire substrate and Sample B used unannealed sapphire substrate.

Sample A had a SAM reflection with a high peak-to-background ratio in the thin-
layer XRD measurements (Figure 2a). Sample B remained amorphous or partially crystal-
lized (Figure 2b). The surface roughness of A increased from 1.16 nm to 1.57 nm after
crystallization, as shown in the (500 nm)? size AFM scans (Figure 2d,c). Sample B showed
an RMS roughness of 1 nm (Figure 2e) after annealing, which was similar to the RMS
roughness of amorphous Sample A, 1.16 nm (Figure 2d). The crystalized samples tended
to have a higher roughness than amorphous layers. As mentioned before, the pre-anneal-
ing step improved the surface morphology, and the oxygen-terminated surface aided the
formation of crystalline SAM film above the sapphire substrate [29-31]. An improved sub-
strate morphology of sapphire resulted in an efficient crystallization of Sample A com-
pared to Sample B.
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Figure 2. X-ray diffraction w—20 scans of annealed SAM layer on (a) pre-annealed sapphire (Sample
A) and (b) unannealed sapphire (Sample B). AFM images of (c) crystallized Sample A, with RMS
roughness of 1.57 nm, (d) amorphous Sample A, with RMS roughness of 1.16 nm, and (e) Sample B
(not fully crystallized), with RMS roughness of 1 nm.

3.3. Effect of SAM Thickness

Samples C, D, and E were deposited with thicknesses of 25 nm, 75 nm, and 90 nm,
respectively, on a pre-annealed sapphire substrate. The crystallization for all three sam-
ples was conducted at 1223 K for 25 h. The results are compared using XRD and AFM
(Table I). As the thickness varied from 25 nm to 90 nm, the RMS roughness changed from
1.25 nm to 2.3 nm. The spinel-to-SAM ratio also increased from 0.203 to 0.408. The reason
for this behavior could be that the spinel was crystallizing faster than SAM for a given
thickness, and the higher the thickness of the layer, the longer the crystallization duration
[34]. For thinner 25 nm SAM layers (Sample C), the spinel and SAM phase both crystal-
lized for the annealing duration of 25 h, whereas for the 90 nm SAM layer (Sample E), the
spinel phase crystallized; however, the SAM phase did not crystallize efficiently. The high
spinel-to-SAM volumetric ratio resulted in the formation of facets, which increased the
surface roughness, degrading the morphology. Increasing the layer thickness from 25 nm
to 75 nm resulted in a decrease in the FWHM of the w—20 of the SAM 0009 reflection from
1188 to 900 arc-seconds, which then nominally remained the same from 75 nm to 90 nm
thick SAM layers. This trend could be related to the interfacial reaction between SAM and
sapphire during the annealing process resulting in a lower quality of the SAM layer near
the interface [28]. With the increasing thickness of the SAM layer on sapphire, the contri-
bution of this poor-quality interfacial layer on the peak intensity of the SAM layer in the
XRD scan was reduced, resulting in a lower FWHM of the SAM layer.

3.4. Effect of Annealing Time

The effect of annealing at a fixed temperature (1123 K) for different durations was
studied using 75 nm thick crystallized SAM on sapphire samples. Samples F, G, and H
were annealed with durations of 20 h, 25 h, and 30 h, respectively. The RMS roughness
increased from 1.41 nm to 2 nm with increasing annealing duration. The spinel-to-SAM
volumetric ratio decreased from 0.453 to 0.177 with increasing duration. Although the
spinel-to-SAM ratio decreased, the results are difficult to interpret due to the decrease in
the overall intensity of both spinel (311) and SAM (0009) peaks, the reason for which is
not well understood at this point. With a longer annealing duration, we speculate that the
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SAM crystallizes more effectively compared to a shorter annealing time due to a lower
crystallization rate. The spinel-phase crystallization rate was faster than the SAM phase
and the spinel X-ray reflections appeared with a relatively higher intensity than SAM
when the sample was annealed for a shorter duration. Subsequent annealing steps re-
sulted in the formation of more SAM-phase material, enhancing its relative intensity
[34,35].

