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Geometrical tuning art for entirely 
subwavelength grating waveguide 
based integrated photonics circuits
Zheng Wang1,2,*, Xiaochuan Xu3,*, Donglei Fan1,4, Yaguo Wang1,4, Harish Subbaraman3  
& Ray T. Chen1,2,3

Subwavelength grating (SWG) waveguide is an intriguing alternative to conventional optical 
waveguides due to the extra degree of freedom it offers in tuning a few important waveguide 
properties, such as dispersion and refractive index. Devices based on SWG waveguides have 
demonstrated impressive performances compared to conventional waveguides. However, the high loss 
of SWG waveguide bends jeopardizes their applications in integrated photonic circuits. In this work, 
we propose a geometrical tuning art, which realizes a pre-distorted refractive index profile in SWG 
waveguide bends. The pre-distorted refractive index profile can effectively reduce the mode mismatch 
and radiation loss simultaneously, thus significantly reduce the bend loss. This geometry tuning art has 
been numerically optimized and experimentally demonstrated in present study. Through such tuning, 
the average insertion loss of a 5 μm SWG waveguide bend is reduced drastically from 5.43 dB to 1.10 dB 
per 90° bend for quasi-TE polarization. In the future, the proposed scheme will be utilized to enhance 
performance of a wide range of SWG waveguide based photonics devices.

Silicon photonics has been attracting tremendous interests in the last decade1 due to its great potential in realizing 
low cost photonic chips through the use of well-established CMOS manufacturing technology2. However, the fact 
that silicon does not possess a direct band gap or second-order nonlinearity makes it challenging to generate or 
control photons. Hybrid integration of silicon and functional cladding materials has been considered as a poten-
tial solution to this issue3. Several structures, such as slot waveguides4–6 and photonic crystal waveguides7–9, have 
been exploited to enhance the light-matter interaction. Subwavelength grating (SWG) waveguide, comprising 
of a periodic arrangement of high and low refractive index materials with a pitch less than one wavelength, has 
received considerable attention in recent years10–21. Bloch modes can be supported by this periodic arrangement 
of silicon pillars and cladding material, and therefore in theory photons can propagate without being attenuated 
by the discontinuity of media10,11. Furthermore, SWG provides another degree of freedom to precisely control 
a few important waveguide properties, such as refractive index12–14, dispersion15, and mode overlap volume16, 
which are determined by materials constituting the waveguides, as demonstrated previously. The control of these 
properties enables significant improvements in performance over conventional waveguide based devices, such as 
grating couplers12,15, directional couplers17 , sensors18, filters19 and modulators20. However, the practical applica-
tions of SWG waveguide have been greatly compromised by the large loss of SWG waveguide bends. For instance, 
a 10 μm radius 90° bend has an insertion loss of ~1.5 dB21. To avoid the significant loss introduced by SWG wave-
guide bends, a common approach is to taper the SWG waveguide to conventional strip waveguides at the bend, 
and further tapering back to SWG waveguides afterwards11. Although the strip waveguide bends can reduce the 
loss, the taper adds additional loss and wastes the precious silicon chip surface21. Therefore, to achieve the goal of 
building integrated photonics system with entirely SWG waveguides, it is critical to design an innovative SWG 
waveguide bend with low-loss and small radius. In this work, we report a completely new type of SWG waveguide 
bends with substantially reduced loss via optimizing the refractive index profile with strategically tuned silicon 
pillar geometries.
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Result
Theoretical analysis of losses in SWG waveguide bends. Figure 1a shows a 3D schematic of a typical 
SWG waveguide, where Λ is the period of the SWG structure, l, w, and h are the length, width, and height of sili-
con pillars, respectively. In our simulations and experiments, SU-8 (n =  1.58) is selected as the top cladding mate-
rial. The period Λ is 300 nm. A typical silicon pillar (duty cycle equals to 0.5) has a geometry of l × w × h =  150 nm  
×  500 nm ×  250 nm without further optimization11. To simplify the analysis, two approximations are assumed 
sequentially without losing generality. Firstly, SWG waveguide is approximated as a uniform strip waveguide with 
an equivalent refractive index (neq) shown in Fig. 1b. The equivalent refractive index neq =  2.70 is calculated by 
using the first order effective medium theory (EMT)12. Secondly, the 3D strip waveguide is further simplified into 
a 2D waveguide through effective refractive index approximation, as shown in Fig. 1c 22. The effective refractive 
indices of cladding and core are ncl =  1.51 and nco =  2.20, respectively (see Supplementary Fig. S1). Figure 1d 
shows the geometry and effective index profile of a SWG waveguide bend after the aforementioned two approx-
imations in Z space (2D complex plane, Z = x + iy) with cylindrical coordinates. The effective refractive index 
profile can be expressed as:

