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Highly efficient single-junction 
GaAs thin-film solar cell on  
flexible substrate
Sunghyun Moon, Kangho Kim, Youngjo Kim, Junseok Heo & Jaejin Lee

There has been much interest in developing a thin-film solar cell because it is lightweight and flexible. 
The GaAs thin-film solar cell is a top contender in the thin-film solar cell market in that it has a high 
power conversion efficiency (PCE) compared to that of other thin-film solar cells. There are two common 
structures for the GaAs solar cell: n (emitter)-on-p (base) and p-on-n. The former performs better due 
to its high collection efficiency because the electron diffusion length of the p-type base region is much 
longer than the hole diffusion length of the n-type base region. However, it has been limited to fabricate 
highly efficient n-on-p single-junction GaAs thin film solar cell on a flexible substrate due to technical 
obstacles. We investigated a simple and fast epitaxial lift-off (ELO) method that uses a stress originating 
from a Cr/Au bilayer on a 125-μm-thick flexible substrate. A metal combination of AuBe/Pt/Au is 
employed as a new p-type ohmic contact with which an n-on-p single-junction GaAs thin-film solar cell 
on flexible substrate was successfully fabricated. The PCE of the fabricated single-junction GaAs thin-
film solar cells reached 22.08% under air mass 1.5 global illumination.

In the last few decades, much effort has gone into developing a thin-film solar cell to take advantage of its light 
weight and flexibility. A variety of light-absorbing materials such as amorphous Si (a-Si), compound semicon-
ductors, and organic materials have been investigated for use in thin-film solar cells. In particular, a GaAs-based 
thin-film solar cell could be the leader of the future thin-film solar cell market because of its unrivaled high 
efficiency (28.8%, Alta Devices, Sunnyvale, CA, USA1), long-term stability, and reasonable cost2. Konagai et al.3 
developed the Peeled Film Technology (PFT) as the epitaxial lift-off (ELO) method for fabricating GaAs thin-film 
solar cells firstly. In the ELO method, the thin film is separated from the substrate by selectively etching a sac-
rificial layer between the active region and the substrate. This allows the transfer of the thin film to a foreign 
carrier and makes detached bulk substrate reusable. Manufacturing costs are significantly reduced by reusing 
the GaAs substrate4–6. Because of these advantages, the ELO method for fabricating GaAs thin-film solar cells 
has been widely investigated. Wu et al. fabricated a GaAs thin-film solar cell with an electroplated Cu substrate 
via a cross-shape-patterned ELO method that included hydrofluoric (HF) acid solutions mixed with hydrophilic 
solvent7. However, a thin-film solar cell with an electroplated Cu substrate is not very flexible and has a low 
power-to-weight ratio8 due to its considerable weight, thus diminishing the advantages of the thin-film solar cell. 
Tatavarti et al. reported on an n-on-p single-junction GaAs thin-film solar cell grown by metal organic chemi-
cal vapor deposition (MOCVD)9. The fabricated thin film solar cell with a thick metal handler showed a power 
conversion efficiency (PCE) of 21.11%, but its weight is relatively heavy. Recently, Lee et al. described an ELO 
method that utilizes a tensile stress resulting from the deposition of Ir/Au on a 50-μ m-thick Kapton sheet, and a 
cold-welding technique without adhesive10. Because of a lack of an HF-resistant p-contact metal this simple ELO 
method could be applied only to the p (emitter)-on-n (base) solar cell structure, where the Be-doped p-GaAs 
layer has to be grown prior to the n-GaAs layer using molecular beam epitaxy (MBE). Hence, a high diffusion 
of Be from the p-GaAs layer is inevitable while growing the n-GaAs layer at an elevated temperature11,12 and a 
resultant PCE was relatively low, 18.1%.

In the present paper, we have demonstrated a highly efficient GaAs thin-film solar cell fabricated on a flex-
ible substrate using a simple and fast ELO method that utilizes the stress of a sputtered Cr/Au bilayer. In order 
to realize the highly efficient and flexible thin film solar cell, an HF-resistant AuBe/Pt/Au metal combination is 
employed as a new p-type ohmic contact, by which an n (emitter)-on-p (base) single-junction GaAs thin-film 
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solar cell has been successfully fabricated. The inverted structures of GaAs solar cell grown using MOCVD 
becomes a conventional n-on-p structure after ELO process. The single-junction GaAs thin-film solar cell on a 
flexible substrate is made using the standard solar cell fabrication process.

