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Abstract: To promote potential applications of terahertz (THz) technology more advanced functional 

THz devices with high performance are needed, including modulators, polarizers, lenses, wave 

retarders and anti-reflection coatings. This article summarizes recent progress in THz components 

built on functional materials including graphene, vanadium dioxide and metamaterials. Our key 

message is that while the choice of materials used in such devices is important, the geometry in which 

they are employed also has a significant effect on the performance achieved. In particular, we review 

devices operating in total internal reflection geometry and explain how this geometry is able to be 

exploited to achieve a variety of THz devices with broadband operation. 
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1. Introduction 

Terahertz (THz) radiation has received increasing interest from research groups around the world due 

to its potential applications in material characterization, security checking, communication 
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engineering, automotive engineering, biomedical engineering and heritage screening[1].  THz time 

domain spectroscopy (THz TDS) has been proposed[2] and applied to study a wide range of materials, 

including semiconductors[3], ceramics[4], aqueous solutions[5] and organic materials[6]. The resonant 

frequencies of some intermolecular bonds are located in the THz frequency range[7] which helps 

analyze the dynamic vibrations in the materials[8]. The non-ionizing nature of THz light (4.14 meV at 

1 THz) and low power (around 100 µW) characteristics of the commercially available systems, make 

THz imaging suitable even for in vivo measurements[9].  

Emission and detection in time-domain THz systems can be achieved by a variety of laser-driven 

devices, some of which will be mentioned here. Photoconductive antennas can emit and detect THz 

light with a femtosecond pumping laser centered at the wavelength of either 800 nm or 1550 nm[10]. 

Non-linear optical rectification and air-plasma approaches radiate a broader spectrum up to the mid-

infrared[11], and the inverse application of optical rectification enables an electro-optic sampling 

technique which also supports a broader detection bandwidth[12]. Frequency-domain techniques have 

also found important roles in the THz regime. For example, backward wave oscillators with 

frequency-tuning ability and milliwatt output power enable imaging and spectroscopy with a higher 

signal-to-noise ratio (SNR) and better tolerance on the insertion loss[13]. Heterodyne detectors able to 

resolve the absorption lines such as that of liquid H2O
[14] have excellent spectral resolution and are 

key for atmospheric detection of molecules. Homodyne transceivers have been successfully 

employed in large field-of-view imaging for security[15], and field-effect transistors provide another 

option to make on-chip array detectors for imaging[16].  Functional devices such as modulators, 

polarizers, waveguides, lenses and antireflection coatings, with high performances for this frequency 

range are needed to support all the potential imaging modalities and applications. However there is 

still a lack of affordable and effective THz components. 
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In this progress report, we discuss recent advances in THz functional components and material 

characterization techniques, and in particular highlight the progress in devices exploiting total internal 

reflection (TIR) geometry.  In 2016 Liu et al employed TIR geometry to improve the design of a THz 

spatial light modulator[17]. By using TIR instead of transmission geometry much smaller changes in 

the conductivity of the modulation substrate are needed to obtain a high modulation depth. This has 

many implications as it is significantly easier to change the conductivity of materials by smaller 

amounts, for example graphene, by ~9 mS in TIR compared to ~60 mS in transmission. Liu et al 

derived the theory to explain this phenomenon and demonstrated high performance THz modulators 

fabricated from photoexcited silicon[17a] and electrically gated graphene[17b]. It should be noted that 

although the structure of the TIR modulator is similar to the Kretschmann configuration of traditional 

surface plasmons designs, the mechanism is totally different. In the TIR modulator, the conductive 

layer attenuates the broadband incident THz signal rather exciting surface plasmons in a resonant 

manner; and thus shows a broadband response for both s- and p- polarizations. This work has 

therefore opened up an avenue of research and inspired other broadband THz devices and techniques 

to be designed using TIR geometry including polarization control devices and a highly sensitive 

method for characterizing conductive thin film materials.  Six of our TIR devices are illustrated in 

Figure 1. Noting the sensitivity of devices to the angle of incidence has also led to the design of a 

graphene/quartz device operating at the Brewster angle for high performance THz amplitude and 

phase modulation[18].  
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Figure 1.  (a) Optically controlled spatial light modulator, (b) Electrically controlled graphene based 

modulator, (c) Electrically controlled graphene with ion gel based modulator, (d) Electrically 

controlled graphene loaded grating high speed modulator (e) Polarisation converter (passive control), 

(f) Polarization converter with active control. 

