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A B S T R A C T   

Nonpolar InGaN/GaN quantum wells (QWs) have gained significance for efficient light emitting since it elimi
nates polarization-related effects and allows for higher radiative capability. Although much progress has been 
made in analyzing carrier localization effects at cryogenic temperatures, carrier dynamics at above room tem
peratures are still not well understood. In this work, we have observed and explored anomalous carrier dynamics 
of two nonpolar m-plane InGaN/GaN QWs at high temperatures by combining scanning transmission electron 
microscopy (STEM) and photophysical characterization. Both experimental and theoretical results suggest that 
carrier lifetime in both samples increases with temperature in a certain range of temperature. However, the 
reduced integrity and uniformity of QWs make carriers more prone to the nonradiative Shockley-Reed-Hall 
recombination as temperature rises. Moreover, both acoustic and optical phonon scatterings dominate from 
300 to 600 K through the analysis on the evolution of photoluminescence spectra. Overall, these detailed studies 
provide insights into approaches to evaluate carrier dynamics at elevated temperatures and improve emitting 
performance to further push the practical efficiency limit.   

1. Introduction 

Recent advances in III-nitrides are poised to radically alter the design 
and implementation of optoelectronics [1–8] and electronics [9–12]. In 
recent years, there has been tremendous progress in realizing nonpolar 
III-nitrides light-emitting-diodes (LEDs) [13,14] and laser diodes (LDs) 
[15,16]. In addition, novel devices and applications based on nonpolar 
III-nitrides are now emerging. Nonpolar InGaN solar cells exhibit 
improved carrier collection efficiency compared to c-plane counterparts 
[17] and deliver increased carrier lifetime and enhanced performance at 
elevated temperatures [18]. Another notable recent example is the 
vertical m-plane GaN p-n diodes that potentially leads to advanced 
vertical selective-area-doped power devices [19,20]. 

This ongoing interest in nonpolar III-nitrides structures has been 
driven by their favorable properties, such as elimination of detrimental 
polarization-related effects, enhanced radiative recombination and high 

degree of polarized luminescence [21,22]. Conventional polar c-plane 
III-nitride quantum wells (QWs) based emitters are currently con
strained by the strong polarization-induced electric fields, inducing the 
tilted energy band profile and compromised radiative efficiency. To 
address this challenge, nonpolar crystal orientation of III-nitrides has 
been intensively researched for light-emitting applications. Several 
studies proposed that thick QWs and large active region in nonpolar 
structures can be employed to further exploit the advantage of high 
overlap of electron and hole wavefunction in nonpolar QWs [2,23,24]. 
Others pointed out that excitonic recombination is dominant in 
nonpolar InGaN QW at room temperature while radiative lifetime in 
polar QW depends on the injected carrier density [23,25,26]. Theoret
ical studies also revealed that in nonpolar InGaN QWs, localization of 
holes originates from indium alloy fluctuation while electrons are tightly 
bound to holes via coulomb interaction [27,28]. Furthermore, strong 
localization effects in hole wavefunction, rather than the electron 
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wavefunction, explicitly accounts for the inhomogeneous broadening of 
emission energy of QWs. This difference is attributed to the small 
localization length of holes compared to electrons [28,29]. 

Despite the rapid progress in the field, there are significant chal
lenges that remain before the realization of full potential of nonpolar III- 
nitrides. Therefore, it’s imperative to investigate carrier dynamics inside 
nonpolar QWs at both cryogenic and elevated temperatures. Numerous 
studies of carrier localization effect at cryogenic temperatures have been 
reported [25,26,28,30–32], but very few reports exist on the analysis of 
carrier dynamics above room temperatures. In this study, we have 
experimentally and theoretically investigated the carrier localization 
and its impact on carrier dynamics on nonpolar m-plane InGaN/GaN 
QWs at elevated temperatures. Photophysical characterizations com
bined with high-resolution scanning transmission electron microscopy 
(STEM) and theoretical modeling suggest that the lack of integrity and 
uniformity in QWs significantly impact carrier confinement and locali
zation, thus making carriers more prone to nonradiative recombination. 
In addition, analysis on exciton-phonon scattering mechanisms reveals 
that both acoustic and optical phonon scatterings dominate in the 
temperature range of 300–600 K. These detailed results and analysis 
provide substantial understanding toward improving the optoelectronic 
performance of III-nitrides. 

