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Highly efficient graphene
terahertz modulator with tunable
electromagnetically induced
transparency-like transmission
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Graphene-based optical modulators have been extensively studied owing to the high mobility and
tunable permittivity of graphene. However, weak graphene-light interactions make it difficult to
achieve a high modulation depth with low energy consumption. Here, we propose a high-performance
graphene-based optical modulator consisting of a photonic crystal structure and a waveguide with
graphene that exhibits an electromagnetically-induced-transparency-like (EIT-like) transmission
spectrum at terahertz frequency. The high quality-factor guiding mode to generate the EIT-like
transmission enhances light-graphene interaction, and the designed modulator achieves a high
modulation depth of 98% with a significantly small Fermi level shift of 0.05 eV. The proposed scheme
can be utilized in active optical devices that require low power consumption.

The terahertz (THz) spectral range of 0.1-10 THz is an important frequency band owing to its potential
applications in various fields, such as security imaging, wireless high-speed communications, and biomedi-
cal diagnostics'~. Over the past two decades, THz source generation and detection have achieved substantial
progress and revitalized the development of THz technologies®. Recently, there has been a rapid development
in the THz metamaterial devices®8. However, more research on advanced components in the THz regime is still
required. In particular, THz optical modulators, which are key devices for actively controlling THz signals, are
crucial in THz communications and imaging®'?. Although types of THz optical modulators based on semicon-
ductor materials have been suggested'>!*, their modulation depths are not sufficient high.

Recently, graphene has garnered significant attention owing to its several exceptional properties, such as high
thermal conductivity, remarkable carrier mobility, and wide optical bandwidth!>~"". In particular, the optical
property of graphene can be easily controlled by the gate-voltage'®. This tunability enables the application of
graphene in optical modulators as an active layer. The high carrier mobility on the order of 10° cm/V's allows fast
responses to electromagnetic fields. In addition, cost-effective graphene-based modulators can be realized using
the chemical vapor deposition (CVD) method. In recent, a high-quality large-area graphene single layer grown
by CVD have been reported in several studies '°-2. However, suspended single-layer graphene has a negligible
absorption of 2.3% for normal incidence, and the tunable effect is not sufficiently strong for drastic variations in
absorption, transmission, or reflection owing to the low light-graphene interaction, which is a significant obstacle
in achieving high modulation performance.

To improve light-graphene interaction, graphene plasmons have been introduced***. In the THz and mid-
infrared regions, graphene supports surface plasmons, and the properties of the plasmonic modes can be tuned by
adjusting the Fermi level. Several types of optical modulators that utilize graphene plasmons and metamaterials
have been reported and they exhibit high modulation depth*—**. However, high-quality (high-mobility) graphene
is required to induce high quality factor (Q-factor) plasmonic resonance. In addition, high Fermi level graphene
doping (>0.4 eV) is required to achieve high modulation performance, which increases the power consump-
tion. Another approach to increasing the light-graphene interaction is adopting the epsilon-near-zero (ENZ)
effect®®*. When the permittivity of graphene is approximately zero, the electric field is highly confined within the
graphene layer, thereby increasing absorption. However, the ENZ effect in graphene is yet to be experimentally
demonstrated and is highly debated*. Inserting a graphene layer in a resonator supporting a high Q-factor can
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enhance the light-graphene interaction®-*. For example, optical modulators with the graphene layer placed in
photonic crystal (PC) structures or ring resonators that support high Q-factor resonance have been suggested
for the optical communication wavelength region. However, studies on optical modulators combining graphene
and high Q-factor resonators in the THz frequency band are insufficient.

Here, we numerically demonstrate a low-voltage, high-modulation depth optical modulator by inserting
two graphene layers in a structure supporting electromagnetically induced transparency (EIT)-like transmis-
sion. EIT is a transmission phenomenon with a very narrow band due to destructive quantum interference*'.
Although realizing EIT is difficult owing to strict experimental conditions, an EIT-like spectral response can
be obtained by coupling two resonators*~*%. We demonstrate that the high Q-factor guiding mode to generate
EIT-like transmission enhances the light-graphene interaction, and the transmission can be drastically modified
by a negligible Fermi level shift. The proposed modulator achieves a high modulation depth of ~98.2% with a
Fermi level shift of 0.05 eV. Therefore, we infer that the proposed modulator is highly desirable in many fields,
such as in THz imaging and communications. All simulations were conducted using the finite-element-method
(COMSOL Multiphysics software).

