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Exciton emission of quasi-2D InGaN 
in GaN matrix grown by molecular 
beam epitaxy
Dingyu Ma1,2,*, Xin Rong1,2,*, Xiantong Zheng1, Weiying Wang1, Ping Wang1,2, Tobias Schulz3, 
Martin Albrecht3, Sebastian Metzner4, Mathias Müller4, Olga August4, Frank Bertram4, 
Jürgen Christen4, Peng Jin5, Mo Li6, Jian Zhang6, Xuelin Yang1, Fujun Xu1, Zhixin Qin1, 
Weikun Ge1, Bo Shen1,2 & Xinqiang Wang1,2

We investigate the emission from confined excitons in the structure of a single-monolayer-thick quasi-
two-dimensional (quasi-2D) InxGa1−xN layer inserted in GaN matrix. This quasi-2D InGaN layer was 
successfully achieved by molecular beam epitaxy (MBE), and an excellent in-plane uniformity in this 
layer was confirmed by cathodoluminescence mapping study. The carrier dynamics have also been 
investigated by time-resolved and excitation-power-dependent photoluminescence, proving that the 
recombination occurs via confined excitons within the ultrathin quasi-2D InGaN layer even at high 
temperature up to ~220 K due to the enhanced exciton binding energy. This work indicates that such 
structure affords an interesting opportunity for developing high-performance photonic devices.

In recent years, a series of two-dimensional (2D) materials, such as graphene, transition metal dichalcogenides 
and black phosphorus, have attracted much research attention due to their remarkable physical properties and 
novel applications1. However, the optoelectronic devices based on these materials are mostly limited by several 
difficulties, including fabrication of large-area high-quality materials, making high efficient doping, subsequent 
Ohmic contact, and so on2. This encourages people to search for new approaches and materials which should not 
only show novel 2D nature in ultrathin layers but are also suitable for bulk planar technology. Atomically thick 
quasi-2D III-nitride is a promising candidate which is experimentally available and hence hopeful to enlarge the 
family of 2D materials, leading to emerging applications in optoelectronic devices3,4.

InxGa1−xN is widely used as an active layer and well applied in the fields of light emitting diodes, laser diodes, 
solar cells and photoelectrochemical water splitting devices5–7. That benefits from the wide and tunable bandgap 
of InGaN material from the infrared (InN at 0.64 eV) to ultraviolet (GaN at 3.4 eV) region, covering the entire 
visible spectrum with perfect match to the solar spectrum and making it irreplaceable by a similar GaAs based 
quantum structure8,9. However, fabrication of high quality thick InGaN films on GaN suffers from two obsta-
cles, i.e. high density threading dislocations and phase separation with In-rich clusters. The former one arises 
from large thermal/lattice mismatch between InN and GaN template, while the latter one results from very low 
InN solubility in GaN at common growth temperature10,11. A promising solution to avoid the two obstacles is 
to use pseudomorphic growth. That is exactly what the proposed atomically thick quasi-2D III-nitride in this 
letter can satisfy, where the quasi-2D In(Ga)N is coherently grown on GaN barrier12–15. The confined carriers 
in this quasi-2D InGaN may thus lead to a high emission efficiency. Unfortunately, the carrier dynamics in such 
ultrathin InGaN layer are not well investigated to the best of our knowledge, although we notice that the carrier 
dynamics in thicker (~2–6 nm) InGaN have been studied previously16–20. In this letter, the carrier dynamics in 
such quasi-2D InGaN inserted in GaN matrix have been studied for the first time. The optical properties were 
investigated by temperature-dependent, time-resolved and excitation-power-dependent photoluminescence 
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(PL), confirming that the PL emission does originate from the recombination of confined excitons for tempera-
tures up to ~220 K.

