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ABSTRACT

We report on the impact of structural defects on mid-infrared intersubband (ISB) properties of
GaN/AlGaN heterostructures grown by ammonia molecular beam epitaxy (NH3-MBE). 20-period
GaN/AlGaN multi-quantum well (MQW) heterostructures were grown on co-loaded a-plane
freestanding GaN substrates and heteroepitaxial a-plane GaN on r-plane sapphire templates (a-

GaN/r-Sap) for three different quantum well (QW) widths (3.0, 3.3, and 3.7 nm). Co-loaded
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structures grown on freestanding a-plane with no basal-plane stacking faults (BSFs), prismatic
stacking faults (PSFs), and partial dislocation (PDs), with low threading dislocation (TD) densities
of ~ 10° cm™ were compared with those grown on a-GaN templates on (1012) r-sapphire with
BSF, PSF, PD and TD densities of ~4 x 10° to 10° cm™, 5 x 10° to 2 x 10* cm™, ~ 9 x 10" to 2
x 10" ecm?and ~ 10'° cm™, respectively. The Fourier transform infrared absorption spectroscopy
indicates ISB transition energies in the range of ~250-300 meV (wavelength range 4.1-4.8 um)
for MQWs with different QW widths. The ISB absorption spectra indicate ~ 5% smaller transition
energies and only ~ 10-20% larger spectral linewidths for the structures grown on a-GaN/r-
sapphire templates compared to those on freestanding GaN substrates. The strong defect tolerance
in the nonpolar a-plane ISB structures can be due to the nature of defects and their energy levels
with respect to the conduction band minima, which is not affecting ISB properties. Our results can
pave the way toward production of low-cost scalable nonpolar III-nitride MQW heterostructures

for a variety of passive and active optical materials and devices based on intersubband transitions.

1. INTRODUCTION

Since the discovery and implementation of the first quantum cascade lasers (QCLs) in the mid-
90s [1], the intersubband (ISB) transitions have been widely considered for mid-infrared (mid-IR,
A = 3-30 um) and terahertz (THz, A = 30-300 um) devices for various applications, including
biological imaging, telecommunications, pharmaceutical quality control, and security
screening [2,3]. Unlike conventional semiconductor lasers [4] that rely on recombination of
electron-hole pairs via band-to-band transitions, QCLs are unipolar devices with lasing obtained

via intersubband (ISB) transitions in a stack of multi-quantum well (MQW) heterostructures [5].



THz QCLs based on arsenide and phosphide systems face issues with small longitudinal optical
(LO) phonon energies [6] especially for higher frequencies (5-10 THz). Ill-nitrides, on the other
hand, have the advantage of large LO phonon energy (~ 92 meV) [7], which makes it potentially
more favorable for room temperature QCLs across the entire THz spectral range [8,9]. In addition,
due to the large band offsets [7,10,11], III-nitrides may possibly provide access to ranges of
wavelengths inaccessible to devices and optical materials based on intersubband transitions in the

arsenide and phosphide based materials systems [12].

Nonlinear optical and electro-optic elements based on ISB transitions [ 13—20] can also benefit
from wider accessible range of wavelengths provided by the high-conduction-band-offset III-
nitride systems. To enhance optical nonlinearities, using wave-guiding schemes [21,22], metallic
nanoantenna arrays [23], and nonlinear metasurface-based flat optical components [15-17,24,25]
has received increasing attention. In particular, the introduction of sub-wavelength thickness
nonlinear metasurfaces provided a path toward efficient frequency mixing without the need for
phase-matching limitations of bulk nonlinear crystals [26] and with controlled output beam phase
front [17,27]. Application of QCLs and nonlinear frequency conversion, such as second harmonic
generation (SHG) [18,19], sum frequency generation (SFG) [20], and difference frequency
generation (DFG) [20] with enhanced nonlinearities in III-nitride based systems can provide light

sources in wide ranges of wavelengths from near- to far-IR.

