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Metallic gate electrodes are often employed to control the conductivity of graphene based field effect
devices. The lack of transparency of such electrodes in many optical applications is a key limiting factor.
We demonstrate a working concept of a double layer graphene field effect device that utilizes a thin film
of sputtered aluminum nitride as dielectric gate material. For this system, we show that the graphene
resistance can be modified by a voltage between the two graphene layers. We study how a second

gate voltage applied to the silicon back gate modifies the measured microwave transport data at
around 8.7 GHz. As confirmed by numerical simulations based on the Boltzmann equation, this system
resembles a parallel circuit of two graphene layers with different intrinsic doping levels. The obtained
experimental results indicate that the graphene-aluminum nitride-graphene device concept presents

a promising technology platform for terahertz- to- optical devices as well as radio-frequency acoustic
devices where piezoelectricity in aluminum nitride can also be exploited.

Graphene is a promising material for terahertz-to-optical devices, in particular voltage controlled attenuators
and modulators for terahertz components to be used for wireless communication with high data rate’?. The
utilization of the field-effect as well as the ultrafast carrier dynamics in graphene devices that are fabricated by
wafer-scale chemical vapor deposition coupled with the matured transfer technique onto arbitrary substrates
transform this 2D material into a promising choice for the realization of ultrafast wireless communication devices
and sensors®. The ambipolar field effect is one of the unique features of graphene, which allows the control of the
carrier concentration by an externally applied electric field*. At microwave frequencies, intraband transitions
provide the dominant contribution to the conductivity resulting in a mainly resistive response with a nearly
frequency-independent real-valued surface impedance up to frequencies of about 100 GHz*>~. Operation of a
variety of devices, including tunable antennae®, optical modulators and waveguides® !4, amplifiers'> and broad-
band terahertz modulators'® has already been demonstrated. However, using graphene itself as gate electrode of a
graphene FET device allows to fabricate optical transparent devices, in case of AIN as a highly elastic gate dielec-
tric even flexible FET devices. As an example, a transparent graphene FET based biosensor would enable in-situ
optical microscopy of biological cells. Flexible and transparent FET devices may lead to novel device integration
concepts such as wearable electronics and solar cells, integrated RFID tags in packaging material, and would
therefore contribute to the ongoing electronic revolution'”.

We realized a proof of concept for a self-gating graphene structure composed of an ultrathin dielec-
tric aluminum nitride (AIN) layer sandwiched between two graphene layers. Previous attempts to fabricate
double-graphene structures include implementation of poly (methyl methacrylate), PMMA, in between two
graphene layers'®. While fabrication of such structure is straightforward, PMMA suffers from retaining struc-
tural integrity in post-transfer processes. Moreover, the low breakdown voltages in polymers limits the range of
achievable carrier densities. As illustrated in Fig. 1, the double graphene FET (DG-FET) structure is composed
of a graphene-50 nm AIN -graphene stack on a HRS substrate with nSiO, layer. The device is fabricated in three
steps as demonstrated by Fig. 1. First (Fig. 1a), the bottom graphene layer (7 mm by 5 mm) is transferred onto
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Figure 1. Step by step fabrication procedure of the double-graphene FET on a silicon substrate with native
silicon dioxide on its surface. The transfer of the first layer of graphene (a) is followed by deposition of 50 nm
of AIN over the surface (b). The device manufacturing is completed by transferring of the second graphene layer
at a 90° rotation with respect to the first graphene layer.

nSi0,. This is followed by magnetron- sputtering of 50 nm AIN over the entire area at 400 °C substrate tempera-
ture (Fig. 1b) and then the top graphene layer (5 mm by 7 mm) is transferred over the AIN thin film (Fig. 1¢). This
arrangement was chosen to form an active area of 5mm by 5 mm square that fully covers the testing aperture. This
was achieved by carefully choosing the geometry of the copper substrate that was used in the graphene growth
stage to avoid any photolithography/etching post-processes. The optical microscope image of the device reveals
the expectedly clear contrast between the different layers as can be seen in Fig. 2c. The Raman spectrum as well as
the 2D/G ratio distribution of graphene post AIN growth as shown in Fig. 2d strongly indicates that the sputtering
process at 400 °C has not resulted in strong deterioration of graphene. The chosen growth temperature of AIN
represents a compromise between the amount of crystallinity of the AIN layer and graphene quality, and is subject
for future improvements (see Supporting information). As a contact-free method for graphene sheet resistance
measurement, a dielectric-loaded microwave cavity technique that operates at approximately 8.7 GHz has been
employed for this study'®?. Direct comparisons to DC results fully validates the accuracy of this robust approach
(Supporting information S6). The graphene sample is placed on top of the aperture with the graphene-coated side
facing upwards as illustrated in Fig. 2a.