Results
First, we designed the sample structure as shown in Fig. 1(a), consisting of 1 monolayer (ML) In(Ga)N inserted in 
a GaN matrix. The reason we use In(Ga)N here is that we only deposit 1 ML InN although, as we will show later, 
it is actually InGaN layer. The sample was grown by plasma-assisted molecular beam epitaxy (MBE, SVTA) and 
the growth was in-situ monitored by reflection high-energy electron diffraction (RHEED). A 4.5 μ m-thick GaN 
layer on c-plane sapphire was used as the template. After thermal cleaning at 600 °C for 30 mins, 100 nm-thick 
GaN layer was grown at 810 °C under Ga-rich condition. Then, an annealing step was carried out to completely 
eliminate the Ga adatoms, followed by the deposition of InN with a coverage of 1 ML under slightly In-rich con-
ditions at 600 °C. Finally a 20 nm-thick GaN cap layer was grown at the same temperature. The growth rate of the 
epitaxial layers was 0.7 ML/sec and the whole epi-layer was undoped. The growth temperature of InN used here 
is about 100 °C higher than that commonly adopted for thick InN films. Fig. 1(b–d) show the RHEED pattern 
images recorded at the end of each layer. As shown in Fig. 1(b), the 2D growth mode for the GaN buffer layer 
is confirmed by the streaky RHEED pattern. The brightness of the RHEED after annealing step was almost the 
same as that for the initial GaN template, proving that no excess Ga adatoms were left over. For deposition of the 
single ML InGaN, the RHEED pattern kept almost the same as above except that the intensity is slightly weaker, 
as shown in Fig. 1(c). The spacing between the diffraction streaks didn’t change, indicating that the quasi-2D 
InGaN layer was coherently grown on the GaN barrier. The RHEED pattern was kept streaky during the growth 
of the GaN cap layer as shown in Fig. 1(d). The surface morphology of the GaN cap layer was then investigated 
by atomic force microscopy (AFM) as shown in Fig. 1(e), with a surface roughness (root mean square, RMS) of 
0.34 nm for a typical scanned area of 3 ×  3 μ m2.

To confirm the successful growth of the quasi-2D InGaN layer, cross sectional scanning transmission elec-
tron microscopy (STEM) was performed as displayed in Fig. 2(a). One-ML-thick quasi-2D layer marked with 
red arrow can be recognized in the image, which appears brighter compared to the surrounding GaN due to 
the higher atomic number of the indium atom. No misfit dislocations were found at the InGaN/GaN interface, 
confirming a coherent growth of the quasi-2D InGaN layer. To determine the composition of the InGaN layer, a 
map of c-lattice parameter was measured as shown in Fig. 2(b), according to the method described previously21. 

Figure 1. (a) Schematic image of the sample structure of the quasi-2D InGaN layer inserted in GaN matrix. 
Typical RHEED patterns after growth of the GaN buffer layer (b), single ML In(Ga)N (c) and GaN cap layer (d), 
respectively. (e) Typical AFM image of GaN cap layer.

Figure 2. (a) High-resolution STEM image for the sample. The red arrow marks the position of single ML 
InGaN. (b) Map of the c-lattice parameter in the region of the quasi-2D InGaN layer.
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In contrast to Fig. 2(a), Fig. 2(b) show almost the same area but expanded. We have compared the mean lattice 
parameter in the InGaN region against supercell simulations using an empirical potential (see ref. 14 for details). 
With respect to GaN, the strain yields 2.1%, which yields an indium content of the InGaN layer being around 
25% on average. Thus, our structural analyses confirm that the quasi-2D layer is an InGaN rather than pure 
InN despite that we did deposit InN itself. That result probably comes from the relatively high growth temper-
ature of the InN layer, which enhances not only the decomposition rate of InN but also the possibility of atom 
inter-diffusion. More work is needed to clarify the origin and the growth technique should be further developed 
to precisely control the indium composition in this quasi-2D layer.