Figure 1. Both n- and p-ohmic metal layers as well as the GaAs active region are clearly visible in this cross-
sectional SEM image of a fabricated GaAs thin-film solar cell obtained using a focused ion beam (FIB). 

Figure 2. EQE and reflectance of the GaAs thin-film solar cell. 

Figure 3. J−V curve of the GaAs thin-film solar cell with a conversion efficiency of 22.08%. The fabricated 
device has a Jsc of 27.06 mA/cm2, a Voc of 0.98 V, and a FF of 83.35%.
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Results
Figure 1 shows a cross-sectional scanning electron microscopy (SEM) image, obtained using focused ion beam 
(FIB) milling, of the fabricated GaAs thin-film solar cell on a flexible substrate. Both n- and p-ohmic metal layers 
are clearly seen as well as the GaAs active region. Although a few voids are observed at the metal bonding inter-
face, they probably do not contribute to an increase in series resistance because most of the areas are in contact 
with a highly conducting metal layer.

Figure 2 shows the measured external quantum efficiency (EQE) and reflectance curves of the fabricated GaAs 
thin-film solar cell. The sudden increase in the spectral response of the EQE around 880 nm corresponds to the 
band gap energy of GaAs. The high EQE of > 80% occurs in the wavelength range of 500–800 nm. The cutoff seen 
below about 470 nm is generally explained by the inefficient extraction of carriers generated near the window and 
emitter layers. In addition, the broad reflection peak seen in the figure is also responsible to make the EQE drop 
more rapidly. The delicate optimization of the antireflection coatings (ARCs) potentially improves the efficiency 
of the solar cell further.

Figure 3 shows the current density− voltage (J− V) characteristics of a complete single-junction GaAs 
thin-film solar cell measured at room temperature (25 °C) and AM 1.5 G illumination. The high FF is attributed 
to a low contact resistivity of p-ohmic contact. The contact resistivity measured by a transmission line model 
(TLM) method13 is 4 ×  10−4 Ω ·cm2. It is worth mentioning that the estimated PCE of 22.08% is much higher than 
that of the p-on-n solar cell fabricated on a flexible substrate10.

Discussion
Table 1 summarizes the characteristics and structures of GaAs thin-film solar cells reported in published studies 
and this work. In general, a single-junction solar cell consists of a highly doped emitter layer and a lightly doped 
base layer. Hence, a long minority-carrier diffusion length in the base region is an extremely important factor that 
determines the collection efficiency of photogenerated carriers. The minority-carrier diffusion length LD depends 
on the lifetime and mobility of the minority carrier and is expressed by μτ=L VD T , where μ is the carrier 
mobility, τ is the minority-carrier lifetime, and VT is the thermal voltage. Therefore, p-GaAs is preferred for the 
base region because electrons have greater mobility than holes in GaAs. Thus, the n-on-p structure has better 
collection efficiency in the GaAs p-n junction than the p-on-n structure14,15. Despite the advantages of the n-on-p 
structure, its implementation on a flexible substrate using the ELO method has been limited because of the 
absence of an HF-resistant p-ohmic contact with low contact resistance. It is worth noting that the work done by 
Lee et al.10 showed a relatively low efficiency and a low FF that are not only due to more growth defects in the 
MBE-grown layer16 but mostly due to an inherent low-collection efficiency in the p-on-n structure. Tatavarti et al. 
grew an n-on-p structure by MOCVD and then transferred the active layer onto the thick metal handle carrier9. 
The fabricated cell was relatively heavy and showed a lower PCE of 21.11%. The thin film solar cell fabricated in 
Alta devices has a high PCE17 and a remarkable Voc of 1.12 V probably due to photon recycling as well as the opti-
mized design18, but its detailed structure has not been reported. In this work, we presented a new combination of 
AuBe/Pt/Au as the HF-resistant p-ohmic contact, where Pt acts as the barrier to impede Au diffusion during the 
bonding process19. In result, the thin film solar cell with the n-on-p structure was successfully fabricated on flex-
ible substrate which exhibits a PCE of 22.08%. We have measured all the GaAs cells properly fabricated on 2 inch 
wafer. The efficiency was slightly varied from cell to cell over the whole wafer but the most of cells exhibit efficien-
cies of more than 21% and the minimum efficiency was at least 20.84%. Thus, these highly efficient GaAs solar 
cells are reliably demonstrated.

