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1. Introduction

The large bandgap range (0.7 to 6.2 eV),
and large conduction band offsets of III-
nitride semiconductors make applications
of these materials in optoelectronic devices
possible in a wide wavelength range from
ultraviolet to far-infrared.[1–4] To date, polar
c-plane III-nitride heterostructures have
been most extensively studied. However,
electric fields greater than 105 V cm�1 are
produced by large discontinuities of spon-
taneous and piezoelectric polarizations at
hetero-interfaces in c-plane nitride quan-
tum wells (QWs).[5–8] As a result, the
electron and hole wave functions are sepa-
rated leading to reduced internal quantum
efficiency (IQE) and increased recombina-
tion lifetimes.[8] Moreover, the design of
infrared intersubband devices is restricted
by those electric fields.[9–12] To eliminate
the deleterious effects of built-in electric
fields, nonpolar m-plane heterostructures
have been proposed. Nonpolar InGaN
QWs have been chosen as candidates for

Y. Cao, B. Dzuba, A. Senichev, T. Nguyen, M. J. Manfra, O. Malis
Department of Physics and Astronomy
Purdue University
West Lafayette, IN 47907, USA
E-mail: omalis@purdue.edu

B. Dzuba, A. Senichev, R. E. Diaz, M. J. Manfra
Birck Nanotechnology Center
Purdue University
West Lafayette, IN 47907, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssb.202100569.

© 2022 The Authors. physica status solidi (b) basic solid state physics
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution-NonCommercial-
NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial
and no modifications or adaptations are made.

DOI: 10.1002/pssb.202100569

B. A. Magill, G. A. Khodaparast
Department of Physics
Virginia Tech
Blacksburg, VA 24061, USA

A. Senichev, M. J. Manfra
Elmore Family School of Electrical and Computer Engineering
Purdue University
West Lafayette, IN 47907, USA

M. J. Manfra
School of Materials Engineering
Purdue University
West Lafayette, IN 47907, USA

S. McGill, C. Garcia
National High Magnetic Field Laboratory
Tallahassee, FL 32310, USA

C. Garcia
Department of Physics
Florida State University
Tallahassee, FL 32306, USA

Temperature-dependent continuous-excitation and time-resolved photolumi-
nescence are studied to probe carrier localization and recombination in nearly
strain-balanced m-plane In0.09Ga0.91N/Al0.19Ga0.81N multi-quantum wells grown
by plasma-assisted molecular-beam epitaxy. An average localization depth of
21 meV is estimated for the undoped sample. This depth is much smaller than
the reported values in polar structures and m-plane InGaN quantum wells. As
part of this study, temperature and magnetic field dependence of time-resolved
photoluminescence is performed. At 2 K, an initial fast decay time of �0.3 ns is
measured for both undoped and doped structures. The undoped sample also
exhibits a slow decay component with a time scale of 2.2 ns. The existence of two
relaxation paths in the undoped structure can be attributed to different locali-
zation centers. The fast relaxation decays are relatively insensitive to external
magnetic fields, while the slower relaxation time constant decreases significantly
with increasing magnetic fields. The fast decay time scale in the undoped sample
is likely due to indium fluctuations in the quantum well. The slow decay time may
be related to carrier localization in the barriers. The addition of doping leads to a
single fast decay time likely due to stronger exciton localization in the InGaN
quantum wells.
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the design of green light-emitting diodes (LEDs) with high
IQE.[8,13] Nonpolar structures based on III-nitride materials have
also shown potential for infrared devices.[14,15] This article
presents a study of continuous-excitation and time-resolved pho-
toluminescence (TRPL) of nonpolar m-plane InGaN/AlGaN
multi-QWs designed for infrared applications.

The properties of III-nitrides are strongly affected by strain. The
high density of defects produced by strain buildup can introduce
significant nonradiative recombination.[8,16,17] Furthermore, strain
is anisotropic on the m-plane and generates significant alloy inho-
mogeneity and interface roughness in m-plane AlGaN/GaN QWs
with Al compositions above 50%.[18] Therefore, to mitigate strain-
induced issues, this study focuses on nearly strain-balanced
m-plane InGaN/AlGaN heterostructures.[19,20]

Carrier localization and recombination play important roles in
determining III-nitride device performance. The electron–hole
recombination lifetime is essential for visible III-nitride
LEDs.[21] Carrier localization may enhance visible light emission
by preventing carriers from being trapped by defect-related
nonradiative recombination centers.[22] Depending on the char-
acter of the localization sites,[21] charge localization can also
impact recombination lifetime. Moreover, localization potentials
can reduce the degree of polarization of the emitted light,[23] and
contribute to accelerated device aging.[24] Since charge localiza-
tion originates from band-structure fluctuations, it affects the
linewidth of both interband and intersubband emission.
Therefore, investigating carrier localization and recombination
provides unique insights into the band structure and carrier
dynamics of all optoelectronic devices.

