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1.  Introduction

InGaN-based quantum wells are of high importance for light 
sources due to the variability of the bandgap of the InGaN 
over the entire visible spectrum. Commonly used polar 
c-plane quantum wells (QWs) possess some disadvantages 
due to the presence of spontaneous and piezoelectric polar-
ization which generate strong internal electric fields in these 
QW structures. The internal fields cause a spatial separation of 
electron and hole wave functions, resulting in a severe reduc-
tion of the carrier-recombination efficiency. This effect gets 
stronger with increasing indium concentration and well thick-
ness which limits the emission wavelengths of InGaN to the 
blue spectral range. In order to overcome these limitations, 
many groups are working on the realization of emitters based 

on non- or semi-polar GaN heterostructures either without or 
reduced internal fields (reviews are given in [1, 2]). In addition 
to low internal fields, In incorporation is significantly higher 
in semi-polar directions [3]. Hence, the utilization of non- and 
semi-polar QWs provides the possibility of a wider spectral 
tuning range in comparison to polar InGaN-based emitters 
[4], thereby overcoming the problem of the green gap while 
retaining a high radiative recombination rate [2]. Additionally, 
a non-polar growth direction favors the incorporation of Mg 
which is of fundamental importance for electrically-pumped 
light emitters [5].

The growth of InGaN QW structures on off-axis crystal-
lographic orientations requires GaN substrates which are cut 
on non- or semi-polar directions. These substrates are expen-
sive, so in order to grow cost-efficient light emitters, cheaper 
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off-axis sapphire or silicon substrates have to be used. Due 
to the lattice mismatch, epitaxial layers grown on these sub-
strates suffer from a very high density of defects, such as basal 
stacking faults and partial dislocations [2]. These defects intro-
duce non-radiative recombination centers and thereby reduce 
the efficiency. Different groups have reported on improvement 
of the crystal quality of non-polar and semi-polar films grown 
on standard substrates by patterning the surface (e.g. [6, 7]). 
The utilization of micro-columns offers a method to reduce 
the density of defects and stacking faults, as, for example, 
reported for nanowires grown on patterned SiO2 substrates [8]. 
Low defect densities were also observed for triangular core-
shell nanowires with semi-polar InGaN/GaN QWs [9] as well 
as for InGaN/GaN multiple quantum well heterostructures 
grown on m- and r-planes of a single n-GaN nanowire [10]. 
In contrast to a-axis or r-axis oriented GaN-based nanow-
ires, the growth of non-polar InGaN on c-axis oriented GaN 
is much easier. Hence, hexagonal core-shell GaN nanowires 
with non-polar InGaN/GaN multiple quantum wells (MQWs) 
have been extensively studied for technological applications  
[11–13]. Up to now, the prospects of non- and semi-polar 
orientated InGaN active layers have already been utilized for 
solar cells with improved carrier-collection efficiency [14], 
single nanowire lasers with significantly lower lasing thresh-
olds due to high optical gain compared to nanowires with 
polar MQWs [15], and linearly polarized single photons from 
quantum dots contained in non-polar and semi-polar InGaN/
GaN nanowires [16].

By using the facets of GaN microrods (MRs) as substrates 
for QW structures, one can obtain high crystalline qualities on 
standard substrates, with the additional benefit of achieving 
higher surface-to-volume ratios of the emitting layers in com-
parison to planar QW structures. These microrods can be 
grown using self-organizing processes [17] without the need 
for pre-patterned substrates. In addition, the microrod side-
walls define an optical resonator which supports whispering-
gallery modes with high Q-factors [18] which allows for 
low-threshold lasing applications.

In this report, the spatial emission properties of core-shell 
MRs with non- and semi-polar QWs are comparatively ana-
lyzed by micro-photoluminescence (μ-PL) and cathodolumi-
nescence (CL), giving insights into the spatial distributions 
with regard to the In content of the QWs as well as their 
radiation characteristics. These results are compared to TEM 
measurements of the InGaN QWs, from which the well thick-
ness and In concentration can be obtained. Furthermore, an 
overview of the incorporation of indium for different crystal-
lographic directions and polarities will be given.