The heterostructure of the GaAs solar cell shown in Fig. 4 was not fully optimized as a thin-film solar cell 
to maximize the efficiency. Unlike with a bulk-type solar cell, optimizing photon management can enhance 
the collection efficiency of a thin-film solar cell20,21. A short base with a highly reflective back contact enables 
a long-wavelength photon to be absorbed near the p-n junction by reflection at the back contact. As a result, 
Voc and Jsc improve in accordance with the increase in collection efficiency, thus showing that the fabricated 
GaAs thin-film solar cell is a high-performance device. The GaAs thin-film solar cell presented here has a rel-
atively thick base compared to that of the other cells, as found in Table 1. The long-wavelength photons might 
be absorbed further from the depletion region, upon which the collection efficiency exponentially decreases21. 
Therefore, it could have a higher conversion efficiency by reducing the thickness of the base region and enhancing 
the reflectivity of the p-ohmic contact.

Growth 
system

Jsc  
(mA/cm2) Voc (V) FF (%)

Efficiency 
(%) Structure

Base thickness 
(μm) Bonding method/Carrier Authors (year )

MOCVD 24.57 1.01 85.25 21.11 n-on-p 2 Deposition/Metal Tatavarti et al.9

MOCVD 29.67 1.12 86.50 28.80 Unknown Unknown Adhesive bonding/Polymer Alta devices Inc.17 
(2012)

MOCVD 19.61 1.00 81.48 15.98 n-on-p 1.5 Electroplating/Metal Wu et al.7  
(2013)

MBE 24.2 0.98 76.4 18.1 p-on-n 3 Metal bonding/Polymer Lee et al.10  
(2014)

MOCVD 27.06 0.98 83.35 22.08 n-on-p 3.5 Metal bonding/Polymer Moon et al. (this work) 
(2016)

Table 1.  Summary of characteristics and structures of GaAs thin-film solar cells from published reports 
and this work.
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Conclusions
We have successfully demonstrated the fabrication of a highly efficient n-on-p single-junction GaAs thin-film 
solar cell on a flexible substrate using the simple ELO method. The n-on-p structure is preferred over the p-on-n 
structure because of the higher charge collection efficiency of electrons with a long diffusion length in the p-base 
region. However, the typical p-ohmic contact is vulnerable to the HF-based etchant, which limits the imple-
mentation of the n-on-p structure on a flexible substrate. To address this problem, we used the combination of 
AuBe/Pt/Au as a new p-ohmic metal that can withstand the ELO process and has a contact resistivity as low as 
4 ×  10−4 Ω ·cm2. The characteristics of the fabricated GaAs thin-film solar cell on flexible substrates were inves-
tigated by measuring the reflectance, EQE, and photovoltaic J− V curves. Its performance characteristics were, 
Jsc =  27.06 mA/cm2, Voc =  0.98 V, FF =  83.35%, and PCE =  22.08%. The efficiency can be increased by optimizing 
the base region and the metal reflector on the backside of the thin film. The optimized, high-efficiency thin-film 
GaAs solar cells fabricated using this mass-production-friendly technology will enable the widespread use of 
III-V thin-film solar cells in industrial and commercial applications.