3.5. Effect of Annealing Temperature

A 25 h total annealing duration was chosen to proceed with the annealing tempera-
ture experiment. A high SAM thickness may increase the roughness of the film; however,
an insufficient SAM thickness might fail to serve as a lattice-matched layer for the subse-
quently grown InGaN films. Thus, an intermediate-thickness 40 nm SAM layer was cho-
sen in the following series, as surface roughness reduction was one of the main goals of
this study. The temperature series was divided into a two-step annealing experiment for
Samples A and I. The annealing temperature of the first 10 h was 1123 K (Sample A) and
1173 K (Sample I). In both cases, the first annealing step was followed by 15 h at 1223 K to
ensure crystallization. Samples A and I were both pre-annealed and used the same thick-
ness of SAM layer. After crystallization, Samples A and I had similar RMS roughness.
Sample I had a slightly higher volumetric spinel-to-SAM ratio than Sample A, because the
spinel phase may have formed at a faster rate compared to that of SAM at 1123 K (Table
1). The SAM may require a higher annealing temperature to crystallize sooner; however,
beyond an optimized temperature, Sc-deficient regions may start to appear. More data
points are required to determine a clear trend for the annealing temperature. The opti-
mized crystallization temperature for SAM will be investigated in future work.

3.6. MOCVD Growth of Thick InGaN Layers

Samples F and H were placed in the MOCVD reactor to deposit a 100 nm thick InGaN
layer. In addition, Samples G and I were utilized to deposit a 400 nm thick InGaN layer
(Table 1). In both these experiments, reference GaN on sapphire templates were co-loaded
to determine the indium content and InGaN relaxation extent on these samples with RSM
(-1 -1 4) reflection scans. The SAM layers had low thickness compared with the sapphire
substrate and the InGaN layer, resulting in a relatively low intensity in the XRD RSM
scans. SAM was required as a reference for the lattice constant to measure the InGaN lat-
tice constant and its relative degree of relaxation. However, the low intensity of SAM in-
troduced challenges in obtaining high-resolution RSM measurements on InGaN on SAM
on sapphire samples. RSM scans were performed on InGaN on GaN on sapphires samples
and PL was performed on both samples to provide a quantitative comparison of the in-
dium concentration between the InGaN on GaN template and the InGaN on SAM on sap-
phire. The grown structure included a targeted 3-5 nm of GaN interlayer to smooth the
morphology, as reported in reference [36]. The corresponding w-20 diffraction patterns
of the SAM Sample H before and after the MOCVD growth are shown in Figure 3a, b. The
growth of the 100 nm InGaN layer on GaN on sapphire indicated the indium content of
0.145 with a degree of relaxation of 8.7%. The 400 nm thick layer showed two InGaN
peaks: one corresponding to 14.2% indium content with a degree of relaxation of 15% and
the second one with 14.9% indium content and a 67% degree of relaxation (Figure 3c, d).
With a 400 nm InGaN thickness, the layer had exceeded its critical thickness on GaN on
sapphire; hence, the second peak appeared with higher relaxation [37]. Both peaks of 400
nm InGaN had a higher degree of relaxation compared to the 100 nm InGaN layer owing
to higher strain in the structure [38,39]. Comparing the surface morphology using RMS
roughness for Samples F and H from Table 1, prior to the InGaN deposition, Sample H
showed a significant reduction in the spinel-phase facets although with a slightly higher
surface roughness, the reason for which is not well understood at this point (Table 1).
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However, Sample H demonstrated a lower spinel-to-SAM volumetric ratio of ~ 0.18 com-
pared to ~ 0.45 for Sample F, which might be the reason for fewer formations of facets after
the InGaN growth (Figure 4a, b). For the second MOCVD growth of the thicker 400 nm
InGaN layer, prior to the MOCVD deposition, Samples G and I had a spinel-to-SAM vol-
umetric ratio of ~ 0.45 and ~0.22, respectively. After the InGaN deposition, the AFM scan
showed similar roughness for Samples G and I; however, Sample I showed a smaller grain
size than Sample G, which we speculate may be due to the lower spinel-to-SAM volumet-
ric ratio (Figure 4c, d). This suggests that further lowering of the spinel-to-SAM volumet-
ric ratio is necessary to suppress the spinel facets in SAM and improve the homogeneity
in the subsequently grown InGaN layer.
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Figure 3. >XRD w-20 of (a) Sample H, (b) Sample H with 100 nm InGaN on 75 nm SAM layer on
Al2Os; RSM (-1 -1 4) of (c) 100 nm InGaN on GaN template; RSM (-1 -1 4) of (d) 400 nm InGaN on
GaN template.
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Figure 4. AFM size 5 pym x 5 um scan of (a) Sample F (100 nm InGaN layer), RMS roughness:18.3
nm, (b) Sample H (100 nm InGaN layer), RMS roughness:14.5 nm, (c) Sample G (400 nm InGaN
layer), RMS roughness:30.8 nm, (d) Sample I (400 nm) InGaN layer, RMS roughness:31.3 nm.