Highly spatially and spectrally resolved cathodoluminescence (CL) measurements at 6 K have been per-
formed to investigate the lateral uniformity and emission properties of the quasi-2D InGaN layer22. In Fig. 3(a), a 
plan-view scanning electron microscopy (SEM) image of the sample is depicted, in which a smooth, mirror-like 
surface is visible with some small In-rich droplets marked by cyan-blue arrows. The CL intensity at the droplet 
position is reduced due to shadowing of the emission, as revealed by the spectrally integral CL intensity image 
shown in Fig. 3(b). Figure 3(g) shows the CL spectrum measured at 6 K. The luminescence is dominated by a 
near-band-edge (NBE) emission of GaN (peak wavelength of 355.7 nm) as well as the broad emission of the 
quasi-2D InGaN layer appearing around 385 nm. The monochromatic intensity images Fig. 3(d) show a rather 
inhomogeneous intensity distribution in case of the GaN NBE peak, in complete contrast to the quasi-2D InGaN 
emission which exhibits a relatively homogeneous distribution of the CL intensity (Fig. 3(e)) as well as peak wave-
length (Fig. 3(f)). We found a local switching between Fabry-Pérot-Modes for the InGaN emission which leads 
to the observed modulated integral spectrum. To statistically analyze the fluctuations of the GaN and quasi-2D 
InGaN luminescence, we calculated the histogram of the wavelength image, where the frequentness, i.e. the num-
ber of pixels in the CL wavelength map emitting at certain photon energy, is plotted versus photon energy for 
all 51200 pixels as shown in Fig. 3(g). Two obvious features can be seen from Fig. 3: (1) The emission from the 
quasi-2D InGaN layer is intense, which reveals the luminescence resulting from strong carrier confinement in 
the quasi-2D layer; (2) The emission from the quasi-2D InGaN as shown in Fig. 3(e,f) is quite uniform in terms 
of intensity and wavelength and thus the CL mapping is a strong indication of the excellent in-plane uniformity 
of the quasi-2D InGaN layer.

Turning to the carrier dynamics, we measured temperature-dependent PL spectra, as can be seen in Fig. 4(a). 
The emission around 395 nm is originating from quasi-2D InGaN layer. The difference of the peak emission 
between PL and CL may originate from a slight non-uniformity of the indium composition due to the wafer tem-
perature fluctuation. The temperature-dependent emission peak wavelength is plotted in Fig. 4(b) and it shows 
that the peak wavelength redshifts from 392 nm to 399 nm with temperature increasing from 10 K to room tem-
perature (RT). This redshift comes from temperature dependence of the energy gap, following Varshni model 

α β= − +E T E T T( ) (0) /( )2 23. The red dashed line in Fig. 4(b) is the bestfit line by the Varshni model with 
parameters of E(0) =  3.168 eV, α =  0.5 meV K−1 and β =  290 K. The results are reasonable in comparison with the 
previously reported ones for InGaN or GaN materials24,25. The typical time-resolved PL (TRPL) transients are 
shown in Fig. 4(c). The signals can be characterized by biexponential decay curves and the slower decay time is 
fitted by a black solid line and taken to represent the PL lifetime τ26. We assume the non-radiative recombination 
process is frozen out and thus neglected at 10 K27. The evolution of the radiative and non-radiative recombination 
lifetimes versus the sample temperatures can then be calculated from the temperature behaviors of both the inte-
grated PL intensity and PL lifetime, as summarized in Fig. 4(d)28. At temperatures above 80 K, the radiative 

Figure 3. (a) SEM image of the investigated sample surface. The cyan-blue arrows mark some In-rich droplets. 
The integral intensity CL image (b) reveals reduced intensity at the droplet positions. (c) distribution of the 
CL peak wavelength and corresponding monochromatic CL images in the spectral region of (d) GaN matrix 
and (e) quasi-2D InGaN layer. The monochromatic images are scaled to their individual minima and maxima 
intensities. (f) CL wavelength image of the InGaN luminescence contribution, exclusively. (g) spatially 
integrated CL spectrum of the area shown in SEM image (a) as well as the histogram of the wavelength image 
shown in (c).
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lifetime τrad (red dots) increases linearly with a slope of 19.7 ps K−1. This linear nature is a typical feature of the 
confinement within quasi-2D InGaN layer29.

