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Coaxial InGaN Epitaxy Around GaN Nano-tubes:
Tracing the Signs
Mohamed Fikry
This work focuses on investigations of the luminescence properties of coaxial InGaN layers
around single GaN nano-tubes on top of GaN micro-pyramids. The nano-tube structure
was formed after the controlled desorption of ZnO nano-pillar templates during the coaxial
GaN epitaxy. An intense and broad photoluminescence (PL) peak centered around 2.85 eV
is attributed to transitions from a shallow donor or from the conduction band to a ZnGa
acceptor level above the valence band edge. A thin layer near the area around the inner
diameter of the nano-tube is believed to be heavily doped with Zn impurities. These are
believed to hinder the luminescence from coaxial InGaN quantum wells (QWs) around the
GaN nanotube. Comparing samples with and without QWs, where the thickness of the
GaN tube wall before the QW growth was doubled, a clear indication of In incorporation
in low temperature PL was observed via an intense peak around 3.1 eV. Moreover, as the
temperature of the QW growth was changed from 830 ◦ C to 780 ◦ C, a shift of the peak
corresponding to an increase in In incorporation from 3.5 % to 7.5 % was noticed.

1.

Introduction

Nano-structures based on GaN and related group III-N alloys have been receiving signiﬁcant attention in recent years as possible candidates for the development of nano-photonic
devices. Moreover, due to their high surface to volume ratio, tuneable direct band gap and
high chemical stability, GaN based nano-structures promise a high potential as sensing
elements for biomedical applications. Developing a scalable process for the realization of
these novel structures with high crystal quality is necessary as a ﬁrst step towards their realization. We have reported in [1] our approach using coaxial casting of ZnO nano-pillars
for the generation of high crystal quality GaN nano-tube structures after the controlled
desorption of the ZnO nano-pillars (Fig. 1). Such a nano-tube structure has a larger
surface to volume ratio than a GaN nano-pillar in addition to possible diﬀerent optical
wave-guiding properties. We have also reported in [2] about our approach for the position
control of the ZnO nano-pillars on top of GaN micro-pyramids, where a high degree of
scalability is achieved, thus enabling a consistent investigation of epitaxial parameters. As
a further challenge, the epitaxial optimization of coaxial InGaN hetero-structures around
our GaN nano-tubes was set. In addition to their non-polar characteristics with reduced
Quantum Conﬁned Stark Eﬀect (QCSE), the afore-mentioned coaxial InGaN nano-heterostructures could be optically interfaced to measure their luminescence response to surface
conditions. An SEM picture of the afore-mentioned structure with coaxial InGaN layers
is shown in Fig. 2. Due to the reduction of growth temperature to realize epitaxial InGaN
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layers, the top part of the tubes was sealed by a pyramid-shape cap. In this study, we
report on the challenges for generating highly luminescent coaxial InGaN layers with the
help of photoluminescence and locally resolved cathodoluminescence characterization for
a series of samples with and without coaxial InGaN layers of varying In content.

Fig. 1: SEM picture of single hollow GaN nano-tubes on top of GaN pyramids (left). Hollow
GaN nano-tube separated on a sapphire substrate confirming the complete desorption of ZnO
(right).

Fig. 2: SEM picture of single hollow GaN nano-tubes on top of GaN pyramids with epitaxial
InGaN layers.

2.