While extensive studies of recombination and localization
have been performed for polar c-plane InGaN/(Al)GaN QWs,
considerably fewer studies have been reported for nonpolar
m-plane QWs. Furthermore, most of the optical studies on
nonpolar m-plane structures published to date are limited to
samples grown by metal–organic chemical vapor deposition
(MOCVD).[8,21–32] This article presents an original study of car-
rier recombination and localization in nearly strain-balanced
nonpolar multi-QWs grown by plasma-assisted molecular beam
epitaxy (PAMBE). PAMBE is of particular interest because it
achieves growth of In-containing nonpolar III-nitrides at a signif-
icantly lower temperature than MOCVD, and consequently pro-
duces materials with distinct structures at the nanoscale.
Moreover, the low growth temperature of PAMBE may enable
InGaN with a lower point defect density for longer wavelength
emission.[30,33]

2. Experimental and Calculation Details

The PL measurements were performed on m-plane superlattices
consisting of 15 In0.09Ga0.91N QWs with Al0.19Ga0.81N barriers
grown by PAMBE. The details of the growth process are given
elsewhere.[20] Briefly, the PAMBE system was equipped with
conventional effusion cells for indium, gallium, aluminum,
and silicon. The active nitrogen flux was supplied by a Veeco
Unibulb radio-frequency plasma source operated at 300W for-
ward power with 0.5 sccm of nitrogen (N2) flow. The superlattices
were grown at 565 �C on commercially available nonpolar
m-plane ð1010Þ semi-insulating GaN substrates from

Nanowin, Inc. The 5� 10mm2 substrates were miscut �0.5�

� 0.2� toward the c-axis, had a surface root mean square rough-
ness of less than 0.3 nm over 16 μm2, and nominal threading
dislocation density of less than 5�106 cm�2.

The well and barrier thicknesses were chosen to minimize
strain accumulation while keeping the Al composition in the bar-
riers low enough to avoid aluminum segregation. We used the
thickness-weighted method to approximate strain-balanced con-
ditions: εbtbþ εwtw¼ 0, where εb and εw represent the strain in
the barrier and well, respectively, while tb and tw represent their
respective layer thicknesses. Note that strain is anisotropic on the
m-plane surface, and thus cannot be exactly balanced along both
the a-axis and c-axis simultaneously. Therefore, we selected the
barrier thickness (6.4 nm) and QW thickness (3 nm) so that
strain was roughly balanced along the a-direction and there
is less than 0.3% residual strain per period along the
c-direction. The samples are either undoped (Sample G) or δ-
doped (Sample H) in the barriers with two sheets of silicon
located �1 nm away from each barrier/QW interface.[19] The
density of dopant is about 2� 1014 cm�2, which results in a
calculated electron density of 8.6� 1012 cm�2 in each QW.

The samples were characterized with high-resolution X-ray
diffraction (HRXRD).[20] ω-2θ spectra were collected by a
PANalytical X’Pert-MRD high-resolution X-ray diffractometer
equipped with a 4-bounce Ge monochromator. To extract layer
thicknesses and alloy compositions, the software package Epitaxy
4.5a from PANalytical was used to simulate the HRXRD
diffraction patterns.

The continuous-excitation PL experiments were performed
using a 325 nm cw He–Cd laser. The excitation power was
about 10mW with an estimated excitation carrier density of
6.3� 1011 cm�3. This is weak excitation which does not signifi-
cantly affect the band structure.[34,35] The samples were placed in
a liquid helium flow cryostat and measured in reflection geome-
try in the range from 8 K to room temperature. The PL spectra
were collected by a Cary Eclipse Fluorescence Spectrometer
equipped with a photomultiplier tube. The spectra were corrected
by subtracting a linear background and fitting with a Gaussian
function to extract the transition energy and full-width-at-half-
maximum (FWHM).

