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AlGaN/AlGaN multi-quantum-wells (MQW) with AlN-rich grains have been grown by metal
organic chemical vapor deposition. The grains are observed to have strong excitonic localization
characteristics that are affected by their sizes. The tendency to confine excitons progressively
intensifies with increasing grain boundary area. Photoluminescence results indicate that the MQW
have a dominant effect on the peak energy of the near-bandedge emission at temperatures below
150 K, with the localization properties of the grains becoming evident beyond 150 K.
Cathodoluminescence maps reveal that the grain boundary has no effect on the peak intensities of
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896681]
the AlGaN/AlGaN samples. V
AlGaN-based deep ultraviolet (UV) devices have a wide
range of applications, from their use in high-density recording devices to water sterilization. Additionally, there are
other high-power and high-temperature applications, due to
their thermal and mechanical durability. However, AlGaN
materials are yet to reach widespread adoption due to the
innumerable efficiency challenges, the chief of which is
structural defects. Therefore, it is critical to understand the
influence of different defects on the optical properties of this
material. Several mechanisms play varying roles in exciton
confinement, including well-width fluctuation1 and exciton
captivation by random potential induced by ionized donors
in the barrier.2 However, the effect of the structural defects,
such as grain boundaries, on the exciton confinement behavior has not been fully understood.
According to the findings of some previous literatures,
AlGaN-based materials exhibit rough surface morphologies.3,4 Due to the small disparity in the interatomic spacing
of Al and Ga atoms, AlGaN is generally not expected to
exhibit the kind of immiscibility that characterizes InGaNbased materials.5,6 As such, the rough surface of the material
is typically attributed to lateral compositional fluctuation,
which is related to the slow lateral growth rate of Al adatoms
during deposition.7–9 Therefore, it is vital to understand the
significance of the grain boundary defects on the
optical properties of AlGaN-based materials. This paper
focuses on understanding the influence of grain boundary
defects on carrier localization in AlN-rich AlGaN/AlGaN
multi-quantum-wells (MQW). We show that the optical
properties of AlGaN MQW are modulated by the grain
boundary defects. We also show the influence of these boundaries on exciton localization.
The AlxGa1xN/AlyGa1yN MQW samples were grown
on (0001) sapphire (Al2O3) substrates by metal organic
chemical vapor deposition (MOCVD). Trimethylgallium
(TMGa), trimethylaluminum (TMAl), and NH3 were used as
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gallium, aluminum, and nitrogen precursors, respectively. A
thin AlN buffer layer was deposited onto the substrate, at
575  C during growth. Then, the temperature was increased
to 1200  C to grow a 2.5 lm thick AlN template. The growth
pressure remained at 50 Torr. Subsequently, an AlGaN layer
of similar thickness was grown over the AlN template, following which a five-period AlxGa1xN/Al0.73Ga0.27N MQW
was grown. The quantum barriers (QBs) had a fixed nominal
AlN molar fraction of 0.73, while the nominal molar fractions of AlN content in quantum wells (QWs) of the four
samples (A, B, C, and D) varied from 35% to 65% in 10%
increments, as shown in Table I. The widths of the quantum
barrier and QW were estimated by scanning transmission
electron microscopy (STEM). In the STEM measurements,
the samples were first prepared using an FEI Helios 400S
dual beam focused ion beam (FIB) system and were subsequently characterized using an FEI TITAN microscope.
Atomic force microscopy (AFM) was employed to analyze
the morphological structures of the samples on an Agilent
Technologies 5400 scanning probe microscope operated in
the tapping mode. All photoluminescence (PL) measurements were excited using a frequency doubled Arþ laser
operating at 244 nm wavelength, with a beam power of 11
mW. The samples were mounted in a He-closed cycle cryostat system for low-temperature PL measurement (5 K). An
Andor spectrograph with a UV-visible charge coupled device
(CCD) camera was used to detect and analyze the PL spectra. To investigate luminescence properties across the
samples, secondary electron (SE) images and cathodoluminescence (CL) hyperspectral imaging were carried out at
room temperature (RT) using an FEI Quanta 250 environmental FEGSEM. The electron beam energy was fixed at
5 keV, with an acquisition time of 40 ms per pixel, and
0.1 Torr of water vapor pressure was introduced into the
chamber to prevent sample charging.
Cross-sectional STEM micrograph of the AlxGa1xN/
Al0.73Ga0.27N MQW (sample A) is shown in Fig. 1(a). The
size of the QWs is well defined, as evident in the distinct
contrast between the QW and QB in the image. The
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TABLE I. The AlN composition in AlxGa1xN/AlyGa1yN MQW samples,
average grain diameter, bandedge emission, and the activation energy.
Average grain
AlN composition diameter estimated 5 K bandedge
Sample
(y) (%)
by AFM (lm)
peak (eV)
Ea (meV)
A
B
C
D

