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Organic/silicon hybrid solar cells have great potential as low-cost, high-efficiency photovoltaic devices.
The superior light trapping capability, mediated by the optical resonances, of the organic/silicon

hybrid nanostructure-based cells enhances their optical performance. In this work, we fabricated Si
nanopillar (NP) arrays coated with organic semiconductor, poly(3-hexylthiophene-2,5-diyl), layers.
Experimental and calculated optical properties of the samples showed that Mie-resonance strongly
concentrated incoming light in the NPs. Spatial mapping of surface photovoltage, i.e., changes in the
surface potential under illumination, using Kelvin probe force microscopy enabled us to visualize the
local behavior of the photogenerated carriers in our samples. Under red light, surface photovoltage was
much larger (63 meV) on the top surface of a NP than on a planar sample (13 meV), which demonstrated
that the confined light in the NPs produced numerous carriers within the NPs. Since the silicon NPs
provide pathways for efficient carrier transportation, high collection probability of the photogenerated
carriers near the NPs can be expected. This suggests that the optical resonance in organic/silicon hybrid
nanostructures benefits not only broad-band light trapping but also efficient carrier collection.

As active materials for photovoltaic (PV) applications organic semiconductors have many advantages, includ-
ing strong light absorption over a broad wavelength range, adjustable energy band alignment, and competitive
fabrication costs'~'*. Despite such advantages, the extremely short exciton diffusion lengths in organic materials
(usually <20 nm) limit efficient exciton dissociation to carriers at the junction interface and collection of car-
riers™2. Organic/silicon hybrid (OSH) devices have been proposed to combine the advantages of both organic
semiconductors and inorganic silicon (Si). In particular, Si nanostructures, such as nanopillars (NPs), nanowires,
and nanoholes, coated with organic layers have attracted significant attention for high-efficiency OSH solar cells.
The Si nanostructures can provide pathways for efficient carrier transportation because of the high mobility of Si
and the large junction area in such devices can aid efficient exciton dissociation'-'*. Recently, suppression of the
surface recombination of nanostructured OSH PV devices enabled notable improvement of their power conver-
sion efficiency®-14.

The optical properties of nanostructure arrays differ considerably from those of their planar counterparts
because they have graded refractive indices and because of their multiple scattering, interference, diffraction, and
Mie resonance behaviours'>-?*. In particular, Mie resonance can strongly concentrate light of a broad wavelength
range near the sample surface!’~?. Enhanced fluorescence?’, Raman?', and photoluminescence?®* intensity from
Si NP arrays could be explained by the surface-concentrated light. Such a modified light distribution affects the
generation of charge carriers as well as the optical response of the samples?. The generation and subsequent redis-
tribution of carriers under illumination changes the surface potential (V) of the sample. Thus, the generation of
electron-hole pairs and their separation directly determine surface photovoltage (SPV), defined as the difference
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Figure 1. Top down (a) and cross sectional SEM images of bare Si NP array (b), planar Si wafer (c), and NP
array sample coated with P3HT (d). The thickness of the P3HT layer on the planar wafer, on the flat region
around the NPs, and on top of the NPs was 40, 40, and 10 nm, respectively.

of V,,rin the dark and under light. Kelvin probe force microscopy (KPFM) enables real space mapping of V.,
with nanoscopic spatial resolution?*-26,

In this work, we fabricated Si NP arrays coated with a layer of poly(3-hexylthiophene-2,5-diyl) (P3HT)
organic semiconductor and studied their SPV characteristics using KPFM. The SPV maps show us how the opti-
cal resonance mediated surface concentration of light affects the generation and redistribution of photogenerated
carriers in the NPs. We also compare optical simulation results with our experimental data to achieve a better
understanding of the SPV behaviours. The results suggest that the spatial distribution of the carriers must be
considered carefully to optimize the design of nanostructure based hybrid solar cells.

