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Abstract: The optical properties of nonpolar AlGaN multiple quantum wells (MQWs)
emitting at 280 nm were investigated intensively using temperature-dependent and time-
resolved photoluminescence spectra associated with the characterization of structural prop-
erties. The densities of superficial pits and basal-plane stacking faults (BSFs) were reduced
by 33.8% and 35.9%, respectively, for nonpolar AlGaN MQWs due to the carefully optimized
dual nitridation. It was found that the nonpolar MQWs emission can be significantly improved
by reducing the BSFs density as the BSFs emission was the main competing channels.
Moreover, an internal quantum efficiency of 39% for nonpolar Al0.43Ga0.57N MQWs at
emission wavelength of 279 nm was achieved even the full width at half maximum values of
X-ray rocking curves were 0.565° for c-direction and 0.797° for m-direction. This fact means
that a highly efficient deep ultraviolet light sources can be expected by means of nonpolar
AlGaN due to the elimination of quantum confined Stark effect induced the decrease in
radiative lifetime.

Index Terms: Deep ultraviolet light source, nonpolar AlGaN-based multiple quantum wells,
temperature-dependent and time-resolved photoluminescence, internal quantum efficiency.

1. Introduction
AlGaN-Based ultraviolet and deep-ultraviolet (DUV) light-emitting diodes (LEDs) are the promising
semiconductor ultraviolet light sources due to the possibility of achieving efficient ultraviolet light
emission from AlGaN-based multiple quantum wells (MQWs), the realizability of N- and P-type
semiconductors in DUV spectral region, as well as the steady physical properties and long device
lifetime [1]–[4]. In the DUV emission region, the highest external quantum efficiency was reported
to be 20.3% at 275 nm achieved by using a serious features such as Rh mirror electrode and AlN
template for a flip-chip LED structure [5]. Moreover, a high enhancement in IQE was achieved by
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large misoriented sapphire substrate [6] and defect engineering [7]. These achievements are still
unsatisfactory compared with the GaN-based blue light counterpart [8]. The development of DUV
LEDs was restricted due to the polarization electric field-induced quantum confined Stark effect
(QCSE) [9] and the low hole injection efficiency resulted by low hole concentration of P-type AlGaN
[1]. Another alternative approach may be to utilize nonpolar AlGaN to achieve high-efficiency DUV
LEDs. The extensive study on nonpolar group-III nitrides was started in 2000 and then received
much attention as the IQE can be highly improved for the irreplaceable advantage: short radiative
lifetime and decreased competing nonradiative recombination due to the elimination of QCSE [10].
Moreover, an enhanced hole concentration in nonpolar P-type AlGaN could be expected according
to the reports that the activation energy was more than 30% lower in nonpolar (112̄0) a-plane GaN
than that in polar (0001) c-plane GaN [11], [12]. Thus, a high speed ultraviolet light communication
and large injection current can be expected for a nonpolar AlGaN-based DUV light source. The
heteroepitaxy growth of nonpolar a-plane GaN and AlGaN on (11̄02) r-plane sapphire substrate
has attracted increasing attention since the low cost commercially available sapphire substrate.
However, the crystalline quality of nonpolar AlGaN was much poorer than the polar counterpart
owing to the anisotropy for both the lattice mismatch and growth velocities between the in-plane c-
and m-directions [13]. Furthermore, the densities of superficial pits (SPs) and basal plane stacking
faults (BSFs) in nonpolar AlGaN were usually high and thus resulted in a rough surface morphology.
Hence the research progress on nonpolar AlGaN is inferior to that on the conventional polar AlGaN.
Until now, there is still no reports on the successful fabrication of nonpolar DUV LEDs. On the other
hand, the studies on nonpolar AlN or AlGaN with relatively high Al composition were much less than
that on nonpolar GaN as the epitaxial growth of nonpolar AlN and AlGaN epilayers were much more
difficult in comparison to GaN. The root-mean-square (RMS) value of nonpolar AlGaN films was
generally larger than 10 nm [14], that is too large for further applications, especially to grow MQWs
structure. Recently, Jo et al. reported the achievement of 2 μm-thick nonpolar AlN layer whose RMS
value was only 2.2 nm grown with V/III ratio of 50 at 1500 °C [15]. Meanwhile, by optimizing the
pulsed growth method, a nonpolar Al0.68Ga0.32N layer with a RMS of 2.02 nm was reported by our
group [14]. However, while the Al composition in nonpolar AlGaN estimated using absorption edge
was decreased to 0.54, which is essential for an emission in DUV wavelength, it was found that
the measured RMS value had increased to 5.70 nm. Eventually, by introducing trimethyl-aluminum
duty-ratio growth method and optimizing dual nitridation process, a high quality nonpolar AlGaN
MQWs emitted at 279 nm was successfully grown by our group [16], [17]. Despite the recent
achievement on nonpolar AlN or AlGaN, there was yet not intensively studies on nonpolar AlGaN
MQWs emitting at DUV region.