The transverse electric, TE;;;, mode of the dielectric puck is the lowest fundamental mode that is excited via
two coupling loop antennas in the cavity and the resulting resonance curve is measured using a Rohde-Schwarz
ZVA vector network analyzer (VNA). This mode exhibits only azimuthal electric field component and therefore
the field remains continuous on the surface of the ceramic resonator and high confinements of the field within
the puck is achieved. The resulting evanescent field leaks through the aperture of the cavity and excites circular
high-frequency currents in the graphene layers. As such, it represents an ideal measurement methodology for
highly accurate and contact-free electrical measurements of 2D materials®. Figure 2b shows a CST Microwave
Studio simulation result of the electric field penetrating through the aperture as well as the substrate. As shown
in Fig. 2, we have designed the active area of the device such that the graphene layers fully cover the aperture and
circular currents are excited via the evanescent field.

The entire GFET device is semi-transparent for the electromagnetic fields of the TE,,; mode*"?. The electrical
contacts are placed outside the area penetrated by the electromagnetic field and have no measurable influence on
the cavity Q-factor. Prior to presenting the double-gated structure, we first verify this characterization technique
on a simpler commonly employed single gated silicon based system. For this system, we transferred graphene on
both nSiO,/Si and AIN/Si substrates. This was then followed by the microwave field-effect measurements using
the dielectric-loaded cavity method. Figure 3a—c illustrate our procedure for converting microwave transmission
measurements into the gate voltage dependence of the sheet resistance for a given G-FET device. The transmis-
sion characteristic measured by the VNA (Fig. 2a) is used to extract the quality factor at any given gate voltage

SCIENTIFICREPORTS | 7:44202 | DOI: 10.1038/srep44202 2



www.nature.com/scientificreports/

Top Graphene |

| 50nm AIN
Bottom Graphene
Native SiO2
Silicon

H-Field

ccoss,

G

- D/\
Ol MA’\"”‘\A/‘ N e

1600 1800 2000 2200 2400 2600 2800
C%\%e Graphene AIN Raman Shift (1/cm)

) AIN Graphene
c%éih%e nSi0; || nSiO:

1.8 2.1 24 2.7
2D/G

=s 0.9 1.2 1.5

Figure 2. (a) Schematics of the microwave cavity setup for characterization of graphene-based FET structures.
(b) Electric field simulations at around 8.7 GHz, showing the leakage of the evanescent field through the
aperture as well as through the substrate and the generation of circular currents in the graphene layer.

(c) Optical image and structure arrangement of the device, showing the contrast between different layers of the
self-gating graphene structure (scales on the left/right micrographs are 500 pum/200 pm). (d) A typical Raman
spectrum and 2D/G distribution in graphene after AIN deposition.

(Fig. 3b) by an accurate fit, as described in a previous study??. Introduction of the graphene-covered substrate
leads to a reduction of the resonator’s quality factor Q, which determines the sheet resistance via equation (1)*.

Z,
o1
Q(V) Qs (1)

R(V) =

Equation (1) is employed in calculation of the sheet resistance at a given gate voltage via the measured Q-factor
values. Here, the characteristic impedance of the cavity, Z, is determined by a substrate calibration based on the
measured shift of the resonant frequency due to the graphene-free substrate!®. Qg denotes the measured quality
factor with the uncoated HRS substrate and Q(V) is the measured quality factor at a given gate voltage for a
graphene covered substrate. The ratio between the resistance R(V) at a given gate voltage V (typically at the Dirac
point) and the minimum resistance R;,, (representing maximum field induced n- or p-type doping), given by
equation (2).