2.  Experimental

2.1.  Growth of microrods (MOVPE)

The samples were grown on c-plane sapphire substrates 
by metal-organic vapor phase epitaxy (MOVPE; Aixtron 
200RF). After thermal cleaning of the sapphire substrate in H2 
for 5 min and nitridation (NH3 and H2) for 10 min at 1200 °C 
(thermocouple temperature), GaN rods were deposited at 

1150 °C starting with a high trimethylgallium (TMGa) pre-
cursor flow (40 sccm for 20 s) to initialize rod growth and 
changing to a low TMGa flow (10 sccm for 1040 s) to improve 
the optical properties [19]. Vertical growth of the rods was 
supported by a low V/III molar ratio of 25 and by excessive 
Si supply [20]. A thin layer of silicon nitride (SiNx) is formed 
during growth on the sidewall facets of the MR which acts as 
an anti-surfactant layer and promotes the growth of microrods 
in c-direction [21]. The pressure in the chamber during growth 
was 100 mbar. After the growth of the rods, the sample was 
cooled down to room temperature (RT) and exposed to air. 
Before InGaN QW growth, the MR sample was annealed for 
30 s and a GaN buffer layer was deposited for 60 s at 1130 °C  
in an H2 atmosphere. The purpose was to reduce surface con-
tamination and to completely cover the GaN rod with a new 
and clean GaN layer. The first InGaN QWs were grown for 20 
s with a nominal In/(In  +  Ga) gas phase ratio of 0.6 followed 
by a GaN protection layer grown at 870 °C in an N2 atmos
phere. Afterwards, the atmosphere was changed to pure H2 
within 180 s. A GaN barrier layer was grown during a 150 s 
temperature ramp from 870 °C–1130 °C to end up with a high 
quality GaN layer needed for subsequent growth of the second 
and third InGaN QWs, respectively. After the third GaN  
barrier, a final GaN capping layer was grown for 150 s at  
1130 °C.

2.2. Transmission electron microscopy

Specimens for transmission electron microscopy (TEM) 
were prepared using a FEI Nova focused ion beam (FIB) 
equipped with a Kleindieck MM3A-EM micro-manipulator. 
Free standing MRs were selected and covered with a layer 
of Pt using a gas injection system to protect two opposite 
{1 1̄ 0 0} side facets in the center of the MRs. These were 
then cut out with a part of the sapphire substrate, mounted 
to an omniprobe half-grid using the micro-manipulator and 
finally thinned to about 170 nm (value of the base; top thick-
ness: 80 nm) to achieve transparency for electrons. The TEM 
specimens were then investigated in a FEI Titan 80–300ST 
equipped with a spherical aberration corrector of the objec-
tive lens, a Fischione (Model 3000) high-angle annular dark 
field (HAADF) detector, an EDAX detector for energy dis-
persive x-ray (EDX) spectroscopy, and a Gatan imaging filter 
(GIF). InGaN layer thicknesses and In concentrations were 
measured from high resolution HAADF-scanning TEM 
(STEM) images. For the latter, the raw HAADF images were 
normalized with respect to the incoming beam intensity, that 
was determined from a detector scan. The normalized intensi-
ties from regions with known composition (here GaN regions) 
are interpolated in regions with unknown intensity (here 
InGaN). Normalized intensities are directly comparable with 
frozen-phonon simulations (normalized intensity as a function 
of specimen thickness) and are used to derive the specimen 
thickness in the whole image. From the knowledge of spec-
imen thickness and normalized intensity, the concentration 
in the InGaN layers can be determined from a comparison 
with a set of frozen phonon simulations (normalized intensity  
as a function of specimen thickness and in concentration). 

2



For a more detailed explanation of the method see Rosenauer 
et al [22, 23]. Special care was taken to mitigate instrumental 
imperfections, as described by Krause et al [24]. Defects were 
characterized using conventional TEM applying weak beam 
dark field �g/3�g  imaging conditions.

2.3.  Photo- and Cathodoluminescence

All luminescence measurements were conducted at room 
temperature. The CL was obtained by a SPARC cathodolu-
minescence imaging setup from DELMIC B.V. with a beam 
current of 120 pA and an acceleration voltage of 5 kV. This 
voltage corresponds to a penetration depth of about 105 nm 
for the electrons [25]. For the CL measurements, the sampling 
area on the sidewalls of the MR was 90 × 90 nm and for the 
measurement performed on the MR top 30 × 30 nm. For the 
μ-PL measurements, the 325 nm-line of a HeCd laser was 
used as an excitation source which has a penetration depth 
in bulk GaN of about 80 nm at RT [26]. In order to achieve a 
homogeneous PL excitation, the laser (28 mW output power) 
was widened to a diameter of about 25 μm which leads to an 
estimated excitation density of 9 kW cm−2. The emission of 
the sample was imaged on a CCD (1340 × 400 pixel with a 
size of 13, 5 × 13, 5 μm) after passing the spectrometer.