Conventional Ill-nitride materials on polar (0001) orientation (c-plane) faces various
limitations due to the strong polarization-induced internal electric field [28]. The electric field
across the active QWs in ISB structures can markedly reduce electron wavefunction
overlap [29,30], ISB transition oscillator strength, and thus transition efficiency [12,31,32]. In

addition, the polarization-related electric field normally distorts the band profiles to shape



triangular QWs, resulting in the escape of electrons from the active region [32]. Nonpolar crystal
orientation of Ill-nitrides (Figure 1(a)) with suppressed polarization-related electric field is an

alternative to eliminate the abovementioned issues with conventional polar orientation [12,28].
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Figure 1. (a) Schematic representation of selected crystal planes in wurtzite crystal structure of IlI-nitrides, indicating
polar c-plane, semipolar {1012} r-plane, and nonpolar {1120} a-plane. (b) Plan-view (top) high-resolution
transmission electron microscopy (TEM) image of the a-GaN/r-Sap template along the [1120] zone axis, showing
the dominant defects are basal-plane stacking faults (BSFs) which are indicated by orange arrows. BSFs may either
be terminated by partial dislocation (PDs) (pale blue arrows), or two neighboring BSFs may be connected by a (1120)
PSF (yellow arrow). Bottom of (b) shows a cross sectional image of PDs which are vertically threading from the
interface to the surface. (c) Representative surface of a-plane orientation of GaN indicating elongated features toward
c-direction. (d) Schematic structure of a-plane GaN/AlGaN ISB structures used in this study. Note that the monolayer
thickness for GaN is ~ 0.25 nm.

There are different reports of nonpolar Ill-nitrides (either {1010} family of m-planes and the
nonpolar {1120} family of a-planes) for ISB applications [31,33-37]. We recently reported a
record narrow ISB absorption linewidth ~ 38 meV at 4.5 — 5.5 um on nonpolar (1010) (m-plane)
freestanding substrates and systematically compared the two nonpolar planes for ISB
applications [12,38]. Most of the reported nonpolar Ill-nitride ISB properties have been on

freestanding substrates, which are extremely expensive and small in size [28,39,40]. The lack of



high-quality inexpensive nonpolar substrates has been a bottleneck in the regular band-to-band
based applications, such as light-emitting diodes (LEDs), and lasers [28]. However, thus far, there
is no clear indication as to whether ISB properties is similarly affected by the presence of extended
defects compared to the band-to-band transitions, especially since most of the extended defects
cause the nonradiative centers as states within the bandgap and, thus may not affect the ISB

structures, which are unipolar in nature.

In this report, we systematically compare ISB transition properties of GaN/AlGaN MQW

heterostructrues on nonpolar a-plane orientation on substrates with low and high defect densities.

2. EXPERIMENTAL DETAILS

The structures were all grown by a Gen 930 ammonia molecular-beam epitaxy (NH3-MBE) where
NH3 decomposition at elevated temperatures provide elemental N for growth of GaN and its alloys.
In the NH3-MBE system, Ga, Al effusion cells were used to provide metallic elements and Si
effusion cell for Si n-type dopant. Two sets of samples were considered. The first set of samples
use a-GaN freestanding (a-GaN-FS) from Mitsubishi Chemical Corporation (MCC) with no BSFs,
PSFs, and PDs, and a TD density of ~ 10° cm™. The second set of samples utilized heteroepitaxial
a-plane GaN templates grown on r-plane sapphire (a-GaN/r-Sap) (the most commonly used
foreign substrate for the growth of nonpolar GaN). The heteroepitaxy of a-GaN/r-Sap templates
were carried out by metal-organic chemical vapor deposition (MOCVD) in a close-coupled
showerhead reactor using trimethylgallium (TMG) and NHj3 as precursors and hydrogen (Hz) as
the main carrier gas. 0.85 pm-thick a-plane GaN templates were grown on r-plane sapphire. The

epitaxial process began with sapphire nitridation at 1120 °C and a low temperature GaN buffer



deposition at 690 °C at 100 Torr, followed by buffer annealing and 3D crystal formation at 1200
°C and 700 Torr and crystal expansion at 1090 °C and 300 Torr before the final coalescence step

at 1200 °C and 10 Torr.

