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Abstract:

Terahertz(THz) radiation is ideally suited for non-invasive testing and short-distance data 

transmission. Active controlling the polarization of THz wave is highly desirable in measurement 

systems. Although significant developments of THz active devices had been achieved through 

introducing electromagnetic resonance structure (e.g. metamaterials), the bandwidth is limited.  

Here we propose a graphene-based electrically reconfigurable polarization conversion across a 

broadband THz region (0.3 THz to 0.9 THz) for controlling the chiral polarization of terahertz pulse. 

By electrically controlling the graphene conductivity, we can switch the device reflection in-

between total internal reflection and metal mirror reflection to realize a frequency-independent 

phase change, which enables a tunable waveplate with high dynamic range for manipulating the 

polarization of THz wave. Due the frequency-independent modulation property, we achieved 

tunable chiral polarization THz waveforms in the time domain for the first time, from right-handed 

to left-handed polarization. This work opens up a new mechanism for designing novel THz 

modulators for THz circular dichroism. 

Keywords: terahertz, broadband modulation, chiral polarization, graphene, pulse shaping 

1.1 Introduction 

THz or submillimeter waves have attracted attention due to their potential applications in time-

domain far-infrared spectroscopy, investigations of ultrafast dynamics in materials1,2 and wireless 

communication 3-5. Specifically, active modulation of the chiral polarization states of terahertz light 

is a requirement for a wide range of photonic processes such as non-contact Hall measurements6, 

circular dichroism sensing of chiral molecules and proteins7-9 and anisotropy imaging10. To actively 

control the polarization, two key properties are required simultaneously for a device: a material 

with tunable complex refractive and in-plane symmetry breaking to generate phase difference 

between two orthogonal EM wave. The former can be achieved through liquid crystal 11, or tunable 

free carrier absorption of semiconductor12,13. The latter one can be achieved through 

nanostructured metasurface elements 14-16.  

Despite important advances in the exploration of the active control of polarization, electrical 

control of THZ chiral polarization remains largely elusive and suffers from limited dynamic range of 

polarization conversion and limited response frequency bandwidth 17-20. Due to the highly tunable 

conductivity in THz region, 2D materials (e.g. graphene and black phosphorus) show great potential 

in THz modulation21-25. Combining graphene with metamaterials/metasurface, electrical 

modulation of polarization state of THz beams has been widely demonstrated 25-46. However, the 

working frequency is limited at a certain narrowband due to the resonance nature of metamaterial.  

Here we report a graphene-based electrically reconfigurable polarization conversion across a 

broadband THz region (0.3 THz to 0.9 THz) for controlling the chiral polarization of terahertz pulse. 

Utilizing the highly tunable conductivity of graphene, the device can be switched between total 

internal reflection (TIR) and metal mirror reflection (MMR), which provides a highly tunable phase 

difference of 140° between two orthogonal EM wave components, providing a tunable waveplate 

with high dynamic range. With this device the polarization of THz wave can be conversed from 

right-handed circular polarization, to linear polarization, then to left-handed circular polarization 

under different gate voltages, demonstrating versatility with a high dynamic range. More 



importantly, because of the frequency–independent property of TIR and MMR, this device has 

ultra-broadband response property.  

Physical model 

 A graphene sheet is placed at the interface of two media with refractive indexes of n1 and n2 with 

n1>n2, and THz light is incident from n1 to n2, as shown in figure 1a. We use an example of a 

reflection from the quartz-air interface with n1=2 and n2=1. The reflection coefficients for s-

polarization light can be expressed as:
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                            Eq. (1)

where n1 is the refractive index of the incident medium, 𝜃𝑖 is the incident angle, n2 is the refractive 

index of the refraction side medium, Z0 is the vacuum impedance (377 Ω) and σs is the sheet 

conductivity of graphene. According to previous reports, the conductivity of monolayer graphene 

can be tuned to several micro siemens47-49. In this idea physical model, we assume that the 

conductivity is from 0mS to 10mS. The detailed derivation process is shown in the supporting 

information (S1). When the incident angle 𝜃𝑖 equals the TIR angle 𝜃𝑐  (𝜃𝑐 = 𝑎𝑟𝑐𝑠𝑖𝑛
𝑛2

𝑛1
 ), the 

reflection coefficient becomes a pure real number and can be switched from positive to negative 

by increasing the conductivity of graphene, which means that the reflection phase shift will jump 

from 0 to 180° (or -180°). As shown in figure 1(b), the reflection phase is zero and the amplitude 

decreases as the conductivity increases, when 0 1 ccos sZ n ; and the phase jumps to 180° 

and the amplitude increases as the conductivity keeps increasing to make 0 1 ccos sZ n . This 

phenomenon is easy to be understood from the physical picture as shown in figure 1(c). The 

reflection of this system can be considered as the competition between TIR and MMR depending 

on the conductivity of the interface. If the conductivity of graphene is high enough(𝜎𝑔>>4.6mS), 

the reflection is dominated by the MMR, with reflection phase of 180o (bottom of figure 1(c)). 

