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ABSTRACT

Mid-infrared intersubband transitions are investigated in nonpolar m-plane and a-plane GaN/AlGaN multi-quantum well heterostructures.
Nominally identical heterostructures were grown by ammonia molecular-beam epitaxy on free-standing m-plane and a-plane GaN sub-
strates. A total of 12 well- and barrier-doped samples with intersubband transition energies in the range of 220-320 meV (wavelength range
3.8-5.6 um) were grown. The intersubband absorption lines of the m-plane samples were 10-40% narrower than those of the a-plane sam-
ples, and a very narrow intersubband absorption linewidth of 38 meV (full width at half maximum) at a transition energy of approximately
250 meV (5 um wavelength) was observed in an m-plane sample. Narrower intersubband absorption linewidths of m-plane samples can be
explained by more abrupt heterostructure interfaces revealed by structural characterization, which is attributed to a higher stability of the m-
plane compared to the a-plane. No significant difference in the intersubband absorption linewidth was observed between the barrier- and

well-doped samples.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143785

II-nitride heterostructures have shown significant progress in
various applications within optoelectronics, photonics, and power
electronics.'” More recently, III-nitride heterostructures have attracted a
great deal of attention for emerging intersubband (ISB) devices to
potentially encompass both infrared (IR) and terahertz (THz) spectra.
The large conduction band offsets,” ultrafast electron relaxation times, "
and high longitudinal optical (LO) phonon energy (~92 meV)' have
made IIl-nitrides particularly unique for the development of short-
wavelength IR (SWIR, 4 ~ 1.4-3 um) and THz (4 ~ 30-300 um)
ISB devices”” for telecommunication, biological applications, pharma-
ceutical quality control, and security screening.” The THz sources are
typically made by GaAs-based quantum-cascade lasers (QCLs) for
frequencies < 5THz. "'’ However, due to the issues with phonon
absorption in the GaAs material system, higher frequencies (5-10 THz)
have been difficult to reach by this system. Additionally, relatively small
LO phonon energy in GaAs leads to strong deterioration of THz QCL

performance at elevated temperatures due to LO phonon scattering of
thermal electrons in the upper lasing state.'’ Significantly higher LO
phonon energy for Ill-nitrides may provide a pathway toward room
temperature QCLs across the entire THz spectral range."”

So far, many of the reported IlI-nitride ISB structures have been
on the polar c-plane.' " Despite the great promise of nitrides for ISB
devices, the conventional c-plane orientation of GaN features a large
polarization field that reduces the transition oscillator strength.* In
addition, the internal electric fields, due to electrical polarization dis-
continuities, may result in tunneling of the excited carriers through the
triangular wells and reduce the transition efficiency.” Finally, the
energy levels for the bound states in the quantum wells (QWs) are
very sensitive to the large electric fields in the heterostructures.
Growing the heterostructures on nonpolar orientations, in contrast,
would potentially overcome the issues with the conventional polar
c-plane.”
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Two low-index nonpolar planes exist in the wurtzite nitride
crystal structure, the nonpolar {10-10} family of m-planes and the
nonpolar {11-20} family of a-planes.'® ISB transitions in nonpolar
m-plane GaN-based heterostructures have been reported by several
groups.'” > There is one report of a single ISB structure grown on
a-plane GaN buffer on r-plane sapphire substrates with a very broad
ISB transition linewidth of over 100 meV.” However, no systematic
comparison of identical heterostructures grown on a-plane and
m-plane orientations has been reported so far. One potential reason
for fewer available reports on a-plane ISB structures compared to the
m-plane may be the lower stability of the a-plane compared to the m-
plane, resulting in less abrupt interfaces and thus broadened ISB tran-
sition peaks. Lim et al.”* have presented investigation of GaN/AlGaN
structures on a-, m-, and c-plane GaN substrates designed for ISB
transitions in the range of 1.5-2.9 um. However, the a-plane sample
morphology was poor, and only one of the a-plane samples with very
thin GaN QWs (~1.3 nm) in that report displayed a clear ISB absorp-
tion peak.”* For that particular sample, the transition energy and line-
width were very similar to those of an identical structure grown on -
plane GaN; however, unlike samples grown on m- or c-plane sub-
strates, all the other samples grown on a-plane GaN did not display
clear ISB transitions in that report.24 Other than these few studies,
there are no clear reports that resolve the preferred nonpolar orienta-
tion to use for ISB optoelectronics. Hence, a comprehensive study of
ISB structures on both a-plane and m-plane ISB structures is necessary
for THz optoelectronics.

