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Highly Efficient Excitonic 
Recombination of Non-polar (1120) 
GaN Nanocrystals for Visible Light 
Emitter by Hydride Vapour Phase 
Epitaxy
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Hyun Uk Lee1, Myung Gwan Hahm5* & Jaekyun Kim2*

While non-polar nanostructured-GaN crystals are considered as a prospective material for the 
realization of futuristic opto-electronic application, the formation of non-polar GaN nanocrystals (NCs) 
with highly efficient visible emission characteristics remain unquestionable up to now. Here, we report 
the oxygen-incorporated a-plane GaN NCs with highly visible illumination excitonic recombination 
characteristics. Epitaxially aligned a-plane NCs with average diameter of 100 nm were formed on 
r-plane sapphire substrates by hydride vapor phase epitaxy (HVPE), accompanied by the oxygen supply 
during the growth. X-ray photoemission spectroscopy measurements proved that the NCs exhibited 
Ga-O bonding in the materials, suggesting the formation of oxidized states in the bandgap. It was 
found that the NCs emitted the visible luminescence wavelength of 400‒500 nm and 680‒720 nm, 
which is attributed to the transition from oxygen-induced localized states. Furthermore, time-resolved 
photoluminescence studies revealed the significant suppression of the quantum confined Stark effect 
and highly efficient excitonic recombination within GaN NCs. Therefore, we believe that the HVPE non-
polar GaN NCs can guide the simple and efficient way toward the nitride-based next-generation nano-
photonic devices.

III-Nitride-based nanoscale structures have been gained tremendous attention as candidates suitable for 
opto-electronic applications, owing to their strong carrier confinement characteristics via large band offset 
between nano materials and matrix, and large exciton binding energy1–3. Among these nitride-based materials, 
gallium nitride (GaN) nanocrystals (NCs) with a direct wide band gap (3.34 eV) extensively have been studied 
for the use of next generation devices, such as photovoltaic, solid-state quantum computation, and single-photon 
sources4–7. To achieve GaN nanostructures on a substrate, various techniques such as self-assembly growth, 
vapor-liquid-solid (VLS) process using molecular beam epitaxy (MBE), and metal organic chemical vapor depo-
sition (MOCVD) have been widely used so far8–10. For example, Zhang et al. reported the formation of GaN NCs 
via thermal decomposition by MOCVD11. Additionally, GaN nanodots were grown via Ga droplet epitaxy using 
pretreatment and post-annealing procedure and converted from Ga2O3 using combustion process10,12,13. These 
methods, however, can exhibit the limited introduction of GaN nanostructures into the desirable applications, 
because of the complicated growth process and low throughput. In addition, polar GaN with wurzite crystal 
structure experiences a quantum-confined stark effect (QCSE) along c-axis, which is induced by a large spontane-
ous polarization field5. This leads to a large spatial separation between electron and hole wavefunctions, resulting 
in a loss of internal quantum efficiency6,14. QCSE also causes a long exciton lifetime increasing the time-jitter on 
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the emission from a single photon source and large spectral diffusion, thus deteriorating the performance of the 
polar GaN-based nanostructure devices15.

Since the growth of GaN along non- and semi-polar orientations has been considered as a solution to cir-
cumvent these negative effects by eliminating or reducing the internal electric fields16,17, it has been of significant 
interest to the community. However, it is inevitable to dope In or Al elements in non-polar GaN crystals to 
give rise to the visible luminescence with an acceptable intensity. This can impose the declined luminescence 
properties of the materials and inefficient fabrication process. Even though several studies have attempted to 
grow nanostructured-GaN with visible luminescence characteristics using various approaches, such as rare earth 
doping, and defect-related emission7,18–20, the efficient luminescence characteristics was inappropriate for the 
practical illumination devices.

In this paper, we reported non-polar (11–20) GaN NCs for the application of a highly efficient visible lumi-
nescence source by hydride vapour phase epitaxy (HVPE). HVPE, with its high growth rate, could easily grow 
nanoscale GaN crystals without complicated processes and growth conditions. Furthermore, the introduction 
of oxygen elements during HVPE growth enabled the localized states within the bandgap to achieve visible light 
emission with highly efficient excitonic recombination.