Otherwise, the reflection system returns to TIR with a phase shift of zero, (top of figure 1(c)). 

Specifically, when their reflection amplitudes are equal, the reflection coefficient of the system is 

zero, and the incident THz wave is lost as Joule heating. In the process of TIR to MMR, the reflection 

coefficient changes from the first to second quadrant in the complex plane, as shown in the inset 

of figure 1(b). This enables large phase modulations up to 180°. However, the phase change is not 

continuous and has an abrupt jump at the conductivity where the reflection reaches zero. This 

problem can be solved by setting 𝜃𝑖 > 𝜃𝑐 .  For example, the reflection phase and amplitude as 

a function of conductivity when 𝜃𝑖 = 45° are calculated and shown as the red lines in figures 1(d) 

and (e). The phase of the s-polarization curve still decreases with conductivity but it varies 

continuously from -72° to -175°, leaving a phase modulation potential of 100°. Moreover, the 

reflection amplitude does not attenuate to zero with a minimum reflection of 0.32. We call this 

phase change with non-zero amplitude a “pseudo phase transition”. 
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For the p -polarization light, the reflection coefficients can be expressed as equation (2). When 



𝜃𝑖 = 𝜃𝑐, the reflection coefficient is a pure real number, and is independent of the conductivity of 

graphene. However, when 𝜃𝑖 > 𝜃𝑐, a similar phase change with conductivity can be observed. The 

reflection amplitude and phase at 𝜃𝑖 = 45° are shown as the blue curves in figure 1(d) and (e), 

respectively. The minimum reflection amplitude is 0.18 at the conductivity of 8mS. The phase can 

be tuned with a range of 110° from 42° to 150° with the conductivity increases from 0 to 10 mS. 

  As s- and p-polarizations are orthogonal, the projection of electrical vector trajectory of the 

composed THz EM wave can be descripted as 
22
y x y 2x
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the phase difference of s- and p-polarization light. Obviously, the polarization of the composed THz 

wave become controllable as the phase different and amplitude ratio of the s-/p- polarization, 

which can be controlled by the conductivity of graphene. As shown in figure 1(f), as the 

conductivity of graphene increase from 0 mS to 10 mS, the phase difference can be tuned from 

110 ̊to 350,̊ while the amplitude ratio is from 1 to 1.25, then to 0.45. Because the phase difference 

over crosses 180o, the THz wave can be switched to different handedness elliptical polarization. 

Specially, when the conductivity of graphene is around 4.3mS, the phase different is 180o, then THz 

wave becomes linearly polarized.

Figure 1 (a) Optical path diagram of the incident light from quartz to air (b) The theoretical 

reflection phase and amplitude as a function of conductivity, when the light is incident at the 

critical angle, the inset shown the reflection coefficient switching from positive to negative. (c) 

Schematic diagram of phase change effect on reflection system. TIR dominated (up) if the interface 

conductivity is low. MMR dominated (down) if interface conductivity is high enough. (d) Reflection 

phase shift and (e) amplitude variation for p- and s- polarization when 𝜃𝑖 = 45° . (f) Phase 

difference and amplitude ratio between p- and s- reflections as a function of the graphene 

conductivity, when 𝜃𝑖 = 45°.