In this work, we perform a systematic comparison of ISB transi-
tions in identical nonpolar m-plane and a-plane GaN/AlGaN hetero-
structures grown on high-quality free-standing substrates for IR
optoelectronics. Identical nonpolar m-plane and a-plane multi-QW
(MQW) structures are compared with various QW widths and doping
profiles that result in ISB absorption in the range of 3.8-5.6 um
(220-320 meV or 50-80 THz). The samples were grown by ammonia-
molecular beam epitaxy (NH;-MBE), which have provided more con-
trollable and abrupt interfaces compared to many other available
growth techniques.”” Optical measurements reveal that ISB absorption
peaks of the m-plane samples are 10-40% narrower than those for a-
plane samples, due to slightly more abrupt interfaces as indicated by
structural characterizations. A record ISB absorption linewidth of
~38meV at 4.5-5.5 um was measured on m-plane orientation. The
results of the ISB absorption match well with structural characteriza-
tion such as scanning transmission electron microscopy (STEM) and
atom-probe tomography (APT).

A Veeco Gen 930 NH;-MBE system was employed to grow the
structures. 20 pairs of GaN/Al;5GaysN heterostructures were grown
on a-plane (1° off toward the c-direction) and m-plane (5° oft toward
the a-direction) stacking-fault-free freestanding substrates with low dis-
location densities (<10° cm ") from Mitsubishi Chemical Corporation
(MCC). More details regarding the growth can be found in the supple-
mentary material. The optimum crystal miscut for each orientation
was determined by systematic studies of the surface morphology for
growth on substrates with different miscuts, as discussed in the supple-
mentary material.

The schematics of the structures are shown in Fig. 1(a). For this
investigation, two separate n-type doping profiles were employed to
investigate the effects of modulation doping on the ISB optical transi-
tion linewidth: well-doped (WD) and barrier-doped (BD). For the
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WD structures, the QWs were uniformly doped by Si up to
~1.2 % 10" cm 3, while the quantum barriers (QBs) were uninten-
tionally doped (UID). For the BD structures, the AlysGaysN QBs were
Si doped by up to ~2 x 10" cm ™, while the QW's were UID. For the
BD samples, to avoid interface roughness induced by high doping, a
special doping profile was used: the first 5 A UID layer was followed
by 20 A doping ([Si]: 2 x 10" cm™>) and capped with another 5 A of
UID QB, as shown in Fig. 1(a). For each doping profile, three different
samples with nominal QW widths of (1) 3.0 nm, (2) 3.3 nm, and (3)
3.7nm were grown (all QWs are thicker than those reported by
Gmachl and Ng*). All the thicknesses, doping levels, and composi-
tions were separately calibrated using SIMS and high-resolution x-ray
diffraction (HRXRD) on separate calibration samples.

High-angle annular dark-field (HAADF) STEM and APT were
used to evaluate the interface quality, compositions, and thicknesses.
ISB optical absorption spectra of the samples were then measured
using a Fourier-transform IR (FTIR) spectroscopy transmission setup
schematically shown in Fig. 1(b). An example of the optical data
obtained using this setup is shown in Fig. 1(c). More details regarding
the sample preparation and experimental details of STEM, APT, and
ISB absorption measurements can be found in the supplementary
material.

Figure 1(d) shows an example of the computed band structure of
a BD sample with the squares of electron wavefunctions shown for the
first two energy levels. The computed transition energies and their
comparison to experimental data are given in Table I. For the calcula-
tions, we have used the material parameters given in Ref. 26, specifi-
cally, electron effective masses of 0.22m, and 0.275m, for the GaN
QWs and Aly5GagsN QBs, respectively (where m; is the free electron
mass) and the conduction band offset between the QW and QB materi-
als of 0.707eV. We have neglected non-parabolicity and included
many-body effects of exchange and correlation, depolarization, and
exciton-like correction following the approach described in Ref. 27.
The exchange-correlation correction was computed perturbatively
using the expression obtained with the local-density approximation in
Ref. 28 with the parameters given in Ref. 29. We note that this approxi-
mation appears to yield a better agreement with the experimental
results for the moderate doping densities (~4 x 102 cm™2) used in our
structures™ compared to the alternative Hartree-Fock evaluation of
the exchange energy”""” applied to GaN/AlGaN heterostructures.”’