65
55
45
35

2.48
2.63
2.50
3.42

4.84
4.73
4.49
4.46

25
18
16
16
FIG. 3. The normalized PL spectra of the four samples at 5 K. Inset: Gauss
components (dashed lines) of the main exciton emission and LO phonon
peaks of the NBE peak (solid line) of sample D.

FIG. 1. Cross-sectional STEM micrographs of AlGaN/AlGaN MQW for
sample A.

thickness of QWs ranges from 2.5 nm to 4.3 nm, whereas
the QBs are 11.5 nm to 26.3 nm thick.
The AFM surface scans of samples A, C, and D are
shown in Figs. 2(a)–2(c), respectively. The AFM surface
morphology reveals grains with pyramidal structures for all
samples. This morphology may have been influenced by the
fact that Al-species have relatively low lateral surface mobility compared to Ga adatoms. In addition, the relation
between threading dislocations (TDs) annihilation and the
formation of granular morphology has already been discussed by Lee et al.10 We observe TD annihilation near the
MQW layers of sample A in their respective STEM images,
shown in Fig. 1(b). In III-N alloys, the reduction of the
metal/nitrogen ratio during growth (under nitrogen-rich conditions) was found to progressively roughen the surface morphology of the III-nitride material, which leads to clear
granular morphology and enhances interactions between
TDs. The roughened surface modulates the stress fields of
TDs, whereby they cluster towards the valleys of the grains.
This can also increase the probability of TD annihilation due
to the intersections of these dislocations with their opposite
Burgers vector equivalents.10 Keller et al.3 highlighted a
similar outcome in AlGaN/GaN epilayers.
AFM scans (Figs. 2(a)–2(c)) show that microscale
islands are formed due to the disparity in the respective

adsorption rates of Ga and Al adatoms. As the AlN mole
fraction decreases, the average height of the grains decreases
(from 13 to 8 nm), while the average diameter of the grains
increases. Fig. 2(a) shows that the grains in sample A (average diameter 2.48 lm) are more spatially isolated than
those of the other samples. In Fig. 2(c), the grains in sample
D (average diameter 3.45 lm) are broad tipped, in contrast
to sample A. The grains of sample C (Fig. 2(b)) are well
defined compared to those in other samples and have an
average diameter of 2.50 lm. Sample C exhibits a smaller
root mean square (RMS) surface roughness (2.82 nm) than
the RMS in samples A and D (4.28 nm and 3.47 nm, respectively), due to the smaller spatial dispersion between the
grains in sample C compared to samples A and D.
Fig. 3 shows the low-temperature PL spectra (5 K) of all
samples. The near-bandedge emission (NBE) peaks of these
samples are centered at 4.84 eV, 4.73 eV, 4.49 eV, and
4.46 eV for the nominal AlN well compositions of 65%,
55%, 45%, and 35%, respectively. In addition, low-energy
shoulder is observed in all samples, which is due to longitudinal optical (LO) phonon replicas (1LO and 2LO) of the
NBE peaks.11 As shown in Fig. 3 (inset), multiple Gauss fittings were used to resolve the respective peaks for sample D.
Thus, apart from the main peak (4.46 eV), two other peaks
(4.37 eV and 4.27 eV) could be resolved. This is equivalent
to peak energy separation of 100 meV, matching the LO
phonon energy of AlGaN.12
The PL temperature dependence shows a slight “dimpleshaped” curve for all samples, as shown in Fig. 4(a). Two
distinct regions are observed as the temperature increases for
all samples. An accelerated redshift is evident at temperatures below 150 K, with a subsequent decelerated redshift in
the case of samples A, B, and C. This feature is a departure
from the commonly observed “s-shape” of NBE temperature
dependence of typical MQW behavior reported in the literature13–15 (i.e., redshift-blueshift-accelerated redshift). The