The InGaN layer grown on SAM and GaN showed different PL wavelengths of emis-
sion (Figure 5a, b) suggesting different degrees of strain in the structure and different in-
dium incorporation. Based on the strain information achieved from the RSM scans and PL
emission wavelength, the indium compositions of InGaN on GaN on sapphire samples
were estimated and compared to the indium composition measured in RSM scans for val-
idation. Equations (1) and (2) were utilized [40,41], where Egis the bandgap energy, R is
the degree of relaxation, and x is the indium composition. The PL peak emission wave-
length was converted to bandgap energy Eg using Equation (2) [41], where A is the wave-
length and hd is the photon energy, interpreted here as the bandgap energy of the InGaN
layer. With this method, 100 nm InGaN on GaN on sapphire with a relaxation of 8% (from
RSM) luminescing at 432 nm was determined to have an indium content of 14.5%, which
is the same as the indium concentration measured with the XRD RSM scan shown in Fig-
ure 3c. However, the RSM scan of 400 nm InGaN on GaN on sapphire layer (Figure 3d),
as discussed above, demonstrated two separate indium peaks, thereby making the indium
content estimation challenging. Due to a ~10% larger lattice constant of InN compared to
GaN [2], when thicker InGaN films are grown on GaN, the layer exceeds its critical thick-
ness resulting in strain-relaxed films. The appearance of two separate peaks may be an
indication of unintentionally relaxation-graded films, with a higher degree of relaxation
for layers closer to the film surface, with RSM scans showing an averaged indium content
and degree of relaxation across a range of thickness. Assuming the layers at the surface of
the 400 nm thick InGaN on GaN on sapphire sample were 100 % relaxed, a luminescence
at 475 nm as depicted in Figure 5b should have ~16 % indium content, using Equations (1)
and (2), which is nominally similar to that observed from the two InGaN peaks in the
Figure 3 (d) RSM scan. As the PL characterization was performed on the top surface of the
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wafer, consideration of full relaxation of the films close to the surface to determine the
indium content accurately can be justified.

Eg(R, X) = 3.42 + (0.69R + 3.42)x2—(1.57R + 4.07)x. (1)
Alpm) = 35 2)
(a) (b)
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Figure 5. PL spectrum of (a) 100 nm InGaN on SAM and GaN template with an intensity range of 0
to ~100,000. (b) 400 nm InGaN on SAM and GaN template with an intensity range of 0 to ~600,000
(400 nm InGaN on GaN template was the common spectrum for both plots).