Experimental
Formation of NCs.  A-plane GaN NCs were grown on 2-inch (1–102) r-plane Al2O3 substrates (Hi-solar 
Co., Ltd.), using a vertical-type home-built hot wall HVPE reactor under atmospheric pressure. Firstly, HCl of 20 
sccm, and NH3 of 300 sccm were supplied into r-plane Al2O3 substrates in the temperature of 920 °C, respectively. 
HCl acid gas etched Al2O3 surface, thus causing oxygen-terminated surface. This facilitated the nucleation of 
GaN NCs. Simultaneously, to form a-plane GaN nanocrystals with visible luminescence wavelength, O2, GaCl, 
and NH3 elements were incorporated into the oxygen-terminated Al2O3 surface. The gas flow rates of O2, HCl, 

Figure 1.  Schematic illustrations of (a) growth sequence and (b) mechanism of a-plane GaN NCs on r-plane 
sapphire by HVPE. (c) AFM image of the non-polar GaN NCs.
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and NH3 were 5 sccm, 15 sccm, and 100 sccm, respectively. HCl gas was delivered into Ga metal source zone 
where HCl and Ga metal reacted, thus forming GaCl. Consequently, this produced oxidized non-polar GaN NCs 
on r-plane Al2O3 substrate. The sequence and procedure on the growth of non-polar GaN NCs are detailed in 
Fig. 1(a,b). This process is similar to other literature except for the intentional oxygen supply21–23. The average size 
and spatial density of the a-plane GaN islands on r-plane sapphire were 100 nm, and 1.5 × 109 cm−2, respectively, 
confirmed by AFM (See Fig. 1(c)). To compare the optical characteristics of non-polar a-plane GaN NCs, oxy-
gen-introduced c-plane GaN NCs with average size of 100 nm were formed on c-plane sapphire substrate.

Figure 2.  (a) Cross-sectional HRTEM image of the non-polar a-plane GaN NCs. The fast Fourier 
transformation of NC area in the HRTEM image indicates the NC was grown to the direction11–20. (b) EDS 
mapping analysis of the corresponding area. EDS elemental analysis of the NCs for (c) Ga, (d) N, (e) Al, and (f) 
O elements did not found any meaningful spectrum related to AlN supposedly to be created by the nitridation 
on the sapphire substrate25.
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Characterization.  The size and density of non-polar a-plane NCs were evaluated by atomic force microscopy 
(AFM, Innova-LabRAM HR800, Horiba Jobin & Bruker). High resolution transmission electron microscopy 
(HRTEM) analysis was carried out to investigate the structural properties of the NCs using a FEI double Cs 
corrected Titan3 G2 60–300 S. The elemental mapping of the NCs was obtained using a Super-X detector with 
an XFEG higher efficiency detection system, which integrates four FEI-designed silicon drifet detectors close to 
the specimen. Moreover, high resolution X-ray diffraction (XRD, MP-XRD Malvern Panalytical) analysis was 
conducted to estimate the crystal quality of the non-polar nanomaterials. X-ray photoelectron spectroscopy (XPS, 
Sigma Probe, Thermo VG Scientific) measurements were employed to confirm the material chemistry after the 
entire structure formation. The optical properties were determined by photoluminescence (PL) at room temper-
ature using excitation by a He–Cd laser of 325 nm wavelength. In addition, time-resolved PL (TRPL, XperRam S, 
Nanobase Co., Ltd) measurements were taken at 10 K, using the corresponding monochromater.

Results and Discussion
The TEM analysis shows the non-polar GaN NCs of 100 nm and 60 nm in the average diameter and height, 
respectively, on the sapphire substrate, as seen in Fig. 2(a). The growth direction of NCs are toward11–20 from 
the fast Fourier transform (FFT) analysis of the high-resolution TEM (HRTEM) image, as shown in the inset 
of Fig. 2(a). It can be seen that the stacking faults (SFs) are present in the NCs. SF is known as the most typical 
intrinsic defect in the heteroepitaxial non-polar GaN materials24. Notably, an STEM-EDS map confirms that the 
non-polar GaN NCs consist of the elements of Ga, N, as shown in Fig. 2(b–f). N. Grandjean et al. reported the 
formation of AlN nucleation layer via nitridation of an Al2O3 substrate. According to the literature, an AlN layer 
was formed on an Al2O3 surface by exposing the Al2O3 surface to an NH3 gas of 20 sccm at temperature of 850 °C, 
which was confirmed by in situ reflection high-energy electron diffraction25. However, almost negligible of Al 
spectrum on the sapphire substrate by the high temperature surface treatment was observed, suggesting that the 
NCs were directly deposited on the substrate material. Furthermore, we were not able to detect oxygen elements 
in the NCs from STEM-EDS map mainly due to the detection limit and oxygen detectability of the EDS equip-
ment, not the absence of the elements in the materials.