In this paper, the optical properties of nonpolar a-plane AlGaN MQWs emitting at 280 nm were
studied intensively using the temperature-dependent photoluminescence (PL) (TDPL) and time-
resolved PL (TRPL) spectra associated with the structural characteristics. It was found that the
BSFs emission was the main competing channels for nonpolar AlGaN-based MQWs, and a higher
realizability of efficient deep ultraviolet light sources can be expected by means of nonpolar AlGaN
than polar counterpart.

2. Experimental
In this study, the nonpolar (112̄0)-plane AlGaN MQWs were grown on 2-inch (11̄02)-plane sapphire
substrate with a 40 Torr metal organic chemical vapor deposition system, and the layer structure
was demonstrated in Fig. 1(a). The growth temperature, thickness, and V/III ratio of AlN nucleation
layer, AlN buffer layer, and AlGaN buffer layer were 600, 1100, and 1100 °C, 30, 120, and 350
nm, and 18000, 2000, and 1000, respectively. Moreover, the AlN and AlGaN buffer layers were
grown with a two-way pulsed-flows growth technology [14]. The 5-period of nonpolar AlGaN MQWs
were grown with the identical growth method and parameters as our previously reported and the
thickness of quantum barriers and quantum wells were confirmed to be 10.5 and 3.9 nm both by the
X-ray diffraction (XRD) fitting results and transmission electron microscope (TEM) measurements
[16]. Two samples were grown with the identical growth parameters except for the duration of dual
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Fig. 1. Layer structure (a) and temperature variation chart in the initial growth process (b) for the
nonpolar AlGaN MQWs.

Fig. 2. Surface SEM (a, b) and AFM (c, d) images for samples MA and MB; Cross profile TEM image
(e) in MQWs area for sample MB.

nitridation process. Fig. 1(b) demonstrated the temperature variation chart for the initial growth
process. The dual nitridation process contained the first nitridation for sapphire substrate and the
second nitridation for AlN nucleation layer labeled as Nitr1 and Nitr2, respectively as shown in
Fig. 1(b). For sample MA, the duration for Nitr1 was 120 s and the duration for Nitr2 was 180 s as
the necessary temperature stabilization time. For sample MB, the duration for Nitr1 and Nitr2 was
set to be 330 and 780 s, respectively after the careful optimizing [17]. Here, it was worth to note that
only the black arrow labeled section as illustrated in the bottom of Fig. 1(b) was fed with ammonia.

After growth, the samples were cut into 1 × 1 cm2 for the extensive measurements. TDPL spectra
were characterized using a 266 nm pulsed laser with a power density of 2.1 × 105 W·cm−2. TRPL
spectra was performed at 13K with a 213 nm laser, whose power density, repetition rate, and pulse
duration are 4.5 × 108 W·cm−2, 5 kHz, and 42 picosecond (ps), respectively. The luminescence
was collected with Zolix Omni-λ 750i spectrometer and detected with a photomultiplier tube. The
TRPL spectra was recorded with PMA 182-N-M photon counter. A Phenom ProX scanning electron
microscopy (SEM), Bruker BioScope Resolve atomic force microscope (AFM), and FEI Talos
F200S TEM were carried out to evaluate the surface morphologies and cross section of prepared
nonpolar MQWs. XRD curves were performed with PANalytical X’pert PRO worked in ‘double axis’
instrument.

3. Results and Discussions
As demonstrated in Fig. 2(a–d), the surface morphology of both samples MA and MB were firstly
characterized utilizing SEM and AFM. The SPs distributed on the samples surface were formed
because the anisotropy of growth velocities along the various in-plane directions for a-plane AlGaN
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Fig. 3. XRD 2θ -ω curves for (101̄0) and (202̄0)-planes (a) and modified Williamson-Hall plots (b) for
samples MA and MB.