Model and principle

Figure la presents a schematic of the proposed graphene-based optical modulator comprising a two-dimensional
(2D) rod-type PC and two waveguides (W, and W) with a gap. The PC comprising square-shaped pillars
of width w,, and height ¢, is placed on the top waveguide. The refractive indices of SiO, and the background
material are assumed to be g, =2 and ny, =1, respectively. The refractive index of SiO, varies from 1.953 to
2.108 in the THz region, depending on the deposition method***®. The imaginary part of the refractive index
of Si0, is negligible because it is much smaller than that of the refractive index of graphene. Two single-layer
graphene sheets are placed on the bottom waveguide with a 10 nm SiO, gap. The electrical doping level (Fermi
level, Ey) of graphene is controlled by the tuning of the gate-voltage. So, if the doping level of the top graphene
layer is adjusted to Ep=E, eV, that of the bottom graphene layer is adjusted to E.=—E, eV. Therefore, since the
two graphene layers act as active layers, the structure can enhance the effect of graphene. In the parallel-plate
capacitor model, the required gate-voltage to adjust a certain Er decreases as the distance between the graphene
layers decreases.

Figure 1b illustrates a typical A configuration for the observation of EIT in an atomic structure. When the A
system with a probe beam is illuminated with a strong control field, the population can go from |1) to |2) through
two different paths: (A) |1)—|2) (direct path) or (B) |1)—|2)—|3)—|2) (circular path). EIT occurs because of
the quantum destructive interference between the probability amplitudes for the two different paths (A) and (B),
provided that the decay rate of |3) is relatively smaller than that of |2)*’. It is well known that the EIT-like trans-
mission spectrum can be obtained by coupling high and low Q-factor resonant modes. The proposed photonic
crystal structure (without graphene and SiO, layers) excites high and low Q-factor modes simultaneously in the
top and bottom waveguides, respectively. We note that the low- and high-Q modes in the proposed photonic
structure correspond to the |2) and |3) states in the atomic structure, respectively. Our previous works reported
the details in the phase matching condition to generate EIT-like transmission and related dispersion relation
of the proposed structure***’. By utilizing the high-Q modes that enable strong light-matter interactions, the
modulation efficiency of the transmitted THz wave can be improved.

Results and discussion

Figure 2 presents the transmission spectra of the designed structure for the Fermi level variation from
Er=0-0.01 eV when a THz wave is normally incident to the structure. The period, width, and thickness of the
PC are assumed to be a=218 um, w),.=0.7a, and t,.=0.2a, respectively. The thicknesses of the top and bottom
waveguides are t; =0.25a and ¢,=0.361a, respectively, and the gap size is g=0.84.
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Figure 1. (a) Schematic illustration of a graphene-based optical modulator. The modulator comprises a 2D PC
and two SiO, waveguides separated by an air gap; in addition, two graphene layers are placed on the bottom
waveguide with significantly thin SiO, gap. (b) Typical three-level A-scheme for EIT.
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Figure 2. Transmission spectra for Fermi level variation from E.=0-0.01 eV. The period structure is
a=218 pum, and the width and height of the photonic crystal are w,.=0.7a, and t,,.=0.2a, respectively. The
thicknesses of the top and bottom waveguides are ¢, =0.25a and t,=0.361a, respectively, and the gap size is
£=0.8a.

It is observed that the EIT-like transmission peak with a high Q-factor (~544) occurs at f=1.002 THz, and the
transmission peak decreases remarkably as the Fermi level increases at this frequency owing to the strong light-
graphene interaction from the high Q-factor. In contrast, the transmission variation for the Fermi level variation
is negligible at the frequency outside the transmission peak region owing to the weak light-graphene interaction.