Discussion
The origin of the light emission from such quasi-2D InGaN layer is not clear since the exciton binding energy for 
bulk InN is numerically predicted as only about 6.1 meV30. As shown in Fig.  5, we performed the 
excitation-power-dependent PL, to further clarify whether the emission around 395 nm originates from recom-
bination of excitons or photo-generated free carriers. It is believed the integrated PL intensity increases with 
excitation power density as the relation η= αI IPL 0 , where IPL is the integrated PL intensity, I0 is the excitation 
power density and η is related to the PL efficiency. The exponent α depends on the recombination mechanism and 
is expected to be close to 1 for free exciton and around 2 for free carrier31,32. As shown in Fig. 5, the parameter α 
is around 1 at temperatures up to ~220 K, while it is ~1.522 at RT. This reveals that the emission in quasi-2D 
InGaN almost completely originates from recombination of excitons up to ~220 K and partially originates from 
free carriers at RT. This excitonic nature of the PL emission from the quasi-2D InGaN layer can be ascribed to the 
enhanced exciton binding energy in the quasi-2D InGaN confined layer.

In summary, we present in this letter the fabrication and exciton emission of quasi-2D InGaN layer inserted 
in GaN matrix. The STEM study confirms the successful growth of the quasi-2D InGaN layer. Strong emis-
sion is obtained from the quasi-2D layer by CL measurement. The radiative lifetime increases linearly with 
sample temperature, showing a typical feature of the confinement. The exciton emission is further clarified by 
excitation-power-dependent PL spectra. This proposed novel quasi-2D InGaN affords possibility for develop-
ing high-performance photonic devices, as its avoidable generation of misfit dislocations and enhanced carrier 
confinement.

Figure 4. (a) Normalized temperature-dependent PL spectra. (b) PL peak energy at different sample 
temperatures and the corresponding best fitting line by the Varshni model. (c) TRPL transients and the PL 
lifetimes by fitting lines (black solid lines). (d) The evolution of PL lifetimes (black dots), radiative lifetimes (red 
dots) and non-radiative lifetimes (blue dots) versus the sample temperatures. The best fitting line (red dashed 
line) shows the linear nature for radiative lifetimes.
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Methods
Characterizations. We characterized our sample by the measurements of STEM, SEM, CL, PL and AFM. 
STEM was performed using a FEI Titan 80–300 kV electron microscopy operated at 300 keV. CL investigations 
were carried out using a custom-build system based on an SEM JEOL JSM 6400 equipped with a monochromator 
and an intensified Si-diode array. For TRPL measurements, a streak camera (OPTRONIS SC101) was used as 
the detector, and the sample was excited by a Ti:sapphire fs laser with an excitation wavelength of 237 nm and 
an excitation power density of ~50 W/cm2. The surface morphology was characterized by Bruker Dimension 
ICON-PT AFM.

References
1. Levendorf, M. P. et al. Graphene and boron nitride lateral heterostructures for atomically thin circuitry. Nature 488, 627 (2012).
2. Fiori, G. et al. Electronics based on two-dimensional materials. Nat. nanotech. 9, 768 (2014).
3. Miao, M. S. et al. Polarization-Driven Topological Insulator Transition in a GaN/InN/GaN Quantum Well. Phys. Rev. Lett. 109, 

186803 (2012).
4. Pan, W. et al. Two-dimensional electron gas in monolayer InN quantum wells. Appl. Phys. Lett. 105, 213503 (2014).
5. Chang, J. Y. et al. Advantages of blue InGaN light-emitting diodes with AlGaN barriers. Opt. Lett. 35, 1368 (2010).
6. Sang, L. et al. A multilevel intermediate-band solar cell by InGaN/GaN quantum dots with a strain-modulated structure. Adv. Mater. 

26, 1414 (2014).
7. AlOtaibi, B. et al. Highly stable photoelectrochemical water splitting and hydrogen generation using a double-band InGaN/GaN 

core/shell nanowire photoanode. Nano Lett. 13, 4356 (2013).
8. Wu, J. et al. Temperature dependence of the fundamental band gap of InN. J. Appl. Phys. 94, 4457 (2003).
9. Kuykendall, T., Ulrich, P., Aloni, S. & Yang, P. Complete composition tunability of InGaN nanowires using a combinatorial approach. 