To shed light on the crystal orientation and the structure of the GaN NCs, we employed the X-ray diffraction 
(XRD) analysis, as shown in Fig. 3. We can clearly observe the reflections of r-plane sapphire (1–102), (2, −204) 
and GaN (11–20), respectively, as shown in Fig. 3(a)26. The sharp and narrow peak for (11–20) reflection in GaN 
NCs supports that the materials exhibit high crystalline. It is noticeable that any additional crystal phases were 
not detectable except for the original material reflections. This corresponds to STEM-EDP, which also supports 
that highly aligned pure single crystalline a-plane GaN NCs were successfully grown on r-plane sapphire sub-
strate. Furthermore, 2 axis-scan revealed that the non-polar GaN NCs were deposited on r-plane sapphire with 
the off-axis of 1.85° along a-axis, as shown in Fig. 3(b).

To determine the chemical states of the elements in the NC materials, XPS analysis were conducted, as shown 
in Fig. 4. Figure 4(a) shows XPS survey analysis after the formation of non-polar GaN NCs. Substrate-related 
Al 2p and O 1 s peaks are apparently positioned at 72.28 eV and 528.21 eV, respectively. Ga-related XPS peaks 
including Ga Auger peaks, and N 1 s are visible in XPS spectra, confirming the formation of HVPE a-plane GaN 
NCs on the substrate. This corresponds with the results of STEM-HAADF and XRD. Furthermore, XPS core level 
spectra investigations for Ga 3d, and O 1 s signals were employed, respectively, as illustrated in Fig. 4(b,c). The 
deconvoluted Ga 3d core level signals clearly ensure the presence of Ga-N, and Ga-O bonding in the materials, 
as shown in Fig. 4(b). The signal of Ga-O bonding at 20.9 eV suggests the formation of GaOxNy or substitutional 
oxygen (ON) complex defects in the nano-architectures27. Since we could not detect the oxide signals in STEM 
and XRD, we speculate that Ga-O spectrum is associated with the presence of ON-related point defect complex. In 
addition, Ga-O bond peak centered at 530.5 eV in O1s core level spectra further provided that the nature of GaN 
NCs involved oxygen elements, as illustrated in Fig. 4(c)28.

To investigate the optical characteristics of HVPE a-plane GaN NCs, we performed PL measurements, as 
presented in Fig. 5(a). Typically PL spectrum of c-plane GaN layers on sapphire substrates shows band edge 

Figure 3.  (a) XRD theta/2theta scan and (b) 2 axis-scan of non-polar a-plane GaN NCs.
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emission at 365 nm and yellow luminescence band29. However, c-plane NCs exhibits dominant wavelength at 
366 nm and 388 nm, accompanied with broad plateau in the wavelength range from 400‒800 nm. We consider 
that carbon- and oxygen-related defect complex imposes the broad red luminescence in c-plane GaN nano-
dots30–32. The 366 nm peak close to the bandgap energy of GaN can be assigned to exciton recombination. It is 
well known that 388 nm wavelength in GaN materials is related to structural defects, such as stacking faults and 
screw dislocation along c-axis33–35. On the sharp contrary, we can clearly observe that the dominant peaks of 
a-plane GaN NCs appeared around blue and red emission spectra of 400‒500 nm and ~680 nm. The peak posi-
tions of the NCs were centered at wavelength of 442 nm and 680 nm. The broad shape of PL peaks may be related 
to the size distribution of GaN NCs and defect-related states. One can observe that near band edge (NBE) emis-
sion around 366 nm in a-plane GaN NCs is present but very weak. It is noticeable that structural defect-related 
emission at the wavelength of 388 nm is also declined in PL spectrum of non-polar GaN NCs, compared to 
that of c-plane ones. Since it is well established that the densities of extended defects in non-polar GaN crystals 
are much higher than those of c-plane ones24, we consider that this is not attributed to the extended structural 
defects in non-polar nanomaterials. Rather, we assign that this nature originated visible luminescence transition 

