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Abstract 

Metamaterials offer enormous opportunities and unprecedented functionalities to 

manipulate electromagnetic waves enabling promising applications such as 

invisibility cloaking, superfocusing and subwavelength confinement. The exotic 

electromagnetic behavior of metamaterials was dramatically empowered by dynamic 

control through incorporation of active media. A prominent example is a graphene 

metamaterial-an integration of a two-dimensional monolayer graphene with a planar 

metasurface, where the unique optical and electronic properties of graphene is 

inherited by the metamaterial, thus opening up fascinating possibilities in 
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electromagnetic wave control. Here, through a combination of continuous wave (CW) 

optical illumination and electrical gating, we demonstrate a giant active modulation of 

terahertz waves in a graphene-silicon hybrid metamaterial at extremely low bias 

voltages. The highly tunable characteristics of the graphene metamaterial device 

under electrical bias and optical illumination open up new avenues for 

graphene-based high performance integrated active photonic devices compatible with 

the silicon technology. 

 

1. Introduction 

Advances in metamaterials which possess unusual and exotic electromagnetic 

properties hold the promise to enable technological breakthroughs in controlling 

radiation at microwave, terahertz, infrared and optical frequencies [1-11]. In the 

terahertz regime, various metamaterial-based devices including filters [12], 

modulators [13], switches [14,15], and invisibility cloaks [16-18] have been well 

demonstrated. The flexibilities to design and engineer metamaterials at will are 

opening up application opportunities in non-invasive testing, sensing, security 

screening, and telecommunications, thus hastening the advancement of the 

technologically important terahertz domain. The impact of such subwavelength 

devices would be tremendously enhanced if the resonance response characteristics of 

metamaterials could be dynamically tuned. Therefore, continued interest in terahertz 

metamaterials highly depends on the discovery of novel devices with real time 

modulation. Efforts underway in several groups led to the demonstration of active 
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manipulation of terahertz waves by applying electrical control [4,19], magnetostatic 

control [20], and optical illumination [21-23]. The dynamic control was initially 

introduced in metamaterial-semiconductor hybrid structures and their terahertz 

responses were tuned by external stimulus that modified the carrier dynamics of the 

semiconductor inclusions. 

Recently, graphene has emerged as a new material in the field of material science 

and condensed matter physics due to its ultra-high quality, stable monolayer 

crystalline structure, and unusual electrical properties [24]. As a single layer of strictly 

two-dimensional carbon atoms, graphene also possesses unique mechanical, optical, 

thermal, and magnetic properties with a plethora of exciting applications that are 

being pursued vigorously. To date, various approaches including chemical 

functionalization, surface modification, and impurity atom doping have been 

developed to tailor the electrical and optical properties of graphene [25-30], which 

renders it to be an extremely attractive candidate for a favorable active ingredient in 

metamaterial design, particularly at the terahertz regime. Recently, tunable terahertz 

response was successfully realized in an engineered graphene microribbon 

metamaterial by electrostatic doping [31]. A terahertz gate-controlled modulator 

consisting of a graphene metamaterial was also demonstrated with a high external 

gate voltage of 850 V [5]. In addition, with a low gate bias of 0.5 V, maximum 

modulation of 18% was achieved in a split-ring resonator (SRR)-based graphene 

metamaterial [9]. The underlying mechanism is that the gate voltage allows the tuning 
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of the Fermi level and the corresponding charge carrier density of the integrated 

graphene layer.  

In this article, we demonstrate a giant modulation of terahertz response in a 

highly efficient, dual-control graphene-silicon hybrid metasurface device. Unlike in 

the previous works where a thick oxide layer was sandwiched between the graphene 

and silicon substrate that shares a large fraction of the voltage drop applied at the gate 

[27,32], here the graphene is directly transferred onto the silicon substrate. Under 

optical illumination, the photo-carriers generated in silicon directly diffuse into 

graphene, thus allowing for a highly efficient tuning of the Fermi level in the 

graphene film. As such, a small gate voltage would dramatically change the graphene 

conductivity and consequently modulate the terahertz response in the hybrid 

metamaterial. This particular scheme would tremendously expand the scope of novel 

and compact graphene-based terahertz photonic devices. 