NP arrays (area: 1 X 1 mm?) were fabricated on 4 inch Si wafers (n-type, doping concentration: 10" cm~3,
Silicon Materials) using electron beam lithography and reactive dry etching. The fabrication procedures were
identical to those in our earlier work?. The scanning electron microscope (SEM) images in Fig. 1a,b show that
the diameter, height, and period of the NP arrays were 250, 150, and 1000 nm, respectively. P3HT was spin coated
onto the Si wafers at 1200 rpm for 1 min using a stable solution of P3HT in chlorobenzene. From SEM images
the thickness of the P3HT layer on a planar Si wafer was estimated to be 40 nm (Fig. 1¢). The P3HT layers coated
on the Si wafers with the NP arrays were not of uniform thickness: the thickness of the P3HT layer on the flat
substrate region around the NPs was 40 nm, comparable to the layer thickness on the planar wafer; however, the
thickness of P3HT on top of the NPs was only 10 nm (Fig. 1d).

Vs of the samples in the dark and under illumination by a red laser (wavelength A =635nm) was measured
using a KPFM system (XE-100, Park Systems) inside a glove box?*?°. The glove box was purged with N, gas for
at least 3 h after loading each sample and the N, atmosphere was maintained throughout the experimental pro-
cedures. The laser beam was incident on the sample surface at an angle of 55° to avoid the KPFM head blocking
the light. As illustrated in Fig. 2, V,,,/is determined by the following equation, eV,,= (W, — W) — ¢, — Vs
where e is electron charge, W, is the work function of the KPFM tip, and Wy; is the work function of Si. At the
P3HT/Si interface charge transfer occurs and the net charges induce a potential drop across the P3HT layer
(Vpspp) and the Si surface (¢,)>°. This interfacial potential gradient separates the photogenerated charge carriers
under illumination and alters V,,; resulting in non-zero SPV (i.e., SPV = e[V, riion — Veurpaar] = 0)-

Figure 3a schematically illustrates the four kinds of samples investigated in this work: planar Si wafers and
Si NP samples, both with and without a P3HT layer. The reflection spectra of the four samples are presented in
Fig. 3b. The experimental spectra were obtained using a micro-spectrophotometer?”, which enabled us to char-
acterize the small-sized NP samples (area: 1 x 1 mm?). The NP sample without P3HT exhibits lower reflection
over a broad wavelength range than a bare planar Si wafer even though the surface coverage of the NPs on the
sample surface is only 5%. Our widely spaced, short NPs with a period of 1000 nm and height of 150 nm barely
caused any variation in the effective refractive index at the surface and showed only small multiple scattering
effects?®. We suggest that the antireflection (AR) behaviour of the NP sample should be attributed to the increase
of the scattering and absorption cross sections of the NPs caused by Mie resonance'”-?2. Spinelli et al. demon-
strated experimentally that the strongly scattered light from their NPs, which had a similar diameter and height
as ours, coupled with the substrate and caused the broad-band AR effect!”. Coating with a P3HT layer drastically
decreases the reflection of both the planar and NP samples, because the real part of the refractive index of P3HT
(npsyr) is smaller than that of Si (ng;) over the whole measurement wavelength range’. Although the reflection
of the P3HT coated NP sample is very similar to that of the coated planar sample, the spatial distributions of the
incident light in the samples are very distinct. The Mie resonance in the NPs strongly concentrates the light near
the surface!”-2. Figure 3c depicts the reflection spectra calculated by finite-difference time-domain (FDTD) sim-
ulations (Lumerical FDTD Solutions), which reproduce the main features observed in the experimental spectra
in Fig. 3b well. In our micro-spectrophotometer, the reflected light was collected by a microscope objective and
directed to a UV/vis spectrometer via an optical fibre. Incomplete collection of the light and/or spectral distortion
in the fibre can cause some quantitative discrepancies between the experimental and calculated reflection values.
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Figure 2. Schematic band diagrams illustrating the surface potential (V,,,) measurement of a P3HT coated
Si sample using KPFM. E,, is the vacuum level, Eg,, is the Fermi level of the tip, and W, is the work function
of the tip. LUMO and HOMO refer to the lowest unoccupied molecular orbital and highest occupied molecular
orbital of the P3HT layer, respectively. E.;, Egg;» Eys and Wy; are the conduction band edge, Fermi level,
valence band edge, and work function of Si, respectively. ¢, represents the surface band bending at the Si surface
and Vpsyris the potential drop across the P3HT layer.
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Figure 3. (a) Schematic illustrations of the four samples: planar Si wafers and Si NP arrays, both with and
without a P3HT layer. (b) Experimental and (c) simulated optical reflection spectra of the four samples.