Nat. Mater. 6, 951 (2007).
10. Cho, H. K., Lee, J. Y., Yang, G. M. & Kim, C. S. Formation mechanism of V defects in the InGaN/GaN multiple quantum wells grown 

on GaN layers with low threading dislocation density. Appl. Phys. Lett. 79, 215 (2001).
11. Ho, I. & Stringfellow, G. B. Solid phase immiscibility in GaInN. Appl. Phys. Lett. 69, 2701 (1996).
12. Yoshikawa, A. et al. Proposal and achievement of novel structure InN/GaN multiple quantum wells consisting of 1 ML and fractional 

monolayer InN wells inserted in GaN matrix. Appl. Phys. Lett. 90, 073101 (2007).
13. Dimakis, E. et al. Growth and properties of near-UV light emitting diodes based on InN/GaN quantum wells. Phys. Stat. Sol. (a) 205, 

1070 (2008).
14. Suski, T. et al. The discrepancies between theory and experiment in the optical emission of monolayer In(Ga)N quantum wells 

revisited by transmission electron microscopy. Appl. Phys. Lett. 104, 182103 (2014).
15. Akasaka, T., Gotoh, H., Kobayashi, Y. & Yamamoto, H. Extremely Narrow Violet Photoluminescence Line from Ultrathin InN Single 

Quantum Well on Step-Free GaN Surface. Adv. Mater. 24, 4296 (2012).
16. Tateishi, K., Funato, M., Kawakami, Y., Okamoto, K. & Tamada, K. Highly enhanced green emission from InGaN quantum wells due 

to surface plasmon resonance on aluminum films. Appl. Phys. Lett. 106, 121112 (2015).
17. Murotani, H., Yamada, Y., Honda, Y. & Amano, H. Excitation density dependence of radiative and nonradiative recombination 

lifetimes in InGaN/GaN multiple quantum wells. Phys. Stat. Sol. (b) 252, 940 (2015).
18. Lefebvre, P. et al. High internal electric field in a graded-width InGaN/GaN quantum well: Accurate determination by time-resolved 

photoluminescence spectroscopy. Appl. Phys. Lett. 78, 1252 (2001).
19. Cho, Y. H. et al. Influence of Si doping on characteristics of InGaN/GaN multiple quantum wells. Appl. Phys. Lett. 73, 1128 (1998).
20. Schulz, S. et al. Structural, electronic, and optical properties of m-plane InGaN/GaN quantum wells: Insights from experiment and 

atomistic theory. Phys. Rev. B 92, 235419 (2015).
21. Schulz, T., Remmele, T., Markurt, T., Korytov, M. & Albrecht, M. Analysis of statistical compositional alloy fluctuations in InGaN 

from aberration corrected transmission electron microscopy image series. J. Appl. Phys. 112, 033106 (2012).
22. Bertram, F. et al. Strain relaxation and strong impurity incorporation in epitaxial laterally overgrown GaN: Direct imaging of 

different growth domains by cathodoluminescence microscopy and micro-Raman spectroscopy. Appl. Phys. Lett. 74, 359 (1999).
23. Varshni, Y. P. Temperature dependence of the energy gap in semiconductors. Physica 34, 149 (1967).
24. Yu, H., Lee, L. K., Jung, T. & Ku, P. C. Photoluminescence study of semipolar {101¯1} InGaN/GaN multiple quantum wells grown by 

selective area epitaxy. Appl. Phys. Lett. 90, 141906 (2007).
25. Tiginyanu, I. M. et al. Luminescence of GaN nanocolumns obtained by photon-assisted anodic etching. Appl. Phys. Lett. 83, 1551 

(2003).
26. Onuma, T. et al. Radiative and nonradiative processes in strain-free AlxGa1−xN films studied by time-resolved photoluminescence 

and positron annihilation techniques. J. Appl. Phys. 95, 2495 (2004).