2. Results and discussion 

Two InGaN/GaN MQW on nonpolar m-plane substrates were grown 
by conventional metal-organic chemical vapor deposition (MOCVD). 
The main difference between 2 samples lies in the well thickness, one 
with a nominal 6-nm InGaN QW and the other one with a 3-nm QW. A 
more detailed description for these two samples can be found in the 4. 
Method section. Fig. 1 present the cross-sectional high-angle annular 
dark-field (HAADF) images of two nonpolar m-plane InGaN/GaN MQW 
samples taken along [1120] zone axis, which are denoted as m6 and m3, 
respectively. The sharper and better-defined interfaces of QWs of sample 
m6 can be observed in Fig. 1(a) and (b) compared to those of m3 in Fig. 1 

(c) and (d). The QW interfaces are also spatially resolved for m6 in the 
intensity profile mapping in the Supplementary Fig. S1(c) due to the Z- 
contrast nature of STEM-HAADF images. On the contrary in Fig. S1 (f) 
and (g), long Indium distribution tail in GaN barrier layers (upper in
terfaces) can be observed, which resembles the graded InGaN/GaN 
QWs. From Figs. S1(a) and (e), the average thicknesses of one period of 
InGaN QW and GaN barrier are approximately 18 nm for m6 and 15 nm 
for m3, respectively. We can therefore conclude that structural unifor
mity is better preserved in sample m6 rather than m3. Consequently, the 
potential fluctuation in m6 are most likely to be induced from QW 
thickness fluctuation as evidenced in Figs. S1(a–d), while the indium 
compositional fluctuation mainly accounts for potential fluctuation in 
m3, assuming similar random alloy disorder and strain in both samples. 
In addition, it’s also worth noting that the interface of InGaN/GaN layers 
[upper interfaces, see Fig. 1(b) and (d)] is generally sharper than that of 
GaN/InGaN layers [lower interfaces, see Fig. 1(a) and (c)]. This phe
nomenon has also been observed in previous reports on InGaN/GaN 
QWs [28,33,34], and is typically known as compositional pulling effect 
[35]. The details of the epitaxial growth and fabrication processes for 
two nonpolar m-plane InGaN/GaN MQW structures can be found in 4. 
Method section. 

The excitation power-dependent PL and TRPL measurements have 
been widely adopted to investigate the underlying recombination pro
cess and the corresponding carrier dynamics in III-nitride emitters [25, 
36,37]. Fig. 2 illustrate the (a) integrated PL intensity and (b) effective 
carrier lifetime extracted from TRPL at room temperature as a function 
of excitation laser power for sample m6 (blue) and m3 (purple), 
respectively. The decay curves of power-dependent time-resolved pho
toluminescence (TRPL) are shown in Fig. S3. Generally, the integrated 
PL intensity (I) is proportional to the excitation power (P), i.e., optically 
injected carrier density, and can be given by I ∝ Pn, where n is an indi
cator of radiative or nonradiative recombination mechanism. In Fig. 2 
(a), the values of n for both m6 and m3 are approaching 1.18 which is 
larger than 1, suggesting the co-existing radiative and Shock
ley–Read–Hall recombination in both samples in the range of excitation 
power employed in our study. Nonetheless, 2 samples exhibit distinct 
carrier dynamics under laser excitation, even though they share similar 
effective lifetime at weak excitation. In Fig. 2 (b), the effective lifetime 
in m6 keeps reducing until excitation power around 10 μW and remains 
almost constant afterwards. This tendency of unchanged carrier lifetime 
has been reported previously on both nonpolar m-plane [33] and polar 
c-plane [36] InGaN/GaN QWs. We attribute this decreasing lifetime of 
m6 to band filling effect of localized centers and higher energy levels 
rather than the Coulomb screening of the internal electric field in QWs, 
due to the elimination of internal intrinsic electric filed in m-plane QWs. 
Regarding the saturation of the effective lifetime after ~10 μW, it can be 
ascribed to the fully occupied higher energy levels and a wholly exci
tonic recombination mechanism, which has been previously reported 
[23]. In comparison, the effective lifetime in m3 tends to increase up to 
excitation power around 10 μW and then the rising rate slows down. 
This can be accounted by the gradual quenching of nonradiative 
recombination centers with more optically injected carriers. Overall, 2 
samples exhibit drastically different behavior of carrier lifetime even 
though sharing similar lifetime under low excitation condition. 