The transmission, reflection, and absorption curves at the EIT frequency (f=1.002 THz) are presented in
Fig. 3a. At this frequency, the light propagating within the PC is strongly coupled to the bottom waveguide,
and the coupled light propagates through the bottom waveguide for a long time, thereby resulting in highly
enhanced light-graphene interaction. In other words, the EIT phenomenon significantly increases absorption
using graphene. Here, the absorption is determined by the propagation loss of the bottom waveguide and cou-
pling efficiency, which is the efficiency of power transfer from the top to bottom waveguides.

Figure 3b presents the propagation length (PL=0.5/Im(f3)) of the bottom waveguide for the Fermi level varia-
tion, which is calculated by the numerical analysis of the one-dimensional waveguide by solving Maxwell’s equa-
tions. f3 is the wave vector of the high-Q guided mode in the bottom waveguide comprising a five-layer structure
(air-SiO, (t,)-graphene-SiO, (10 m)-graphene-air). As the Fermi level increases, the PL decreases because the
imaginary part of graphene’s permittivity increases as the Fermi level increases. In addition, the PL decreases
abruptly from E;=0-0.007 eV. This implies that the loss by graphene increases rapidly in this Fermi level range.

Furthermore, we illustrate the field distributions for the Fermi level variation in Fig. 3c. When the Fermi
level is Er=0 eV, most of the light is coupled to the bottom waveguide, and the electric field is highly confined
in the bottom waveguide. In contrast, as the Fermi level increases, less incident light is coupled to the bottom
waveguide, and the electric field becomes confined within the top waveguide, which originates from the increase
in the wave vector and mode mismatches. Hence the propagation loss decreases as the Fermi level increases. The
absorption has a maximum value at E;=0.0064 eV. Below this Fermi level, the propagation loss is the dominant
factor for absorption, while the coupling efficiency is the main determinant of absorption at higher Fermi levels.

Figure 4 illustrates the transmission and modulation depth as a function of the Fermi level. The modulation
depth is defined as MD = (T,,~T,g)/T,,. If we assume the on- and off-states to be Er=0 and 0.1 eV, respectively,
the proposed modulator achieves a high modulation depth of ~ 99.3% and an insertion loss of 16.5% with a small
Fermi level shift of 0.1 eV. In addition, if we assume the off-state to be 0.05 eV, a modulation of ~98.2% can be
achieved with a negligible Fermi level shift of 0.05 eV. Note that graphene-based modulators reported in Ref.»*
require a minimum Fermi level shift of 0.2 eV. In addition, the maximum modulation depth among them is 87%.
Compared to these modulators, the proposed modulator achieves significantly low energy consumption and
high modulation depth simultaneously. In addition, the proposed modulator exhibits polarization-independent
spectral response, which may be beneficial in practical applications.

It is important to discuss that fabrication process of the proposed structure. The 2D PC with a period of
approximately 200 um can be fabricated by conventional lithography techniques. Previous studies have reported
that two graphene layers with a distance of a few nanometers can be realized on SiO,***. The proposed struc-
ture can be manufactured by a similar fabrication process. A graphene sheet on a copper film grown by CVD is
transferred onto the SiO, substrate using the standard wet-transfer technique®. Then, thermal evaporation is
used to deposit metal for the electrode. Subsequently, a 10 nm SiO, layer is deposited on the graphene layer using
plasma-enhanced chemical vapor deposition (PECVD). The top graphene layer is transferred onto the SiO, layer
using the same process applied to the bottom graphene layer, followed by metal deposition for the electrode.
Hence, the proposed highly efficient THz modulator structure can be realized by current fabrication technologies.
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Figure 3. (a) Transmission, reflection, and absorption curves of the modulator at the EIT-like transmission
frequency. (b) Propagation length of the bottom waveguide comprising a five-layer structure (air-SiO, (t,)-
graphene-SiO, (10 m)-graphene-air). (c) Electric field distribution of the modulator for Fermi level variation
from Ez=0 eV, 0.0064 eV, 0.01 eV, and 0.1 eV, respectively.
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Figure 4. Transmission and modulation depth as a function of the Fermi level at the EIT-like transmission
wavelength.
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Conclusion