Methods
The structures of the thin-film solar cell are grown via MOCVD on a Zn-doped, p-type GaAs (100) substrate 
with a misorientation of 2° off toward [111] direction. The heterostructure of the inverted single-junction GaAs 
solar cell is shown in Fig. 4. The buffer layers are grown on both the top and bottom of the 20-nm-thick AlAs, by 
doing so, both of the surface of the epilayer and the substrate are protected from byproducts generated after and 
during the ELO process6,22,23. For the active region, the n-GaAs layer is grown prior to the p-GaAs layer, resulting 
in an n-on-p structure after the ELO process. Hence, an HF-resistant p-ohmic contact must be deposited on top 
of the as-grown heterostructure. The p-ohmic contact widely used in GaAs solar cells includes Ti24–27, which is 
easily etched in an HF acid. To address the vulnerability of the p-ohmic contact, we use the AuBe/Pt/Au metal 
combination that remains intact in the HF solution during the ELO. After deposition of a Cr/Au bilayer on the 

Figure 4. Heterostructure of inverted single-junction GaAs thin-film solar cell. 

Figure 5. (a) Schematic diagram of the simple and fast ELO method. (b) Photographs of the epilayer on the 
flexible substrate and growth-ready substrate that can be reused after the ELO process. The GaAs solar cell 
epilayer bonded on the flexible substrate is separated from the substrate by etching an AlAs sacrificial layer in 
a mixture of hydrophilic and HF acid. The Cr/Au layer deposited on the polymer substrate makes it easier to 
separate the epilayer from the substrate. After the ELO process, the buffer layers are selectively etched by an acid 
solution, thereby revealing the shiny and smooth surface of both the thin film and the GaAs substrate.
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125-μ m-thick flexible substrate, the metal-to-metal bonding is processed by controlling the temperature and 
pressure. The GaAs solar cell epilayer, bonded onto the flexible substrate, is separated from the substrate by etch-
ing an AlAs sacrificial layer in an HF-based etchant, as shown in Fig. 5(a). The Cr/Au bilayer-induced stress makes 
the transfer of the epilayer to the flexible substrate easier. The HF acid etchant mixed with hydrophilic substance 
increases the etch rate of the AlAs layer because the chemical reaction generates less residue, which helps the 
inward diffusion of the etchant7. After the ELO process, the buffer layers which are exposed on both the thin film 
and the detached substrate are selectively etched by a phosphoric acid, thereby preparing a fresh GaAs surface on 
which to deposit front n-metal structures and the substrate for reuse. Figure 5(b) shows the thin film transferred 
onto a flexible substrate and the growth-ready recycled substrate. A grid pattern of n-ohmic contact, consisting of 
AuGe/Ni/Au, is deposited on the thin film by e-beam evaporation. Then a citric acid is used to selectively remove 
the n-GaAs layer to expose an InGaP window layer, followed by mesa etching to isolate the cell. Finally, ARCs of 
MgF2/ZnS are deposited on the InGaP layer28. The fabricated cell size is 0.20 cm2. Figure 6 is a photograph of the 
fabricated GaAs thin-film solar cell, the performance of which was measured using a class A solar simulator with 
a xenon lamp under air mass 1.5 global (AM 1.5 G) illumination. The irradiance of the simulator was calibrated 
using a reference cell to verify the AM 1.5 G illumination before measuring the fabricated solar cell.

References
1. Greenu, M. A., Emery, K., Hishikawa, Y., Warta, W. & Dunlop, E. D. Solar cell efficiency tables (version 46). Prog. Photovoltaic: Res 

Appl. 23, 805–812 (2015).
2. Lin, Q. et al. Flexible photovoltaic technologies. J. Mater. Chem. C 2, 1233–1247 (2014).
3. Konagai, M., Sugimoto, M. & Takahashi, K. High efficiency GaAs thin film solar cells by peeled film technology. J. Crys. Growth 45, 

277–280 (1978).
4. Adams, J. et al. Demonstration of multiple substrate reuses for inverted metamorphic solar cells, Paper presented at 38th IEEE PV 