To gain more insights into the impact of structural uniformity and 
carrier localization on carrier dynamics, we have carried out 
temperature-dependent time-resolved photoluminescence (TRPL) mea
surements. They are measured at 3 different excitation powers of 1 μW, 
5 μW and 50 μW, which correspond to an estimated excited carrier 
density of 3 � 1012cm� 3, 1 � 1013cm� 3 and 1 � 1014cm� 3, respectively. 
The PL effective lifetime τeff under each temperature and excitation 
power was extracted from each PL decay curve with the fast decay in a 
biexponential decay function, which is also shown in Fig. S4. The 
temperature-dependent time-resolved TRPL measurements of sample 
m6 and m3 in range of 20–400 �C and at three different excitation power 
(1, 5 and 50 μW) are shown in the Supplementary Fig. S3. In Fig. 3 (a), 

Fig. 1. STEM-HAADF images of interfaces of InGaN/GaN QWs in the atomic- 
scale for (a–b) sample m6 and (c–d) m3, respectively. (a) and (c) explicitly 
display the upper GaN/InGaN interfaces while (b) and (d) for lower InGaN/GaN 
interfaces. Both upper and lower interfaces of InGaN/GaN QWs of m6 are much 
sharper than those of m3. 
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τeff in sample m3 tends to increase and then reduce after 150 �C(~420K). 
In contrast, τeff in sample m6 in Fig. 3 (b) remains almost constant till 
200 �C (~470K) and then rises. 

The temperature-dependent τeff of each sample was simulated with a 
theoretical lifetime model that accounts for carrier localization effect 
[33,38]. This model assumes that the densities of both free and localized 
excitons keep in steady state. Thus, the effective decay lifetime (τeff) of 
excitons in the QW is given by 

1
τeff
¼

�
nloc

τloc
þ

nfree

τfree

��
�
nlocþ nfree

�
; (1)  

where nloc and nfree are localized and free exciton densities, respectively 
while τfree and τloc represent characteristic decay time for localized and 
free excitons. The ratio between nloc and nfree is then give via Saha’s law 
[38] by 

Fig. 2. (a) Integrated PL intensity and (b) effective carrier lifetime extracted from TRPL measured at room temperature as a function of excitation laser power for m6 
(blue) and m3 (purple), respectively. 

Fig. 3. Comparison of carrier dynamics of two m-plane InGaN/GaN QW samples. Measured QW effective lifetime (circles) for (a) m6 and (c) m3 at three different 
excitation powers. Solid lines represent the simulated effective lifetime and the grey dash lines indicate theoretical simulated nonradiative lifetime (τnr) at 1 μW of 
laser power. Fig. 3(b) and (d) show the ratio of density of free exciton versus localized exciton (nfree/nloc) deduced from the model for (b) m6 and (d) m3, respectively. 
In all figures three different excitation powers are plotted with 3 individual colors: grey for 1 μW, blue for 5 μW and red for 50 μW. 
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nfree

nloc
¼

2MXkBT
πℏ2ND

⋅e� Eloc=kBT ; (2)  

where MX is the exciton mass, Eloc is the localization energy, and ND is 
the localization center density in QWs. The τloc is considered as 
temperature-independent due to the fact that it only depends on the 
coherence volume of localized excitons [39]. In addition, the effective 
decay lifetime of free exciton (τfree) constitutes of both radiative (τr) and 
nonradiative lifetimes (τnr): 

1
τfree
¼

1
τr
þ

1
τnr
; (3) 

The radiative lifetime of free exciton (τr) increases linearly with 
temperature [40] and is given by 