Figure 1. Theoretical analysis of bend losses in SWG waveguides and pre-distortion compensation method. 
(a) 3D schematic of a SWG waveguide. (b) 3D schematic of a SWG waveguide approximated via EMT.  
(c) Schematic of the final approximated result of a SWG waveguide. (d) Geometry and effective refractive index 
profile of a SWG waveguide in Z space. (e) Geometry and effective refractive index profile of a SWG waveguide 
in W space. (f) Conformal refractive index profiles in W space with different bend radius r and corresponding 
mode profiles. (g) The ideal effective refractive index profile in W space. (h) The conformal transformation 
result of (g) (in Z space). (i) The effective refractive index profile in W space via linear pre-distortion 
compensation method. (j) The conformal transformation result of (i) (in Z space). (g–i) Represent r =  5 μm 
cases.
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where ncl and nco are the effective refractive index of the cladding (ncl =  1.51) and core of a waveguide (nco =  2.20), 
respectively, and r1 and r2 denote the radius of the inner and outer edge, respectively. To unveil the source of 
bend loss, conformal transformation method, which has been widely used to analyze conventional strip wave-
guide bends22–26, is applied. By using the conformal transformation W =  r2lnZ/r2, a bend in Z space can be taken 
equivalently as a straight waveguide in W space (2D complex plane, W = u + iv)23. Figure 1e shows the geometry 
and conformal refractive index profile in W space with transformed Cartesian coordinate system. The first order 
approximation of transformed effective refractive index (here we name it conformal refractive index to eliminate 
ambiguity) ncon(u) can be calculated by24
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Figure 1f shows ncon(u) with different bend radius r and corresponding mode profiles. The black curve rep-
resents the conformal transformation (in W space) of a straight waveguide, which can be treated as a bend with 
infinite radius r =  ∞ . With the decrease of bend radius, the refractive index profile becomes asymmetric and 
tilted, which shifts the mode to the outer edge (right side) of an SWG waveguide bend, as shown by the mode pro-
files (simulated via FIMMWAVE, a commercially available software developed by PhotonDesign) in Fig. 1f. The 
delocalization of optical modes due to bending leads to a mode mismatch between straight and curved waveguide 
segments and an increase in radiation loss. To quantify the change of refractive index profile induced by a bend, 
we define a distortion factor D as
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where =∞n u( )r
con  is the conformal refractive index profile in W space when the bend radius is infinite, as shown by 

the black plot in Fig. 1f. The refractive index distortion factor D increases with the decrease of the bend radius (see 
Supplementary Fig. S2). When the bend radius r >  5 μm, D is less than 1% and insensitive to the bend radius. 
Thus, we choose to study the case of r =  5 μm.

Pre-distortion compensation method. To eliminate the distortion after conformal transformation,  
ideally the conformal refractive index profile of a bend in W space needs to satisfy the condition of ==∞n u( )r

con  
n u( )con , which is extremely difficult to achieve due to the limited control of the refractive index profile of conven-
tional strip waveguides. SWG waveguides, however, provide the freedom for tailoring the refractive index profile 
and minimizing D. According to Eq. (2), n r( e )u r

eff 2
/ 2  should be equivalent to n u( )eu r

con
/ 2 to cancel the u depend-

ent term. Thus, the idea effective refractive index profile in Z space should follow the equation as below
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This ideal effective refractive index profile in Z space is shown in Fig. 1g and the result of conformal transforma-
tion in W space is shown in Fig. 1h (r =  5 μm). Even though the refractive index of the cladding is not tunable, 
since the majority of mode is concentrated in the high index region, the distortion due to the cladding refractive 
index can be safely ignored. According to Eq. (4), neff(r2) =  nco and neff(r1) =  ncor2/r1. Therefore, neff(r2) and neff(r1) 
equal to 2.43 and 2.20, respectively. Considering that it is not realistic to fabricate a SWG waveguide bend with 
the effective refractive index profile described by Eq. (4) and knowing r ≫  w, we took a linear approximation and 
simplified the equation to
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where ρ≤ ≤r r1 2. Figure 1i illustrates the effective refractive index profile in Z space via this linear pre-distortion 
compensation method. The refractive index profile after conformal transformation is shown in Fig. 1j (in W 
space). Validation of this approximation can be found in Supplementary Fig. S3.