For the InGaN on SAM on sapphire, as mentioned above, without a GaN bulffer layer,
utilization of a thin crystalline SAM layer posed challenges in acquiring the exact film
composition and degree of relaxation with XRD RSM scans. Therefore, some assumptions
were made for the degree of relaxation parameter to estimate the indium content using
Equations (1) and (2) while using the PL wavelength as the only measured entity. For the
InGaN on SAM on sapphire samples, applying 8.7% relaxation to equation (1) to calculate
the indium content of the 100 nm thick InGaN films for Samples F and H, the results were
32.7% and 46.1%, which are impractical. In addition, SAM films are lattice-matched to
Ino17GaossN [18-20]; therefore, these films can be considered as grown 100 % relaxed.
Therefore, the indium composition of Samples F and H were recalculated considering full
relaxation (R =1 in Equation (1)), resulting in an indium composition of 20.8% for Sample
F and 25.9% for Sample H. For the 400 nm thick InGaN on SAM on sapphire samples,
Sample G and Sample I, the same assumption of 100% relaxation yielded indium concen-
trations of 20.8% and 20.9%, respectively.

The PL results of InGaN film on SAM on sapphire and the reference GaN on sapphire
samples are summarized in Table 3. With a 100 nm InGaN layer grown on GaN on sap-
phire, a peak wavelength of 432 nm with a PL intensity of around 11,000 arbitrary units
(a.u.) was measured, which will be considered as the baseline for comparison of the PL
intensity of 100 nm InGaN samples grown on SAM. An increased thickness (400 nm) of
the InGaN layer on GaN on sapphire depicted higher indium incorporation, thereby emit-
ting a longer wavelength of 475 nm compared to 432 nm, with an improvement in the
intensity (100,000 a.u) of almost ten times. The thick (400 nm) InGaN on GaN on sapphire
was the second reference sample for the comparison with thick (400 nm) InGaN grown on
SAM. Thick (400 nm) InGaN layer grown on 40 nm SAM (Sample I) produced a two times
higher PL intensity, a 1.3 nm redshift in the peak emission wavelength, and a 6 nm lower
FWHM compared to Sample G (75 nm of SAM), as shown in Figure 5b. This improvement
in the PL emission characteristics could be due to the lower volumetric spinel-to-SAM
ratio of Sample I (0.263) compared to Sample G (0.446). Although these two samples
showed similar surface roughness measured with AFM, more small-sized grains were
formed in Sample I whereas Sample G had larger facets, which might be the reason for
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the improved crystalline quality and lower FWHM of Sample I compared to Sample G

(Figure 4c,d).
Table 3. PL results of InGaN film on SAM on sapphire substrates along with reference InGaN on
GaN on sapphire samples.
AM Film I Fil Peak
SAMFilm InGaNFilm o o 1 4o ea PL FWHM
Sample Name Thickness Thickness . Wavelength
SAM Ratio (nm)
(nm) (nm) (nm)
F 75 100 0.453 512 79
H 75 100 0.177 555 111
100 nm InGaN 'on ) 100 i 430 17
GaN on sapphire
G 75 400 0.446 511 76
I 40 400 0.263 512 70
4 I
00 nm InGaN ‘on ) 400 i 475 35
GaN on sapphire

Although the PL emission of 400 nm InGaN on SAM on sapphire samples demon-
strated a higher peak emission intensity, 100 nm InGaN grown on SAM showed a longer
redshift, which is the intended target. The 100 nm InGaN layers on SAM on sapphire
(Sample H) demonstrated the longest wavelength among all the samples with an indium
composition of ~26%, but it also demonstrated a two times lower PL intensity compared
with reference InGaN on GaN on sapphire (Figure 5a). Sample H was the only sample
that demonstrated a lower intensity among all InGaN on SAM on sapphire samples com-
pared with InGaN on GaN template. Further investigations are needed to understand this
behavior. Comparing the 100 nm InGaN layers grown on SAM samples, Samples F (75
nm) and H (75 nm) emitted at different wavelengths with different intensities. While Sam-
ple F demonstrated a lower redshift of ~80 nm, a higher intensity of emission by approxi-
mately two times was observed, even with a poorer surface morphology. Owing to the
higher indium incorporation, a drop in the emission intensity by half is still promising,
considering the ~120 nm (555 nm compared to 432 nm) redshift for InGaN on Sample H
compared to the GaN on sapphire. A more controlled experiment on Sample H needs to
be performed to emit in the same range as Sample F to draw further conclusions about the
lower emission intensity. The key difference between F and H was that Sample H had a
lower spinel-to-SAM ratio and less formation of spinel facets (Figure 4a, b). The SAM sam-
ples with improved homogeneity result in an overall smoother surface morphology, crit-
ical for the subsequently grown InGaN layers. This PL result further strengthens our as-
sertion that a lower spinel-to-SAM volumetric ratio is important to achieve high-quality
InGaN layers on the optimized SAM on sapphire substrates that we have developed, but
in this specific case it resulted in a higher indium content, thereby making the quality
comparison inconclusive.