τr ¼
6MXkBT

ℏ2k2
k

τ0; (4)  

where τ0 represents radiative lifetime of free excitons at kk ¼ 0, kk is the 
in-plane wave vector of free excitons within the light cone. The value of 
τ0 was taken as 10 ps in the simulation [33]. On the other hand, a 
nonradiative recombination process with a characteristic activation 
energy EA is also taken into account: 

τnr ¼ τnr0⋅e� EA=kBT (5)  

where τnr0 is the indication of interaction between excitons and non
radiative recombination centers. Therefore, there are five main param
eters for fitting: τloc, Eloc, ND, τnr0 and EA. During the fitting procedure, 
τloc has been set to match the lifetime around room temperature (~300 
K). Eloc and ND have been optimized to fit the increasing range of 
effective lifetime. τnr0 and EA have been tuned to account for the 
reduction of the effective lifetime (>650 K for m6 and >400 K for m3). 

The solid lines in Fig. 3(a) and (c) exhibit the fitting results for 2 
samples under 3 excitation power. All fitting parameters are tabulated in 
Table 1. The grey dashed lines in Fig. 3(a) and (c) represent the non
radiative recombination lifetime at the excitation power of 1 μW, which 
are plotted for better illustrative purpose. The localization center density 
ND is around 2 � 1010cm� 2 for m6 while approximately 1 � 108cm� 2 for 
m3. This parameter obtained from previous reports under cryogenic 
temperatures is in the range of 1010 and 1011 cm� 2 cm in AlGaAs/GaAs 
QW where exciton localization is induced from monolayer variation of 
well width [41]. Moreover, it’s approximately 1 � 1012cm� 2 in m-plane 
InGaN/GaN MQW [33], which is within the scale of Indium fluctuation 
observed from atom probe tomography study [42]. In comparison, 
localization center density ND obtained in our study is at least 2 orders of 
magnitude lower than the previous reports, which can be treated as deep 
localization centers in MQWs. This significant difference can be 
accounted for by the measurement temperature range, thus providing 
substantial insights into approaches to evaluate emission properties of 
III-nitride MQW above ambient temperatures in addition to cryogenic 
studies. 

Furthermore, we can also obtain the Eloc of ~0.34eV for m6 and 
~0.30 eV for m3. It’s worth noting that they are roughly close to the 
value of conduction band offsets in each sample, as shown in Fig. S2. We 
therefore posit that under high temperatures, the major transport 
mechanism for electron is delocalization via thermal escape from QWs 
to barriers and then recombine nonradiatively. This is possibly related to 
the large localization radius of electrons compared to holes [29]. 

Moreover, the ratio of free and localized carrier densities can be also 
estimated from this model and plotted in Fig. 3(b) and (d). For m6, nloc 
and nfree become equal in the range of 550–600K, which corresponds to 
the temperature where FWHM of PL peaks increases significantly as 
shown in Fig. 6. In contrast for m3, free excitons become dominant at 
around 300K, especially under high excitation conditions. By taking into 
account of the STEM studies in Fig. 1 and results of excitation-dependent 
carrier lifetime as shown in Fig. 2(b), we can then propose that the 
fundamental difference in carrier dynamics of both samples lies in 
disparate potential confinement of carriers. For m3, the significant In
dium fluctuation across barrier layers contributes to obscure interface 
between QWs and barriers, diminishing carrier confinement in QWs. 
This effect further populates carriers more spatially in both QW and 
barrier regions and more energetically into higher energy levels, which 
in turn make carriers susceptible to nonradiative centers. Therefore, this 
accounts for larger nfree/nloc ratio and the decreasing lifetime after 400K 
observed in m3. In comparison, m6 acquires explicit and uniform QW/ 
barrier interface and hence better carrier confinement. Therefore car
riers stay at localization centers and are able to maintain strong radiative 
capability, especially considering exciton radius is much smaller than 
the QW width [43]. 

Fig. 4(a) and (b) present the streak camera spectroscopy images for 
two m-plane samples recorded at RT under identical high excitation 
power. We observe a much broader emission spectrum of MQW of m6 in 
Fig. 4(a) compared to that of m3 in Fig. 4(b) at early delays. Then the 
emission spectra of MQW progressively diminish with increasing time 
delays in the vicinity of 2.85 eV for m6 and 2.90 eV for m3. 