 

In this article, we explain our rationale for the designs of the various devices presented, and we also 

aim to clarify any misconceptions that readers may have had due to the fundamental physics being 

different from perhaps what they were expecting.  In section 2.1 we introduce the key concepts of the 

TIR approach and then summarize the main features and capabilities of the devices we have 

developed building on this phenomenon in sections 2.2-2.5, namely an optically controlled silicon 

based modulator, and electrically controlled graphene modulators, passive and active polarization 

converters, and a sensor for thin film characterisation. In section 3 we show how the TIR modulator 

design can be utilised to achieve rapid single pixel THz imaging. In section 4, continuing the theme 

of exploiting incident angle dependent phenomena, we show how the Brewster angle can be exploited 

to achieve rapid, deep and broadband phase and amplitude modulation. In section 5 we review the 

challenges still needing to be addressed and emphasize how careful consideration of the geometry of 
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materials can facilitate development of more high-performance THz devices in the future. 

2. Utilization of TIR geometry in THz devices 

2.1 TIR for THz devices 

One of the key devices lacking in the THz community is a THz spatial light modulator.  An ideal THz 

modulator will be able to modulate broadband THz light with high speed and modulation depth (MD), 

and should also be easily scalable for large area spatial modulation. So as to be able to build on 

existing digital micromirror device (DMD) technology used at optical frequencies, optical 

modulation of semiconductors and metamaterials is commonly used to modulate THz light[19]. When 

a semiconductor receives energy higher than its band gap, free carriers are generated, and the 

conductivity of the material is altered depending on the recombination time, carrier density and 

diffusion length of these carriers. By tuning the power and wavelength of the pumping light, the 

desired changes in conductivity of the semiconductor can be controlled. Organic semiconductor thin 

films[20] and two dimensional materials such as MoS2
[21], WSe2

[22], and graphene[23] coated on silicon 

substrate can realize high modulator depths when laser light is pumped onto them. Some optically 

modulated devices utilize metamaterial structures to enhance the light-matter interaction[21]. The 

conductivity of materials can also be controlled electrically by electric injection and depletion of 

charge carriers[19]: a 5 x 5 cm2 spatial light modulator built on electrically tuned graphene 

supercapacitors achieved a MD from 40-60% at 0.1-1.5 THz[24]. Thermal modulators[25], magnetic 

modulators[26] and other non-linear modulators[27] have also shown promising performance. However, 

it is still challenging to make a modulator that satisfies all the requirements, including high MD, quick 

response, simple fabrication process and broad operational bandwidth. In the next sections, we 

present THz devices based on silicon, graphene and vanadium dioxide (VO2) that are either operated 
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electrically or optically, combined with total internal reflection (TIR) regime or metamaterial 

structures to accomplish high performance.  In this section we will focus on the fundamental 

underlying theory. 

 

Transmission geometry is commonly used in most THz modulators that are controlled by conductive 

thin film attenuation. However, the attenuation caused by the sample in transmission is relatively low, 

the short interaction length constrains the MD of the device. Consequently, reflection spectroscopy 

is considered. In reflection geometry, the reflection coefficient r from a three-layer structure (medium 