1.3 Experiment 

To prove the above concept, we used a 45° fused quartz prism to introduce a TIR incident angle. 
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Figure 2(a) is a schematic diagram of the device. Figure 2 (b) shows the cross-section of the 

reflection system. The THz light is normally incident into the prism, resulting in an incident angle 

of θ_i=45° to the quartz/graphene interface, which is larger than the TIR angle of arcsin n_2/n_1 

=30°. Figure 2(c) is a photograph of the graphene/quartz component. To achieve higher 

conductivity of graphene, two 1 cm × 1 cm monolayer graphene sheets are transferred one by one 

and stacked on the top of quartz substrate. To tune the conductivity of the graphene, we used ion-

gel as a side gate. Conventional graphene transistors, which tune the conductivity by the bottom 

or top gate, is not suitable for our device because the reflection from the top or bottom gate 

electrode will interfere the reflection from the graphene. To address this issue, we used a side gate 

geometry with an ion-gel film on top of the graphene to tune the conductivity of graphene. Ion-

gel film is composed of organic framework (poly (vinylidene fluoride) / ethylene- vinyl acetate 

copolymer (PVDF/EVA)) and ionic liquid (1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI])), with a subwavelength thickness around 100 μm, 

making it transparent to the THz waves. Therefore, this ion-gel side gate has a negligible effect on 

the TIR reflection. (Details about the fabrication process can be found in the method and 

supporting information). The Ion-gel film is placed on graphene as side gate (detail of fabrication 

process shown in the method and supporting information). The thickness and Raman spectrum of 

graphene after cover ion gel is shown in supporting information S2.

  Before the THz measurement, we examined the electrical properties of the graphene through 

characterizing the transfer curve of the graphene as a field-effect transistor (the detail of graphene 

field-effect transistor is shown supporting information S4). The transfer curve of graphene with the 

ion gel as the side gate is shown in figure 2(d). Like previous reports, graphene shows a general p-

type doping property, and the carrier neutral point is found at 0.4 V with a minimum conductivity 

of about 0.9 mS. At the gate voltage of about -1.5 V, the conductivity is tuned to about 7mS. The 

broad tuning range of the conductivity meets the requirement of the above physical model. 

Figure 2 (a) schematic diagram of the graphene polarization converter (b) cross-section of the 
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reflection measurement geometry. (c) Photograph of the device (d) Transfer curve of the graphene-

FET with ion-gel gate.

Results and discussion

Figure 3(a) shows the s-polarization reflection of the time-domain THz pulses with the gate 

voltage ranging from 0.4 V to -1.4 V. As the gate voltage decreases, the peak to peak value of the 

waveform decreases and then increases after -0.4 V. The pulse shape changes with the voltages as 

well. The reflectivity and the phase spectra with varied gate voltages are extracted from the 

reflected time-domain pulses by Fourier transform, as shown in Figure. 3(b) and 3(c), respectively. 

Using the spectrum at Vg = 0.4 V as the reference, the phase shift is around 80⁰ over a bandwidth 

of 0.6 THz (that is, 0.3–0.9 THz). In an ideal physical model, the phase shift is frequency 

independent. The actual phase slightly increases with frequency which is thought to be caused by 

the small dispersion of the graphene conductivity. The relative reflectivity is also broadband 

tunable, as shown in figure 3(c). According to figure 2(d), the conductivity of graphene is 

corresponding to the gate voltage. Through converting the gate voltage to conductivity, the phase 

shift and reflectivity can be plotted as function of conductivity, as shown in figure 3(d). Here, the 

result of 0.6 THz is taken as an example. The phase shift decreases with the conductivity 

monotonously; while the reflectivity decreases quickly first with the conductivity and then 

increases slowly after 5 mS. Obviously, the conductivity of around 5 mS (gate voltage of -0.6 V) 

corresponds to the pseudo phase transition point for this system. When the conductivity is smaller 

than 5 mS (gate voltage of 0.4V to -0.6V) the reflection system is dominated by TIR. When the 

conductivity is larger than 5 mS (gate voltage of -0.6 V to -1.4 V) the reflection system is dominated 

by MMR. These results agree well with the theoretical model mentioned above. 

Figure 3 (a) Time domain THz waveforms of s-polarization under different gate voltages. (b) Phase 

modulations and (c) reflection intensity (|𝑟|) modulation. Data are obtained by taking the Fourier 
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transforms of the signals in (a) and using the result at the gate voltage of 0.4 V as a reference. (d) 

reflection intensity and relative reflectance as a function of conductivity.