To further elucidate the evolution of carrier dynamics of both sam
ples, Fig. 4(c) and (d) show the time-resolved spectra extracted from 
streak images at 4 different time delays. A time interval of 100 ps is 
chosen for m6 and 300 ps for m3. The broad and asymmetric emission 
from MQW at early delays of both samples can be attributed to the phase 
space filling effect. In addition, a progressive carrier cooling process of 
exciton is evidenced by the gradual declining slope of the high-energy 
tail. Moreover, the slight redshift of the peak energy of m6 is observed 
in Fig. 4(c) while it remains almost constant for m3. This suggests that 
only partial localization centers have been saturated under such exci
tation, which is also consistent with higher localization carrier density 
estimated from Fig. 3 and the larger FWHM value of m6 at RT in Fig. 5. 
It’s also worth noting that there exists a carrier redistribution process in 
the range of 2.70–2.90 eV for m6 [see Fig. 4(a) and (c)], which is not 
observed in m3. For m6 in the early decay, emission from lower energy 
centers first rises rapidly (from t0 to t0þ100ps) and then reduces which 
resembles the evolution of the emission from the extended states. This 
result serves as a strong indicator of carrier localization effect in m6 and 
also reinforces our previous arguments for the temperature-dependent 
carrier dynamics in Fig. 3(a–b). This carrier redistribution has also 
been observed in other nonpolar InGaN QW [30].On the other hand for 
m3, no sign of carrier redistribution indicates that photoexcited carriers 
populate into higher energy states and tend to follow a global Fermi 
distribution and carrier localization is smaller than in m6. 

Fig. 5 shows the temperature-dependent PL emission spectra of the 
sample (a-c) m6 and (d-f) m3 in a range of 20–400 �C and under three 
different excitation power (1, 5 and 50 μW). The common feature of both 
samples is the redshifting of peak energy with rising temperature which 
is attributed to thermal narrowing of bandgap energy. We can also 
observe strong emission from lower energy centers which is comparable 
to that from the band-to-band recombination from the extended states. 
This can possibly be attributed to the localization centers induced from 

Table 1 
Parameters determined from fitting lifetime model for m6 and m3 at 3 excitation 
powers.   

τnr0 (ns) EA (meV) ND( � 108cm� 2) Eloc (meV) τloc (ns) 

m6 � 1 μW  0.351 62.0 2.73 � 102 352 0.525a 

m6 � 5 μW  0.218 75.6 2.80 � 102 342 0.316a 

m6 �
50 μW  

0.126 77.5 5.04 � 102 341 0.296a 

m3 � 1 μW  0.293 48.2 7.90 300a 0.55a 

m3 � 5 μW  0.439 23.6 1.10 300a 0.55a 

m3 �
50 μW  

0.433 24.2 1.13 300a 0.55a  

a The numbers with asterisks (*) mean that they are fixed in the fitting. 
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thickness fluctuation of QW which is also evidenced in Fig. 1 and S1. 
Previous reports also discovered that this broad emission is related to the 
surface morphology with pyramidal hillocks in on-axis m-plane QW [24, 
44]. In addition, the shaded grey areas in each subplot represent the 
evolution of FWHM values. For m6, it first reduces gradually with 
temperature up to 150 �C and then starts to increase. In contrast, the 
FWHM of m3 tends to rise from 50 �C. It’s worth noting that the nar
rowing FWHM of PL indicates the exciton/carrier delocalization with 
enhanced thermal energy. This also corresponds to the carrier redistri
bution dynamic observed in m6 in Fig. 4(c). 