Trapezoidal silicon pillar design and optimization. To implement the proposed approach into SWG 
waveguide bends, trapezoidal silicon pillars are exploited to create the asymmetric effective index profile. The 
schematic of trapezoidal silicon pillars is shown in Fig. 2a and the schematic of conventional rectangular silicon 
pillars is shown in Fig. 2b. For trapezoidal silicon pillars, the top base (at the outer edge) and bottom base (at the 
inner edge) can be tuned to minimize the bend loss. To quantify this tuning process, we define a complex tuning 
factor as
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Here LT and LB are the widths of the top base and bottom base of the trapezoidal silicon pillars, respectively (see 
Fig. 2a). L0 is the width of a conventional rectangular silicon pillar (see Fig. 2b). To verify the aforementioned theo-
retical analysis, we used full 3D FDTD simulation to scan the tuning factor (simulated via FullWAVETM, a commer-
cially available software developed by Synopsys, Inc.). The simulation results are summarized in a contour plot (see 
Fig. 2c). It is found that a trapezoidal silicon pillar with a tuning factor of T =  − 0.067 +  i0.4 (140 nm top base and 
210 nm bottom base) offers a minimum bend loss of 0.192 dB per 90° bend. It is 50.1% of the bend loss of an SWG 
waveguide bend built with conventional rectangular silicon pillars (T =  0, 0.383 dB per 90° bend). The calculated 
effective indices of the optimized geometry of silicon pillars at the outer (2.11) and inner edges (2.63) agree well 
with the analytical results of 2.20 and 2.43, respectively. The discrepancy between the analytical analysis and the 3D 
FDTD is primarily caused by EMT and effective refractive index approximations. The optical field distributions of 
90° SWG waveguide bends of 5 μm in radius without and with pre-distortion compensation are shown in Fig. 2d,e, 
respectively. With the optimized design of silicon pillars, the optical field is better confined in the waveguide region 
(Fig. 2e) compared with the conventional SWG waveguide with rectangular pillars (Fig. 2d).

Device fabrication and characterization. Four types of silicon pillars: non-tuned rectangle (T =  0), 
under-tuned trapezoid (T =  − 0.2 +  i0.267), optimally-tuned trapezoid (T =  − 0.067 +  i0.4) and over-tuned 
trapezoid (T =  − 0.533 +  i0.4) have been fabricated for demonstration (see Method section). The agreement of 
the morphology of the devices with the design is confirmed by scanning electron microscopy as shown in Fig. 3a. 
Each device has four 90° bends. Figure 3b–e show the high magnification SEM images of the four types of SWG 
waveguide bends: non-tuned, under-tuned, optimally tuned, and over-tuned. It is very challenging to fabricate 
the trapezoidal shape pillars precisely. The fabricated silicon pillars have round corners and curved sidewalls due 
to electron diffraction and charge accumulation. Pre-compensation has been made in the E-beam lithography 
pattern to ensure the desired pattern can be precisely transferred into silicon layer. To quantitatively evaluate 
the pre-compensation, we define a pattern transfer fidelity factor (PTFF). The details of PTFF can be found in 
Supplementary Note S1. Fabrication parameters have been carefully tuned to make the PTFF as close to 1 as 
possible. For our fabrication, the PTFFs are more than 0.95 at the resolution of SEM images, which is shown in 
Supplementary Table S1.