Time-resolved photoluminescence (TRPL) was measured in a
helium flow-through cryostat from 2 to 100 K temperature range.
In our measurements, we used femtosecond 784 nm pulses
which were upconverted to 384 nm, using a nonlinear crystal
(BBO) generating an average power of �80 μW (photoinduced
density �4.8� 1014 cm�3). The pulses were from a Mira 900
Ti:sapphire oscillator with a repetition rate of 80MHz. Light
emitted at the PL peak (�408 nm) was selected using a
monochromator then collected from the sample in a reflectivity
geometry, using an avalanche photodiode. A Faraday geometry
was used in magnetic field dependence TRPL measurements,
where the direction of the field is perpendicular to the epilayer
plane. A time-correlated single-photon counting system
(Picoharp 300) was used to determine the time between the exci-
tation pulse and emission of PL photons.

The Nextnano software package for self-consistent simulation
of the band structures of our InGaN/AlGaN superlattices was
used.[36] Free electrons and holes are likely to form excitons
and then recombine to emit photons, so the calculated PL
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energies were corrected to include the exciton binding energy.
The energy shift due to this effect was expected to be less than
60meV.[27] The simple hydrogen atom-like model was used to
estimate the energy shift, where the excitonic binding energy
was calculated using

EX ¼ mrRyðHÞ
m0ε

2 (1)

wherem0 is the free-electronmass, andmr is the reducedmass of
the effective masses of electron and hole in the exciton. RyðHÞ �
13.6eV is the Rydberg energy. mr � 0.17m0,

[37,38] and ε � 10.[27]

3. Results and Discussion

We previously found that the experimental PL energies of
m-plane InGaN/AlGaN superlattices are systematically lower
than the calculations made using generally accepted material
parameters.[19] At 8 K, the experimental PL peaks are 3.095 eV
(sample G) and 3.079 eV (sample H), while the calculated PL
energies are 3.299 eV (sample G) and 3.302 eV (sample H).
The discrepancy was attributed to the inhomogeneous distribu-
tion of In composition,[19] but may also be due to other excitonic
effects that were not included in the calculation.[39] We note that
at 80 K, the average PL degree of polarization for both samples is
about 81%, which agrees with previous reports.[22]

It is generally accepted that the PL signal at low temperature is
due to the recombination of localized excitons. We have already
reported the “S-shape” dependence of the PL peak position as a
function of temperature that is typically associated with exciton
localization.[19] Exciton localization in nonpolar InGaN/GaN
QWs was attributed to strong hole localization at indium-rich
fluctuations in the quantum wells.[8] In the absence of intrinsic
and piezoelectric fields on the m-plane, the electrons are no
longer localized by well-width fluctuations, and are only bound
by Coulomb interaction to the localized holes.[8] In our case of
m-plane InGaN/AlGaN QWs, there is no evidence for quantum
dot-like structures.[19] Considering the size and indium compo-
sition of our QWs, the localized states also cannot originate from
nanoscopic sites with relaxed strain.[33] Therefore, it is likely that
in our nearly strain-balanced superlattices, indium-rich regions
are the main source of localization centers.[22,40]

Carrier localization is reflected in the linewidth of the PL spec-
trum and its temperature dependence. Figure 1 shows the
temperature dependence of the FWHM of the continuous exci-
tation PL for samples G[19] and H. The linewidth is the result of
homogeneous and inhomogeneous broadening. The homoge-
neous broadening comes from the scattering of the excitons
by acoustic phonons, which have a linear temperature
dependence, and the interaction of the excitons with longitudi-
nal–optical (LO) phonons, which is proportional to
Bose–Einstein distribution.[41] Thus, the total broadening has
a temperature dependence following the relationship

ΓðTÞ ¼ αðe
ELO
kBT � 1Þ�1 þ Γih þ βT (2)

where ELO represents the LO phonon energy, ELO¼ 90meV.[42] α
and β are the coupling strengths of the interaction of excitons

with LO and acoustic phonons, respectively. Γih denotes inhomo-
geneous broadening. By fitting the temperature dependence of
the FWHM with Equation (2) at low temperatures (Figure 1),
we obtain inhomogeneous broadenings of 51�3meV (sample
G) and 94� 2meV (sample H) (α¼ 9603.55meV,
β¼ 0.19392meV K�1 for sample G, and α¼ 397.45meV,
β¼ 0.06646meV K�1 for sample H). We emphasize that these
values characterize only the low-temperature state. In general,
inhomogeneous broadening depends on the distribution of ther-
malized charges and therefore on temperature.

To evaluate the exciton localization depth, we assume the
localization centers have a Gaussian distribution.[43,44] The PL
intensity under weak excitation is then given by[44]

IPLðEÞ ∝
Z þ∞

�∞
ð2πσ2Þ�1

2e�
E

kBT
�E1

2

2σ2 g0ðE � E1ÞdE1 (3)

where σ is the localization depth parameter, and g0(E) is the den-
sity of states for an ideal QW. Since Γih� 2.35σ, we can estimate
the localization depth from the inhomogeneous broadening.