To further investigate the underlying physical mechanisms in the 
temperature-dependent PL emission, we have also extracted both the 
peak energy and PL FWHM values and fitted them with related models. 
Fig. 6 present the temperature dependence of PL peak energy for two 
samples at three different excitation powers which are shown as hol
lowed circles. The fitted data from the model are displayed with lines. To 
further elucidate the degree of exciton/carrier localization, we have 
applied a modified Varshni empirical model [45–47] to fit the data: 

EgðTÞ¼Egð0Þ �
αT2

βþ T
�

σ2

kBT
(6)  

where Eg(0) the bandgap energy of InGaN at 0K, T is temperature in 
Kelvin, kB is the Boltzmann constant, α and β are the Varshni fitting 
parameters and σ is a parameter indicative of the degree of exciton 
localization. A unified Debye temperature β ¼ 630 K is used in the fitting 

procedure. All σ parameters are also summarized in Fig. 6. We can 
observe that the degree of exciton localization (σ) in m6 is almost twice 
as large as the ones in m3, which is in good agreement with the exper
imental results from Figs. 3–5. The difference in σ suggests that the 
exciton localization existed in both samples arise from different physical 
origins, which is also evidenced in STEM analysis in Fig. 1. In addition 
compared with the fitted σ values from previous reports, σ values of m3 
are comparable to those from green polar InGaN MQW of ~30 meV 
[48], while m6 obtains a much higher σ, which also are close to those 
reported in green semipolar InGaN MQW [46]. 

To further elucidate exciton-phonon scattering mechanisms at 
elevated temperatures, we have extracted the full width at half 
maximum (FWHM) of temperature-dependent PL spectra of both sam
ples and plotted them in Fig. 7(a–c). For m6, FWHM first reduces with 
temperature up to 150 �C (~420K), which can be attributed to a more 
homogeneous redistribution of carriers with enhanced thermal energy 
from surrounding potential minima. Afterwards FWHM tends to rise and 
the increase is related to both phonon- and impurity-induced broad
ening mechanisms. In comparison, m3 exhibits similar rising tendency 
with temperature above 100 �C except the slight decrease near the room 
temperature. 

Considering that the PL spectrum is convoluted with the emission 
from both radiative band-to-band recombination and localization sites, 
we have applied multiple Gaussian functions to fit each spectrum and 
obtained FWHM from the main peak (extended states) with the strongest 

Fig. 4. Streak camera spectroscopy images of sample (a) m6 and (b) m3 recorded at room temperature. The resonant laser excitation of 400 nm was used. Transient 
PL spectra after laser excitation of the sample (c) m6 and (d) m3, with an interval of 0.1 ns and 0.3 ns for each curve, are displayed for m6 and m3, respectively. 
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PL emission. The results are shown in Fig. 7(d–f) for m6 and Fig. 7(g–i) 
for m3, respectively. All extracted FWHM values have been fitted with 
Segall’s equation (see Table 2). The overall broadening of FWHM with 
temperature can be described as the sum of three types of phonon- 
induced linewidth broadening mechanisms [49,50] as well as the scat
tering from ionized impurities [51–53]: 

ΓðTÞ¼Γih þ Γac þ ΓLO þ Γimpurity  

ΓðTÞ¼Γihþ γacT þ
γLO

expðELO=kBTÞ � 1
þ γim exp

�
� Eimp

kBT

�

; (7) 

Fig. 5. Temperature-dependent PL emission spectra of the sample (a–c) m6 and (d–f) m3 in range of 20–400 �C and under three different excitation power (1, 5 and 
50 μW). All data are not normalized. The shaded area indicates the evolution of FWHM of both samples. 

Fig. 6. PL emission peak energy as a function of temperature for sample (a) m6 and (b) m3 at three different excitation powers (1 μW for grey, 5 μW for blue and 50 
μW for red). 
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where Γih is the temperature-independent inhomogeneous broadening 
constant which stems from scattering due to exciton–exciton in
teractions, crystal disorder and imperfections [49]. In the second and 
third terms (Γac and ΓLO), γac and γLO are the acoustic and longitudinal 
optical (LO) phonon coupling constants, respectively [50]. ELO repre
sents the characteristic energy of LO phonon which is set as 91 meV in 
the fitting procedure. The last term (Γimpurity) accounts for the scattering 
from ionized impurities with an average activation energy Eimp. Gener
ally, two major homogeneous broadening mechanisms (Γac and ΓLO) are 
scattering of deformation potential [54]. The interaction between 
exciton and acoustic phonon involves only intraband scattering of ex
citons [50] and is linearly dependent on temperature. In contrast, the 
interaction between exciton and LO phonon is typically described as 
Fr€ohlich interaction, which originates from Coulomb interaction be
tween electrons and electric field induced by the out-of-phase dis
placements of oppositely charged atoms due to LO phonon. For polar 
semiconductors such as GaN, LO phonon dominates the scattering 