R(V) _ QV)(Qs — Qi)
Ryin  Quin(Qs — Q(V))’ )

Here, Q,,;, represents the smallest measured quality factor corresponding to the minimum sheet resistance. Note
that this ratio is independent of the cavity calibration factor Z. It is important to note that the achieved modula-
tion depth of 2.1 dB is much lower than the maximum achievable modulation depth for a graphene-modulated
microwave cavity. This is merely because the silicon substrate, in spite of its high resistivity, contributes signifi-
cantly to the cavity losses.

We compare the voltage dependent conductivity to the theoretical Boltzmann equation results given by
equation (3)%:

e—p
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Figure 3. (a) Gate voltage dependent resonant curves that are used to extract (b) the Q-factor as a function
of gate voltage and (c) sheet resistance of graphene as a function of gate voltage via equations 1 and 2. (d,e)
Conductivity vs gate voltage of G-FET structures and comparison with a fit of the Boltzmann equation for Si
back-gated G-FETs with nSiO, and AIN as gate dielectrics, respectively.

where kj and ;o denote the Boltzmann constant and the chemical potential, respectively, T the temperature, and

7 (¢€) is an energy-dependent scattering time, e denotes the electron charge and # is reduced PlancK’s constant. At
microwave frequencies the Boltzmann equation represents an accurate approximation to the more general Kubo
formula for the conductivity, because the interband contribution to ¢ is negligible for frequencies below
100 GHz’. In equation 3, all energies are referenced to the Dirac point energy. In our calculations, we assume an
energy-independent scattering time whose value is different for positive (denoted 7,) and negative (denoted 7_)
energies. The chemical potential, /1, is determined by the carrier density, which is controlled via the gate voltage
Vs. For a single graphene layer, the charge density is given by n=n,+ CV /e, where n,. denotes the intrinsic
charge density and C s the areal capacitance associated with the gate dielectric between graphene and Si. For the
double layer (see Fig. 3) we obtain the conductivity of graphene stacks by adding the conductivities of the individ-
ual sheets. Note that the units for conductivity are expressed in units of (4¢*/7h), the widely accepted minimum
optical conductivity of graphene®.

Figure 3d,e compares the measured conductivity of a single graphene sheet on nSiO, and 5nm thick AIN
respectively with the simulations based on the Boltzmann equation result (equation 3). Electron and hole scatter-
ing times of 7, = 17fs a 7_ = 14f{s give the best fits for nSiO, and 7_ = 14.5fs for AIN as well as n,= 8.6 x 10''1/
cm? for the intrinsic charge density of graphene are used to obtain the fit (see Supporting information). We note
that these scattering times agree well with previously reported values in the literature®*>-2. As apparent from both
plots, a good agreement between theory and experiment is achieved.

Figure 4a shows the results of the microwave field effect characterization of a large area (25 mm?) double
graphene-FET as a function of the applied voltage between the two graphene layers. The different curves correspond
to different voltages applied to the HRS back gate. Note that the partial transparency of graphene and AIN to the
electromagnetic cavity fields enables the measurements of the parallel resistance of the two graphene layers. In order
to understand the variation of the sheet resistance with the voltage applied to the Si back-gate and the measured
asymmetry of the curves, simulations based on the Boltzmann equation were performed. Figure 4b and ¢
compare the experimental conductivity results for the graphene stack with results of simulations. In our calculations,
we used 7, =7_=3.6fs and n,=10.8 x 10"'1/cm? for the top graphene sheet and 7, =10.9fs, 7_ =5.8fs and
1= —4.0 x 1011/cm? for the bottom graphene sheet. Areal capacitances of 0.3 mF/m? and 0.17 mF/m? were used
for the top capacitor (50 nm AIN) and the bottom capacitor (nSiO,), respectively.