Figure 4a,b show the FDTD simulated optical generation rate (G) in the P3HT coated planar Si wafers and Si
NP array samples under illumination (\: 450, 635, and 850 nm) with an incidence angle of 55°, analogous to the
SPV measurement conditions. G, representing the number of photogenerated carriers at each point per unit time,

2
is calculated using the equation G = nk F , where  is the real part of the refractive index, k is the imaginary part
of the refractive index, and E is the electric field”. The dielectric functions of P3HT and crystalline Si were taken
from ref. 7 and 28. At A\=450nm, very large G values appear in the P3HT layer of both the planar and NP array
sample, because P3HT has a high absorption coefficient at such short wavelengths’. Interestingly, very large G
values are also seen in the Si NPs buried underneath the P3HT layer. In the planar sample, the incident light
intensity decreases monotonically away from the sample surface. In contrast, in the NP sample the Mie resonance
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Figure 4. FDTD calculated cross sectional distribution of the optical generation rate (G) of (a) planar Si wafers and
(b) Si NP array samples coated with P3HT. The wavelengths of the illumination light were 450, 635, and 850 nm.
The incident light was linearly polarized and the incidence angle was 55°, as depicted by the wave vector (k) and the
electric field (E) above the maps. All G values are normalized by the largest value that appears in the plots.

concentrated the light in the NPs and substantially increased the light intensity!” and thereby also the G values.
The photogenerated charge carriers near the P3HT/Si interface can be readily separated and collected by the
interfacial potential gradient (Fig. 2). Thus, the surface-concentrated light in the nanostructures can improve the
photovoltaic performance of the OSH nanostructured cells.

At A=635nm, G values are large near the surface of the P3HT layer in the planar sample. In the case of the
NP sample with P3HT, the largest G values appear in the NPs, while the G values in the P3HT layer are relatively
small. We attribute the differences between the planar and NP samples to the light confinement in the NPs. At
A=2850nm, G in both the planar and NP samples is much smaller than at A =450 and 635 nm, because the imag-
inary parts of the refractive indices of P3HT and Si are very small at long wavelengths”?. Transverse magnetic
mode light was used to obtain the maps in Fig. 4a,b. The spatial maps under illumination of transverse electric
mode light (not shown here) also showed significantly enhanced G values in the NPs. These results suggest that
the optical resonance can substantially increase the number of photogenerated carriers near the NPs. As dis-
cussed above, the photogenerated charge carriers near the surface have very high collection probability due to
the band bending at the P3HT/Si interface. Therefore, the Si NPs can raise the power conversion efficiency of the
OSH nanostructured cells.

Figure 5a,b display surface topography and V,,,, maps of a P3HT coated Si NP sample, respectively. In our
measurements, a red laser with A =635nm was chosen as the light source because the spatial distribution of
photogenerated carriers in the NP sample may be very different from that in its planar counterpart, as revealed in
the FDTD simulations (Fig. 4b). The exact surface profile at the edge of the NPs could not be obtained because of
the tip-sample convolution®?. Similarly, V., at the NP edges could not be precisely determined because of this
geometric artefact”. Apparently larger diameter in the AFM image (Fig. 5a) is the manifestation of such artefacts.
The Vs values representing the characteristics at the top surface of the NPs were estimated only at the central
region of the NP top surface (indicated by black circles in Fig. 5a,b). To estimate the V,,value of the flat region
around the NP, two rectangular areas above and below the NP, not including the artefact-related Ve data around
the NP, were chosen (see Fig. S1). For comparison, the surface topography and V., maps of a P3HT coated planar
Si sample were also studied, as shown in Fig. 5¢,d. The difference of Voupin the dark and under light illumination
(i.e., SPV = e[V riion — Viurpaan]) is larger at the top surface of the NP (63 meV) than in the flat region around
the NP (40 meV), as shown in Fig. 5e (see Fig. S2). The SPV value of the P3HT coated planar Si wafer (13 meV)
is smaller than that of the coated NP sample. The P3HT layer induces band bending at the P3HT/Si interface
(as illustrated in Fig. 2), resulting in non-zero SPV values for the corresponding P3HT coated samples. It should
be noted that the SPV in the flat region around the NP is larger than that for the planar wafer coated with P3HT.
Because the thickness of the P3HT layer is similar in both coated samples, the interfacial band bending in the
dark is expected to be similar. Thus, differences in the number of photogenerated charges should cause distinct
SPV values. As shown in Fig. 4a,b, the G value in the P3HT layer of the flat region around the Si NP is smaller than
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Figure 5. (a) Surface topography and (b) surface potential (V) values of a P3HT coated NP sample in the
dark and under light illumination. (c) Surface topography and (d) V., values of a P3HT coated planar Si
wafer in the dark and under light illumination. (e) SPV values of a P3HT coated planar Si wafer, of a flat region
between NPs, and at the top of a NP in a P3HT coated NP sample.