The microstructure of nonpolar heteroepitaxial films is very different from those deposited
along the polar c-direction, which is dominated by the presence of vertically threading perfect
dislocations mainly of a-type (edge) and a + ¢ type (mixed). Even though the densities and nature
of extended defects in heteroepitaxial nonpolar GaN may be a bit different depending on the
substrates, similar general trends are observed for nonpolar a-GaN/r-Sap layers. Figure 1(b) shows
a high-resolution cross-sectional transmission electron microscopy (TEM) image of the a-GaN
grown on r-sapphire by MOCVD, indicating the different types of defects. The cross-sectional
images clearly show extensive TDs, BSFs terminated by PDs, and PSFs. The densities of the
different defects in these samples are ~ 4 x 10° — 1 x 10° cm™ for BSFs, ~9 x 10" to 2 x 10'! cm™
for PDs and ~5 x 10°to 2 x 10*cm™! for PSFs. The surface morphology of a-GaN/r-Sap is also
shown in Figure 1(c), indicating a typical elongated comet-like features along c-directions. The
diagonal lines along the atomic force microscopy (AFM) images are along the +c [0001]—

direction and at 90 degrees the m-direction [1010].

The ISB structures were then grown on co-loaded a-GaN-FS and a-GaN/r-Sap substrates.
Figure 1 (d) schematically shows the detailed ISB structures grown for this investigation. The
structures consisted of 20 periods of nominal GaN/Alp.4GaosN MQW heterostructrues on a 20 nm
unintentionally doped (UID) GaN buffer layer. The number of QWs in the MQW stack is chosen
so that the stack thickness is similar to the penetration depth in our attenuated total internal

reflection absorption measurements that are described further below. Three different sets of



structures were grown, for which the thickness of GaN QWs were changed (3.0 nm, 3.3. nm and
3.7 nm). For all the structures, the thicknesses of the AlGaN quantum barriers (QBs) were kept
constant at 3.0 nm. Out of the 3 nm QBs, the bottom and top 0.5 nm of the QBs were kept UID,
while the innermost 2.0 nm of the AlIGaN QBs were doped with Si (up to ~ 5x10'° cm™). The
doping level was chosen to achieve high doping concentration to produce large intersubband
absorption, while keeping the Fermi energy (EF) for a 2D electron gas in a quantum well at least
100 meV below the intersubband transition energy to minimize the electron population of the first
excited level in the MQW system. Details of the calculations are provided in the Supplemental

Material [41].

The structures were then characterized using high-resolution x-ray diffraction (XRD),
TEM/scanning TEM (STEM), AFM, and atom-probe tomography (APT). To evaluate the interface
quality, the QW thicknesses, and characterization of the extended defects, a high-angle annular
dark-field (HAADF) STEM was used. The TEM/STEM samples were prepared by focused ion
beam (FIB) with a FEI Helios Dualbeam Nanolab 600 instrument. A ThermoFisher Talos G2 200X
TEM/STEMw/ChemiSTEM EDS system operating at 200 kV was used to perform the
microstructure and chemical element mapping. APT was also used to investigate the compositions
and alloy distribution in the GaN/AlGaN heterostructures in 3D at the nanometer scale [42,43].
The needle shaped specialized APT samples were prepared using an FEI Helios 600 dual beam
FIB instrument [44] and the analysis was performed in laser-pulse mode using a Cameca 3000X
HR Local Electrode Atom Probe (LEAP). A laser wavelength of 532 nm, 13 ps pulse duration,
200 kHz repetition rate, 10 pm spot size, 0.5 nJ pulse energy, and detection rate of 0.02 atoms per
pulse were used for the APT measurement analysis, while the sample base temperature was 30 K.

STM

The commercial IVA software was used to obtain the 3D reconstruction, where a geometrical



algorithm was used based on the initial radius and the shank angles of the prepared tips according

to the images obtained from scanning electron microscopy (SEM) data [44].

Finally, the ISB absorption properties of the samples were measured using a Fourier-transform
IR (FTIR) spectroscopy transmission setup equipped with a mercury cadmium telluride (MCT)
infrared photodetector. The measurement setup schematic is shown in Fig. 2. Due to strong
substrate absorption, we used evanescent excitation of the GaN/AlGaN QWs brought in optical
contact with 350-um-thick 45°-polished Ge prisms (attenuated total internal reflection absorption
measurements). Given the refractive indices of GaN, nominal Alp4GaosN, and Ge are known to
be, approximately, 2.25, 2.1, and 4.0 respectively and the light incident angle of 45° on the
Ge/sample interface, we obtain that the intensity of the evanescent illumination extends
approximately 0.2 um into the MQW structure for the measurement wavelength range of 4-5 pum.
Since the thicknesses of the MQW stack in our samples is in the range of 120-135 nm, a nearly
uniform illumination of the MQWs is achieved. The ISB absorption spectra were obtained by
normalizing TM-polarized transmission spectra with TE-polarized transmission spectra that
provided a reference since TE-polarized light does not interact with ISB transitions. A Lorentz
function was used to fit the ISB absorption spectra to obtain the peak energy and the spectral