3.  Results and discussion

3.1.  Structural characterization

Figure 1 shows an SEM overview of the as-grown structures. 
The density, height and diameter of the rods is ca. 106 cm2, 
up to 7 μm and about 1.5 μm, respectively. The simple self-
assembled and mask-free approach leads to a random rod 
distribution with a low uniformity. In order to enhance homog-
eniety of the samples a selective area growth [27] is recom-
mended (not performed here). All rods consist of a Ga-polar 
core surrounded by a N-polar shell [28]. The polarity depen-
dent termination of the surface leads to different stable facets 
[27], i.e. Ga-polar domains form top facets with a pyramidal 
shape while N-polar domains end up with flat top facets. 
Figure  2(a) shows an HAADF-STEM image of a microrod 

exhibiting a homogeneous width of 1.77 μm from base to top. 
A magnified HAADF-STEM image of the tip of the MR and 
the pyramid is depicted in figure 2(b) revealing that InGaN 
QWs can be found not only on the side facets of the column 
but on various other facets as well. Figure 2(c) shows a mag-
nified image of the InGaN QWs deposited on the sidewalls 
of the microrod. The indium distribution in the upper part of 
the innermost and the two outermost QWs is homogeneous. 
In the lower part of the innermost InGaN QWs contrast fluc-
tuations are observed, indicating a distorted incorporation of 
In. These disturbances correlate with the occurrence of dis-
locations (some indicated by arrows) that originate from the 
thin SiNx layer present on the surface of the column prior 
to its overgrowth with the InGaN QWs. The SiNx layer has 
been already observed and discussed in [18]. Figure  2(d) 
shows the In concentration map of the innermost InGaN QWs 
close to the edge (corresponding to a (1 1 0 1) facet; #2 in 
figure 1(b)) of the InGaN QWs at the top of the MR. The In 
concentration therein was measured to be (16  ±  1)%, similar 
to that of the two outer QWs on this facet. In general, the In 
concentration in all three wells is alike for each facet with 
exception of the QWs distorted by the SiNx. Figure 2(f) shows 
an In concentration map of the innermost InGaN QW in the 
transition region from a homogeneous to an inhomogeneous 
distribution of In. The concentration in In-rich regions can be 
as large as (15  ±  2)%, whereas (7  ±  1)% were found in the 
homogeneous part of the layer. The latter concentration is in 
agreement with the composition of the two outermost InGaN 
QWs. The investigation of the two outermost QWs at various 
positions at the side-wall facet from the bottom to the top of 
the microrod reveals a homogeneous width and In concentra-
tion. In table 1, facet types, respective In concentrations, and 
thicknesses of the QWs are compared. Numbers in the first 
column correspond to the numbers in figure 2(b) and allow 
the assignment of quantities in table 1 to the respective facets. 
The {0 0 0 1}-, {1 1̄ 0 0}- and {1 1̄ 0 1̄}-planes are called 
c-plane, m-plane and s-plane, respectively. The innermost QW 
is significantly thicker than the two outer QWs for each facet. 
In figures  2(e)–(g), In concentration maps of the innermost 
and the outermost layer of facet #7 are depicted. For all QWs 
deposited on such high-index facets (#3, #7, #9), a step-like 
structure as well as a local enrichment of In at the edges of 
the steps (see figures 2(e)–(g)) can be found, as was already 
shown by Tessarek et al [18].

With the information on the properties of the QWs that 
were grown under the same growth conditions on different 
polarities, a comparison of the In corporation and growth 
rates of InGaN QWs can be made. Strict c-plane QWs were 
not formed in the N-polar material, however the high index 
(1̄ 1 0 2̄ 4)-plane is very similar, so this plane is used for com-
parison to the Ga-polar c-plane. In the c-plane, the In con-
centration is about the same for both polarities, however the 
thickness of the QWs in the Ga-polar direction is more than 
double that of N-polar QWs, indicating a faster growth rate 
of the Ga-polar material. The N-polar s-plane QW shows an 
8-fold increased In concentration compared to the Ga-polar 
s-plane (#2 and #6 in table 1, respectively), as well as a thick-
ness increased by a factor of 1.8 compared to the m-plane. 

Figure 1.  SEM image of as-grown microrods on the substrate, 
showing a random distribution and low uniformity.
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This demonstrates an efficient incorporation of In into N-polar 
s-plane QWs.