 

2. Experimental details 

2.1 Design of the graphene metamaterials 

The hybrid graphene metasurface modulator is illustrated in Fig. 1. The 

two-dimensional metasurface, consisting of 200-nm-thick aluminum SRRs, was 

lithographically fabricated on a 630-μm-thick p-type silicon wafer. Here, the 

aluminum thickness of 200-nm was chosen to ensure the optimized resonance 

behavior of the SRRs [33], while the dimensions of the SRRs were determined to 

resonate at terahertz frequencies [4,34,35]. A large-area monolayer graphene grown 
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by copper-catalyzed chemical vapor deposition (CVD) was then transferred onto the 

planar metasurface [36-38]. The corresponding Raman spectrum is shown in Fig. S1 

in the Supporting Information to identify the quality of the graphene monolayer. In 

order to tune the conductivity of graphene and allow for a large transmission of the 

incident terahertz beam, a square-ring electrode was carefully designed and 

incorporated onto the top and bottom surface of the hybrid metamaterial, as illustrated 

in Fig. 1(a). 

 

Fig. 1 - (a) Monolayer graphene deposited on the SRRs with continuous wave laser 

light excitation and applied bias voltage Vg. (b) Schematic of the unit structure with 

parameters: P = 100 µm, W = 12 µm, L = 30 µm, B = 54 µm. (c) Microscopic image 

of the fabricated graphene-silicon hybrid metamaterial. Scale bar, 100 µm. 

 

2.2 Characterization of the graphene metamaterials 
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The metamaterial samples were characterized by broadband terahertz time-domain 

spectroscopy (THz-TDS) [39]. An 8-F confocal THz-TDS system focused the beam to 

a 3.5 mm diameter waist and was collimated on the gate-controlled active 

metamaterial. An optical pump beam (CW laser beam at 532 nm) with a spot diameter 

of ~6 mm enabled a uniform excitation of the samples. All measurements were carried 

out at room temperature in a dry air environment to eliminate the absorption of 

terahertz waves by water vapor present in the atmosphere. As shown in Fig. 1(b), the 

incident electric field polarization was kept parallel to the gap of the U-shaped SRR to 

excite the inductive-capacitive (LC) resonance [40]. The transmission spectrum was 

extracted as )(
~

)(
~

)(~ ωωω rs EEt = , where )(
~ ωsE  and )(

~ ωrE are the measured 

transmission of the sample and the reference (a bare-silicon substrate without 

photoexcitation and gate bias), respectively [21,35]. 

 

3. Results and discussion 

3.1 Functionality and operation 

Fig. 2(a) shows the measured amplitude transmission )(~ ωt  through the graphene 

metamaterial with different applied gate bias voltage Vg under 280 mW optical 

excitation. Without photoexcitation and at zero gate voltage, a pronounced LC 

resonance approximately at 0.67 THz is observed irrespective of the presence or 

absence of the graphene layer (Fig. S2, in Supporting Information). The resonance 

frequency is determined by LCf π2/10 =  where the inductance (L) and capacitance 

(C) plays a dominant role [14]. The LC resonance line width is limited by the 
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effective resistance (R) in the SRRs. When optical illumination is applied and a 

positive gate voltage (Fig. 1(a)) Vg is increased from 0 to 5 V, the terahertz 

transmission is enhanced, peaking at Vg = 1 V (Fig. 2(b)) where the Fermi level of 

graphene is much closer to the Dirac point [41]. At Vg = 1 V, the measured amplitude 

modulation depth 
00g VVV )/TT-(T  reaches ~61% at the resonance frequency, where 

0VT  and VgT  are the transmission amplitudes for zero and Vg gate voltages, 

respectively. With further increase in Vg, however, we observed a reversal of the 

increasing transmission trend. Thus, with Vg = 5 V, the resonance dip as low as 0.38 is 

observed in the transmission spectrum. On the other hand, when a negative voltage Vg 

is applied, the transmission decreased dramatically. As shown in Fig. 2(a), when Vg = 

-5 V, the LC resonance becomes weak and the resonance dip decreased significantly 

to 0.17 with a modulation depth approaching ~39%. The voltage dependent 

transmission at the dip of LC resonance is summarized in Fig. 2(b). 
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Fig. 2 - (a) Measured transmission amplitude of the graphene metamaterial as a 

function of frequency at various gate biases under 532 nm, 280 mW light illumination. 