1 – conductive thin film - medium 2) can be written by Equation (1.1) (for s-polarization); Similar to 

the transmission, the amplitude of the reflected THz light depends on the sheet conductivity σs 
[17a], 

while the mechanism is different. Unlike transmission, the conductive film directly reflects and 

absorbs the light; the mechanism of reflection is not that straightforward and can be explained by 

different theories. The equivalent circuit model can be used to show that when the conductivity of the 

thin conductive film reaches an impedance matching condition to the system, a zero reflection can be 

achieved[28]. Such concept has been applied to design various anti-reflection coatings[29]. Interference 

theory provides a simpler view to the role of the conductive thin film. When the conductivity becomes 

zero in Equation (1.1), the equation returns back to a standard Fresnel equation resulting in a 

reflection phase close to zero when nm1>nm2. When the conductivity is sufficiently large so that the 

Fresnel terms can be ignored, the reflection becomes metallic with a 180⁰ phase change. Therefore, 

a very small reflection can be achieved at the interference of these two out-of-phase reflections by 

carefully tuning the conductivity.  
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To avoid large insertion losses, ordinary reflection geometry can be replaced by TIR geometry[17a], in 

which the signal is totally reflected from the sample interface, as illustrated in Figure 2(a).  

 
Figure. 2 (a) Schematic of the TIR geometry. (b) Calculated and simulated relative intensity of the 

reflected/transmitted signals as a function of optical sheet conductivity[17a]. Reflected intensity based 

on various material combinations and sheet conductivity in s-polarization, (c) quartz-air and (d) 

silicon-air. The sheet conductivity changes from 0 to 10 mS. The incident angle varies from critical 

angle to grazing incidence.  

To compare the sensitivity between two geometries, the relative intensity changes in transmission 

coefficient t and reflection coefficient r under a 24.6⁰ incident angle are given in Figure 2(b) as a 

function of sheet conductivity σs. For a given increase in the optical sheet conductivity, the relative 

intensity of the reflected signal in the TIR regime has a more significant drop compared to that of the 

transmitted signal. When the sheet conductivity is 8.7 mS, the reflected signal Rs reaches zero whilst 

it needs to reach 62 mS for the transmitted signal. Consequently, a THz modulator built in TIR 

geometry can achieve a higher MD for a certain change in the sheet conductivity.  The key equations 

to calculate the reflection coefficient for s- and p- polarization light with conductive interface in the 

TIR regime are given below[17b]: 
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  (1.3) 

where n1 is the refractive index of the incident side medium, n2 is the refractive index of the refraction 

side medium, θi is the supercritical incident angle, Z0 is the vacuum impedance (377 Ω) and σs is the 

optical sheet conductivity.  The reflection coefficients clearly depend on the fundamental material 

properties of the substrate and upper medium as well as the incident angle, as shown in Figure 2(c-

d). Therefore the choice of materials can be tailored to the desired physical system, e.g. a less than 

0.5% reflected intensity can be achieved in a quartz/TOPAS design at the incident angle of 51° with 

the lowest conductivity of 3.4 mS[17b]. 

 

2.2 Optically controlled silicon TIR modulator 

To develop a device that can be optically modulated, as shown in Figure 3(a),  a silicon substrate was 

placed on top of a quartz prism with the refractive angle being 24.6° [17a] (this is larger than the critical 

angle between silicon and air). The sheet conductivity of the silicon was altered by pumping a 450 nm 

light from a diode laser. Figure 3 (b) gives the THz spectra of the measured MD in two geometries 

with various pumping powers, where the MD was calculated by MD=(1-Ip(ω)/I0(ω))*100%, Ip and I0 

are the intensity of the transmitted or reflected THz signal with and without pump, respectively. 

Impressively, the MD in reflection geometry with 280 mW/cm2 pumping power was already higher 

than the MD in transmission with 775 mW/cm2. The highest MD that the reflection geometry could 

reach was close to 100% between 0.2-0.7 THz, whilst the highest MD in transmission geometry was 

less than 80%. With having proved the high performance of the proposed device, a cheap light source 

(LED, 450 nm, 475 mW/cm2) instead of a laser was applied to realize the spatial THz modulation, 
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the reflected intensity images are given in Figure 3 (c-d).  