The FWHM of the PL for the InGaN on SAM layers was higher than that for the
InGaN on GaN templates. This might be caused by the high surface roughness of the un-
derlying SAM layers, resulting in a stronger indium surface segregation, which leads to a
non-uniform indium incorporation [42]. The FWHM of the PL for the InGaN on SAM lay-
ers on sapphire obtained in our experiments were comparable to the InGaN layers grown
on ZnO substrates [43]. Both thicknesses of the InGaN layers on the SAM on sapphire
samples demonstrated higher intensities (two times higher for 100nm InGaN on Sample
F and six times higher for 400 nm InGaN on Sample I) and longer emission wavelengths
(around 123 nm for 100 nm InGaN and around 37 nm for 400 nm InGaN) than those grown
on GaN on sapphire templates. Although the high surface roughness of the InGaN on
SAM on sapphire samples may contribute to the increase in the PL intensity, it still cannot
account for the high level of intensity enhancement observed in our experiments. Prior
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reports have shown that roughening of the surface on the nanometer scale has conven-
tionally either degraded the PL intensity or led to minor enhancements [44, 45]. However,
when the surface roughness increased from the nanometer scale to the micrometer scale,
the PL intensity was enhanced by almost twice. In our experiment, compared to InGaN
on GaN on sapphire, the InGaN on SAM on sapphire samples had a surface roughness
degradation on the scale of tens of nanometers, changing from ~ 30 nm to ~10 nm, respec-
tively, for a 5 pm x 5 um AFM scan. A two to six times higher PL intensity observed in
this work, therefore, cannot be accounted for by this nanometer-scale change in surface
roughness. Therefore, we speculate that the high InGaN material quality may be the rea-
son for the higher PL intensity observed for the InGaN on SAM on sapphire samples.

This is one of the highest reported redshifts for any relaxed InGaN pseudo-substrate
technology so far and one of the few wherein the redshift is accompanied by an increased
emission intensity [21]. Further investigations will be pursued to achieve device results
on these substrates. These results demonstrate the potential of SAM on sapphire sub-
strates as a viable candidate to achieve thick, high-indium-concentration InGaN layers for
long-wavelength emitters.

4. Conclusions

In this work, further optimization of SAM crystallization was investigated to sup-
press the spinel phase to obtain an improved surface morphology. Compared to the pre-
vious work [28], both the surface roughness and the volumetric ratio of the spinel to SAM
phase have improved. From the thick InGaN layer growth, we identified that the spinel-
to-SAM ratio was one of the key parameters to suppress spinel-phase facets that transfer
onto the MOCVD-grown layer surface, increasing the overall surface roughness value.
The higher PL intensity along with the redshift demonstration of the InGaN layers on
SAM demonstrate the potential of sputtered and crystallized SAM as a promising sub-
strate for longer-wavelength IlI-nitride emitters. The growth condition for the InGaN lay-
ers was not extensively optimized in this work. In the future, we will further investigate
the optimized annealing temperature for SAM crystallization and design better growth
conditions for the epitaxial growth of InGaN on SAM to grow the light-emitter structures.
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