(b) Voltage-dependent transmission amplitude at the dip position of the LC resonance 

corresponding to (a). (c) Measured transmission amplitude of unpatterned monolayer 

graphene on silicon substrate as a function of frequency at various gate biases under 

532 nm, 280 mW light illumination. (d) The measured transmission amplitude of the 

bare silicon as a function of frequency at various gate biases under 532 nm, 280 mW 
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light illumination. Inset of (a): Schematic diagram of the Fermi level, corresponding 

to (a). 

 

3.2 Effect of the graphene on the silicon substrate 

The interesting characteristics observed in the active modulation of the LC resonance 

in the metamaterial were attributed mainly to the modification in the conductivity of 

graphene and a thin top layer of the silicon substrate with varying gate voltages under 

optical illumination. Due to limited penetration depth of the green light into silicon 

(~1 µm) [42], the substrate can be considered as a photodoping-dependent conductive 

thin silicon layer atop a lossless silicon bulk layer [43,44]. The schematic of the 

multistack system is shown in the inset of Fig. 3(a). In order to elucidate the 

modulation effect of graphene-silicon hybrid metamaterial in further detail, the 

transmission characteristics of the monolayer graphene on silicon (GOS) without 

SRRs were experimentally measured. Fig. 2(c) shows the measured transmission 

spectra through the GOS sample at different applied gate voltages Vg under 280 mW 

of continuous optical pump excitation. Without the SRR metallic units, the GOS 

showed a similar modulation performance at different voltages, where the 

transmission increased as the voltage gradually varied from -5 to 1 V but showed a 

decreasing trend as the bias voltage increased from 1 to 5 V. However, we noticed a 

dramatic increase in transmission when the voltage changed from 0 to 0.5 V and a 

minor variation from -1 to -5 V. Apparently, the effect of the voltage applied on GOS 

differed from that on the graphene-silicon hybrid metasurface due to absence of the 
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metallic SRR structures and the difference in the quality of graphene monolayer film 

that was deposited on both samples. Thus the transmission amplitude through the 

plain GOS only reveals a similar trend to that in the hybrid graphene-silicon 

metamaterial.   

 

3.3 Effective conductivity 

By applying standard thin-film approximation [28,45], we extracted the 

frequency-dependent complex effective conductivity )(~ ωσ eff  of the hybrid graphene 

monolayer and photodoped silicon top layer (inset of Fig. 3(a)) from the measured 

terahertz transmission  

)1()(~1

1
)(~

0 seff ndZ
t

++
=

ωσ
ω   ,                   (1)                

where Z0 is the impedance of free space; d is the total thickness of the graphene 

monolayer and the photodoped silicon layer, it is assumed to be 1 µm due a huge 

difference in the thickness of graphene (< 1 nm) and photodoped silicon layer (~1 

µm); and ns is the refractive index of the lossless silicon substrate.  
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Fig. 3 - Extracted real (a) and imaginary (b) part of the effective conductivity. 

Extracted real (c) and imaginary (d) part of the conductivity of the photodoped top 

layer of the bare silicon at various gate biases under 532 nm, 280 mW light 

illumination (corresponding to Fig. 2(d)) using thin-film approximation. Insets: 

Schematics of the corresponding multistack systems. 