 

Figure 3. (a) Schematic diagram of the silicon on quartz prism device in TIR geometry, (b) Measured 

MD of the device with various pumping powers in TIR (R) and transmission geometries (T), (c) and 

(d) THz intensity images at 0.5 THz when the pumping light is off and on within ¾ of the area [17a].  

When there was no pumping light, the signal reflected from the prism surface area had uniform and 

high intensity, but when ¾ of the area was exposed to the LED light and ¼ of the area was in dark, a 

high contrast between the areas was observed from the THz image.  The MD at the pumped area was 

as high as 99.9% resulting in the reflected THz signal effectively being blocked out. This work proved 

that TIR helps increase the MD depth significantly compared to transmission geometry, and that an 

extremely high MD can be reached by an LED source, a silicon substrate and a quartz prism. This 

approach therefore provides a low cost and scalable solution to broadband THz light modulation, and 

can be easily adopted with a DMD to realize fast and flexible spatial modulation up to 20 kHz (the 

switch rate limit of DMDs). This will be demonstrated in section 3. 

 

2.3 Electrically controlled graphene TIR modulators  

Graphene has some exceptional properties compared to other semiconducting materials. In particular 
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its high electron mobility makes it a favorable material to build modulators and other functional 

devices with broadband performance and high modulation speed[30]. The conductivity of graphene 

can be manipulated easily from high-resistance state to semi-metal state by applying a gate voltage[18]. 

Consequently, building on the optical device in section 2.2, we designed an electrical device by 

putting a graphene field-effect transistor on top a quartz prism. The graphene conductivity  was tuned 

between 0.94 mS and 2.1 mS by applying the gate voltage in the range of -9 to +15 V[17b].  The 

experimental setup is given in Figure 4(a), the voltage was applied between the contact electrode and 

the gate electrodes on the side. The measured time domain pulses reflected from the graphene device 

in the TIR regime with various voltages are shown in Figure 4(b). The highest MD in the frequency 

domain was 15% in transmission geometry, compared to 40% in TIR (Figure 4(c)). 

 

To achieve a wider range of graphene conductivity we modified the device in Figure 4(a) to have ion-

gel gated graphene. This increased the conductivity range to 0.5-5.1 mS with a lower gating voltage 

of -0.1 V to 2 V. To increase the MD further, the medium under the graphene layer was also changed 

from silicon to quartz, as shown in Figure 4(d). Theoretically, when the sheet conductivity is less than 

4.7 mS, the quartz setup has a higher modulation sensitivity to the sheet conductivity.  
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Figure 4. Schematic diagrams of the graphene device (a) without and (d) with ion-gel in the TIR 

geometry; Reflected time domain waveforms for from the TIR-graphene device (b) without and (e) 

with ion-gel under different gate voltages in s-polarization; The corresponding MD of the TIR-

graphene device under different gate voltages (c) without and (f) with ion-gel in the frequency-

domain. In (c) the MD was defined relative to the 15 V measurement and the corresponding maximum 

MD in transmission is shown (dashed gray line) for comparison[17b]. In (f) the MD was defined 

relative to the 0 V measurement. 

 

From Figure 4(e) and 4(f), we can see that from 0 V to 1 V, the peak to peak of the THz pulse 

decreased rapidly and reached the maximum MD of 99.3%[17b]. The results here outperform a similar 

device reported by Harada et al.[31] in the same year: their device was a passive device with an 

attenuation of ~70%. As shown in Figure 4(e), the time domain signal at 2 V shows reversed phase 

compared with the signal at 0 V. This feature inspired us to tune the sheet conductivity to be at the 

point where the phase changes abruptly to achieve a sensitive phase modulator. The iongel devices 

achieved deep modulation, but their stability and operation speed are not good enough for practical 
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applications[32] and this motivated our next idea.  