After spin-coating the SU-8 cladding, the devices are tested in a customized grating coupler alignment system 
employed in our previous work12,14,27 (see Method section and Supplementary Fig. S4). Figure 3f shows the trans-
mission spectra of the four SWG waveguide bends between 1540 nm and 1555 nm for quasi-TE polarization. The 
insertion loss of the four representative bends at 1550 nm is shown in Fig. 3g, where the optimized trapezoidal 
silicon pillars is as low as 1.10 dB per 90° bend, only 20.3% of that of the non-tuned rectangular silicon pillars 
(5.43 dB per 90° bend). The details of measurements can be found in Methods section. Spectra of all devices with 

Figure 2. Design and optimization of the geometrical tuning art. (a) 3D schematic of an SWG waveguide 
bend built with trapezoidal silicon pillars. (b) 3D schematic of an SWG waveguide bend built with conventional 
rectangular silicon pillars. (c) Contour plot of bend loss for complex turning factors. (d) non-tuned(T =  0, 
rectangular silicon pillars) and (e) optimally tuned (T =  − 0.067 +  i0.4, trapezoidal silicon pillar with 140 nm 
top base and 210 nm bottom base) SWG waveguide bends via 3D FDTD simulation.
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and without subtracting the grating couplers’ response from 1530 nm to 1580 nm can be found in Supplementary 
Figs S5 and S6, respectively. Compared to the earlier demonstration of 10 μm bend with a duty cycle of 0.821, 
we are able to reduce the bend radius to 5 μm without increasing the insertion loss significantly. The loss can be 
further reduced if the duty cycle increases from 0.5 to 0.8. When the pillars are over-tuned, the refractive index 
distortion and mode mismatch increase, and thus the loss increases. Although the insertion loss of the bends are 
higher than that of the theoretical prediction, which could be attributed to the sidewall roughness of the silicon 
pillars, the experimental results clearly demonstrate that the loss of SWG bends can be significantly reduced by 
strategically optimizing the geometries of the silicon pillars.

Discussion
In conclusion, via theoretical analysis, numerical simulation, and experimental demonstration, we have shown 
that through pre-distortion compensation with optimized trapezoidal silicon pillars, the insertion loss of SWG 
waveguide bends can be reduced substantially. Compared to conventional SWG waveguide bends based on rec-
tangular silicon pillars, an average reduction of 79.7% of the insertion loss has been achieved experimentally 
via optimization of trapezoidal silicon pillars. When a 90° bend is inevitable in building complex photonics cir-
cuits, the conventional solutions21, including two adiabatic tapers and a strip waveguide based bend, requires 
60 μm ×  60 μm =  3,600 μm2 of the silicon surface while still have an insertion loss about ~1.4 dB (the bend loss 
and surface of the strip waveguide bend are ignored). With our approach, only 5 μm ×  5 μm =  25 μm2 (7% of 

Figure 3. Experimental demonstration of the geometrical tuning art. (a) SEM image of a typical device. 
SEM images of (b) non-tuned silicon pillars (T =  0, |T|2 =  0), (c) under-tuned silicon pillars (T =  − 0.2 +  i0.267, 
|T|2 =  0.111), (d) optimally tuned silicon pillars (T =  − 0.067 +  i0.4, |T|2 =  0.164), and (e) over-tuned silicon 
pillars (T =  − 0.533 +  i0.4, |T|2 =  0.444). (f) Transmission spectra of the four types of silicon pillars.  
(g) Statistical insertion loss of the four types of silicon pillars at 1550 nm.
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3,600 μm2) of the silicon surface is needed and the insertion loss is 1.10 dB (78.5% of 1.4 dB). For other duty 
cycles, our geometrical tuning art still works. More details can be found in Supplementary Table S2. This study is 
essential towards achieving the holy grail of entirely SWG waveguide based optical devices and circuits.

Methods
Device Fabrication and characterization. The devices are fabricated on a SOI wafer (manufactured by 
Soitec.) consisting of a 250 nm thick top silicon layer and a 3 μm thick buried oxide layer. All structures are pat-
terned in a single E-beam lithography (JEOL 6000 FSE) step at the nanofabrication facility at the University of 
Texas at Austin. The patterns are then transferred into the underneath silicon layer through reactive-ion-etching 
(PlasmaTherm 790). SU-8 2005(manufactured by MicroChem Corp.) is spin-coated at 3000 rpm to form a 5 μm 
thick top cladding. Overnight baking in an oven at 80 °C is applied to reflow the SU-8 for a tough infiltration28.