that in the P3HT layer on the planar Si wafer. This suggests that the concentrated photogenerated charges in the
Si NPs diffuse into the neighbouring flat region around the NPs and increase the SPV values.

The SPV behaviour in the P3HT NP sample was determined by the generation, separation, transfer, and trans-
port of charge carriers, as illustrated in Fig. 62°. Because the energy of the red light is larger than the band-
gap energies of both Si and P3HT, the incoming light generates charge carriers in both Si and P3HT. When
electron-hole pairs are generated in Si, the electrons and holes move toward the Si bulk and P3HT/Si interface,
respectively, because of interfacial potential gradient. This charge movement decreases ¢, and Vpsyr. As a result,
the SPV will be positive because SPV is given by e( V., gign — €Viurgdark) = (Podark — Putign) + €(Vpstizdark — Vestriigns)-
When the incident light generates excitons in the P3HT layer, some of the excitons reach the P3HT/Si interface
and are dissociated there by the electric field at the junction. After exciton dissociation, the holes will move
toward the P3HT layer, and the electrons toward the Si bulk; alternatively, the electrons may fill trap states at
the interface (indicated as short bars at the P3HT/Si interface in Fig. 6). Except for such trapped charges at the
interface, all the photogenerated charges cause the SPV to be positive. Enhanced carrier generation in the Si NPs,
clearly shown in Fig. 4a,b, readily explains the reason why the NP sample exhibits larger SPVs than its planar
counterpart. The highly concentrated charges generated in the NPs diffuse to neighbouring regions, which raises
the SPV in the flat region around the NP, as shown in Fig. 5b,c. In many previous studies, much attention was
paid to the electrical benefits of OSH nanostructure based PV devices, such as their enlarged junction area and
efficient transport paths'~'%. The SPV maps in this work suggest that the concentrated photogenerated charges can
further enhance the PV performance of OSH nanostructure devices.

We fabricated P3HT coated Si NP array samples and compared their SPV characteristics with those of P3HT
coated planar Si samples. FDTD simulations and experimental results showed that the NP sample exhibited Mie
resonance in the visible wavelength range. The optical resonance strongly confined the incoming light in the NPs,
modulating the spatial distribution of photogenerated carriers. Nanoscopic SPV characterization using KPFM
clearly visualized the local modulation of the generation and transport of photocarriers in the P3HT/Si NP sam-
ples. The SPV values of the NP sample (63 meV) were much larger than those of the planar sample (13 meV).
SPV maps also showed that the SPV of the flat region around the NP (40 meV) was larger than that of the planar
sample. This suggests that the optical resonance as well as the enlarged junction area in the OSH nanostructured
PV devices enables efficient carrier collection.
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Figure 6. Band profiles and schematic diagrams illustrating photo-excitation and carrier separation
processes at the P3HT/Si interface under illumination. Short bars at the interface represent trap states.

Methods

SPV measurements.  First, we measured the topography and V,,in the dark (V,,,, 4,x) from a specified area
on the sample surface. Without moving the tip position, we measured the topography and V,,,,under illumina-
tion (Vi ign)- We identified the same region from the scanned images using relative coordinates from a notable
topographic feature (e.g., NP). The SPV could be obtained from the V., 4, and Vi, maps.