   Figure 4(a) shows the p-polarization reflection of time-domain THz pulses. As the gate voltage 

decreases, the peak-to-peak amplitude of waveform decreases. The reflectivity and phase spectra 

at different gate voltages are shown in Figure 4(b) and 4(c), respectively. Again, the spectrum at 

the Dirac point (Vg = 0.4 V) is used as the reference. The phase shift is around 50⁰ over a bandwidth 

of 0.6 THz (from 0.3 THz to 0.9 THz). Under a gate voltage of -1.4 V, the phase shift is 45⁰ at the 

frequency of 0.3 THz, while it changes to 60⁰ at 0.9 THz. The is because as the conductivity 

approaches 7 mS at -1.4 V, the phase shift is more sensitive to the dispersive conductivity of the 

graphene, which can be seen from Figure 1(d). The relative reflectivity decreases over this 

broadband region, as shown in figure 4(c). Figure 4(d) is the reflectivity and phase shift at 0.6 THz 

as a function of conductivity. As the conductivity increases, the phase shift increases and 

reflectivity decreases, which agrees well with the theoretical model. This monotonous decrease of 

reflectivity also indicates the reflection system is dominated by TIR. This is because in p-polarization, 

the conductivity of graphene is not high enough to make MMR sufficiently stronger than TIR. 

Figure 4 (a) Time domain THz waveforms of p-polarization under different gate voltages. (b) and (c) 

Phase modulations and reflection intensity (|r|) modulation. Data are obtained from (a) through 

Fourier transform and the result at the gate voltage of 0.4V is used as a reference. (d) phase shift 

and relative reflectance as function of conductivity.

We use polarization rotation angle ψ and the ellipticity angle χ to characterize the circular 

dichroism of the THz beam reflecting from our device. Polarization rotation angle ψ and the 

ellipticity angle χ can be extracted from the two orthogonal electromagnetic waves 𝐸𝑥 and 𝐸𝑦: 
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tan(2𝜓) =
2𝐴𝑥𝐴𝑦𝑐𝑜𝑠∆𝜙

𝐴𝑥
2−𝐴𝑦

2   and sin(2𝜒) =
2𝐴𝑥𝐴𝑦𝑠𝑖𝑛∆𝜙

𝐴𝑥
2+𝐴𝑦

2  . 𝐴𝑥  and 𝐴𝑦  are the amplitudes of the two 

orthogonal electromagnetic waves 𝐸𝑥  and 𝐸𝑦 , which correspond to the s- and p-polarization 

wave in our experiment. ∆𝜙 are the phase difference between 𝐸𝑥 and 𝐸𝑦. The results are shown 

in figure 5(a) and (b). Different from polarization modulators based on metal resonance structure, 

which only exhibit high performance at certain frequencies, both the ψ and χ in our experiment 

show a broadband characteristic, from 0.3THz to 0.9THz. Specially, the ellipticity angle χ is 

spectrum-flat tunable and can be modulated from around -37⁰ to 23⁰, which means the THz wave 

within this frequency can be tuned with the same chirality. Taking 0.6THz as an example, the 

polarization rotation angle ψ fluctuates between -20⁰ to -45⁰ and the ellipticity angle χ is 

modulated from -37⁰ to 30⁰, as shown in figure 5(c). Correspondingly, the electric-field trajectory 

of the THz wave can be switched from right elliptical polarization to near linear polarization, then 

to left elliptical polarization, as shown in figure 5(d) to (f). 

Figure 5 (a) the polarization rotation angle and (b) ellipticity angle under different gate voltages. (c) 

polarization rotation angle and ellipticity angle as function of gate voltage at the frequency of 

0.6THz. (d), (e) and (f) are the projections of the electric-field trajectories at the frequency of 

0.6THz for the gate voltage of 0.4V, -0.8V and -1.4V, respectively.

Terahertz pulse in time domain can be seen as the sum of THz wave with different frequencies. 

Therefore, to realize terahertz pulse shaping in time domain, a broadband electro-optic 

polarization conversion is required. Different from narrowband polarization converter based on 

metal resonance structures (such as metamaterials), our device has an ultra-broadband response, 

as shown in figure S3(a), (e) and (i) of the supporting information S3. This broadband response 

enables us to shape the polarization of THz waveforms in the time domain. Here, for the first time, 

by using the above THz polarization converter, we realized terahertz pulse shaping through 

electrical manipulation in the time domain. Figure 6(a), (b) and (c) show the experimentally 

obtained electric-field trajectories of the terahertz polarization-shaped waveforms under different 

gate voltages. The terahertz polarization-shaped waveform is composed of its two orthogonal 
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components 𝐸𝑥(𝑡) and 𝐸𝑦(𝑡), which correspond to s- and p- polarization, respectively. When a 

gate voltage of 0.4 V (corresponding to the conductivity of 0.9 mS) is applied, a heart-shaped 

elliptical pulse shape is observed, together with rotating clockwise with time to observer (which is 

corresponding to right hand circular polarization). This is because the phase difference between 

the s- and p- polarization is about -110o throughout the bandwidth, which results in an elliptically 

polarized THz wave for each frequency in this region. The polarization property for a single 

frequency (e.g. 0.3 THz, 0.6 THz, and 0.9 THz) is shown in the supporting information figure S3(a)- 