As shown in Fig. 3(a) and (b), the real and imaginary part of the complex 

conductivity ( ieffreffeff iσσωσ +=)(~ ) of the effective layer for different gate voltage at 
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280 mW optical excitation has been extracted by inverting Eq. (1) with the measured 

complex transmission )(~ ωt . The terahertz transmission decreased with increase in 

the real and imaginary part of conductivity of the GOS film. Therefore, the 

gate-controlled terahertz transmission through the metamaterial (Fig. 2(a)) is ascribed 

to the dynamic tuning of the effective conductivity of the graphene-silicon hybrid film 

(Fig. S4(a)). This can be understood as: i) the effective conductivity change cause the 

overall transmission modification; ii) the effective conducting layer behaves as a 

variable resistance which shorts the LC resonance at the gap, where the larger 

conductivity corresponds to increased free carries absorption at the resonance, 

resulting in decreased LC resonance strength and increased bandwidth [4]. Thus, both 

the modulation depth of the amplitude transmission and the device bandwidth of the 

resonance are limited by the maximum range the conductivity can be modified. Same 

trend of transmission change happens when using SRRs with different sizes or scales, 

in which the functioning resonance frequency would be different. 

To gain further in-depth understanding of the transport properties in the graphene 

metamaterial, the frequency dependent effective conductivity can be expressed as 

)(~)(~)(~ ωσωσωσ Sigreff ba += , where a and b are scaling factors, )(~ ωσ gr  and )(~ ωσ Si  

are the respective conductivities of graphene and the photodoped silicon layer. For 

comparison these two parts of conductivities, the bare silicon tuned by various 

electrical voltages with optical illumination power of 280 mW was also characterized. 

As shown in Fig. 2(d), the transmission sees a moderate drop as the gate voltage 

varied from -5 to 5 volts, revealing only a subtle modulation (the highest modulation 
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depth at 0.67 THz equals to 16%). We must stress that the modulation mechanism in 

the bare silicon is different from that of the graphene metamaterial, leading to the 

distinct transmission variation trend. The corresponding real )(ωσ rSi  and imaginary 

)(ωσ iSi  part (Fig. 3(c) and (d)) of the photodoped top layer of the bare silicon (inset 

of Fig. 3(c)) is approximately an order of magnitude lower than that of the effective 

conductivity of graphene-silicon hybrid film (Fig. 3(a) and (b)). Thus it is justified to 

assume that the graphene conductivity component is larger than the silicon 

conductivity, and the observed transmission change in Fig. 2a mainly arises from the 

doping of the graphene layer. This could be due to the higher carrier mobility in 

graphene and can be expressed by the Kubo formula/Drude model which depends on 

the Fermi energy EF and carrier scattering rate Γ  [5,28]. Under a constant optical 

excitation, the carrier scattering rate does not change significantly with the gate 

voltage [41]. Therefore, irrespective of positive or negative sign of bias, )(~ ωσ Si  

changes on a small scale with increasing gate voltage, while the dependence of 

)(~ ωσ gr  upon gate voltage is attributed to the modification of the energy band 

structure of graphene. 

 

3.4 Modulation of Fermi energy 

The graphene film examined here was prepared by use of chemical vapor deposition 

(CVD) processing and was p-type doped, whose Fermi energy, EF, is near the Dirac 

point in the valence band [25]. With continuous optical excitation, large density of 

carriers (the density of holes Nh is greater than that of electrons Ne) were excited in 
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the photodoped silicon layer while the amount of electron-hole pairs generated in 

graphene was negligible [44,46]. Namely, the silicon layer illuminated by the CW 

laser serves as a rich source of carriers. The free carriers (Nh > Ne) diffuse from silicon 

into the graphene flake due to the charge gradient between their interface until an 

equilibrium is reached, leading to a larger gap between the original Fermi level EF1 

(under illumination but without any bias voltage) and Dirac point (inset of Fig. 2(a)). 

The modulation process of the graphene monolayer differed significantly for positive 

and negative sign of the voltage bias: (i) When a positive bias is applied, the electrons 

from silicon drifted into the graphene flake. These electrons first recombine with 

holes in graphene altering the Fermi level that moves toward the Dirac point (as 

indicated by the pink arrow in the inset of Fig. 2(a)). As a result, the conductivity of 

graphene )(~ ωσ gr  as well as effective conductivity )(~ ωσ eff  decreased, thus 

enhancing the LC resonance of the metamaterial. The Fermi level initially moved 

closer and then farther from the Dirac point in the conduction band when the positive 

voltage continued to increase. This strengthened the metallic property of graphene and 

enhanced )(~ ωσ eff  that quenched the on-resonance transmission of the 

graphene-silicon hybrid metamaterial (pink curves of 1 to 5 V in Fig. 2(a)). (ii) When 

a negative bias is applied, the holes from silicon drifted into the graphene sheet. 