3.2.  Analysis of sidewall emission

The spatially resolved emission of single MRs was measured 
by means of CL and μ-PL. In figure 3(a), spatially integrated 
PL and CL overview spectra of two different MRs are shown. 
The small contribution at 3.39 eV can be attributed to the 
GaN-related near-band-gap emission (NBE). According to 
TEM measurements (figure 2), no pure c-plane InGaN QWs  

were formed, however the high-indexed facets (positions #7 
and #9 in figure 2(b)) have an inclination close to the c-plane. 
Their average In content and thickness is about 10% and 2 nm, 
respectively, which yields an emission energy of 3.1 eV. The 
QW on positions #2, #4, #6 and #8 have a semi-polar ori-
entation and the polarization field strengths in these wells are 
expected to reach just 20% of those in polar QWs for com-
parable thickness and In concentration [3]. The linewidth 
deduced from the spectrum is in the order of 230 meV (full 
width half maximum) for the semi- and non-polar QWs. 
This rather large value is only slightly higher compared to 

Figure 2.  (a) HAADF-STEM image of a MR. (b) HAADF-STEM image of the tip of the MR exhibiting the nucleation of InGaN QWs 
on the various facets. (c) HAADF-STEM image at the top sidewall facets of the MR. (d) In concentration map of the innermost InGaN 
layer of facet #2 at the top of the MR. (e), (g) In concentration maps for the innermost and outermost InGaN QWs on a (1̄ 1 0 1̄ 2) facet. 
(f) In concentration map extracted from the HAADF data of the innermost InGaN QW in the transition region from a homogeneous to an 
inhomogeneous distribution of In.

Table 1.  Overview of In concentrations, thicknesses and emission energies of various facets of the MR. Facet numbers correspond to the 
assignment in figure 2(b). The emission energies were determined by PL and CL measurements. The emission energies were calculated by 
the 1D-poisson solver aestimo [29], using the respective well thicknesses and In-concentrations.

# Facet plane Name
Indium  
concentration (%)

Thicknesses Emission energy

Inner QW  
(nm)

Outer QWs  
(nm)

Observed  
(eV)

Calc.  
inner QW  
(eV)

Calc.  
outer QWs  
(eV)

1 (1 1̄ 0 0) m-plane 7  ±  1 3.7  ±  0.3 2.0  ±  0.3 3.16 3.224 3.295

2 (1 1̄ 0 1̄) s-plane 16  ±  1 4.3  ±  0.3 3.6  ±  0.4 2.70 2.709 2.741

3 (1 1̄ 0 1̄ 4) — 4  ±  2 3.7  ±  0.3 2.4  ±  0.3 — 3.288 3.353

4 (1 1̄ 0 1) s-plane — — — 3.01 — —
5 (0 0 0 1) c-plane 9  ±  2 6.3  ±  0.3 5.1  ±  1 2.86 2.753 2.839
6 (1̄ 1 0 1) s-plane 2  ±  1 — 2.0  ±  0.4 3.01 — 3.401

7 (1̄ 1 0 1̄ 2) — 11  ±  1 3.6  ±  0.3 2.0  ±  0.3 — 2.840 3.054

8 (1̄ 1 0 2̄) r-plane 11  ±  1 4.7  ±  0.3 3.7  ±  0.3 — 2.930 2.963

9 (1̄ 1 0 2̄ 4) — 9  ±  2 4.4  ±  0.3 2.1  ±  0.3 2.99 2.896 3.135
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linewidths reported for CL and PL of SQW MR (190 meV 
[30], 140 meV [31]) and single MRs with MQW have values 
from 100 to 175 meV [11] increasing with the incorporated 
In content. The intensity of the PL spectrum shows in com-
parison to the CL spectrum a small periodic modulation of 
the intensity in the region of the interface QW emission. By 
taking the Fabry–Perot interference into account, the distance 
of the intensity maxima correspond to the length of the MR. 
This periodicity can be identified as well at the bottom part 
of the emission image of the MR, as it was mapped on the 
entrance slit of the spectrometer (left inset, black corresponds 
to the brightest intensity). At about 2.2 eV, the defect-related 
yellow luminescence (YL) of GaN can be identified. In order 
to obtain spatially resolved μ-PL, the image of the MR (see 
inset of figure 3(a), black corresponds to the brightest inten-
sity) was focused on the entrance slit of the spectrometer. At 
the energy of the assigned emission bands, spatially resolved 
spectra were recorded as an image on the CCD, as shown in 
figure  4. The vertical axis corresponds to the c-axis of the 
MR while the horizontal axis shows the emission energy. The 
intensity is given as a color-coded map. The spatially resolved 
μ-PL is compared to spatially resolved CL measurements, 
conducted on different MRs. The spatially (vertical axes) and 
spectrally (horizontal axes) resolved emission of the assigned 
bands is compared as obtained under μ-PL and CL conditions 
in the left and middle column of figure 4(a), respectively. A 2D 
CL map at the respective mean energy of the row is displayed 
in the right column. The NBE of the GaN in μ-PL shows faint 
emission over the entire microrod length with its maximum 
localized at the top and some contributions from the lower 
part of the MR. The first 600 nm of the MR show a dimin-
ished intensity of NBE, presumably due to high defect den-
sities induced by the lattice mismatch between the sapphire 
substrate and the GaN. The non-polar QW emission (figure 
4(a)) is predominantly centered at the top part of the MR in 
PL and CL. This strong localization of emission is prominent 
in almost all spectral regions and corresponds to the SiNx-free 