Optical simulations. FDTD simulations were carried out to obtain reflection spectra and the spatial dis-
tribution of the optical generation rate using Lumerical FDTD Solutions version 8.7.4. Periodic boundary con-
ditions and perfectly matched layers were used at the side walls and at the top and bottom of the simulated unit
cell, respectively. A linearly polarized plane wave light source was used and the wavelength range was from 400
to 900 nm. For the reflection calculation, the light was normally incident on the sample surface. For the optical
generation rate estimation the incidence angle was 55° for direct comparison with the SPV maps to reveal the
spatial distribution of the photogenerated charges.

References
1. Fan, X. et al. Recent progress in organic-inorganic hybrid solar cells. J. Mater. Chem. A 1, 8694-8709 (2013).
2. Gowrishankar, V. et al. Exciton harvesting, charge transfer, and charge-carrier transport in amorphous-silicon nanopillar/polymer
hybrid solar cells. . Appl. Phys. 103, 064511 (2008).
. Sang, Y. et al. Investigation of P3HT/n-Si heterojunction using surface photovoltage spectroscopy. Vacuum 86, 2158-2161 (2012).
. Liu, C. Y. & Kortshagen, U. R. Hybrid solar cells from MDMO-PPV and silicon nanocrystals. Nanoscale 4, 3963-3968 (2012).
5. Park, K.-T. et al. 13.2% efficiency Si nanowire/PEDOT:PSS hybrid solar cell using a transfer-imprinted Au mesh electrode. Sci. Rep.
5, 12093 (2015).
6. Liang, Z. et al. Characteristics of a silicon nanowires/PEDOT:PSS heterojunction and its effect on the solar cell performance. ACS
Appl. Mater. Interfaces 7, 5830-5836 (2015).
7. Wang, W. et al. Optical simulations of P3HT/Si nanowire array hybrid solar cells. Nanoscale Research Lett. 9, 238 (2014).
8. He, J. et al. Realization of 13.6% efficiency on 20 um thick Si/organic hybrid heterojunction solar cells via advanced nanotexturing
and surface recombination suppression. ACS Nano 9, 6522-6531 (2015).
9. He, W. W. et al. Towards stable silicon nanoarray hybrid solar cells. Sci. Rep. 4, 3715 (2014).
10. Hong, L. et al. High efficiency silicon nanohole/organic heterojunction hybrid solar cell. Appl. Phys. Lett. 104, 053104 (2014).
11. Jackle, S. et al. Junction formation and current transport mechanisms in hybrid n-Si/PEDOT:PSS solar cells. Sci. Rep. 5, 13008
(2015).
12. Sato, K., Dutta, M. & Fukata, N. Inorganic/organic hybrid solar cells: optimal carrier transport in vertically aligned silicon nanowire
arrays. Nanoscale 6, 6092-6101 (2014).
13. Yu, P. et al. 13% efficiency hybrid organic/silicon-nanowire heterojunction solar cell via interface engineering. ACS Nano 7,
10780-10787 (2013).
14. Zhang, J. et al. A 12%-efficient upgraded metallurgical grade silicon-organic heterojunction solar cell achieved by a self-purifying
process. ACS Nano 8, 11369-11376 (2014).
15. Kim, S.-K. et al. Doubling absorption in nanowire solar cells with dielectric shell optical antennas. Nano Lett. 15, 753-758 (2015).
16. Um, H.-D. et al. Dopant-free all-back-contact Si nanohole solar cells using MoO, and LiF films. Nano Lett. 16, 981-987 (2016).
17. Spinelli, P, Verschuuren, M. A. & Polman, A. Broadband omnidirectional antireflection coating based on subwavelength surface
Mie resonators. Nat. Commun. 3, 692 (2012).
18. Baryshnikova, K. V. et al. Plasmonic and silicon spherical nanoparticle antireflective coatings. Sci. Rep. 6, 22136 (2016).
19. Ishii, S. et al. Solar water heating and vaporization with silicon nanoparticles at Mie resonances. Opt. Mater. Express 6, 640-648
(2016).
20. Wells, S. M. et al. Silicon nanopillars for field-enhanced surface spectroscopy. ACS Nano 6, 2948-2959 (2012).
21. Bezares, E. J. et al. Mie resonance-enhanced light absorption in periodic silicon nanopillar arrays. Opt. Express 21, 27587-27601
(2013).
22. Kim, E. et al. Mie resonance-mediated antireflection effects of Si nanocone arrays fabricated on 8-in. wafers using a nanoimprint
technique. Nanoscale Res. Lett. 10, 164 (2015)
23. Cho, Y. et al. SiN, layers on nanostructured Si solar cells: Effective for optical absorption and carrier collection. Appl. Phys. Lett. 107,
153101 (2015).
24. Gwon, M. et al. Plasmon-enhanced surface photovoltage of ZnO/Ag nanogratings. Sci. Rep. 5, 16727 (2015).
25. Kim, E. et al. Surface photovoltage characterizations of Si nanopillar arrays for verifying field-effect passivation using a SiN, layer.
Curr. Appl. Phys. 16, 141-144 (2016).
26. Sadewasser, S. & Glatzel, T. Kelvin probe force microscopy. (Springer: New York, 2012).