Figure 4.  (a) XPS survey spectrum of HVPE a-plane GaN NCs. Deconvoluted XPS spectrum of the (b) Ga 3d, 
(c) O 1s signal obtained from the non-polar NCs.
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Figure 5.  (a) PL spectra of c- (red), and a-plane (blue) GaN NCs with 100 nm-diameter at room temperature. 
(b) Schematic illustration of bleached photoluminescence of HVPE a-plane GaN NCs.

Figure 6.  Time-resolved PL spectra of oxygen-induced a- and c-plane HVPE GaN NCs with different sizes 
at 10 K. The blue and red line represent the PL decay curves of a-plane GaN NCs and c-plane GaN NCs, 
respectively.

τfast (ns) τslow (ns)

a-plane NCs 0.44 5.7

c-plane NCs 5.38 10.81

Table 1.  TRPL parameters extracted from fitting of the double exponential function for a-plane GaN NCs, and 
c-plane GaN NCs.

https://doi.org/10.1038/s41598-020-58887-7


7Scientific Reports |         (2020) 10:2076  | https://doi.org/10.1038/s41598-020-58887-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

produced from defect-induced deep level states in the bandgap of the NCs due to the oxygen influx during the 
HVPE growth. Note that the emission energy is smaller than the energy of GaN band edge recombination, asso-
ciated with the presence of the quantum confinement Stark effect, inherited from the internal electric field in 
the structure36. Since non-polar materials exhibit the negligible piezoelectric field, we speculate that this can be 
related to the electronic deep trap states in the NCs, such as donor and acceptor pair (DAP), Mg-, carbon-, and 
intrinsic-related defects37–41. Reshchikov et al. reported that the subsequent oxidation of GaN materials would 
evolve the blue band in the GaN, which originated from a transition from the shallow donors in the near surface 
region to band-bended surface states42. In other words, luminescence between the electrons captured in shal-
low donors and the holes localized by the oxidized surface states can emit the blue emission of GaN materials. 
Additionally, it has been reported that red luminescence of GaN reflects the transition from a shallow/deep donor 
or from the conduction band to an unknown deep acceptor, inherited from the presence of VNCN or VGaON

30–32. 
Note that HVPE growth of GaN NCs was performed with O2 supply, implying the introduction of oxidized states 
in the materials. Indeed, even if the flow rate of O2 during a-plane GaN NC growth is very low, typical HVPE GaN 
epitaxial layers exhibits more than oxygen concentration of 1016/cm3, which can also help the formation of the 
defect-related states in GaN materials43,44. Since impurities like C, or Mg were not used in this case, consequently, 
we consider that the significant incorporation of oxygen in the NCs take part in the reformation of the visible 
blue and red luminescence of a-plane GaN NCs, as shown in Fig. 5(b). The presence of the oxygen peak in XPS 
result of Fig. 3 further support this statement. V. Jindal et al. computed the surface energies as a function of crys-
tallographic orientations of GaN45. They addressed that the surface energies of a-plane GaN, and Ga-face c-plane 
GaN were estimated to be 159 meV/Å2, and 129 meV/Å2, respectively. We assure that this is attributed to higher 
surface energy of a-plane GaN. It is well established that the higher surface energy, the higher surface unstability, 
thus encouraging much higher reaction with other materials46. This clearly implies that the reaction with supplied 
O2 elements could be much activated in a-plane GaN with higher surface energy, compared to Ga-face c-plane 
GaN, thus making higher oxidized states of a-plane GaN NCs. Consequently, we speculate that this results in the 
nature of broad visible luminescence range in a-plane GaN NCs. To achieve visible luminescence in GaN-based 
devices, it is essential to incorporate dopant materials, such as indium (In) elements in GaN crystals. This can 
cause the piezoelectric fields in the materials, thus reducing the efficiency of device by the separation of hole and 
electron wave-functions47. However, we believe that oxygen-mediated a-plane GaN nanocrystal materials on 
n-GaN layer/sapphire substrates can be easily utilized as visible luminescence photonic devices only by inserting 
p-GaN layer. The device is under study. One can found the co-existence of 679 nm and 695 nm peak position in 
c- and a-plane GaN. It is well established that luminescence of 679 nm is related to high concentrations of C and 
O, and the overlap of the donor acceptor pair (DAP) band and the electron-to-acceptor (e,A0) transition band. 
Furthermore, emission at 695 nm is attributed to DAP transition31,32.