linewidth.
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Figure 2. (a) Schematic of the setup to measure ISB absorption in our samples. The samples are placed epi-side-down
onto an IR-transparent Ge prism. (b) Calculated conduction band diagram and square of electron wavefunctions of the
first two quantum states for the MQW sample with a 3.3 nm QW width. The transmitted signal for two different
polarization of the incident light (transverse electric, or TE and transverse magnetic, or TM) were captured. (¢) Sample
plots of the absorption spectra for TE-, TM-polarized incident light and the corresponding ISB absorption.

1. RESULTS AND DISCUSSIONS

Figure 3 shows the structural defects in GaN/AlGaN MQWs grown on a-GaN/r-Sap in the cross-
section along [1100] direction using two-beam bright field (BF) diffraction contrast (Figs. 3(a),
3(c) and 3(e)) and weak beam dark field (DF) diffraction contrast (Figs. 3(b) and 3(d)). The results
indicate all dislocations are located in the c-plane. The TEM images illustrate the highly defective
microstructure of the a-GaN/r-Sap including the ISB AlGaN/GaN QWs. While it is difficult to
evaluate the accurate densities of different type of defects from these TEM images, we confirm
that the a+c are in contrast with the partial dislocations for the g = 0002, while a+c, a, and 2/3 of
all partial dislocations are in contrast for g = 1120. The microstructure of the a-GaN/r-sap

structures is similar to what has been reported much earlier in our group [45].



Figure 3. Cross sectional TEM images of a GaN/AlGaN MQW structures on a-GaN/r-Sap with (a,c,e) two-beam
bright field (BF) diffraction contrast and (b,d) weak beam dark field (DF) diffraction contrast along (a,b) g = 0002,
(c,d) g=1120, and (e) g= 0110. Note that the scale bars are the same for all the images.

Figure 4 compares the structural properties of the epilayers grown on a-GaN-FS and on a-
GaN/r-Sap using high-resolution XRD ®-260 scans and cross-sectional TEM. XRD data indicates

sharp GaN peaks for the samples on a-GaN-FS (Fig. 4(a)), while much weaker GaN peaks are

10



observed for all the structures grown on a-GaN/r-Sap (two to three orders of magnitude lower peak
intensity) (Fig. 4(b)). The MQW structures grown on a-GaN-FS also show more pronounced
satellite (SL) peaks (five intense SL peaks) as shown in Fig. 4(a), which are normally observed for
short-period superlattices [46]. In contrast, the structures grown on a-GaN/r-Sap only show four
less pronounced SL peaks, as shown in Fig. 4(b). These results are indicative of higher interface
abruptness for the structures grown on a-GaN-FS. The period of the SL peaks consistently reduces
for thicker QW structures for both cases, consistent with larger periodicity of the superlattice
structure. Cross-sectional HAADF-TEM (Fig. 4(c,d)) image comparison of selected samples from
the superlattices with 3.0 nm QW width indicate a large difference in the densities of defects
extended to the MQW heterostructures between the two structures, as expected from their

extremely different substrate qualities.
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Figure 4. High-resolution (a,b) XRD omega 2-theta scans and (c,d) cross-sectional HAADF-TEM images of the
structures on (a,c) a-GaN-FS and (b,d) a-GaN/r-Sap. Note that in the XRD measurements, the azimuthal angle has
chosen such a way that the (2204) r-Sapphire peak (at ~ 27.7°) is not captured. Also, note the difference in the axes
of observation for the TEM images of (c) and (d), while the results are not dependent upon that.
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The ISB optical transition properties, such as linewidth, can be strongly dependent on the
interface abruptness. Hence, the interface quality and surface morphology of the structures for 3.0
nm QW width grown on a-GaN-FS and a-GaN/r-Sap were compared using cross-sectional
STEM/EDS (Fig. 5) and AFM (Fig. 6). The structure grown on a-GaN-FS show a higher interface
quality compared to the a-GaN/r-Sap sample. Also, the thickness of the QWs are slightly smaller
for a-GaN-FS (~ 2.9-3.0 nm) compared to a-GaN/r-Sap (~ 3.1 to 3.2 nm) samples, while this could
be a projection effect as the corrugated interface observed in the cross-section plane in Fig. 5 (c-
plane) may also exist in the plane perpendicular to the cross-section plane at which the STEM
image is taken. The AFM results (Fig. 6) also indicate a larger root-mean-square (RMS) roughness
values for the a-GaN/r-Sap substrates (1.86 nm for 2x2 um? scans) compared to the a-GaN-FS
substrate (0.16 nm) and the corresponding ISB structure on a-GaN/r-Sap (2.3 nm) compared to
the one grown on a-GaN-FS (0.3 nm). More detailed analysis of the AFM data can be found in