and the counterparts for a-plane GaN is the representative triangle pits [13]. The presence of SPs
could certainly result in a rough surface, which is disadvantageous to grow the MQWs structure
with flat and abrupt interfaces. It can be seen clearly that the surface morphology of sample MA was
much rougher than that of sample MB. The SPs density for a 5.3 × 5.3 μm2 area was estimated to
be 5.47 × 108 cm−2 for sample MA and 3.62 × 108 cm−2 for sample MB. Furthermore, the RMS
value for a 5 × 5 μm2 detection area was found to be 4.14 nm for sample MA and 2.15 nm for
sample MB. In other words, the SPs density and RMS value were reduced by 33.8% and 48.1%,
respectively due to the optimized dual nitridation. The cross profile TEM image of sample MB in
the MQWs area viewed with a dark-field mode along [101̄0]-axis was demonstrated in Fig. 2(e). It
can be observed clearly that the interfaces between the quantum barriers and MQWs were flat and
abrupt, indicating a high crystalline quality of MQWs structure for sample MB. In addition, the bright
lines penetrated the MQWs as shown in Fig. 2(e) were assigned to be BSFs, which are presented
as bright lines in a dark-field image for nonpolar group-III nitrides [18].

The statistic BSFs density for sample MB was found to be varied from 1.83 × 105 to 7.52 ×
105 cm−1 based on different TEM images since the largest observation area was only hundreds
of nanometers for a BSFs-resolvable magnification factor. For elimination of this statistics occa-
sionality, the modified Williamson-Hall analysis [19] was introduced to calculate the BSFs densities
based on the expression:

ωmeasured = �ωmosaic + λ

2Lsin (θhkl )
. (1)

In this expression, the reciprocal of L, 1/L represented the BSFs density for the corresponding
sample, and the physical significances for other symbols were identical with the reference [19].
Here, in order to achieve a precise calculation, the off-axis XRD 2θ -ω curves were firstly performed
along c-direction for m-plane of samples MA and MB as exhibited in Fig. 3(a). The peaks located
around 33° and 69° were assigned to the diffraction from (101̄0) and (202̄0)-planes of each
nonpolar AlGaN MQWs sample. Subsequently, the X-ray rocking curves (XRCs) were respectively
performed for the two diffraction peaks and the corresponding full width at half maximum (FWHM)
were obtained. Neglecting the strains in each sample, the modified Williamson-Hall plots for both
samples were plotted in Fig. 3(b) and the measured XRD results and further calculated BSFs
densities were summarized in Table 1. It was found that the BSFs density was reduced from
3.46 × 105 cm−1 for sample MA to 2.22 × 105 cm−1 for sample MB, a 35.9% decrease due to
the optimized dual nitridation process. On the other hand, the FWHM values of on-axis XRCs for
sample MB measured along c- and m- directions were decreased from 0.633 to 0.565° and from
1.028 to 0.797°, respectively. This result is higher than the reported polar c-plane results but close
to the nonpolar a-plane results [15].

The TDPL and TRPL spectra for samples MA and MB were demonstrated in Fig. 4. The IQE,
estimated from the ratio of PL integrated intensity at 300 K to that at the lowest temperature,
was 18% for sample MA and 39% for sample MB. The main peaks located at 281.5 nm for MA
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TABLE 1

2θ Peak Positions and FWHM Values for (101̄0), (202̄0) and(303̄0)-Planes Diffraction
and Corresponding Calculated BSFs Density for Samples MA and MB

Fig. 4. TDPL spectra measured with the temperature varied from 15.5 to 300 K for sample MA (a)
and from 13.8 to 300 K for sample MB (b); TRPL decay curves of MQWs and BSFs emission for
samples MA and MB measured at 13 K (c). Fig. 4(b) reproduced from Ref. [16], with permission of
ACS Publications.