In order to clarify the carrier characteristics in a-plane GaN NCs, TRPL measurements were carried out at 
442 nm emission peak and 10 K by estimating the lifetime of excitons in a-plane and c-plane HVPE GaN NCs 
with the corresponding NC sizes of 100 nm, as seen in Fig. 6. The PL lifetime curves are well fitted with double 
exponential functions as follows:

= − τ + − τI(t) A exp( t/ ) A exp( t/ ) (1)fast fast slow slow

where Afast and Aslow are the normalization constants, t is time, τ is the photo-excited carrier lifetime, and I(t) is 
the time-dependent PL intensity. All the parameters in the double exponential function are presented in Table 1.

It is noticeable that the all measured decay time for the c-plane GaN NCs shows much longer lifetimes than 
that for a-plane GaN ones. The fast decay regions implies the fast exciton recombination process. On the other 
hand, the localized carrier recombination process dominates the slow decay components48. Since TRPL meas-
urements were conducted at low temperature, non-radiative recombination in NCs is negligible. Therefore, we 
consider that the shorter exciton recombination time of a-plane HVPE GaN NCs is attributed to a significantly 
increased overlap of electron and hole wavefunctions and reduction of the internal electric filed in HVPE a-plane 
GaN NCs, indicative of highly enhanced excitonic recombination49. This is in excellent agreement with previous 
results reported elsewhere6,50–52. We believe that these remarkably improved optical properties and simple forma-
tion of HVPE non-polar a-plane GaN NCs prove to be a viable matrix for a direct visible emission source.

Conclusions
It was demonstrated that HVPE non-polar a-plane GaN NCs with oxygen-mediated localized states were grown 
on r-plane sapphire substrates for direct visible light emission. TEM, XRD analysis showed that the formation 
of the NCs were epitaxially deposited along a-axis of 1.85° on r-plane Al2O3 structures. XPS analysis proved that 
the nature a-plane GaN NCs is comprised of Ga-N bonding and ON point defect complex, indicative of the pres-
ence of oxygen-induced localized states in the bandgap. Photoluminescence studies also confirmed the blue- and 
red-light emission of the NCs around wavelength of 400‒500 nm, and 680‒720 nm with the reduced NBE and 
structural defect-related spectrum, compared to those of c-plane ones. These visible emission bands are attrib-
uted to the localized states of GaN NCs, inherited from their oxidized phases. Furthermore, the relatively shorter 
lifetime of the NCs in TRPL analysis suggested the suppression of the internal electric field and enhanced efficient 
excitonic recombination. Therefore, this study could offer a new feasible approach to achieve GaN NCs for direct 
visible luminescence application.

Received: 15 October 2019; Accepted: 3 January 2020;
Published: xx xx xxxx

https://doi.org/10.1038/s41598-020-58887-7


8Scientific Reports |         (2020) 10:2076  | https://doi.org/10.1038/s41598-020-58887-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

References
	 1.	 Kabi, S. & Perera, A. U. Effect of quantum dot size and size distribution on the intersublevel transitions and absorption coefficients 

of III-V semiconductor quantum dot. J. Appl. Phys. 117, 124303 (2015).
	 2.	 Huber, D. et al. Highly indistinguishable and strongly entangled photons from symmetric GaAs quantum dots. Nat. Commun. 8, 

15506 (2017).
	 3.	 Yu, J. et al. Study on spin and optical polarization in a coupled InGaN/GaN quantum well and quantum dots structure. Sci. Rep. 6, 

35597 (2016).
	 4.	 Yang, W. et al. High density GaN/AlN quantum dots for deep UV LED with high quantum efficiency and temperature stability. Sci. 