To measure the loss per bend, four 90° SWG waveguide bends are cascaded, as shown in Fig. 3a. The two ends 
of the bends are connected to 4 mm long strip waveguides with 40 μm long strip-SWG waveguide mode convert-
ers. Two SWG grating couplers are used to couple light into and out from the testing structure. The reference 
waveguide is formed by removing the cascade four 90° SWG waveguide bends. The loss per bend is extracted 
by subtracting the transmission of the reference waveguide from the testing structure and divided by four. We 
fabricated and tested twelve testing structures for the four different types of SWG waveguide bends (non-tuned, 
under-tuned, optimally tuned and over-tuned). Each type has been fabricated and tested three times. For opera-
tion wavelength of 1550 nm, the statistical analysis has been summarized in Fig. 3g.

Experiment set-up. Light from a broadband amplified spontaneous emission (ASE) source 
(1510 nm–1630 nm) is input to the device using a customized grating coupler alignment system (see Supplementary 
Fig. S4). The input and output fibers are mounted on two 10° wedges, which sit on tilting stages for adjusting cou-
pling angle. Two xyz stages are used to align the fibers to on-chip grating couplers. A camera mounted on another 
xyz stage is tilted at 45° angle to visually assist the alignment. After passing through the devices, light signal is col-
lected by the output fiber, which is fed to an optical spectrum analyzer (OSA) to record the optical spectra.

References
1. Soref, R. The past, present, and future of silicon photonics. IEEE J. Sel. Topics Quantum Electron. 12, 1678–1687 (2006).
2. Hochberg, M. et al. Silicon photonics: the next fabless semiconductor industry. IEEE Solid State Circuits Mag. 5, 48–58 (2013).
3. Heck, M. J. R. et al. Hybrid Silicon Photonic Integrated Circuit Technology. IEEE J. Sel. Topics Quantum Electron. 19, 6100117 

(2013).
4. Barrios, C. A. et al. Slot-waveguide biochemical sensor. Opt. Lett. 32, 3080–3082 (2007).
5. Koos, C. et al. All-optical high-speed signal processing with silicon-organic hybrid slot waveguidesx. Nat. Photonics 3, 216–219 

(2009).
6. Yang, A. H. J. et al. Optical manipulation of nanoparticles and biomolecules in sub-wavelength slot waveguides. Nature 457, 71–75 

(2009).
7. Brosi, J. M. et al. High-speed low-voltage electro-optic modulator with a polymer-infiltrated silicon photonic crystal waveguide. Opt. 

Express 16, 4177–4191 (2008).
8. Lin, C. Y. et al. Electro-optic polymer infiltrated silicon photonic crystal slot waveguide modulator with 23 dB slow light 

enhancement. Appl. Phys. Lett. 97, 093304 (2010).
9. Wang, X. L. et al. Effective in-device r 33 of 735 pm/V on electro-optic polymer infiltrated silicon photonic crystal slot waveguides. 

Opt. Lett. 36, 882–884 (2011).
10. Ortega, D., Aldariz, J. M., Arnold, J. M. & Aitchison, J. S. Analysis of “quasi-modes” in periodic segmented waveguides. J. Lightwave 

Technol. 17, 369–375 (1999).
11. Bock, P. J. et al. Subwavelength grating periodic structures in silicon-on-insulator: a new type of microphotonic waveguide. Opt. 

Express 18, 20251–20262 (2010).
12. Xu, X. C. et al. Complementary metal-oxide-semiconductor compatible high efficiency subwavelength grating couplers for silicon 

integrated photonics. Appl. Phys. Lett. 101, 031109 (2012).
13. Zhang, Y., Hosseini, A., Xu, X. C., Kwong, D. & Chen, R. T. Ultralow-loss silicon waveguide crossing using Bloch modes in index-

engineered cascaded multimode-interference couplers. Opt. Lett. 38, 3608–3611 (2013).
14. Wang, Z. et al. Microfluidic channels with ultralow-loss waveguide crossings for various chip-integrated photonic sensors. Opt. Lett. 