We proposed a high-modulation depth, low-energy-consumption graphene-based modulator using the EIT-like
transmission. The high Q-factor of the EIT transmission peak intensified the graphene absorption. The designed
modulator achieved a significantly high modulation depth of 99.3% and a low insertion loss of 16.5% with a
Fermi level shift of 0.1 eV. Furthermore, a modulation depth of 98.2% was achieved with a negligible Fermi level
shift of 0.05 eV. In the proposed structure, the top waveguide with a 2D PC can be fabricated by conventional
lithography techniques. In the bottom waveguide, the two-single layer graphene with a gap of 10 nm-SiO, can
be realized by current fabrication technologies. A graphene sheet on a copper film grown by CVD is transferred
onto the SiO, substrate using the standard wet-transfer technique. Thermal evaporation is used to deposit metal
for the electrode. In subsequent, a 10 nm SiO, layer is deposited on the graphene layer using PECVD. The top
graphene layer and the electrode are realized by using the same process applied to the bottom graphene layer. A
standard THz-time domain spectroscopy system can be employed in observing the tunable EIT-like transmis-
sion through the proposed structure.

Methods

The conductivity of graphene was calculated using the Kubo formula expressed as

2 . 2 ; 3 —
= 2e ! n{Zcosh( Er )} +i H(a)/2)—|—41—w/wdx
4h b4
0

51-53,

Q
|

—_ 1
Tho+ilt 2kgT w? — 4x2 O
sinh (hx/kgT)

cosh (Er/kgT) + cosh (hx/kgT)

H(x) =

where e, kg, T, i, w, and Eg denote the electron’s charge, Boltzmann’s constant, temperature, Planck’s con-
stant, angular frequency, and Fermi level of graphene, respectively. The quantity of 7 is the relaxation time
defined as 7=pE/ev?, where v represents the Fermi velocity (vz=10° m/s) and p denotes the carrier mobility
(#=10,000 cm?/V). From the conductivity of graphene, the permittivity of graphene can be obtained by

io
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where g, and d; represent the vacuum permittivity and thickness of graphene (d; =0.34 nm), respectively.

To calculate the transmission spectra, we adopted the periodic boundary condition for the x- and y-directions.
In addition, we adopted a transition boundary condition (TBC) to model the graphene layer as a 2D plane in
the geometrical domain. TBC represents a discontinuity in the tangential electric field due to the surface cur-
rent density. Note that the identical transmission spectra can be obtained when the graphene layer is treated as
the 2D sheet using the surface current density boundary condition. The 10 nm-SiO, layer sandwiched with two
graphene layers was divided by a 2.5 nm grid size in the calculations.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 16 February 2023; Accepted: 22 April 2023
Published online: 24 April 2023

References
1. Song, H.J. & Nagatsuma, T. Present and future of terahertz communications. IEEE Trans. Terahertz Sci. Technol. 1,256-263 (2011).
. Tonouchi, M. Cutting-edge terahertz technology. Nat. Photonics 1, 97-105 (2007).
3. Pawar, A. Y, Sonawane, D. D,, Erande, K. B. & Derle, D. V. Terahertz technology and its applications. Drug Invent. Today 5, 157-163
(2013).
4. Xie, ]. et al. A review on terahertz technologies accelerated by silicon photonics. Nanomaterials 11, 1646 (2021).
5. He, X,, Liu, F, Lin, F. & Shi, W. 3D Dirac semimetal supported tunable TE modes. Ann. Phys. 534, 2100355 (2022).
6. He, X, Lin, E, Liu, E. & Shi, W. Tunable terahertz Dirac-semimetal hybrid plasmonic waveguides. Opt. Mater. Express 12, 73-84
(2022).
7. Leng, J. et al. Investigation of terahertz high Q-factor of all-dielectric metamaterials. Opt. Laser Technol. 146, 107570 (2022).
8. Peng, J. et al. Investigation of graphene supported terahertz elliptical metamaterials. Phys. E Low-Dimens. Syst. Nanostruct. 124,
114309 (2020).
9. Ma, Z.T,, Geng, Z. X., Fan, Z. Y., Liu, ]. & Chen, H. D. Modulators for terahertz communication: the current state of the art. Research
2019, 1-22 (2019).
10. Wang, L. et al. A review of THz modulators with dynamic tunable metasurfaces. Nanomaterials 9, 965 (2019).
11. Zeng, H. et al. A review of terahertz phase modulation from free space to guided wave integrated devices. Nanophotonics 11,
415-437 (2022).
12. Wang, Z. et al. Recent progress in terahertz modulation using photonic structures based on two-dimensional materials. InfoMat
3,1110-1133 (2021).
13. Kleine-Ostmann, T., Dawson, P, Pierz, K., Hein, G. & Koch, M. Room-temperature operation of an electrically driven terahertz
modulator. Appl. Phys. Lett. 84, 3555-3557 (2004).
14. Shrekenhamer, D. et al. High speed terahertz modulation from metamaterials with embedded high electron mobility transistors.
Opt. Express 19,9968 (2011).
15. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6, 183-191 (2007).
16. Bonaccorso, F, Sun, Z., Hasan, T. & Ferrari, A. C. Graphene photonics and optoelectronics. Nat. Photonics 4, 611-622 (2010).
17. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666-669 (2016).