Figure 2 compares HAADF-STEM images of nonpolar m-plane
and a-plane GaN/AlGaN nominal 3 nm QW BD structures. The QW
thicknesses range from ~2.90 to 3.31nm (3.1nm on average) and
from 2.57 to 3.17nm (2.87 nm on average) for the m-plane and the
a-plane, respectively, indicating slightly thinner QWs in the a-plane
sample. In addition, the a-plane structure shows more indication of
interface roughness along the c-direction [Fig. 2(b)] compared to the
m-plane structure with more abrupt interfaces [Fig. 2(a)], potentially
due to the higher stability of the m-plane compared to the a-plane
demonstrated earlier.” *° The slight diffuseness at the interfaces of the
a-plane AIGaN/GaN heterostructure is also revealed by APT analysis
as shown in Fig. 3. According to the APT data on a selected a-plane
sample, the top interfaces between the GaN and AlGaN layers are
sharp, while the bottom interfaces are less abrupt. Figure 3(b) reports
the variation of the Al/(Al4+-Ga) and Ga/(Al4-Ga) ratios along the
growth axis in Fig. 3(a). The plateau Al fraction in the AlGaN layers
ranges from 52% to 60%, with a deviation of ~3%. A Gaussian
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FIG. 1. (a) Cross-sectional schematics of nonpolar m-plane and a-plane 20 pairs of GaN/Aly 5Gag sN ISB heterostructures with a fixed AIGaN QB thickness (3.0 nm) and differ-
ent GaN QW thicknesses (3.0, 3.3, and 3.7 nm). The doping profile of WD (structure A) and BD (structure B) structures are shown in the right panel of (a). (b) Schematic of
the ISB absorption measurement setup. The MQW heterostructure is evanescently illuminated through an IR-transparent germanium prism. The intensity of the transmitted
beam is recorded as a function of wavelength. (c) Example of a dataset obtained in the setup in (b). ISB absorption spectra are obtained by measuring the spectral depen-
dence of transmitted intensities for TE-polarized light (Irg, E-field along the surface of the wafer, pink dashed line) and TM-polarized light (lry, electric field in the plane of inci-
dence, green dashed-dotted line), and then computed as Logqq(lre/ltm) (thick orange solid line). Finally, a Lorentz function fitting curve (thin black solid line) is used to
determine the spectral position and bandwidth of the ISB absorption band. (d) Calculated conduction band diagram and squares of electron wavefunctions for the ground and

the first excited states for a representative BD 3.3 nm-wide GaN/AlgsGagsN QW structure.

distribution of Al atoms within the AlGaN layer indicates a normal
random alloy disorder in the a-plane heterostructures. The composi-
tion of the a-plane AlGaN/GaN structure is confirmed to be ~55%
from APT analysis.

The ISB absorption spectra of the m-plane and a-plane WD and
BD structures are shown in Fig. 4. The results of the measured and cal-
culated ISB transition energies are summarized in Table 1. All the
structures show a clear decrease in the ISB absorption peak energy
with the increasing QW width as expected from quantum-mechanical
calculations. All the WD structures show slightly lower ISB energies
compared to BD structures for the same QW widths. Slightly larger
ISB absorption peak energies were observed in the a-plane compared
to m-plane samples, which may be attributed to the slightly thinner
QWs in the a-plane, as shown in the STEM results of Fig. 2. The thin-
ner QWs result in larger energy separation between the ground state

and the first excited state (larger E;,) and thus larger ISB absorption
peak energy. Figure 5(a) compares the measured ISB absorption line-
widths of all the structures in this study. No significant difference in
ISB linewidths was observed between the WD and BD structures. A
weak dependence of the ISB linewidth on the QW width was observed
for a given substrate orientation. The m-plane structures (either WD
or BD) show smaller ISB absorption linewidths (in the range of
38-55meV) compared to the a-plane structures (in the range of
58-77meV), due to the more interface abruptness in the m-plane
structure as revealed by the STEM evaluation (Fig. 2). The lowest ISB
absorption linewidths were measured for the WD m-plane structures
with the minimum linewidth of ~38 meV, which is the lowest among
any ISB absorption reports in nitride materials.