 

To maintain the deep modulation while using a solid-state device, instead of using iongel, we 

proposed a metal wire grating integrated graphene device. Metal wire gratings have a non-resonant 

electric field enhancement effect, which can enhance the electric field in a broadband frequency range 

with an enhancement factor being P/w (where P and w are the period and gap width of the 

subwavelength grating)[33].  Combining this enhancement effect with the evanescent wave in the TIR 

geometry can lead to a deep modulation.  We have derive theoretical equations based on Equation 1.3 

to describe the behavior of the grating structure . The new equation for s- polarized light is given 

below: 
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where η is the enhancement factor, /P w    . Compared to Equation 1.3, Equation 1.4 has an 

enhancement factor before the sheet conductivity part. It indicates we can achieve the same 

modulation depth but only with 1/η of the original sheet conductivity. Considering the case of air/Si 

(Figure 5(b)), the required sheet conductivity for a high attenuation can be lowered from ~9 mS to 

only 0.9 mS (with η=10). Shi et al. achieved a MD of approximately 84% [34] with a metal wire grating 

in transmission geometry, but still used ion-gel gated graphene.   We fabricated metal wire grating 

integrated SiO2/Si gated graphene devices (period: 30 µm, gap: 15 µm and period: 30 µm, gap: 10 

µm) and measured them using a a THz-TDS system in TIR geometry as shown in Figure 5(a)[35]. A 

graphene layer (size: 1 cm× 0.5 cm) was transferred onto the metal grating area (size: 0.5 cm× 0.5 

cm).  
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Figure 5. (a) Schematic of the graphene-loaded metal wire grating modulator in the TIR geometry. 

The graphene device was deposited on high-resistivity SiO2/Si substrate and placed on a Si prism. 

The conductivity of graphene was adjusted by the voltage between the Si substrate and metal grating. 

The incident THz signal was in s-polarization. (b) Simulation and calculation results of the reflected 

intensity from the graphene/metal grating. The solid lines are calculation results and the dots are 

simulation results with different enhancement factors (η). The black dashed lines are the calculation 

results without a metal grating.  (c) and (d) are the MDs of the two devices in the TIR and in 

transmission geometry (T90). The red solid line is the MD of graphene integrated with a 30 μm period 

and a 10 μm gap (30 μm ,10 μm) grating; the blue solid line is the MD of graphene integrated with 

30 μm period and a 15 μm gap (30 μm,15 μm)  grating; the black dashed line is the MD of graphene 

without a metal grating. 

The bare graphene area was used to make a comparison with the metal grating integrated area. An 

average MD of ~77% was achieved across the range of 0.2-1.4 THz with the 30 µm, 10 µm device, 

nicely matching our theory. The MD was 4.5 times higher than that of the device without a metal 

grating in transmission geometry. A higher enhancement factor device (P=20 µm, g= 2µm, η=10) 

could be fabricated to achieve even higher MD. However, the fabrication difficulty when the gap 

width goes to submicron levels will be higher, while increasing the period may lead to a lower cut-
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off frequency. Nevertheless, since no ion gel was used, this device could be switched more robustly 

with a potential higher operation speed. These results therefore provide the fundamental 

demonstration of a device which can be rapidly and robustly switched with a high MD and offers a 

potential solution for single-pixel imaging. 

2.4 Polarization converters in the TIR regime 

Polarization is a basic and important physical property of electromagnetic waves. Any polarization-

dependent light-material interaction requires proper control of the polarization state. Polarization 

manipulation primarily includes linear polarization filtering, quarter-wave and half-wave retardance. 

The common foundation of these manipulations is that they are all based on modulation of the 

amplitude and phase for one or more polarization components. For example, filtering out a linear 

component by a polarizer is realized by eliminating the amplitude in the blocking direction with very 

little decay to the passed component. Quarter-wave or half-wave plates provide an extra 90⁰ or 180⁰ 

phase delay to one component compared to its orthogonal component. Therefore, efficiently and 

accurately modulating the amplitude and phase is essential to realize good polarization control. 

Various techniques have been introduced in the THz range. For example, metallic gratings have been 

widely used for polarizers[36], liquid crystals are capable of quarter-wave conversion[37], and 

metamaterials are flexible in pattern designs to realize different types of polarization output[38]. 