part of the MR, where the TEM images have shown an absence 
of extended defects. The SiNx layer acts as an anti-surfactant 
which promotes the growth of MRs but also yields poor crys-
talline qualities for structures grown directly on it. A small 
contribution from the bottom part of the MR which originates 
from small spots at the surface related to structural defects 
which can be seen in CL (middle and right column of row 2 
in figure 4(a)). The emission from the semi-polar QWs, dis-
played in the last row, is slightly less intense than the emission 
from the non-polar QWs, and even more strongly localized 
at the top, as one would expect from the TEM results (figure 
2(d)). In PL, there is a faint intensity along the MR with a 
periodic intensity modulation at the lower part suggesting the 
formation of an optical resonator, as already observed in the 
PL emission image (inset of figure 3(b)).

3.3.  Analysis of top facet emission

In figure 3(b), spatially integrated PL and CL overview spectra 
from the tops of two different MRs are shown. Again, the 
emission band of the GaN-related NBE and YL, the contrib
ution from the m-plane InGaN QWs, and the emission of the 
s-plane QWs can be identified. The intensity contributions 
from the free-standing MR are similar to that of detached MR 
in PL. However, in CL the emission from the s-plane QWs 
is enhanced with respect to m-plane QWs for free-standing 
MRs. This is due to the fact that the maximum detection angle 
in PL is limited by the numerical aperture of the microscope 
objective (NA  =  0.5) to about 30° while for CL measure-
ments the MR is surrounded by a parabolic mirror detecting 
emission angles up to 88° with respect to the surface. Hence, 
the emission of semi-polar QWs is detected much more effi-
ciently in CL than in μ-PL, since the s-plane is inclined about 
60° with respect to the growth axis (see figure 2(d)).

In order to obtain the spatially resolved μ-PL of the top 
facet, the emission image of the MR, shown in the inset of 
figure 3(b) (black corresponds again to the brightest intensity), 

Figure 3.  Spatially integrated photo- and cathodoluminescence of a MR detached from substrate (a) and of the top facet of a free standing 
MR (b). The measurements were performed at room temperature on different MRs. The emission bands from the GaN (NBE, YL), from the 
non-polar {1 1̄ 0 0} and the semi-polar {1 1̄ 0 1̄} QWs can be identified. The insets display the PL (left, dark areas correspond to highest 
emission intensities) and SEM (right) images of the investigated MRs.
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was focused on the entrance slit of the spectrometer. Although 
the excitation laser spot was expanded, in order to achieve an 
almost homogeneous excitation of the entire MR surface, the 
emission image shows a black spot indicating an area of local-
ized, high emission intensity. In figure 4(b), the GaN-related 
NBE centered at 3.39 eV can be seen as a faint emission with 
no particular localization, as expected for the uniformly dis-
tributed GaN core and barrier material. The emission from the 
N-polar s-plane QWs shows the highest intensity, centered 

at about 2.75 eV, with a strong localization at the edges of 
the hexagon (second row of figure 4(b)). These findings are 
in agreement with the observed increased incorporation of 
indium at the edges and at the interfaces of the MR as already 
discussed for the TEM results. In addition, the PL emission 
band of the semi-polar QWs at 2.75 eV exhibits a periodic 
modulation of the intensity distribution (left-hand figure  in 
third row of figure  4(b)) as already observed in the over-
view spectrum (figure 3(b)). The modulation corresponds to 