The simulations reproduce some of the key features of the experimental result, including the shift of the Dirac
point of the bottom graphene layer for changes of the back gate voltage and the strong asymmetry of the conduc-
tivity curves, which arises from the presence of the top graphene layer whose Dirac point is at a large negative bias
voltage which lies outside the range of leakage-free voltages between the two graphene layers. It is important to
note that the induced current in the bottom graphene layer is slightly higher than the current in the top graphene
layer due to partial reflection of the magnetic field from the bottom graphene layer. The results demonstrate
a switching ratio as high as 4.5 for the parallel resistance due to alteration of the gate voltage between the two
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Figure 4. (a) Sheet resistance variation with respect to top and bottom gate voltages. (b) Theoretical and
(c) experimental transport FET characteristics for top and bottom gate dependence graphene self-gated
structure. The configuration of both bottom and top gate voltages can be seen in Fig. 2c.

graphene layers, i.e. without any change of the back-gate voltage and without any metallic top gate. As such, this
structure represents an all-graphene voltage-controlled attenuator for microwave frequencies. The attenuation of
the microwave signal results from an Ohmic current through the graphene layers which is induced by the electro-
magnetic wave. Any variation of the sheet-resistance changes the amount of partial reflection and transmission.
As a result, the on-off ratio of the sheet resistance is directly proportional to the on-off ratio of the attenuator.
Moreover, we find that the minimum conductivity in the theoretical results increases upon increasing the back
gate voltage, while its value is almost constant in the experimental measurement. We attribute this discrepancy to
the assumption of a constant scattering time in the computed conductivity, which cannot reproduce the exper-
imentally observed saturation of the conductivity at large gate voltages. Furthermore, the spacing between the
resistance curves in Fig. 4b is not as regular as predicted by theory because of the piezoelectricity of AIN, which
results in a voltage-dependent capacitance®.

In conclusion, we fabricated an all graphene field-effect device that operates at microwave frequencies and
established a microwave cavity technique as a powerful tool for the characterization of such a field effect device.
A structure composed of a 50 nm thick aluminum nitride layer between two graphene layers exhibits variation
of the stack sheet resistance with a pronounced Dirac point and an on-off ratio of 4.5 by applying a DC voltage
between the two graphene layers only. Use of native oxide gate dielectrics in combination with annealing at
moderate temperatures results in reproducible transfer curves with charge neutrality points around zero volts,
which are in very good agreement with the expectation from our theoretical model. This structure possesses a
great potential for microwave-to-THz applications, such as in voltage-controlled attenuators and modulators for
high data-rate wireless communication. Moreover, this technology may be used to build integrated electrodes for
piezoelectric devices enabling excitation of mechanical oscillations in AIN based thin film bulk acoustic devices
(FBAR) and thin film microbridges at RF and microwave frequencies. It is expected that the outstanding mechan-
ical performance of AIN is not negatively affected by the presence of ultrathin graphene layers, which possess
outstanding mechanical properties themselves. The possible combination of electric biosensing by monitoring
conductivity changes of functionalized graphene and mass detection by an AIN microbridge at the same time
within one device can pave the way to a new generation of silicon-integrated dual-mode biosensors with two
orthogonal sensor channels.
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Methods

Graphene Growth. Large area single layer graphene was fabricated using a vertical CVD technique and
transferred via a PMMA method, which has been described in our previous work®. The vertical CVD module
is one of the core parts of the cluster PVD-CVD deposition equipment (Supporting information S1). In this
work single-layer graphene films are grown on copper foils (35 pum thick and 99.95% purity foils from Graphene
Platform Corporation) at a pressure of 2Torr under the flow of hydrogen and methane with H,/CH, gas flow
ratio of 4. The growth temperature is set to 1050 °C for the duration of 30 minutes. In fabrication of the DG-FET
structures, graphene films were grown on a 7mm by 5 mm copper substrates to facilitate the transfer process.

Microwave Setup. A 3mm thick cylindrical dielectric puck (made of barium zinc tantalate (BZT)) with
a diameter of 7mm, a very low loss-tangent at microwave frequencies (ca. 10~* at 10 GHz) and a high relative
permittivity (29) is placed inside a copper cavity. The puck is fixed on top of a quartz holder approximately 1 mm
below a circular aperture of 5 mm diameter, which is located at the center of the top wall of the cavity and allows
the resonant field to interact with the graphene sample (Fig. 1).