Rep. 4, 5166 (2014).
	 5.	 Hui, X. et al. Fabrication of GaN nanodots via GaN thermal decomposition in H2 atmosphere. J. Vac. Sci. Technol. B. 31, 050607 

(2013).
	 6.	 Zhu, T. et al. Non-polar (11–20) InGaN quantum dots with short exciton lifetimes grown by metal-organic vapor phase epitaxy. 

Appl. Phys. Lett. 102, 251905 (2013).
	 7.	 Saron, K. & Hashim, M. Broad visible emission from GaN nanowires grown on n-Si (1 1 1) substrate by PVD for solar cell 

application. Superlattices Microstruct. 56, 55–63 (2013).
	 8.	 Hu, C.-W., Bell, A., Ponce, F., Smith, D. & Tsong, I. Growth of self-assembled GaN quantum dots via the vapor–liquid–solid 

mechanism. Appl. Phys. Lett. 81, 3236–3238 (2002).
	 9.	 Kondo, T., Saitoh, K., Yamamoto, Y., Maruyama, T. & Naritsuka, S. Fabrication of GaN dot structures on Si substrates by droplet 

epitaxy. phys. stat. sol.(a) 203, 1700–1703 (2006).
	10.	 Yu, S. et al. Characterization and density control of GaN nanodots on Si (111) by droplet epitaxy using plasma-assisted molecular 

beam epitaxy. Nanoscale Res. Lett. 9, 682 (2014).
	11.	 Zhang, J. et al. Fabrication of low-density GaN/AlN quantum dots via GaN thermal decomposition in MOCVD. Nanoscale Res. Lett. 

9, 341 (2014).
	12.	 Qi, Z. et al. Influence of high-temperature postgrowth annealing under different ambience on GaN quantum dots grown via Ga 

droplet epitaxy. Opt. Mater. Express 5, 1598–1605 (2015).
	13.	 Chen, Y., Jyoti, N. & Kim, J. Strong deep-UV and visible luminescence from GaN nanoparticles. Appl. Phys. A 102, 517–519 (2011).
	14.	 Griffiths, J. T. et al. Growth of non-polar (11–20) InGaN quantum dots by metal organic vapour phase epitaxy using a two 

temperature method. APL materials 2, 126101 (2014).
	15.	 Ostapenko, I. A. et al. Large internal dipole moment in InGaN/GaN quantum dots. Appl. Phys. Lett. 97, 063103 (2010).
	16.	 Das, A. et al. Improved luminescence and thermal stability of semipolar (11–22) InGaN quantum dots. Appl. Phys. Lett. 98, 201911 

(2011).
	17.	 Feng, S.-W., Tu, L.-W., Wang, H.-C., Sun, Q. & Han, J. The role of growth-pressure on the determination of anisotropy properties in 

nonpolar m-plane. GaN. ECS J. Solid State Sci. Technol. 1, R50–R53 (2012).
	18.	 Saleem, U. et al. Yellow and green luminescence in single-crystal Ge-catalyzed GaN nanowires grown by low pressure chemical 

vapor deposition. Opt. Mater. Express 7, 1995–2004 (2017).
	19.	 Pan, X., Zhang, Z., Jia, L., Li, H. & Xie, E. Room temperature visible green luminescence from a-GaN: Er film deposited by DC 

magnetron sputtering. J. Alloys Compd. 458, 579–582 (2008).
	20.	 Mitchell, B. et al. Utilization of native oxygen in Eu (RE)-doped GaN for enabling device compatibility in optoelectronic applications. 

Sci. Rep. 6, 18808 (2016).
	21.	 Lee, M., Vu, T. K. O., Lee, K. S., Kim, E. K. & Park, S. Electronic Transport Mechanism for Schottky Diodes Formed by Au/HVPE 

a-Plane GaN Templates Grown via In Situ GaN Nanodot Formation. Nanomaterials 8 (2018).
	22.	 Lee, M., Mikulik, D. & Park, S. Thick GaN growth via GaN nanodot formation by HVPE. Cryst. Eng. Comm. 19, 930–935 (2017).
	23.	 Lee, M., Yang, M., Wi, J.-S. & Park, S. Formation of in situ HVPE a-plane GaN nanodots: effects on the structural properties of 

a-plane GaN templates. Cryst. Eng. Comm. 20, 4036–4041 (2018).
	24.	 Craven, M., Lim, S., Wu, F., Speck, J. & DenBaars, S. Structural characterization of nonpolar (1120) a-plane GaN thin films grown 

on (1102) r-plane sapphire. Appl. Phys. Lett. 81, 469–471 (2002).
	25.	 Grandjean, N., Massies, J. & Leroux, M. Nitridation of sapphire. Effect on the optical properties of GaN epitaxial overlayers. Appl. 