the Supplemental Material [41].
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Figure 5. HAADF (a,d) cross-sectional STEM images across (0001) c-plane and corresponding (b,e) Al and (c,f) Ga
elemental maps of GaN/AlGaN MQW heterostructures with 3.0 nm QWs grown by NH3-MBE on (a-¢) a-GaN-FS
and (d-f) a-GaN/r-Sap substrates.
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Figure 6. 2x2 um? AFM images of (a) a-GaN-FS substrate, (b) ISB GaN/AlGaN heterostructures grown on a-GaN-
FS substrate, (c) a-GaN/r-Sap substrate and (d) ISB GaN/AlGaN heterostructures grown on a-GaN/r-Sap substrate.
Note that the elongated features observed on structures on a-GaN/r-Sap (c,d) are corresponding to the high density of
stacking faults, while no elongated features are observed for the FS structures (a,b) (no stacking faults).
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Figure 7 compares APT data and analysis of MQW samples with 3.0 nm QWs grown on
a-GaN/r-Sap and a-GaN-FS substrates. According to the APT data, along the growth direction,
the top interfaces between GaN and AlGaN (QW/QB interfaces) are slightly more abrupt than the
bottom interfaces (Fig. 7), similar to our previous observations on other GaN/AIGaN MQW
structures [12]. As shown in the variations of Ga/Al+Ga and Al/Al+Ga profiles along the growth
directions (Figs. 7(b) and 7(f)), the Al fraction in the AlGaN layers varies in the range of 38-45%
with ~ 8% deviation for the structure grown on a-GaN/r-Sap and in the range of 38-40% with ~
4% deviation for the structure grown on a-GaN-FS. A normal Gaussian distribution of the Al
atoms in the AIGaN QBs for the structure grown on a-GaN-FS (Fig. 7(h)) indicates a natural
random alloy disorder without significant clustering with an average composition of ~ 30%. For
the structure grown on a-Ga/r-Sap, however, the distribution of the Al atoms is not as symmetric
and does not fully obey a Gaussian model (Fig. 7(d)), which indicates alloy clustering to some

degree, while maintaining a similar average composition as that of the structure on a-GaN-FS.
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Figure 7. (a,e) APT data and analysis, (b,f) atomic line profiles of Ga and Al concentrations, (c,g) Al composition
maps along the growth direction, and (d,h) distribution of the Al contents in the AlGaN QBs for the ISB structures
containing a 20-period nonpolar a-plane GaN/AlGaN MQW heterostructures on (a-d) a-GaN/r-sapphire and (e-h)
freestanding a-GaN. Note the difference in the distribution of Al contents in the barrier layers for the a-GaN/r-Sap
sample compared to the a-GaN-FS, which may result in differences in the ISB absorption peak energy and linewidth.

The structures were then tested for optical absorption using an FTIR spectroscopy
transmission setup described in Fig. 2. First, the transmitted intensity of the incident wide-band
light source upon evanescently coupling to the MQW ISB structures were detected as a function
of wavelength for TE and TM polarized incident light. The ISB absorption spectra were then
computed by plotting In(Itg/Itm), where It and Itvm correspond to the wavelength-dependent
intensities of the transmitted light for TE- and TM-polarized light, respectively. Figure 8 compares

the transmitted spectra and the obtained ISB absorption spectra for GaN/AlGaN heterostructures

16



grown on a-GaN-FS and on a-GaN/r-Sap for different QW widths. A Lorentz fitting was used to
fit the experimental ISB absorption curves, which shows excellent fits for all the cases. Clear shifts
of the absorption peak to lower energies are observed with increase of QW widths for both
structures, resulting in a range resonance wavelength from ~ 250 — 300 meV (4 to 5 um). Table II

summarizes the experimental data displayed in Fig. 8.