Fig. 7. Temperature dependence of PL FWHM of 2 samples. FWHM of the steady-state PL spectra as a function of temperature for (a–c) m6 (in blue) and m3 (purple). 
In Fig. 7(d–i), the hollow circles are the FWHM values of the main peaks in sample m6 and m3 by fitting with multiple Gaussian peaks. Grey, blue and red circles 
correspond to 1 μW, 5 μW and 50 μW. The solid lines in Fig. 7(d–i) are fitted using Segall’s expression of ΓðTÞ ¼ Γih þ ΓLO þ Γac þ Γimpurity, which account for 
contributions from inhomogeneous broadening, Fr€ohlich coupling with LO and AC phonons and impurities. The broadening of PL linewidth with temperature arises 
from inhomogeneous broadening (Γih, horizontal green dash-dot line), Fr€ohlich coupling between charge carriers and LO phonons (ΓLO, red dash line) and acoustic 
phonons (Γac, orange dash line), and scattering from ionized impurities (Γimpurity, brown dotted line). 

Table 2 
Parameters determined from fitting for the PL emission from the extended states 
for m6 and m3.   

Γ0 

ðmeVÞ
γac ðμeV=
kÞ

γLO 
ðmeVÞ

ELO 

ðmeVÞ
γim 
ðeVÞ

Eimp 

ðeVÞ

m6 �
1 μW  

109.2 11.4 95.0 91.3a 44.4 0.400 

m6 �
5 μW  

114.1 10.0 55.9 91.3a – – 

m6 �
50 μW  

108.5 10.0 143.2 91.3a – – 

m3 �
1 μW  

90.6 24.4 90.0 91.3a 10000 0.739 

m3 �
5 μW  

98.9 10.0 55.0 91.3a 599.5 0.548 

m3 �
50 μW  

75.0 15.0 139.8 91.3a 10000 0.888  

a The numbers with asterisks (*) mean that they are fixed in the fitting. 
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mechanism [45,49]. 
For m6, the contribution of impurity broadening (Γimpurity) can only 

be observed under 1 μW excitation. Acoustic phonon broadening (Γac) 
dominates under 5 μW while LO phonon broadening is the main 
broadening mechanism under 50 μW. From Fig. 7(g) to 7(i), the 
broadening of FWHM of m3 is dominated mostly by both acoustic and 
LO phonon scattering prior to 600K. Under low excitation conditions 
including 1 μW and 5 μW, the crossover temperature where these two 
homogeneous broadening mechanisms contribute equally is approxi
mately 400K. After 600K, impurity scattering (Γimpurity) becomes domi
nant. Previous paper suggested that this activation energy could also 
provide an estimated localization depth of excited carriers dephasing 
into surrounding InGaN materials [52,55]. However, an even wider 
temperature range of measurements and further investigation are 
necessary to reach a conclusive argument on this topic. 

3. Conclusions 

In conclusion, experimental investigations on two m-plane InGaN/ 
GaN QWs demonstrate that in relatively thin QW structure, the obscure 
interfaces between QW and barriers and the lack of structural uniformity 
induced from Indium compositional fluctuation tend to delocalize car
riers and make them more prone to the nonradiative Shockley-Reed-Hall 
recombination. Nonetheless in the case of thick QW design, carrier 
localization is more likely to originate from thickness fluctuation of QW 
and/or barrier which enables InGaN QWs maintain strong radiative 
capability even at elevated temperatures. It’s therefore vital for device 
designers to carefully manage QW integrity and uniformity in pursuit of 
a thicker m-plane InGaN active region. From the analysis of 
temperature-dependent carrier lifetime, the major carrier delocalization 
mechanism at elevated temperatures is possibly thermal escape of 
electron from QW. In addition, detailed analysis on exciton-phonon 
scattering mechanisms reveals that both acoustic and optical phonon 
scatterings play the dominant roles in the range of 300–600 K and af
terwards impurity scattering is the main mechanism responsible for 
FWHM broadening. These results offer new insights and strategies for 
further development of InGaN-based optoelectronics toward the theo
retical limit of their efficiency. 