Do

Scientific Reports |

(2023) 13:6680 | https://doi.org/10.1038/s41598-023-34020-2 nature portfolio



www.nature.com/scientificreports/

18. Wang, F. et al. Gate-variable optical transitions in graphene. Science 320, 206-209 (2008).

19. Wang, M. et al. Single-crystal, large-area, fold-free monolayer graphene. Nature 596, 519-524 (2021).

20. Li, J. et al. Wafer-scale single-crystal monolayer graphene grown on sapphire substarte. Nat. Mater. 21, 740-747 (2022).

21. Luo, D. et al. Adlayer-free large-area single crystal graphene grown on a Cu(111) foil. Adv. Mater. 31, 1903615 (2019).

22. Chen, B. et al. How good can CVD-grown monolayer graphene be?. Nanoscale 6, 15255-15261 (2014).

23. Grigorenko, A. N., Polini, M. & Novoselov, K. S. Graphene plasmonics. Nat. Photonics 6, 749-758 (2012).

24. Low, T. & Avouris, P. Graphene plasmonics for terahertz to mid-infrared applications. ACS Nano 8, 1086-1101 (2014).

25. Han, S. et al. Complete complex amplitude modulation with electronically tunable graphene plasmonic metamolecules. ACS Nano
14, 1166-1175 (2020).

26. Sensale-Rodriguez, B. et al. Efficient terahertz electro-absorption modulation employing graphene plasmonic structures. Appl.
Phys. Lett. 101, 261115 (2012).

27. Gong, Y. et al. Terahertz binary coder based on graphene metasurface. Carbon N. Y. 184, 167-176 (2021).

28. Valmorra, F. et al. Low-bias active control of terahertz waves by coupling large-area CVD graphene to a terahertz metamaterial.
Nano Lett. 13,3193-3198 (2013).

29. Liu, P. Q. et al. Highly tunable hybrid metamaterials employing split-ring resonators strongly coupled to graphene surface plasmons.
Nat. Commun. 6, 8969 (2015).

30. Lee, S. H. et al. Switching terahertz waves with gate-controlled active graphene metamaterials. Nat. Mater. 11, 936-941 (2012).

31. Ju, L. et al. Graphene plasmonics for tunable terahertz metamaterials. Nat. Nanotechnol. 6, 630-634 (2011).

32. Degl'Innocenti, R. et al. Terahertz optical modulator based on metamaterial splitring resonators and graphene. Opt. InfoBase Conf.
Pap. 8,2548-2554 (2014).

33. Kim, M., Kim, S. & Kim, S. Ultra-compact integrated terahertz modulator based on a graphene metasurface. Opt. Lett. 46, 605-608
(2021).

34. Lu, Z., Zhao, W. & Shi, K. Ultracompact electroabsorption modulators based on tunable epsilon-near-zero-slot waveguides. IEEE
Photonics J. 4, 735-740 (2012).

35. Kim, M., Jeong, C. Y., Heo, H. & Kim, S. Optical reflection modulation using surface plasmon resonance in a graphene-embedded
hybrid plasmonic waveguide at an optical communication wavelength. Opt. Lett. 40, 871-874 (2015).