Experimental

Single ZnO nano-pillars used as templates in these studies with diameters of 150–300 nm
and heights of 4–6 µm were grown using the vapor-transport on top of GaN pyramids.
ZnO/carbon powder mixture and oxygen were used as precursors in a three heating
zones furnace [3]. The GaN pyramids were patterned and subsequently grown using
optical lithography and selective area epitaxy, respectively, in our AIXTRON AIX 200
RF low pressure MOVPE system with a SiO2 mask of 5 µm openings [2]. Trimethylgallium (TMGa) and ammonia (NH3 ) were used for the deposition of GaN layers around the
well positioned ZnO pillars, whereas trimethylindium (TMIn) and triethylgallium (TEGa)
have been used for the deposition of the quantum wells and the barriers. Low temperature
photoluminescence measurements (around 18 K) were performed using a He-Cd laser with
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Fig. 3: Low temperature photoluminescence spectrum of a single coaxial InGaN layer around
GaN nanotubes grown at 835 ◦ C.

a wavelength of 325 nm and a spot size of around 150 µm. Locally resolved cathodoluminescence was performed at a temperature of 9 K employing excitation voltages between
2 and 5 keV and a detector window of 5 nm. The deposition of a single coaxial GaInN
quantum well which was ﬁnally coated by a GaN layer was done at reduced growth temperatures ranging between 760 ◦ C and 850 ◦ C [2]. In order to examine the presence of
InGaN layers, a series of samples epitaxially designed to have diﬀerent In incorporations
were developed. By mechanical contact, we were able to separate single rods on diﬀerent
substrates, where measuring the thickness of the tube was possible and consequently the
growth rate of our GaN and InGaN layers was estimated to be 2.5 nm/min.

3.

Photoluminescence and Cathodoluminescence Investigations

As reported in [4], due to the desorption of TMIn during growth, an Arrhenius plot of
the indium incorporation coeﬃcient kIn deﬁned as
KIn =

fTEGa
x
·
.
1 − x fTMIn

(1)

is expected, where x is the In mole fraction in the InGaN layer1 , fTEGa and fTMIn are the
molar ﬂow rates of triethylgallium and trimethylindium, respectively. The coeﬃcient is
expected to increase with decreasing substrate temperature with an activation energy of
1.6 eV for c-plane growth [4] (Fig. 4 (left)). Although we are expecting InGaN growth on
non-polar planes, we still expect a similar Arrhenius plot behavior but possibly with a
diﬀerent activation energy.
1
We have evaluated the In mole fraction x by measuring the center peak position in low temperature
photoluminescence where a thickness of 10 nm of InGaN layers was assumed, neglecting the piezoelectric
field (since they are grown coaxially on non-polar planes) and assuming a conduction band offset of 40 %.
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Fig. 4: Arrhenius plot of a series of InGaN layers grown at different temperatures on c-plane
bulk GaN [4] (left) and a similar series of single coaxial InGaN layer around GaN nano-tubes
related to a peak around 2.85 eV (right).

Figure 3 shows a PL spectrum for a coaxial InGaN layer grown at 835 ◦ C. In order to
check if the main peak at 2.85 eV is related to the InGaN layer luminescence, a series of
growth temperatures and indium ﬂows was examined. The corresponding data revealed
a negligible shift with temperature (Fig. 4 (right)). This result indicated that another
source of luminescence is dominant. As reported in [5] and [6], a similar peak has been
always observed for Zn impurities in GaN and is attributed to transitions from a shallow
donor or from the conduction band to a ZnGa acceptor level above the valence band edge.
So our next approach was to examine the local luminescence distribution from single rods
with and without InGaN layers by means of cathodoluminescence. We have separated
single rods on TEM grids to exclude any parasitic luminescence from the substrate. The
spectrum of a nano-pillar without a QW gave a similar peak at 2.85 eV with homogeneous
distribution of luminescence (Fig. 5). This has conﬁrmed that this peak is attributed to
transitions to a ZnGa acceptor level of 0.4 eV above the valence band edge [6]. The
luminescence at 2.85 eV for the rods with a single QW was less homogeneous and a new
peak around 3.3 eV gave more localized luminescence near the top and bottom of the rod
(Fig. 6). This indicated that the epitaxial structure is clearly diﬀerent. We do believe
that this peak at 3.3 eV originates from the InGaN layer (also supported by experiments
described in the next section), however, the question remains why does it give higher
luminescence from the top or bottom of the rod. Further investigations using CL are
planned using diﬀerent excitation voltages for clariﬁcation.