4. Methods 

4.1. Growth and structure parameters of nonpolar InGaN/GaN MQWs 

Two InGaN/GaN MQW on nonpolar m-plane substrates were grown 
by conventional metal-organic chemical vapor deposition (MOCVD). 
The freestanding nominally on-axis bulk m-plane GaN substrates with 
low defect density (~106cm� 2) were provided from commercial ven
dors. The growth condition was designed to achieve the indium incor
poration around 12–14% in samples. The designed device consists of 1 
μm Si-doped n-GaN ([Si]¼5 � 1018 cm� 3), 10 nm highly Si-doped nþ- 
GaN ([Si]¼1 � 1019 cm� 3), 20 periods of InGaN (nominal 3 or 6 nm)/ 
GaN (10 nm) MQWs, 30 nm Mg-doped smooth pþ-GaN ([Mg]¼1 � 1019 

cm� 3), 120 nm Mg-doped p-GaN ([Mg]¼3 � 1019 cm� 3), and 10 nm 
highly Mg-doped pþ-GaN contact layer ([Mg]¼1 � 1020 cm� 3). 

4.2. FIB and STEM imaging 

The nonpolar InGaN/GaN specimens for STEM imaging were pre
pared with a FEI Nova 200 Dual-Beam FIB system with a Ga ion source. 
A JEOL-ARM200F scanning transmission electron microscopy (STEM) 
operated at 200 KV and equipped with double aberration-correctors for 
both probe-forming and imaging lenses was used to perform high-angle 
annular-dark field (HAADF) imaging. 

4.3. Temperature-dependent photoluminescence and time-resolved 
photoluminescence measurements 

PL and TRPL measurements were done using a home-built system, 
where a picosecond 405nm pulsed laser diode (PDL 800-B) was used as 
excitation source. PL spectrum was collected by a Si array detector 
coupled with Horiba monochromator (TRIAX 320). TRPL was measured 
by a time-correlated single-photon counting system (TCSPC). A Si pho
tomultiplier tube (PMT) detector is attached at the other output port of 
monochromator and its signal is then recorded by TCSPC board (SPC130 
module). 

A Linkam HFS600-PB4 stage capable of heating the samples up to 
600 �C was used to perform the temperature-dependent measurements. 
For both PL and TRPL measurements, the temperature of the stage was 
increased from room temperature to 400 �C in steps of 25–50 �C with a 
ramp rate of 10–20 �C/min. Once the desired temperature was reached, 
the sample was kept at the specified temperature for another 5 min. 

4.4. Streak camera spectroscopy measurement 

The Picosecond–microsecond time-resolved fluorescence Spectrom
eter, Streak Camera System consists of a femtosecond Titanium:Sapphire 
laser system operated at both MHz and KHz repetition rates (Coherent). 
The MHz system is a broadband Ti:S oscillator coupled with a pulse 
selector and a second harmonic generator, covers a wavelength region 
from 700 – 1000 nm and 350–500 nm and a repetition rate from single 
shot (1 Hz) to 76 MHz. The KHz system uses the MHz oscillator as a seed 
laser to pump a regenerative amplifier and an OPA operated between 
100 – 250 KHz. The output wavelength covers from 250 – 750 nm. The 
detecting system consists of a spectrograph, a streak camera with fast 
and a slow time sweep unit. The system is designed to record fluores
cence signal as a function of time and wavelength with a time resolution 
of 5 ps and wavelength region from 320 – 950 nm. 

4.5. Simulation of band diagrams 

The energy band diagrams of InGaN/GaN double heterostructures 
were simulated using Silvaco ATLAS software. They contain 3- or 6-nm 
absorbing layer and 10-nm barrier. The band structure parameters, the 
conduction and valence band offsets of InGaN/GaN DHs were obtained 
from Huang et al. [17], respectively. Silvaco ATLAS is a commercial 
device simulation tool based on the drift-diffusion model. MQW simu
lation is based on a parabolic quantum well model implemented within 
Silvaco ATLAS. The bound state energies are calculated solving the 
Schr€odinger equation along discrete slices in the quantization direction. 
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