40, 1563–1566 (2015).
15. Xu, X. C. et al. Colorless grating couplers realized by interleaving dispersion engineered subwavelength structures. Opt. Lett. 38, 

3588–3591 (2013).
16. Wangueemert-Perez, J. G. et al. Evanescent field waveguide sensing with subwavelength grating structures in silicon-on-insulator. 

Opt. Lett. 39, 4442–4445 (2014).
17. Halir, R. et al. Colorless directional coupler with dispersion engineered sub-wavelength structure. Opt. Express 20, 13470–13477 

(2012).
18. Donzella, V. et al. Design and fabrication of SOI micro-ring resonators based on sub-wavelength grating waveguides. Opt. Express 

23, 4791–4803 (2015).
19. Wang, J. J., Glesk, I. & Chen, L. R. Subwavelength grating filtering devices. Opt. Express 22, 15335–15345 (2014).
20. Inoue, S. & Otomo, A. Electro-optic polymer/silicon hybrid slow light modulator based on one-dimensional photonic crystal 

waveguides. Appl. Phys. Lett. 103, 171101 (2013).
21. Donzella, V. et al. Sub-wavelength grating components for integrated optics applications on SOI chips. Opt. Express 22, 21037–21050 

(2014).
22. Ladouceur, F. & Labeye, P. A new general approach to optical waveguide path design. J. Lightwave Technol. 13, 481–492 (1995).
23. Heiblum, M. & Harris, J. H. Analysis of Curved Optical-Waveguides by Conformal Transformation. IEEE J. Quantum Electron. 11, 

75–83 (1975).
24. Smit, M. K., Pennings, E. C. M. & Blok, H. A Normalized Approach to the Design of Low-Loss Optical Wave-Guide Bends.  

J. Lightwave Technol. 11, 1737–1742 (1993).
25. Berglund, W. & Gopinath, A. WKB analysis of bend losses in optical waveguides. J. Lightwave Technol. 18, 1161–1166 (2000).
26. Cai, D. P. et al. High Q-factor microring resonator wrapped by the curved waveguide. Sci. Rep. 5, 10078 (2015).
27. Xu, X. C. et al. Flexible Single-Crystal Silicon Nanomembrane Photonic Crystal Cavity. ACS Nano 8, 12265–12271 (2014).
28. Yan, H. et al. Silicon on-chip bandpass filters for the multiplexing of high sensitivity photonic crystal microcavity biosensors. Appl. 

Phys. Lett. 106, 121103 (2015).



www.nature.com/scientificreports/

7Scientific RepoRts | 6:24106 | DOI: 10.1038/srep24106

Acknowledgements
We are grateful for the support of Department of Energy (grant DE-SC0013178) and National Institutes of Health 
(grant 9R42ES024023-02).

Author Contributions
R.C. and X.C. conceived and supervised this project. Z.W., X.C. and H.S. performed the theoretical analysis and 
numerical simulation. Z.W. and X.C. contributed the experiments. Z.W., X.C., D.L.F. and Y.W. performed the data 
analysis. All authors wrote and discussed 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: Wang, Z. et al. Geometrical tuning art for entirely subwavelength grating waveguide 
based integrated photonics circuits. Sci. Rep. 6, 24106; doi: 10.1038/srep24106 (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/

	Geometrical tuning art for entirely subwavelength grating waveguide based integrated photonics circuits

	Result

	Theoretical analysis of losses in SWG waveguide bends. 
	Pre-distortion compensation method. 
	Trapezoidal silicon pillar design and optimization. 
	Device fabrication and characterization. 

	Discussion

	Methods

	Device Fabrication and characterization. 
	Experiment set-up. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Theoretical analysis of bend losses in SWG waveguides and pre-distortion compensation method.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Design and optimization of the geometrical tuning art.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Experimental demonstration of the geometrical tuning art.



 
    
       
          application/pdf
          
             
                Geometrical tuning art for entirely subwavelength grating waveguide based integrated photonics circuits
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24106
            
         
          
             
                Zheng Wang
                Xiaochuan Xu
                Donglei Fan
                Yaguo Wang
                Harish Subbaraman
                Ray T. Chen
            
         
          doi:10.1038/srep24106
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep24106
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep24106
            
         
      
       
          
          
          
             
                doi:10.1038/srep24106
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24106
            
         
          
          
      
       
       
          True
      
   