36. Kwon, M. S. Discussion of the Epsilon-near-zero effect of graphene in a horizontal slot waveguide. IEEE Photonics ]. 6, 6100309
(2014).

37. Gao, W. et al. High-contrast terahertz wave modulation by gated graphene enhanced by extraordinary transmission through ring
apertures. Nano Lett. 14, 1242-1248 (2014).

38. Gan, X. et al. High-contrast electrooptic modulation of a photonic crystal nanocavity by electrical gating of graphene. Nano Lett.
13, 691-696 (2013).

39. Phare, C. T, Daniel Lee, Y. H., Cardenas, J. & Lipson, M. Graphene electro-optic modulator with 30 GHz bandwidth. Nat. Photonics
9,511-514 (2015).

40. Wang, L., Zhou, X,, Yang, S., Huang, G. & Mei, Y. 2D-material-integrated whispering-gallery-mode microcavity. Photonics Res. 7,
905-916 (2019).

41. Smith, D. U, Chang, H., Fuller, K. A., Rosenberger, A. T. & Boyd, R. W. Coupled-resonator-induced transparency. Phys. Rev. A
69, 063804 (2004).

42. Kim, M., Lee, S. & Kim, S. Plasmon-induced transparency in coupled graphene gratings. Plasmonics 10, 1557-1564 (2015).

43. Song, H. Y., Kim, S. & Magnusson, R. Tunable guided-mode resonances in coupled gratings. Opt. Express 17, 23544 (2009).

44. Lee, S. G, Kim, S. H,, Kim, K. J. & Kee, C. S. Polarization-independent electromagnetically induced transparency-like transmission
in coupled guided-mode resonance structures. Appl. Phys. Lett. 110, 111106 (2017).

45. Naftaly, M. & Gregory, A. Terahertz and microwave optical properties of single-crystyal quartz and vitreous silica and the behavior
of the boson peak. Appl. Sci. 11, 6733 (2021).

46. Naftaly, M. & Miles, R. E. Terahertz time-domain spectroscopy of silicate glasses and the relationship to material properties. J.
Appl. Phys. 102, 043517 (2007).

47. Lee, S.G., Jung, S. Y., Kim, H. S,, Lee, S. & Park, J. M. Electromagnetically induced transparency based on guided-mode resonances.
Opt. Lett. 40, 4241-4244 (2015).

48. Liu, M., Yin, X. & Zhang, X. Double-layer graphene optical modulator. Nano Lett. 12, 1482-1485 (2012).

49. Ding, Y. et al. Efficient electro-optic modulation in low-loss graphene-plasmonic slot waveguides. Nanoscale 9, 15576-15581
(2017).

50. Suk, J. W. et al. Transfer of CVD-grown monolayer graphene onto arbitrary substrates. ACS Nano 5, 6916-6924 (2011).

51. Emani, N. K. et al. Electrically tunable damping of plasmonic resonances with graphene. Nano. Lett. 12, 5202-5206 (2012).

52. Hanson, G. W. Dyadic Green’s functions and guided surface waves for a surface conductivity model of graphene. J. Appl. Phys.
103, 064302 (2008).

53. Falkovsky, L. A. Optical properties of graphene. J. Phys. Conf. Ser. 129, 012004 (2008).

Acknowledgements

This research was supported by the Basic Science Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education (NRF-2020R1F1A1050227 and 2022R111A1A01072624), Elec-
tronics and Telecommunications Research Institute (ETRI) grant funded by the Korean government (23ZK1100,
Honam region regional industry-based ICT convergence technology advancement support project), and GIST
Research Institute (GRI) grant funded by the GIST in 2023.

Author contributions

C.S.K. conceived the idea. M.K. performed numerical simulations under the supervision of S.K. S.H.K and C.
K help perform the analysis with constructive comments. All authors discussed the results and reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.K. or C.-S.K.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2023) 13:6680 | https://doi.org/10.1038/s41598-023-34020-2 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:6680 | https://doi.org/10.1038/s41598-023-34020-2 nature portfolio


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

	Highly efficient graphene terahertz modulator with tunable electromagnetically induced transparency-like transmission
	Model and principle
	Results and discussion
	Conclusion
	Methods
	References
	Acknowledgements