NN}

SCIENTIFICREPORTS | 6:29472 | DOI: 10.1038/srep29472 6



www.nature.com/scientificreports/

27. Gwon, M. et al. Polarization-independent light emission enhanced of ZnO/Ag nanograting via surface plasmon polariton excitation
and cavity resonance. ACS Appl. Mater. Interfaces 6, 8602-8605 (2014).

28. Haynes, W. M. CRC Handbook of Chemistry and Physics. (CRC Press, 2015).

29. Lee, M., Lee, W. & Prinz, E. B. Geometric artefact suppressed surface potential measurements. Nanotechnology 17, 3728 (2006).

Acknowledgements

This work was supported by Korea Institute of Energy Technology Evaluation and Planning Grant (KETEP-
20133030011000) and the Quantum Metamaterials Research Center (QMMRC) through the National Research
Foundation of Korea Grant (No. 2015001948).

Author Contributions

E.K. and D.-WK. conceived and designed the research study. E.K., Y.C., A.S., HH., Y.UL. and H.-H.P. performed
the experiments and analyzed the data. EK., K.K., H.-H.P, ] K, JW.W. and D.-W.K. contributed to preparing the
manuscript and all the authors have given approval to the submitted 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: Kim, E. et al. Mie Resonance-Modulated Spatial Distributions of Photogenerated
Carriers in Poly(3-hexylthiophene-2,5-diyl)/Silicon Nanopillars. Sci. Rep. 6, 29472; doi: 10.1038/srep29472
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
MM o1 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/

SCIENTIFICREPORTS | 6:29472 | DOI: 10.1038/srep29472 7


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

	Mie Resonance-Modulated Spatial Distributions of Photogenerated Carriers in Poly(3-hexylthiophene-2,5-diyl)/Silicon Nanopil ...
	Methods

	SPV measurements. 
	Optical simulations. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Top down (a) and cross sectional SEM images of bare Si NP array (b), planar Si wafer (c), and NP array sample coated with P3HT (d).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Schematic band diagrams illustrating the surface potential (Vsurf) measurement of a P3HT coated Si sample using KPFM.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Schematic illustrations of the four samples: planar Si wafers and Si NP arrays, both with and without a P3HT layer.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ FDTD calculated cross sectional distribution of the optical generation rate (G) of (a) planar Si wafers and (b) Si NP array samples coated with P3HT.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) Surface topography and (b) surface potential (Vsurf) values of a P3HT coated NP sample in the dark and under light illumination.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Band profiles and schematic diagrams illustrating photo-excitation and carrier separation processes at the P3HT/Si interface under illumination.



 
    
       
          application/pdf
          
             
                Mie Resonance-Modulated Spatial Distributions of Photogenerated Carriers in Poly(3-hexylthiophene-2,5-diyl)/Silicon Nanopillars
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29472
            
         
          
             
                Eunah Kim
                Yunae Cho
                Ahrum Sohn
                Heewon Hwang
                Y. U. Lee
                Kyungkon Kim
                Hyeong-Ho Park
                Joondong Kim
                J. W. Wu
                Dong-Wook Kim
            
         
          doi:10.1038/srep29472
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29472
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29472
            
         
      
       
          
          
          
             
                doi:10.1038/srep29472
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29472
            
         
          
          
      
       
       
          True
      
   