Figure 8. Transmission spectra for TE-polarized (green dashed line) and TM-polarized (blue dash-dotted line) incident
light and the obtained ISB absorption spectra (thick red solid line) and the Lorentz function fitting curves (thin solid
black line) for the MQW structures on (a-c) a-GaN-FS and (d-f) a-GaN/r-Sap with QW widths of (a,d) 3.0 nm, (b,e)
3.3 nm, and (c,f) 3.7 nm.

Table II summarizes the ISB absorption data demonstrated in Figure 8 and compares it to
theoretically-computed values. Details of the calculations, that include many body effects, are
described in Ref. [12] and the supplemental material to this reference. The calculations were
performed using a shooting method in which a conduction band offset of 551 meV was used for
Alp4GaosN/GaN system. The effective electron mass used in Alp4GaosN and GaN were 0.264 mq

and 0.22 mo, respectively.
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As expected from quantum mechanical calculations, wider QWs result in ISB transitions
with lower energies for structures grown on both substrates (a-GaN-FS and a-GaN/r-Sap).
However, for a given QW width, the co-loaded ISB structures grown on a-GaN/r-Sap show lower
ISB transition energies than those grown on freestanding a-GaN-FS, which may be attributed to
slightly thicker QWs (or different distribution of the Al content in the barrier) for the structures
grown on a-GaN/r-Sap, as indicated in STEM results of Fig. 5. The slight difference in growth
rate could be due to the difference in the surface and bulk properties of the highly defective
substrates compared to the high-quality freestanding GaN. The ISB structures grown on a-GaN/r-
Sap also show a 10-20% larger absorption linewidth compared to those grown on a-GaN-FS.
However, despite the nearly 5 orders of magnitude difference in the defect densities for the two
sample sets, the ISB absorption linewidth is not significantly different between the samples grown
on the two different substrates. Therefore, the data demonstrates that unlike band-to-band
transition devices, the ISB absorption is more tolerant to extended defects. We note that these
findings are consistent with the recent results obtained for intersubband devices with As- and Sb-
heterostructures grown foreign substrates [47,48]. The larger ISB absorption linewidths for the
structures grown on a-GaN/r-Sap can be partially explained by the surface morphology (Fig. 6)
and interface quality differences (Fig. 5). A systematic optimization of the growth conditions can
improve the surface morphology of the a-GaN/r-Sap templates to further improve the interface
quality and the ISB absorption properties. Given the manufacturing challenges of high-quality
nonpolar GaN substrates, the low sensitivity of the ISB properties to the extended defects may
provide a cost-effective and scalable approach for producing efficient ISB emitters in the mid- to

far-IR using heteroepitaxial nonpolar IlI-nitride system on Sapphire and Si.

Table II. Experimentally measured and calculated ISB transition energies (£12 in meV) and absorption linewidths for
the MQW GaN/AlGaN structures grown on a-GaN-FS and on heteroepitaxial a-GaN/r-Sap.
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Samples grown on Samples grown on Theoretical
QW a-GaN-FS a-GaN/r-Sap Energy (meV)
thickness Energy Linewidth | Energy Linewidth With Manv-Bod
(meV)  (meV) | (meV)  (meV) y-Body
3.0 nm 299.1 80.7 283.5 87.4 299.25
3.3 nm 277.8 60.7 262.1 67.7 267.51
3.7 nm 269.6 48.4 256.2 59.6 233.13

2. SUMMARY AND CONCLUSIONS

In summary, we demonstrated a strong defect tolerance of GaN/AlGaN ISB structures grown on a

nonpolar orientation. Comparison of two sets of samples grown on freestanding a-GaN and on a-

GaN/r-Sapphire templates with at least 5 orders of magnitude difference in terms of densities of

extended defects (BSFs, TDs, PDs, PSFs) indicate only 5% difference in the peak ISB absorption

energies and only 10-20% difference in the ISB absorption linewidths. The structural data

characterizations reveal the significant difference in the material quality, as well as surface,

interface abruptness, alloy disorder and clustering for the two sample sets. Given the intrinsic
properties of nonpolar Ill-nitrides for IR optoelectronics, our results are promising for the

development of cost-effective, scalable, and highly-efficient mid- to far-IR optoelectronics using

heteroepitaxial nonpolar III-nitrides.
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