Therefore, the Fermi level moved away from the Dirac point into the valence band as 

compared to the initial position of EF1. This significantly enhanced the conductivity of 

graphene, thus the effective conductivity continued to increase. The blue curves in Fig. 

2(a) clearly illustrate that the LC resonance gradually weakened as the graphene sheet 
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became more metallic (from 0 to -5 V) and nearly disappeared at ~-5 V. The LC 

resonance disappeared due to shorted capacitive gaps of the SRRs. 

 

3.5 Characterization under different photoexcitation power 

The terahertz transmission through the graphene-silicon hybrid metasurface under 

different photoexcitation power of 140 and 420 mW was also measured, as shown in 

Fig. 4(a) and (b). Amplitude transmissions with different sets of voltages are shown in 

order to clearly present the modulation trend and the maximum modulation range, 

since different modulation depths were observed at the same voltage bias when the 

photoexcitation power was changed. At 140 mW, a lower bias voltage (~0.8 V) was 

able to achieve the lowest conductivity )(~ ωσ eff  and consequently the strongest LC 

resonance compared to that under 280 mW excitation. This implied that the initial 

Fermi energy EF2 was closer to the Dirac point than EF1. On the contrary, with high 

pump power 420 mW, a higher bias voltage (~1.5 V) was required to shift the Fermi 

energy (EF3) to the Dirac point. Fig. 4(c) illustrates the voltage dependent 

transmission amplitude of the graphene-silicon hybrid metamaterial without any 

optical illumination. The absence of any significant modulation confirmed our 

hypothesis of carrier diffusion from silicon into graphene. The curves in Fig. 4(d) 

display the terahertz transmission under various pump power with a fixed gate bias 

voltage at -5 V. We observed a sharp decrease in transmission, from 0.49 to 0.11 at the 

LC resonance since the original Fermi level of graphene was farther away from the 

Dirac point as the photoexcitation power was enhanced. It is noted that although the 
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modulation depth of the hybrid metamaterial was not further enhanced compared to 

the unpatterned GOS, the active graphene metasurface would indeed promise 

applications of graphene-based, high-performance integrated photonic devices 

functioning at defined resonance frequencies. Furthermore, the modulation depth of 

the hybrid device could be noticeably improved by use of uniquely designed 

metasurface integrated with a graphene monolayer. 
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Fig. 4 - (a)-(c) Measured transmission amplitude of the graphene-silicon hybrid 

metamaterial device as a function of frequency at various gate biases under 532 

nm-light illumination powered at 140, 420 and 0 mW, respectively. Insets of (a) and 

(b): Schematic diagrams of the Fermi level, corresponding to (a), (b), respectively. (d) 

Spectra of the tunable graphene-silicon hybrid metamaterial modulator biased at -5 V. 

The resonance strength can be tuned by varying the power of optical excitation. 

 

4. Conclusion 

In conclusion, we experimentally demonstrate a highly efficient graphene-silicon 

hybrid metasurface device that achieved giant modulation of terahertz waves when 

subjected to a combined stimulus of low gate bias voltage and continuous wave 

optical illumination. Compared to existing electrically tuned graphene based devices, 

our design delivers a modulation depth of more than 60% at considerably lower gate 

voltage (~1 V). Standard thin-film approximation was employed to analyze the 

mechanism of the tunable transmission behavior. With a higher power of CW 

photoexcitation, increased number of generated carriers diffused into the graphene 

layer from the silicon substrate that served as a rich source of free carriers. The LC 

resonance of the graphene-silicon metamaterial weakened as the effective 

conductivity of the graphene and photodoped silicon layer increased. Active 

metamaterials made from integrated graphene monolayer and conventional silicon 

substrate implemented here has the potential to transform the electronic and photonic 
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landscape, thus would certainly lead to high-performance real world photonic devices 

compatible with the state of the art silicon based technology. 
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