and 279.2 nm for MB were determined to be the MQWs emission. Unusually, the linewidth of
PL spectrum for sample MA broadened obviously while the temperature decreased from 300 K.
When the temperature decreased to 180 K, another emission peak was emerged clearly on the
long wavelength side which was located at 285.5 nm. Therefore, the broadened PL linewidth for
sample MA was mainly attributed to the new emerged emission. When the temperature continued
to decrease from 180 to 15.5 K, the intensity of this peak was found to be increased significantly
and the peak position was gradually redshifted from 285.5 to 290.3 nm. This PL peak was assigned
to the BSFs emission [20], [21] and its redshift of peak position was due to the enhanced carrier
localization accompanied with the decrease in temperature [21], [22]. Furthermore, at least a third
mission peak was inferred to be presented on the right side of BSFs emission based on the
optical properties of nonpolar AlGaN materials and the PL spectra line shape. This emission peak
contained three hardly resolvable emission channels [23], and both the SPs and BSFs participated
in these recombination [22]–[24], thus it was assigned to the SPs and BSFs-related emission.
On the other hand, the average lifetime (decreased to a factor of 1/e from maximum value of
the decay curve) of MQWs and BSFs emission for both samples were calculated based on the
TRPL spectra shown in Fig. 4(c). The average lifetime of MQWs emission were only 670 and
541 ps for samples MA and MB, respectively, which are evident faster than the conventional polar
counterparts [25]. It was inferred that the extended lifetime of MQWs emission in sample MA was
mainly due to the influence of relatively strong BSFs emission. The achievement of an IQE as high
as 39% was attributed to the significantly reduction in radiative lifetime of MQWs emission due to
the perfect overlap of the wavefunctions for holes and electrons in nonpolar AlGaN MQWs [10].
This feature can remarkably increase the recombination probability of MQWs emission channel in
a nonpolar MQWs structure compared to the polar counterpart. In other words, the recombination
probability of other competing channels such as the nonradiative recombination can be significantly
decreased. This indicates the high realizability of efficient DUV light sources by means of nonpolar
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AlGaN rather than polar counterpart. Moreover, the average lifetime of BSFs emission for sample
MA was 1.89 ns. The exciton transfer process from quantum wells into BSFs, the separation
of wavefunctions for electrons and holes in BSFs [26], and the deep localization state [20] are
responsible for the extended BSFs emission lifetime.

The intensity of MQWs emission for sample MA only behaved an obvious increase when the
temperature declined from 300 to 180 K while this increase was almost stagnated when the tem-
perature further decreased from 180 to 15.5 K. This fact is remarkably different from the evolution of
TDPL spectra for sample MB. After careful observation of Fig. 4(a), it can be found that the nearly
absence of increase in MQWs emission intensity was exactly occurred in the evolution of BSFs
emission emerged and then significantly increased. Thus, it was deduced that a majority exciton
which were supposed to recombined in quantum wells were trapped and then localized in BSFs.
This resulted in the evident increase of BSFs rather than MQWs emission intensity at 180-15.5 K
for sample MA. In fact, the BSFs emission occurred from BSF bunches, acted as the recombination
center, rather than from a single one [22]. Therefore, it was inferred that an evident BSFs emission
was only observed when the BSFs density was higher than a critical point to form enough BSFs
recombination center. Apparently, enough BSFs recombination center was formed in sample MA

due to the relatively high BSFs density. When the temperature increased from 180 K, the BSFs
emission of sample MA was changed from radiative to electron delocalization-related nonradiative
recombination [22] and lead to a low IQE. For sample MB, the BSFs emission was suppressed
efficiently due to the evident reduction in BSFs density after the optimized dual nitridation. On
the other hand, the SPs and BSFs-related emission for sample MB was evidently decreased than
that for sample MA. The reduced density of SPs and BSFs, smoother surface, as well as smaller
RMS value for sample MB than these for MA would certainly result in this situation. Thus, both the
effective reduction of BSFs emission and SPs and BSFs-related emission are responsible for the
improved IQE. In fact, the preponderant structural defects are BSFs for nonpolar a-plane III-nitrides
heteroepitaxy grown on r-plane sapphire substrate. Most of the BSFs were formed in the initial
growth stage, at the interface between epilayer and substrate and were significant influenced by
the nucleating layer [18], [27]. After formation, the BSFs could penetrate through the entire epilayer
followed the growth sequence as shown in Fig. 2(e). In a word, due to the carefully optimizing of
dual nitridation, evident decreases in SPs and BSFs densities as well as RMS value were achieved.
This contributed the remarkable improvement of optical properties of sample MB.

4. Conclusion
The carefully optimized dual nitridation was powerful to improve the structural and optical properties
of nonpolar AlGaN-based MQWs. The SPs and BSFs densities were reduced from 5.47 × 108 to
3.62 × 108 cm−2 and from 3.46 × 105 to 2.22 × 105 cm−1, respectively, due to the optimized dual
nitridation. It was found that the MQWs emission was seriously restricted by the BSFs emission
as the BSFs emission was the main competing channels. Thus, the IQE can be significantly
improved from 18% to 39% by reducing the BSFs density. Moreover, it was inferred that the carrier
recombination probability in nonpolar AlGaN MQWs was remarkably improved compared to that in
polar counterpart due to the elimination of QCSE induced the evident decrease in radiative lifetime.
This fact means that a high realizability of efficient DUV light sources can be expected by means
of nonpolar AlGaN.
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