The average localization depth for the undoped sample G is
estimated to be 21� 1meV. This depth is smaller than previ-
ously reported values for m-plane InGaN/(Al)GaN QWs. For
example, Liuolia et al. reported an average localization depth
of 46meV for a nonpolar m-plane 2.5 nm InGaN QW.[44] C-plane
QWs were found to have even larger average localization depths,
as large as 80meV.[45] The small localization depth of our
undoped heterostructures is a direct consequence of our PL lines
being narrower than previously reported in the literature for the
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Figure 1. Temperature dependence of PL FWHM for: a) undoped sample
G,[19] and b) doped sample H. The data in panel (a) was reproduced from
Ref. [19] with permission of AIP Publishing. Red lines are fits based on the
temperature dependence of total broadening (Equation (2)).
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m-plane InGaN/GaN QWs,[8,22,46,47] and is likely due to very
different growth conditions employed by PAMBE as compared
to previous reports that employed MOCVD.

The doped sample H has a much larger inhomogeneous
broadening (94� 2meV), which corresponds to an average local-
ization depth of approximately 40� 1meV. Deposition of silicon
in the barriers directly enhances the potential fluctuations expe-
rienced by excitons by affecting the alloy uniformity in the QWs
and barriers, and increasing interface roughness. Impurity
scattering may also contribute to the additional inhomogeneous
broadening in the doped samples.

TRPL measurements in the temperature range 2–100 K
identified two decay time scales for sample G.[19] The inset of
Figure 2 shows the TRPL for samples G and H at 100 K. At
2 K, the fast decay time τ1 is 0.330�0.002 ns, while the slow decay
time τ2 is 2.18�0.06 ns, approximately 7 times longer than the
initial fast decay time. The origin of these two time decays is
not completely understood at this point, but we attribute them
to two different types of localization centers (referred to as A
and B henceforth). We note that dual localization centers have
been previously reported in m-plane InGaN/GaN QWs.[44] In
contrast, sample H shows only one decay constant, which indi-
cates a single type of localization center (referred to as C). At 2 K,
this decay time, τ, of 0.283�0.002 ns, is slightly lower than τ1. All
three decay times are much shorter than those in polar c-plane
structures, in agreement with the expectation that recombination
is much faster in nonpolar m-plane structures.[21,48,49] As
temperature increases, bound excitons start to dissociate at
�100 K. The generated free excitons contribute to the increase
of FWHM.[22] In sample G, excitons will redistribute between
the two types of localization centers, resulting in a non-
monotonic temperature dependence of FWHM above 100 K
(Figure 1a).

Samples G and H were designed to have the same nominal
layer structure and to differ only in the doping profile. The addi-
tional doping of sample H is not expected to significantly perturb
the electronic band structure, and therefore, the calculated PL
peak energies are very close to each other (�3.3 eV). The agree-
ment between the measured PL energies of the two samples

confirms that they have the intended identical layer structures.
Moreover, the decay times, τ1 and τ, of localization centers, A
and C are quantitatively similar, and have analogous tempera-
ture[19] and magnetic field dependence curves (see the following
discussion). In contrast, the decay time τ2 of localization center B
is much longer. As temperature increases, all of the three decay
times decrease, but the changes of τ1 and τ are less dramatic than
that of τ2. Over the measured temperature range (2–100 K), both
τ1 and τ decrease about 22%, while τ2 decreases about 38%.[19]

Therefore, we believe the sub-nanosecond decay processes A and
C are due to the same type of localization centers that likely
originate from indium-rich regions in the QWs.

The nanosecond decay time τ2 clearly has a different origin
than the sub-nanosecond decay times τ1 and τ. In m-plane
InGaN/GaN QWs, long decay times in the range of several to
tens of nanoseconds have also been reported,[23,50,51] and have
been attributed to localized states or to nonradiative recombina-
tion of extended states.[23] Since theoretical modeling[27] has
shown that an electron charge density may spread in-plane over
a region with a diameter as large as 5 nm, center B is possibly due
to alloy fluctuations in the AlGaN barriers that localize the elec-
tron and hole distributions at different in-plane sites. As the
temperature increases, τ2 decreases faster than the other two
decay times due to nonradiative recombination in the barriers.[19]

The total PL decay time τPL is related to the radiative recom-
bination lifetime τr and nonradiative recombination lifetime τnr
by the relation

1
τPL

¼ 1
τr
þ 1
τnr

(4)

The peak intensity of TRPL transients is approximately
proportional to the radiative recombination rate.[21,52,53] At a tem-
perature lower than 5 K, major nonradiative recombination
centers, such as the Shockley–Read–Hall (SRH) recombination
centers are not significantly activated.[48] Therefore, the decay
times we obtained at 2 K are dominated by radiative recombina-
tion. As temperature increases, the maximum transient PL inten-
sity decreases as shown in Figure 2. This decrease may be due to
an increase in radiative recombination lifetime. However, since
the total PL decay time also decreases with temperature, it is
more likely that the nonradiative recombination lifetime
decreases, indicating that localized excitons are thermally
activated to extended states and then get captured by nonradiative
recombination centers.