FIG. 2. AFM false colored images of
AlxGa1xN MQW samples. Inset: 3D
view of the same 20 lm  20 lm area.
(a) Sample A: x ¼ 65%; (b) sample C:
x ¼ 45%; and (c) sample D: x ¼ 35%.
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nonuniform stress distribution, and compositional inhomogenieties.21 In addition, authors of several pertinent studies
have attributed such temperature dependence of NBE energy
to carrier population of band-tail states and localization due
to carrier freeze-out.22,23 The final decelerated redshift is
subtle in sample C (x ¼ 0.45). This observation coincides
with the lower roughness of this sample, which was previously discussed in the AFM results. This indicates a weaker
confinement effect in sample C, characterized by smaller
grain boundaries than those of the other samples.
Fig. 4(b) shows the plot of normalized intensity in relation to the inverse temperature for the samples under investigation. The Arrhenius line was fitted with the Arrhenius
equation

FIG. 4. (a) Temperature dependence of the peak energy. Solid square:
Sample A (x ¼ 0.65); solid lines represent Varshni fit; (b) plot of normalized
intensity as function of inverse temperature and the corresponding Arrhenius
fit for sample A (x ¼ 0.65); and (c) activation energy as function of AlN
composition. The slope is observed to increase with increasing AlN
concentration.

initial redshift corresponds to the characteristic temperature
dependence of the bandgap, as modelled by Varshni.16 On
the other hand, the departure from Varshni’s bandgap shrinkage model at temperatures higher than 150 K is most likely a
result of thermally induced carrier population of the bandtail states.17 In addition, sample D with lowest AlN composition shows an initial redshift followed by a final blueshift.
This behavior has been reported in PbS quantum dot (QD)
systems and in self-organised InGaN QDs, where it was
attributed to thermally induced carrier trapping in shallow
states.18–20 However, as the size of the grains is in a range of
a few microns, this blueshift can be due to carrier localization within the grain boundaries. Potential fluctuation in
AlGaN materials is found to occur due to grain boundaries,

IT ¼

I5K
1 þ Ae

kEaT

;

(1)

b

where IT is the intensity at a given temperature, I5K is the
intensity at 5 K (assumed to be the maximum intensity), A is
the process rate parameter, Ea is the activation energy
derived from the temperature dependence of integrated PL
intensities, kb is Boltzmann constant, and T is the temperature. The reduction in the peak intensity is attributed to the
increase in nonradiative recombination of carriers due to
thermal quenching.24 As shown in Fig. 4(c), Ea energy also
increases as the AlN composition increases in the MQW
(Ea  16 meV, 16 meV, 18 meV, and 25 meV, for samples D,
C, B, and A, respectively). This trend is expected because
the increase in Ea should reflect an increase in trapping sites
near the grain boundaries as AlN composition increases.17,25
This is in line with the AFM results that show an increase in
the density of grain boundaries with increasing AlN concentration. Although the thermal response of carrier lifetime
generally gives a more accurate estimation of Ea when the
radiative lifetimes of the carriers are temperature-

FIG. 5. 10  10 lm maps extracted by
peak fitting RT CL hyperspectral
maps. The NBE peak energy of (a)
sample A (x ¼ 0.65); (b) sample C
(x ¼ 0.45); and (c) sample D
(x ¼ 0.35). The top-left insets represent
the corresponding SE images. The CL
FWHM map of (d) sample A; (e) sample C; and (f) sample D. The CL peak
intensity map of (g) sample A; (h)
sample C; and (i) sample D.

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
109.171.137.210 On: Mon, 16 Mar 2015 12:12:52

122111-4

Ajia et al.