Phys. Lett. 69, 2071–2073 (1996).
	26.	 Huang, H.-M. et al. Growth and Characteristics of a-Plane GaN on ZnO Heterostructure. J. Electrochem. Soc. 159, H290–H292 

(2012).
	27.	 Li, D. et al. Selective etching of GaN polar surface in potassium hydroxide solution studied by x-ray photoelectron spectroscopy. J. 

Appl. Phys. 90, 4219–4223 (2001).
	28.	 Guzmán, G., Herrera, M., Silva, R., Vásquez, G. & Maestre, D. Influence of oxygen incorporation on the defect structure of GaN 

microrods and nanowires. An XPS and CL study. Semicond. Sci. Technol. 31, 055006 (2016).
	29.	 Calleja, E. et al. Yellow luminescence and related deep states in undoped GaN. Phys. Rev. B 55, 4689 (1997).
	30.	 Reshchikov, M. A., Usikov, A., Helava, H. & Makarov, Y. Fine structure of the red luminescence band in undoped GaN. Appl. Phys. 

Lett. 104, 032103 (2014).
	31.	 Wang, L., Richter, E. & Weyers, M. Red luminescence from freestanding GaN grown on LiAlO2 substrate by hydride vapor phase 

epitaxy. phys. stat. sol.(a) 204, 846–849 (2007).
	32.	 Wang, L. et al. Characterization of free standing GaN grown by HVPE on a LiAlO2 substrate. phys. stat. sol.(a) 203, 1663–1666 

(2006).
	33.	 Elsner, J. et al. Deep acceptors trapped at threading-edge dislocations in GaN. Phys. Rev. B 58, 12571 (1998).
	34.	 Ravash, R. et al. Metal organic vapor phase epitaxy growth of single crystalline GaN on planar Si (211) substrates. Appl. Phys. Lett. 

95, 242101 (2009).
	35.	 Yang, Y. et al. Blue luminescence from amorphous GaN nanoparticles synthesized in situ in a polymer. Appl. Phys. Lett. 74, 

2262–2264 (1999).
	36.	 Leroux, M. et al. Quantum confined Stark effect due to built-in internal polarization fields in (Al, Ga) N/GaN quantum wells. Phys. 

Rev. B 58, R13371 (1998).
	37.	 Li, S. et al. Study of the blue luminescence in unintentional doped GaN films grown by MOCVD. J. Lumin. 106, 219–223 (2004).
	38.	 Chung, S., Suh, E.-K., Lee, H., Mao, H. & Park, S. Photoluminescence and photocurrent studies of p-type GaN with various thermal 

treatments. J. Cryst. Growth 235, 49–54 (2002).
	39.	 Santana, G. et al. Photoluminescence study of gallium nitride thin films obtained by infrared close space vapor transport. Materials 

6, 1050–1060 (2013).
	40.	 Gruzintsev, A., Kaiser, U., Khodos, I. & Richter, W. Fine structure of the blue photoluminescence in high-purity hexagonal GaN 

films. Inorg. Mater. 37, 591–594 (2001).
	41.	 Teisseyre, H. et al. Different character of the donor-acceptor pair-related 3.27 eV band and blue photoluminescence in Mg-doped 

GaN. Hydrostatic pressure studies. Phys. Rev. B 62, 10151 (2000).
	42.	 Reshchikov, M. A., Visconti, P. & Morkoç, H. Blue photoluminescence activated by surface states in GaN grown by molecular beam 

epitaxy. Appl. Phys. Lett. 78, 177–179 (2001).
	43.	 Khromov, S., Hemmingsson, C., Monemar, B., Hultman, L. & Pozina, G. Optical properties of C-doped bulk GaN wafers grown by 

halide vapor phase epitaxy. J. Appl. Phys. 116, 223503 (2014).

https://doi.org/10.1038/s41598-020-58887-7


9Scientific Reports |         (2020) 10:2076  | https://doi.org/10.1038/s41598-020-58887-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

	44.	 Iwinska, M. et al. Homoepitaxial growth of HVPE-GaN doped with Si. J. Cryst. Growth 456, 91–96 (2016).
	45.	 Jindal, V. & Shahedipour-Sandvik, F. Theoretical prediction of GaN nanostructure equilibrium and nonequilibrium shapes. J. Appl. 