Specialists Conf. (PVSC), Austin, Texas. New York, USA:IEEE. (10.1109/PVSC.2012.6656720) (2012, June 3–8).
5. Bauhuis, G. J. et al. Wafer reuse for repeated growth of III-V solar cells. Prog. Photovolt: Res Appl. 18, 155–159 (2010).
6. Lee, K., Zimmerman, J. D., Xiao, X., Sun, K. & Forrest, S. R. Reuse of GaAs substrates for epitaxial lift-off by employing protection 

layers. J. Appl. phys. 111, 033527–0033532 (2012).
7. Wu, F. L., Ou, S. L., Horng, R. H. & Kao, Y. C. Improvement in separation rate of epitaxial lift-off by hydrophilic solvent for GaAs 

solar cell applications. Sol. Energ. Mat. Sol. Cells. 112, 233–240 (2014).
8. Kayes, B. M., Zhang, L., Twist, R., Ding, I. K. & Higashi, G. S. Flexible thin-film tandem solar cells with > 30% efficiency. IEEE J. 

Photovolt. 4, 729–733 (2014).
9. Tatavarti, R. et al. Lightweight, low cost GaAs solar cells on 4” epitaxial liftoff (ELO) wafers, Paper presented at 33rd IEEE PV 

Specialists Conf. (PVSC): Devices and Defects, San Diego, California. New York, USA:IEEE. (10.1109/PVSC.2008.4922900) (2008, 
May 11–16).

10. Lee, K., Zimmerman, J. D., Hughes, T. W. & Forrest, S. R. Non-destructive wafer recycling for low-cost thin-film flexible 
optoelectronics. Adv. Funct. Mater. 24, 4284–5291 (2014).

11. Pao, Y. C. Heterojunction and interface space charge effects on interstitial Be diffusion during molecular beam epitaxy (MBE) 
growth. J. Cryst. Growth 202, 201–202 (1999).

12. Ploog, K., Fischer, A. & Kunzel, H. J. The use of Si and Be impurities for novel periodic doping structures in GaAs grown by 
molecular beam epitaxy. Electrochem. Soc. 128, 400–401 (1981).

13. Jacobs, B., Kramer, M. C. J. C. M., Geluk, E. J. & Karouta, F. Optimisation of the Ti/Al/Ni/Au ohmic contact on AlGaN/GaN FET 
structures. J. Cryst. Growth. 241, 15–18 (2002).

14. Stan, M. A. et al. Design and production of extremely radiation-hard 26% InGaP/GaAs/Ge triple-junction solar cells, Paper 
presented at 28th IEEE PV Specialists Conf. (PVSC): Devices and Defects, Anchorage, Alask. New York, USA: IEEE. (10.1109/
PVSC.2000.916148) (2000, September 15–22).

15. Parekh, R. H. & BarNett, A. M. Improved performance design of gallium arsenide solar cells for space. IEEE Trans. Electron Dev. 31, 
689–695 (1984).

16. Tobin, S. P. et al. Assessment of MOCVD- and MBE-grown GaAs for high-efficiency solar cell applications. IEEE Trans. Electron 
Dev. 37, 469–477 (1990).

17. Green, M. A., Emery, K., Hishikawa, Y., Warta, W. & Dunlop, E. D. Solar cell efficiency tables (version 40). Prog. Photovolts 20, 
606–614 (2012).

18. Steiner, M. A. et al. Optical enhancement of the open-circuit voltage in high quality GaAs solar cells. J. Appl. Phys. 113, 123109-1–11 
(2013).

19. Xu, Q. & Yang, L. W. Influence of a barrier layer on the formation of AuBe ohmic contact with the p-GaAs bases of heterojunction 
bipolar transistors. IEEE Trans. Electron Dev. 58, 2582–2588 (2011).

Figure 6. Photograph of fabricated single-junction GaAs thin-film solar cell on flexible substrates. 



www.nature.com/scientificreports/

6Scientific RepoRts | 6:30107 | DOI: 10.1038/srep30107

20. Yablonovitch, E., Miller, O. D. & Kurtz, S. R. The opto-electronic physics that broke the efficiency limit in solar cells, Paper presented 
at 38th IEEE PV Specialists Conf. (PVSC): Devices and Defects, Austin, Texas. New York, USA:IEEE (10.1109/PVSC.2012.631891) 
(2012, June 3–8).