FIG. 6. Correlation image of NBE energy as function of FWHM for (a) sample A with Pearson’s correlation coefficient (p ¼ 0.04); (b) sample C with
(p ¼  0.34); and (c) sample D with (p ¼ 0.21).

dependent,26 the increase in Ea derived from integrated PL
intensity with AlN composition has been also reported in
extant literature and was linked to an increase in trapped
states.17,25
In order to confirm the effects of the grain boundary
defects, we carried out RT CL hyperspectral imaging.
Acquiring a CL spectrum at each point in a scan and peak fitting to the resultant data allows mapping of spectral parameters, such as peak wavelength, width, and emission intensity.27
The CL maps show that the grain size decreases as the AlN
molar fraction of the MQW increases (Figs. 5(a)–5(c), for
samples A, C, and D, respectively). However, SE images
(insets of Figs. 5(a)–5(c)) taken at the same area as the CL
maps do not show the grain boundaries. The average grain
diameters were 1.01 lm, 1.53 lm, and 1.72 lm, for samples
A, C, and D, respectively, which is consistent the AFM micrographs. Interestingly, all samples show a clear NBE blueshift
inside the grain compared to that near the grain boundaries.
The energy shift increases as the grain sizes diminish with
increasing AlN contents as a result of exciton localization, as
shown in the peak energy CL map (Figs. 5(a)–5(c)). These
results are in agreement with the exciton localization behavior
observed by PL as AlN content increases.
Figs. 5(d)–5(f) show the full-width at half maximum
(FWHM) maps acquired at the same area. The FWHM distinguishes the grains from their boundaries, especially in the
case of samples C and D, where the grain/boundary features
are most prominent, as shown in Figs. 5(d)–5(f). The FWHM
of the NBE peak is broader near the grain boundary than that
inside the grain. Fig. 6 shows the correlation between NBE
energy map and FWHM map. The FWHM increases as NBE
decreases for samples C and D (Figs. 6(b) and 6(c)) with
Pearson’s correlation coefficients (p) of 0.34 and 0.21,

Appl. Phys. Lett. 105, 122111 (2014)

respectively. On the other hand, as sample A had less defined
boundaries, as such, no correlation was observed. Pinos
et al.28 highlighted a similar observation in AlGaN films and
attributed the broader peaks at the boundaries to the more
pronounced potential fluctuations around the grain boundaries relative to inside the grains. This phenomenon may be
due to the higher concentration of different types of defects
with non-uniform distribution near the boundaries, which
causes inhomogeneous broadening.29 However, the CL
intensity maps shown in Figs. 5(g)–5(i) reveal that the intensity across each sample is uniform for these Al-rich AlGaN
MQW. This indicates that the grain boundaries have no
noticeable effect on the NBE intensity.
Fig. 7(a) correlates the various grain sizes in each sample with their average luminescence peak center energies for
different grains to establish a qualitative relationship
between the grain sizes and the shift of the NBE energy of
the AlxGa1xN/AlyGa1yN MQW. In all the three samples,
the linear fit demonstrates a correlation between grain sizes
and the position of the average NBE peak energies. This
result appears to suggest that the grain sizes contribute in
modulating the NBE energy of the samples and the excitonic
localization behavior. In addition, the FWHM of the samples
with increasing AlN composition reveals characteristics similar to the modeled dependence of the excitonic line width
on the AlN composition in AlGaN materials that was attributed to potential fluctuations,30 as shown in Fig. 7(b). The
FWHM values of the CL spectra were extracted at the center
and at the boundaries of three different grains of roughly the
same diameters (1 lm) in each sample. We did not observe
a similar relationship near the grain boundaries, as shown in
Fig. 7(c), which can be due to the existence of random inhomogeneous potentials in the vicinity of the boundaries.
Therefore, the localization effects of the grain boundary
defects might explain the observed deviation of MQW PL
temperature dependence.
In conclusion, we have shown that the exciton localization behavior increases as the density of the grain boundary
defects increases. We found that at high temperatures
(>150 K), the grain boundary defects play a dominant role in
exciton localization in AlGaN/AlGaN MQW, due to potential fluctuation around the grain boundaries. The CL maps
revealed a blueshift of the NBE energy inside the grain,
which increases as the grain size decreases, compared to that
near the boundaries. The FWHM inside the grain confirms
the exciton localization behavior.
We would like to extend our appreciation to KAUST
Core lab facilities, in particular, to Dr. Kun Li, for assisting
with the TEM sample preparation.
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FIG. 7. (a) Correlation between the average NBE energy and the grain area.
The discrete points correspond to the experimental data for sample A (top),
sample C (middle), and sample D (bottom), with the lines produced by the
linear fitting; (b) FWHM of the grain centers; and (c) FWHM of the grain
boundaries related to the same grains.
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