(d) . At Vg = -0.8 V, the THz pulse becomes linearly polarized, as a result of the phase difference of 

around 180° (supporting information figure S3(e) - (h)). If a gate voltage of -1.4 V is applied, the 

waveform becomes an elliptical heart-shape and rotates anticlockwise with time to observer 

(which is corresponding to left hand circular polarization), because the phase difference is around 

230° (supporting information figure S3(i)- (l)).  It is worth mentioning that the terahertz 

polarization-shaped pulses above were realized by a simple set-up and more waveforms can be 

achieved through changing the incident angle and graphene’s structure (such as a graphene 

grating).

15
20

25
30

-1.0

-0.5

0.0

0.5

1.0

-1

0

1

Int
ens

ity
 of

 Ex

In
t
e
ns

it
y
 
of

 E
y

Time (ps)

Vg=0.4V

15
20

25
30

-0.6

-0.3

0.0

0.3

-0.4
0.0

0.4

Int
ens

ity
 of

 Ex

I
n
t
e
ns
i
t
y
 
o
f
 E

y

Time (ps)

Vg=-0.8V

-0.4 -0.2 0.0 0.2 0.4
-0.4

-0.2

0.0

0.2

0.4

E
y

Ex

-1.0 -0.5 0.0 0.5
-1.0

-0.5

0.0

0.5

E
y

Ex

-0.4 -0.2 0.0 0.2 0.4
-0.4

-0.2

0.0

0.2

0.4

E
y

Ex

(a)

(b)

(c)

15
20

25
30

-0.3

0.0

0.3

-0.3

0.0

0.3

Int
ens

ity
 of

 Ex

I
nt
en
si
ty
 o
f 
Ey

Time (ps)

Vg=-1.4V



Figure 6 Electric-field trajectories of the terahertz polarization-shaped waveform (left) and the 

projections on the Ex-Ey plane (right) under gate voltages of (a) 0.4 V, (b) -0.8V and (c) -1.4V. 

Conclusion

In summary, we present a highly tunable and ultra-broadband THz polarization converter 

constructed with atomic-layer graphene and a TIR prism which exploits the phase change effect to 

achieve efficient modulation. Theoretical analysis and experimental results verify that the 

reflection system can be switched from TIR to MMR by controlling the conductivity of graphene 

and show an ultra-broadband THz polarization modulation. In addition, the electrical control of 

THz pulse shape in time domain is also demonstrated. Compared with the previous graphene THz 

devices [34-40], our device shows an ultra-broad band response and a small dispersion, because 

both the total internal reflection and the mirror reflection are not resonant-based. Experimental 

results show a working bandwidth of 0.3-0.9THz (the ratio between the bandwidth and frequency 

center is about 1.5). Another advantage is the low working voltage offered by the high capacitance 

of the ion-gel gate. The proposed device can be used in adaptive optimization of broadband THz 

waveforms, showing a great potential for numerous applications in both physics and biology. 

Method

Device fabrication 

  Two monolayer Graphene sheets are transferred to a quartz (1.5cm*1.5cm) one by one by 

standard wet transfer method. After that, photolithography was used as a mask to define the 

position of electrodes and Cr/Au (5nm/80nm) films were deposited as electrodes by thermal 

evaporation deposition technique. More detail about the device fabrication is shown in supporting 

information S4. 

  The ion-gel was fabricated by mixing 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) ionic liquid, PVDF-EVA and acetone with a ratio of 

1 : 4 : 7 (w/w). This solution was drop-cast on silicon wafer and annealing with temperature of 

350K. Then the ion-gel film was lift off from wafer and transferred to the prepared graphene/quartz. 

When doing measurement, then this ion-gel/graphene/quartz device was put on a quartz prism. 

More details are shown in the supporting information S4 and the stability of ion-gel also be 

discussed in the supporting information S5.

Terahertz measurements

A THz-TDS system from Menlo Systems (TERA-K15) is used for the terahertz reflection 

measurements. A reflection guide is used for manual adjustment of the reflection angle of 45°.
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ToC

A graphene-ion gel gated structure on a quartz prism enables broadband electric-optic 

chiral polarization conversion for reshaping Terahertz pulse in time-domain.  
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