Phys. 106, 083115 (2009).
	46.	 Lee, M. et al. Effect of additional hydrochloric acid flow on the growth of non-polar a-plane GaN layers on r-plane sapphire by 

hydride vapor-phase epitaxy. J. Cryst. Growth 404, 199–203 (2014).
	47.	 Gong, Z. et al. Electrical, spectral and optical performance of yellow–green and amber micro-pixelated InGaN light-emitting diodes. 

Semicond. Sci. Technol. 27, 015003 (2011).
	48.	 Choi, C. et al. Time-resolved photoluminescence of In x Ga 1− x N/G a N multiple quantum well structures: Effect of Si doping in 

the barriers. Phys. Rev. B 64, 245339 (2001).
	49.	 Schulz, S. & O’Reilly, E. P. Built-in field reduction in InGaN/GaN quantum dot molecules. Appl. Phys. Lett. 99, 223106 (2011).
	50.	 Taylor, R. et al. Dynamics of single InGaN quantum dots. Physica E Low Demins. Syst. Nanostruct. 21, 285–289 (2004).
	51.	 Robinson, J. W. et al. Time-resolved dynamics in single InGaN quantum dots. Appl. Phys. Lett. 83, 2674–2676 (2003).
	52.	 Reid, B. et al. High temperature stability in non‐polar (11$\bar 2 $0) InGaN quantum dots: Exciton and biexciton dynamics. physica 

status solidi (c) 11, 702–705 (2014).

Acknowledgements
This work was supported by the Korea Basic Science Institute research Grant No. C070300(to M.Lee) and the 
research fund of Hanyang University (HY-2017-N) and ‘the Competency Development Program for Industry 
Specialists’ of the Korean Ministry of Trade, Industry and Energy (MOTIE), operated by Korea Institute for 
Advancement of Technology (KIAT). (No. P0002397, HRD program for Industrial Convergence of Wearable 
Smart Devices).

Author contributions
M. Lee conceived the idea, performed the GaN nanocrystal growth and decipher the PL and XPS measurement. 
D. Lee performed PL measurements. H.S. Baik conducted TEM analysis. H. Kim performed XRD measurements 
and interpreted the data. H.U. Lee conducted AFM characterization and its interpretation. Y. Jung measured and 
interpreted PL spectra. M. Yang deciphered STEM analysis. M.G. Hahm and J. Kim designed the experimental 
and supervised the project. All authors discussed and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.G.H. or J.K.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-58887-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Highly Efficient Excitonic Recombination of Non-polar () GaN Nanocrystals for Visible Light Emitter by Hydride Vapour Phase ...
	Experimental

	Formation of NCs. 
	Characterization. 

	Results and Discussion

	Conclusions

	Acknowledgements

	Figure 1 Schematic illustrations of (a) growth sequence and (b) mechanism of a-plane GaN NCs on r-plane sapphire by HVPE.
	Figure 2 (a) Cross-sectional HRTEM image of the non-polar a-plane GaN NCs.
	Figure 3 (a) XRD theta/2theta scan and (b) 2 axis-scan of non-polar a-plane GaN NCs.
	Figure 4 (a) XPS survey spectrum of HVPE a-plane GaN NCs.
	Figure 5 (a) PL spectra of c- (red), and a-plane (blue) GaN NCs with 100 nm-diameter at room temperature.
	Figure 6 Time-resolved PL spectra of oxygen-induced a- and c-plane HVPE GaN NCs with different sizes at 10 K.
	Table 1 TRPL parameters extracted from fitting of the double exponential function for a-plane GaN NCs, and c-plane GaN NCs.