Figure 4.  (a) Spatially resolved PL and CL of a MR along the c-axis and (b) of the top facet. On the left side, CCD images of the PL in 
the given energy region are shown. The middle image column shows the spatially resolved CL excitation in the same energy range as the 
PL on the left column. The right image column shows CL maps along the rod (upper three pictures in (a)) and of the top facet (lower three 
pictures, (b)) integrated over the three different energy ranges defined in the left-hand figures, respectively. The intensities are color-coded 
on a logarithmic scale and show that the emission from the non- and semi-polar InGaN QWs is strongly localized at the top of the MR. In 
CL, the intensities were normalized for each emission energy.
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whispering gallery modes and was already reported for sim-
ilar MR structures [18]. The combination of spatially resolved 
PL and CL measurements on the top of these MRs shows the 
strong localization in the non- and semi-polar InGaN QW 
emission of the MR.

A more detailed analysis of the top facet can be seen in 
figure 5. In figure 5(a), the excitation path over the top facet 
is represented by the orange line, where a spatially resolved 
CL measurement was conducted and is shown in figure 5(b). 
The emission from the N-polar QWs dominates the spec-
trum and is concentrated at the borders of the microrod, 
where the s- and m-planes are located. Small luminescence 
contributions from the N-polar high-index-plane QWs and 
the near-bandgap emission can be observed whereas the YL 
band is almost absent. For these polar QWs, the piezoelectric 
field causes a strong reduction of the wave function overlap, 
resulting in a reduced recombination probability in com-
parison to non-polar QWs. Combining the results observed 
in figures 2, 4 and 5, it is evident that the outer rim of the 
Ga-polar tip predominantly emits in the spectral region of 
the GaN-related near-band emission and the emission of the 
m-plane InGaN. A moderate intensity can be found at the local 
position labeled in figure 2 with #1, #2 and #3, which can 
be found at the left/upper and right/lower MR edge relative 
to the Ga-polar tip as well. The semi-polar InGaN-emission 
seems to be localized at the opposite edge of the GaN-polar 
tip (figure 4) with a small contribution at the left/upper and 
right/lower MR edge relative to the Ga-polar tip (figure 5) 
and the position coincides with the labels #9, #8 and #7 in 
figure 2. These findings are in agreement with the observed 
increased In incorporation at the facet #7 shown for the TEM 
results in figures 2(e) and (f). The emission from the Ga-polar 
c- and s-plane QWs from the pyramid can be identified in the 
middle of the MR. Concerning the GaN barriers, the presence 
of YL and absence of NBE emission is noteworthy which is 
in accordance with the features of non- and semi-polar QW 

emission. This is a hint towards the existence of point defects 
in these directions. It is rather unlikely that carbon stemming 
from the precursors is introduced and causes the YL emis-
sion since the incorporation of carbon should be highest in 
c-plane [32] which is almost free of YL. Ga vacancies could 
be a more reasonable source of YL emission since they form 
more rapidly on the N-polar s-plane growth direction than in 
the c-plane [33] for N-rich environments. Indium supplied 
during growth should lead to a serious reduction of the den-
sity of Ga vacancies [34]. Indium is efficiently incorporated 
especially in the N-polar s-plane QWs which explains their 
high In content.

4.  Conclusion

The structural and optical properties of InGaN QWs on 
self-catalyzed core-shell InGaN/GaN microrods grown by 
MOVPE were analyzed by PL, CL and TEM measurements. 
The latter revealed the top part of the MRs to be of high crys-
talline quality. Further, a multitude of differently oriented 
QWs were formed on the various facets. A detailed analysis 
regarding the thicknesses and indium contents of these QWs 
was conducted, allowing for a comparison of growth proper-
ties with respect to different crystallographic orientations as 
well as polarities. The combination of spatially resolved PL 
and CL allowed for a deep insight into the localization dis-
tribution of the emission contributions. Areas of high lumi-
nescence intensity originate predominantly from QWs grown 
on the top facets of the microrods, were observed from non- 
and semi-polar InGaN QWs. The small internal fields and the 
possibility of a high In incorporation is favorable for opto-
electronic applications in the green gap region which may be 
realized by optimizing the contribution of this emitter type 
and by increasing the MR density before developing LEDs 
based on the p-GaN overgrowth technique [35].

Figure 5.  (a) SEM image of the top of the MR with the numbering of the QWs as assigned in figure 2. (b) Integrated CL emission when 
excited along the path depicted as orange line in (a). The intensity is color-coded on a logarithmic scale. The width of the orange line 
(180 nm) corresponds to the area of the integrated CL.
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