To compare our results with the other reports in the literature on
nitride materials, Fig. 5(b) shows a summary of the dependence of the

TABLE I. Calculated and experimentally measured ISB transition energies (E;, in meV) for the BD and WD structures with different QW widths. The calculated values are con-
sidered with and without inclusion of many-body effects, and the measured values are given for samples grown on m-plane and a-plane GaN substrates.

Barrier-doped (meV) Theoretical (meV) Well-doped (meV) Theoretical (meV)

Orientation Many-body effects Orientation Many-body effects

QW width (nm) a-plane m-plane No Yes a-plane m-plane No Yes
3.0 329.1 321.9 282.58 311.94 284.5 267.2 289.73 315.26
3.3 294.5 286.5 246.54 278.57 257.4 2355 253.58 284.81
3.7 253.1 252.7 207.48 243.89 2223 219.3 214.61 254.98
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FIG. 2. Cross-sectional high-resolution HAADF-STEM images of (a) nonpolar m-
plane and (b) a-plane 20-pair GaN/Aly5GagsN (nominal 3.0 nm/3.0 nm) BD hetero-
structures grown by NH,;-MBE. The images in (a) and (b) are taken across a- and
m-planes, respectively to evaluate the thicknesses and interface abruptness.

ISB optical transition linewidths observed in GaN/AlGaN heterostruc-
tures on IR wavelengths ranging from 1.5 um to ~6 pum. Since the elec-
tron density is known to affect the ISB linewidth, we list sheet doping
densities for all the structures in the figure. As shown in the figure, the
doping densities of our structures are similar to those of most of the
structures reported previously. All the average doping levels are within
mid to high 10'®cm ™ ranges, suggesting a fair comparison between
the structures. Despite having similar doping densities, the samples pre-
sented in this article (open black circles) display the lowest ISB absorp-
tion linewidths for nitride-based materials in the mid-IR region. All
WD m-plane samples demonstrated the record-low ISB absorption
linewidths. The record-low ISB linewidths observed in this work are
attributed to (i) the flatband condition provided by nonpolar planes
and (ii) abrupt interfaces realized by NH;-MBE growth.

In summary, we have performed growth and characterization of
nonpolar m-plane and a-plane GaN/AlGaN heterostructures designed
for the ISB transitions in the mid-IR range. The difference between
ISB transition properties of the two nonpolar planes is likely due to
more abrupt interfaces, resulting from more stability of the m-plane
compared to the a-plane, as revealed by high-resolution STEM and
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FIG. 3. (a) APT data and analysis of the 20-period nonpolar a-plane GaN/AlGaN
BD structure with a 3nm QW width and (b) accompanying line profile of Ga and Al
concentrations. (c) Al composition map in the growth direction and (d) distribution of
the Al content in the AlGaN QBs. The Al content in the QBs in (d) is binomially dis-
tributed, indicative of a random alloy without clustering.
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APT analysis. A direct comparison of the ISB absorption properties of
all the samples reveals that the ISB absorption linewidths for m-plane
samples are 10%-40% lower compared to those in the a-plane sam-
ples. A record-low ISB transition linewidth of approximately 38 meV
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FIG. 5. (a) ISB absorption linewidth as a function of QW width for all the structures
used in this study. (b) ISB absorption linewidths vs wavelength for all the data pre-
sented in this work (black open circles) compared to other reports of IR ISB transi-
tions in the nitride system in the literature. Our results show the lowest ISB
transition linewidths ever reported for GaN-based materials. The data are taken
from Refs. 8, 20, 22-24, and 39-41. Sheet doping densities (ns) for the structures
reported by others are included where available for comparison.
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was measured for the m-plane structures with 3.7nm QWs. Our
results show promise of non-polar GaN/AlGaN MQW heterostruc-
tures for the development of ISB devices such as nonlinear optical ele-
ments, optical modulators, and QCLs.

See the supplementary material for a more detailed description of
the experimental calibrations, measurement setups, and theoretical
calculation.
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