We fit the temperature dependence of τ1 with the model
proposed by Shahmohammadi et al.[54,55] assuming the radiative
decay of localized excitons is temperature activated with an acti-
vation energy Eloc¼ 21meV, estimated from our continuous PL
measurements, and a time constant, τloc, equal to the measured
value at 2 K (0.33 ns). The free exciton lifetime is assumed to
increase linearly with temperature.[54] The nonradiative decay
is also modeled as a temperature-activated process with an
activation energy of EA¼ 200meV, and high-temperature
time constant τnr,0¼ 100 ps.[54] The experimental data is repro-
duced by a localization center density, ND, of approximately
6� 1012 cm�2, in agreement with previous reports.[54]

In sample H, the doping electrons occupy all localized and
some extended electronic states and allow recombination of all
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Figure 2. Temperature dependence of transient PL peak intensity for the
undoped sample G and the doped sample H. The lines are guides to the
eye. The inset shows the TRPL for the two samples at 100 K.
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holes via the fast decay path. Therefore, sample H does not
exhibit the second decay path, characterized as τ2 in sample
G. Also, the transient PL peak intensity of sample H decreases
slower with increasing temperature than the transient peak of
sample G (Figure 2) because thermally activated electrons that
may be trapped by nonradiative recombination centers in the
barriers have a smaller contribution to transient PL intensity.

TRPL in the magnetic field was performed to evaluate the
degree of exciton localization at 2 K (Figure 3). The addition
of a magnetic field enhances the localization of excitons.[56]

With an increasing magnetic field, we observed an increase of
transient PL peak intensity for sample G (inset of Figure 3a).
We attribute this increase of radiative recombination rate
(and associated radiative decay lifetime decrease) to an increased
overlap of the electron and hole wavefunctions. Sample H exhib-
its the opposite trend. The transient PL peak intensity decreases
with increasing magnetic field (inset of Figure 3b). The increased
localization in sample H probably enhances nonradiative
recombination associated with the additional doping. This
enhanced nonradiative recombination may be due to additional
structural defects and/or to Auger recombination. The magnetic field dependence of the decay times for samples

G and H is shown in Figure 4. The inset of Figure 4 shows an
example of the fitting of the TRPL with exponential decays at 2 K
and zero magnetic field. As the magnetic field increases from 0 to
10 T, τ1 and τ decrease only slightly (2%), while τ2 decreases
significantly (26%). We conclude that the localization of excitons
in centers A and C is not appreciably affected by the magnetic
field. For localization center B, however, not only all excitons
are in the ground state, but also occupy the extended state.
Therefore, the increased magnetic field enhances the localization
effect, and τ2 decreases as a result of a decrease in the radiative
recombination lifetime.

4. Conclusion

Temperature-dependent continuous-excitation and TRPL
measurements were performed on nearly strain-balanced
m-plane InxGa1�xN/AlyGa1�yN (x¼ 0.09, y¼ 0.19) multi-QWs
grown by PAMBE. Dual localization centers were identified in
undoped structures, while only a single type of localization center
was found in doped structures. The localization centers charac-
terized by sub-nanosecond time constants are likely due to
indium fluctuations in the QWs, while those characterized by
a nanosecond decay time are likely due to alloy inhomogeneity
in the barriers. We attribute the absence of the second decay
pathway in doped samples to the effect of the doping sheets.
The average localization depth of 21meV was extracted from con-
tinuous-excitation PL measurements in undoped samples. This
depth is much smaller than that reported in polar structures or in
previously reported m-plane InGaN/GaN QWs grown by
MOCVD. Temperature-dependent TRPL allowed us to estimate
the density of localization centers in undoped samples as
6� 1012 cm�2. Furthermore, TRPL indicates that at the lowest
temperatures, carrier localization in the QWs is insensitive to
the magnetic field. In contrast, the decay time of excitons
localized by barrier fluctuations decreases with an increasing
magnetic field.
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