AIN Magnetron Sputtering.  An AIN insulating layer was deposited using radio frequency (RF) magnetron
sputtering with thickness of 50 nm. The RF sputtering process was conducted in a Mantis combined sputtering/
thermal evaporation system with a base pressure of 5 x 10~8 mbar using a 40% N,/Ar partial pressure. The growth
pressure was 4 X 10~>mbar at 200 W and the temperature of the substrate was set to 400 °C.

Graphics. The schematic in Figs 1 and 2 are created using Inscape v0.91 and SolidWorks 2015 software.

References
1. Nagatsuma, T., Ducournau, G. & Renaud, C. C. Advances in terahertz communications accelerated by photonics. Nat Photon 10,
371-379 (2016).

. Liang, G. et al. Integrated terahertz graphene modulator with 100% modulation depth. ACS Photonics 2, 1559-1566 (2015).

Low, T. & Avouris, P. Graphene plasmonics for terahertz to mid-infrared applications. ACS nano 8, 1086-101. (2014).

. Novoselov, K. et al. Electric field effect in atomically thin carbon films. A. Science 306, 666-9 (2004).

. Hanson, G. W. Dyadic Green’s functions for an anisotropic, non-local model of biased graphene. ] Appl Phys 103 (2008).

. Wu, B,, Tuncer, H. M., Naecem, M., Yang, B., Cole, M. T., Milne, W. I. & Hao, Y. Experimental demonstration of a transparent

graphene millimetre wave absorber with 28% fractional bandwidth at 140 GHz. Scientific reports 4 (2004).

7. Fernandez-Bolafios, M., Perruisseau-Carrier, J., Dainesi, P, Ionescu, A. M. & Copenhagen, D. RF MEMS capacitive switch on semi-
suspended CPW using low-loss high-resistivity silicon substrate. MEE Microelectronic Engineering 85, 1039-1042 (2008).

8. Dragoman, M. et al. A tunable microwave slot antenna based on graphene. Appl Phys Lett Applied Physics Letters 106 (2015).

9. Shi, S. E. et al. Optimizing broadband terahertz modulation with hybrid graphene/metasurface structures. Nano letters 15, 372-7
(2015).

10. Degl'Innocenti, R. et al. Low-bias terahertz amplitude modulator based on split-ring resonators and graphene. ACS nano 8, 2548-54
(2014).

11. Ju, L. et al. Graphene plasmonics for tunable terahertz metamaterials. Nature Nanotechnology, 6, 630-4 (2011).

12. Sensale-Rodriguez, B. et al. Broadband graphene terahertz modulators enabled by intraband transitions. Nature communications 3,
780 (2012).

13. Valmorra, E. et al. Low-bias active control of terahertz waves by coupling large-area CVD graphene to a terahertz metamaterial.
Nano letters 13, 3193-8 (2013).

14. Sensale-Rodriguez, B. et al. Extraordinary control of terahertz beam reflectance in graphene electro-absorption modulators. Nano
letters 12, 4518-22 (2012).

15. Gomez-Diaz, J. S. & Perruisseau-Carrier, J. Microwave to THz properties of graphene and potential antenna applications,
International Symposium on, A.; Propagation, I. IEEE Antennas Propag Soc AP S Int Symp IEEE Antennas and Propagation Society,
239-242 (2012).

16. Kakenov, N., Balci, O., Polat, E. O., Altan, H. & Kocabas, C. Broadband terahertz modulators using self-gated graphene capacitors.
J. Opt. Soc. Am. B Journal of the Optical Society of America B 32, 1861 (2015).

17. Grieshaber, Dorothee et al. Electrochemical Biosensors - Sensor Principles and Architectures. Sensors (Basel, Switzerland) 8.3,
1400-1458 (2008).

18. Gomez-Diaz, J. S. et al. Self-biased reconfigurable graphene stacks for terahertz plasmonics. Nature communications 6 (2015).

19. Shaforost, O. et al. Contact-free sheet resistance determination of large area graphene layers by an open dielectric loaded microwave
cavity. J. Appl. Phys. Journal of Applied Physics 117, 024501 (2015).

20. Hao, L. et al. Non-contact method for measurement of the microwave conductivity of graphene. Appl. Phys. Lett. 103, 123103
(2013).