21. Bauhuis, G. J., Schermer, J. J., Mulder, P., Voncken, M. M. A. J. & Larsen, P. k. Thin film GaAs solar cells with increased quantum 
efficiency due to light reflection. Sol. Energ. Mat. Sol. Cells. 83, 81–90 (2004).

22. Cheng, C. W. et al. Epitaxial lift-off process for gallium arsenide substrate reuse and flexible electronics. Nat. Commun. 4, 1577–1583 
(2013).

23. Smeenk, N. J. et al. Arsenic formation on GaAs during etching in HF solutions: relevance for the epitaxial lift-off process. ECS J. Solid 
States Sci. Technology 2, 58–65 (2013).

24. Baca, A. G., Ren, F., Zolper, J. C., Briggs, R. D. & Pearton, S. J. A survey of ohmic contacts to III-V compound semiconductors. Thin 
Solid Films 308–309, 599–606 (1997).

25. Stareev, G. Formation of extremely low resistance Ti/Pt/Au ohmic contacts to p-GaAs. Appl. Phys. Lett. 62, 2801 (1993).
26. Shimawaki, H., Furuhata, N. & Honjo, K. Ohmic contacts to p-GaAs with p+/p regrown structures formed by metalorganic 

molecular beam epitaxy. J. Appl. phys. 69, 7939 (1991).
27. Kim, K., Nguyen, H. D., Mho, S. & Lee, J. Enhanced efficiency of GaAs single-junction solar cells with inverted-cone-shaped 

nanoholes fabricated using anodic aluminum oxide masks. Int. J. Photoenergy 2013, 539765–539770 (2013).
28. Kim, Y. et al. InGaAsNSb/Ge double-junction solar cells grown by metalorganic chemical vapor deposition. Sol. Energy. 102, 

126–130 (2014).

Acknowledgements
This work was supported by the New & Renewable Energy Core Technology Program of the Korea institute 
of Energy Technology Evaluation and Planning (KETEP) granted financial resource from the Ministry 
of Trade, Industry & Energy, Republic of Korea (No. 20123010010110). This research was also supported by 
Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the 
Ministry of Education (NRF-2009-0094046) and the Ministry of Science, ICT and Future Planning (NRF-
2013R1A1A1058044).

Author Contributions
S.M. and K.K. performed the device fabrication. Y.K. performed the growth and EQE measurements. S.M. 
performed the reflectance, efficiency measurement, and SEM characterization. S.M. and J.H. conducted the data 
analysis. S.M. wrote the manuscript. J.L. and J.H. reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Moon, S. et al. Highly efficient single-junction GaAs thin-film solar cell on flexible substrate. 
Sci. Rep. 6, 30107; doi: 10.1038/srep30107 (2016).

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/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Highly efficient single-junction GaAs thin-film solar cell on flexible substrate
	Results
	Discussion
	Conclusions
	Methods
	Acknowledgements
	Author Contributions
	Figure 1.  Both n- and p-ohmic metal layers as well as the GaAs active region are clearly visible in this cross-sectional SEM image of a fabricated GaAs thin-film solar cell obtained using a focused ion beam (FIB).
	Figure 2.  EQE and reflectance of the GaAs thin-film solar cell.
	Figure 3.  J−V curve of the GaAs thin-film solar cell with a conversion efficiency of 22.
	Figure 4.  Heterostructure of inverted single-junction GaAs thin-film solar cell.
	Figure 5.  (a) Schematic diagram of the simple and fast ELO method.
	Figure 6.  Photograph of fabricated single-junction GaAs thin-film solar cell on flexible substrates.
	Table 1.   Summary of characteristics and structures of GaAs thin-film solar cells from published reports and this work.



 
    
       
          application/pdf
          
             
                Highly efficient single-junction GaAs thin-film solar cell on flexible substrate
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30107
            
         
          
             
                Sunghyun Moon
                Kangho Kim
                Youngjo Kim
                Junseok Heo
                Jaejin Lee
            
         
          doi:10.1038/srep30107
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep30107
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep30107
            
         
      
       
          
          
          
             
                doi:10.1038/srep30107
            
         
          
             
                srep ,  (2016). doi:10.1038/srep30107
            
         
          
          
      
       
       
          True
      
   