Figure 5. Dependence of the integrated PL intensity on the excitation power. The PL intensity for 220 K or 
300 K was multiplied by 12 times.



www.nature.com/scientificreports/

6Scientific RepoRts | 7:46420 | DOI: 10.1038/srep46420

27. Miller, R. C. et al. Luminescence studies of optically pumped quantum wells in GaAs-AlxGa1−xAs multilayer structures. Phys. Rev. B 
22, 863 (1980).

28. Gurioli, M. et al. Temperature dependence of the radiative and nonradiative recombination time in GaAs/AlxGa1−xAs quantum-well 
structures. Phys. Rev. B 44, 3115 (1991).

29. Rosales, D. et al. Excitons in nitride heterostructures: From zero- to one-dimensional behavior. Phys. Rev. B 88, 125437 (2013).
30. Dvorak, M., Wei, S. H. & Wu, Z. Origin of the Variation of Exciton Binding Energy in Semiconductors. Phys. Rev. Lett. 110, 169904 

(2013).
31. Fouquet, J. E. & Siegman, A. E. Room-temperature photoluminescence times in a GaAs/AlxGa1−xAs molecular beam epitaxy 

multiple quantum well structure. Appl. Phys. Lett. 46, 280 (1985).
32. He, C. et al. Free and bound excitonic effects in Al0.5Ga0.5N/Al0.35Ga0.65N MQWs with different Si-doping levels in the well layers. Sci. 

Rep. 5, 13046 (2015).

Acknowledgements
This work was partially supported by the National Key Research and Development Program of China (No. 
2016YFB0400100), the National Natural Science Foundation of China (Nos 61225019, 61376060, 61428401 and 
61521004), Science Challenge Project (No. JCKY2016212A503), NSAF (No. U1630109), the CAEP Microsystem 
and THz Science and Technology Foundation (No. CAEPMT201507) and the Open Fund of the State Key 
Laboratory on Integrated Optoelectronics.

Author Contributions
X.W. supervised the project. D.M., X.R. and X.W. designed the experiment. D.M., X.Z. and P.W. performed the 
sample growth. X.R. performed the excitation-power-dependent PL. W.W. and P.J. made the measurement of 
TRPL. T.S. and M.A. measured the STEM images. F.B., S.M., M.M., O.A. and J.C. carried out the measurements of 
SEM and CL. W.G., B.S., M.L., J.Z., X.Y., F.X. and Z.Q. gave scientific advices. X.R. and X.W. wrote the manuscript 
and all the authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Ma, D. et al. Exciton emission of quasi-2D InGaN in GaN matrix grown by molecular 
beam epitaxy. Sci. Rep. 7, 46420; doi: 10.1038/srep46420 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Exciton emission of quasi-2D InGaN in GaN matrix grown by molecular beam epitaxy
	Results
	Discussion
	Methods
	Characterizations. 

	Acknowledgements
	Author Contributions
	Figure 1.  (a) Schematic image of the sample structure of the quasi-2D InGaN layer inserted in GaN matrix.
	Figure 2.  (a) High-resolution STEM image for the sample.
	Figure 3.  (a) SEM image of the investigated sample surface.
	Figure 4.  (a) Normalized temperature-dependent PL spectra.
	Figure 5.  Dependence of the integrated PL intensity on the excitation power.



 
    
       
          application/pdf
          
             
                Exciton emission of quasi-2D InGaN in GaN matrix grown by molecular beam epitaxy
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46420
            
         
          
             
                Dingyu Ma
                Xin Rong
                Xiantong Zheng
                Weiying Wang
                Ping Wang
                Tobias Schulz
                Martin Albrecht
                Sebastian Metzner
                Mathias Müller
                Olga August
                Frank Bertram
                Jürgen Christen
                Peng Jin
                Mo Li
                Jian Zhang
                Xuelin Yang
                Fujun Xu
                Zhixin Qin
                Weikun Ge
                Bo Shen
                Xinqiang Wang
            
         
          doi:10.1038/srep46420
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep46420
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep46420
            
         
      
       
          
          
          
             
                doi:10.1038/srep46420
            
         
          
             
                srep ,  (2017). doi:10.1038/srep46420
            
         
          
          
      
       
       
          True
      
   