21. Computer Simulation Technology -3D Electromagnetic Simulation Software. www.cst.com (2015).

22. Gregory, A. P. et al. Non-contact method for measurement of the microwave conductivity of graphene. Ultramicroscopy
Ultramicroscopy 161, 137-145 (2016).

23. Horng, J. et al. Drude conductivity of Dirac fermions in graphene. Phys. Rev. B Condens. Matter Mater. Phys. Physical Review B 83
(2011).

24. Tan, Y. W. et al. Measurement of Scattering Rate and Minimum Conductivity in Graphene. Physical review letters 99 (2007).

25. Lee, S. H. et al. Switching terahertz waves with gate-controlled active graphene metamaterials. Nature materials 11, 936-41 (2012).

26. Gomez-Diaz, J. S., Perruisseau-Carrier, J., Sharma, P. & Ionescu, A. Non-contact characterization of graphene surface impedance at
micro and millimeter waves. ] Appl Phys Journal of Applied Physics 111 (2012).

27. Maeng, 1. et al. Gate-Controlled Nonlinear Conductivity of Dirac Fermion in Graphene Field-Effect Transistors Measured by
Terahertz Time-Domain Spectroscopy. Nano letters 12, 551-5 (2012).

28. Neugebauer, P.,, Orlita, M., Faugeras, C., Barra, A. L. & Potemski, M. How Perfect Can Graphene Be? Physical review letters 103
(2009).

29. Hui, Y. et al. Plasmonic piezoelectric nanomechanical resonator for spectrally selective infrared sensing. Nat. Commun. 11249
(2016).

30. Goniszewski, S. et al. Correlation of p-doping in CVD Graphene with Substrate Surface Charges. Scientific reports 6 (2016).

oUW

SCIENTIFICREPORTS | 7:44202 | DOI: 10.1038/srep44202 6


http://www.cst.com

www.nature.com/scientificreports/

Acknowledgements

This work was financially supported by UK’s Engineering and Physical Science Research Council (EPSRC) EP/
M020398/1. J.L. acknowledges support from EPRSC under Grant No. EP/N005244/1 and also from the Thomas
Young Centre under Grant No. TYC-101. Authors L.H. and R.W. are supported by UK NMS funding.

Author Contributions

M.A. and N.K. designed the research and planned the experimental procedures and data collection. M.A.
conducted the research as well as the data collections and analysis with contribution from J.L., S.M.H., A.P.M,,
0.S.,R.W, L.H., PK.P, and N.K.; all authors have reviewed and approved the content of the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Adabi, M. et al. Microwave Study of Field-Effect Devices Based on Graphene/
Aluminum Nitride/Graphene Structures. Sci. Rep. 7, 44202; doi: 10.1038/srep44202 (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

TEE 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/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:44202 | DOI: 10.1038/srep44202 7


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

	Microwave Study of Field-Effect Devices Based on Graphene/Aluminum Nitride/Graphene Structures

	Methods

	Graphene Growth. 
	Microwave Setup. 
	AlN Magnetron Sputtering. 
	Graphics. 


	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Step by step fabrication procedure of the double-graphene FET on a silicon substrate with native silicon dioxide on its surface.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) Schematics of the microwave cavity setup for characterization of graphene-based FET structures.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Gate voltage dependent resonant curves that are used to extract (b) the Q-factor as a function of gate voltage and (c) sheet resistance of graphene as a function of gate voltage via equations 1 and 2.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Sheet resistance variation with respect to top and bottom gate voltages.



 
    
       
          application/pdf
          
             
                Microwave Study of Field-Effect Devices Based on Graphene/Aluminum Nitride/Graphene Structures
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44202
            
         
          
             
                Mohammad Adabi
                Johannes Lischner
                Stephen M. Hanham
                Andrei P. Mihai
                Olena Shaforost
                Rui Wang
                Ling Hao
                Peter K. Petrov
                Norbert Klein
            
         
          doi:10.1038/srep44202
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep44202
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep44202
            
         
      
       
          
          
          
             
                doi:10.1038/srep44202
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44202
            
         
          
          
      
       
       
          True
      
   