4.

Investigations of InGaN Layers Around Thicker GaN Nanotubes

We believe that a thin layer near the inner surface of the nano-tube is heavily doped with
ZnGa acceptors as compared to deeper layers along the coaxial growth direction. This
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Fig. 5: Locally resolved cathodoluminescence distribution and spectrum from a single GaN
nanotube without InGaN QW separated on TEM grid.

Fig. 6: Locally resolved cathodoluminescence distribution and spectrum from single GaN nanotubes with InGaN QW separated on TEM grid.
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Fig. 7: SEM picture of thick hollow GaN nano-tubes on top of GaN pyramids (left). Thick
GaN nano-tubes with a single QW of 10 nm (right).

1200
No QW
Single QW

1000
800
600
400
200
0
2

2.5
3
3.5
Energy (eV)

4

Fig. 8: Low temperature photoluminescence spectrum of thick GaN nanotubes with and without
a single coaxial InGaN layer.

might be due to the fact that the growth rate of our layers is assumed to be much faster
than the diﬀusion of Zn atoms through the material. This fact has been also reported
in [7] using EDX investigation of the Zn concentration across the nano-tube structure.
As a counteract to this presumed eﬀect, we tried to investigate thicker GaN nano-tubes
where the QW is positioned further away from the inner tube surface. GaN nano-tubes
with doubled wall thickness with and without a single QW were realized and compared
(Fig. 7), where the same original ZnO template was used and the QW was grown at
800 ◦ C. As shown in Fig. 8, the peak around 2.85 eV was observed in both samples whereas
a highly luminescent new peak around 3.1 eV emerged for the sample with a single QW,
corresponding to In incorporation of 10 %. Furthermore, another ZnO template was split
into two halves and the InGaN layers were grown at 780 ◦ C and 830 ◦ C, respectively.
The resulting PL spectrum at low temperature indicated a clear shift in the main peak
with peak positions of 3.21 eV and 3.345 eV respectively (Fig. 9). This indicated an In
incorporation of 7.5 % and 3.4 %, respectively. Comparing this result to the PL spectrum

Normalized PL Intensity (arb. units)
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Fig. 9: Low temperature photoluminescence spectrum of thick GaN nanotubes with single
coaxial InGaN layers grown at 830 ◦ C and 780 ◦ C.

in Fig. 7, we expected an In incorporation higher than 10 % for the sample grown at 780 ◦ C.
However, since the original ZnO template was diﬀerent, we assume that the InGaN layer
luminescence energy depends on the original ZnO template. These last results are to be
conﬁrmed by locally resolved cathodoluminescence measurements for single nano-pillars
separated on TEM grids.

5.

Conclusion

We reported about an investigation of epitaxial InGaN layers grown epitaxially around
GaN nano-tubes on top of GaN micro-pyramids involving low temperature photoluminescence and locally resolved cathodoluminescence. An intense and broad peak centered
around 2.85 eV is attributed to transitions from a shallow donor or from the conduction
band to a ZnGa acceptor level above the valence band edge. This peak did not shift
with varying InGaN layer growth temperature and TMIn ﬂows and it had homogeneous
luminescence distribution in locally resolved cathodoluminescence mapping for samples
without InGaN layers. A thin layer near the inner surface of the nano-tube is believed
to be heavily doped with ZnGa acceptors as compared to deeper layers along the coaxial
growth direction. This layer is also assumed to prevent eﬃcient carrier recombinations
in the QW. A clear indication of In incorporation in low temperature PL was observed
via an intense peak around 3.1 eV by growing double GaN layer thicknesses before the
QW growth. Furthermore, a shift of a similar peak by growing at diﬀerent InGaN layer
growth temperatures from 3.34 eV to 3.21 eV supported the argument of In incorporation
into the coaxial layers.
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