Compared to the optical region, most of these devices are still away from perfection and they have 

limitations in different aspects. The most mature devices are commercially available THz polarizers; 

they have good performance for the extinction ratio, operation bandwidth, insertion loss and 

robustness. However, quarter-wave and half-wave converters are a lot more challenging as both the 

amplitude and phase need to be modulated, and the state-of-art devices still suffer from either the 

accuracy, active control, operation bandwidth or modulation speed. A common approach at visible 
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frequencies is to use liquid crystal-based phase shifters. The birefringence provides a different phase 

delay but similar transmission to the two orthogonal E-field components. The biggest issue when 

applying liquid crystals in the THz range is the orders of magnitude lower switching speed from 

milliseconds to minutes due to the wavelength-comparable cell thickness[37c, 39]. Metamaterials are 

also popular candidates, but they usually operate in a narrow band[38c, 40].  

2.4.1. Passive polarization control 

In addition to the amplitude modulators described earlier, our TIR based approach can also be applied 

to develop polarization control devices. Our TIR-grating structure is able to function as both quarter-

wave and half-wave conversion in a broadband manner[38b].  

 

Figure 6.  (a) THz light interaction with the grating from the incident-plane view. (b) Top view of 

the E-H fields of the incident, reflected and transmitted components. (c) Magnitude ratio and (d) 

phase difference between the p- and s- components when θ=90⁰, 58⁰ and 34⁰ respectively, 

corresponding to a quarter-wave conversion, half-wave conversion and 45⁰ linear rotation. 

 

As shown in Figure 6(a), the device employed a quartz prism coupled with a quartz plate with 

metallic grating on the bottom surface. The lower plate could be freely rotated to change the grating 
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orientation. The reflection theory from the anisotropic grating interface was derived to show how the 

device is able to achieve multifunctional polarization control. For example, at the incident angle of 

52⁰, illuminating a 45⁰ (to the p-component) polarized light to the device, a 45⁰ linear rotation, a 

half-wave conversion and a quarter-wave conversion were achieved when the grating orientation was 

at 34⁰, 58.5⁰ and 90⁰ respectively. The magnitude ratios and phase differences between the p- and 

s-components at these three θ values are given in Figure 6(c) and (d) respectively. When θ=90⁰ and 

58⁰, the magnitude ratios were both close to 1 while the phase differences are close to 90⁰ and 180⁰ 

respectively. These indicate the reflected beam became circularly and 90⁰ linear rotated at these two 

grating orientations. Further rotating the grating to θ=34⁰ gives a magnitude ratio close to zero, 

which means the s-polarized light was reflected and it was 45⁰ linear rotated compared to the incident 

light. All the three states showed very small dispersion in the frequency range from 0.1 THz to 

0.7 THz. Therefore, three different polarization manipulations were realized in a broadband manner 

by a single device. The key equations we derived to explain this phenomenon are given below Figure 

6(a) and (b). The cosθ and sinθ terms can efficiently change the reflection coefficients of the s- and 

p-components, and thus result in various polarization states. A video demonstrating the phenomenon 

and how we discovered it by simply rotating a wire grid polarizer on a quartz prism, is available at 

this link[41]. 

 

2.4.2. Active polarization control 

To advance this further, VO2, a phase-transition material which can be electrically and thermally 

controlled, was employed to enable active electrical control[38f]. The VO2 layer was sandwiched in-

between the silicon substrate and the gold grating. The grating also acted as electrodes to switch the 

phase of the VO2. When the VO2 was in the insulating phase, the nanometre thickness made it 

https://1drv.ms/v/s!AnRiwaTXTTkJiQyMLJOidyk4aYEE
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transparent to the THz light and the device followed the reflection theory derived from the previous 

work[38b]. The output polarization can be controlled by rotating the grating orientation. By applying a 

bias voltage to switch the VO2 to its metallic phase, a semi-metallic reflection was generated in the 

periodic direction of the grating.  The device coupled with a Si prism is illustrated in Figure 7(a).  

An important functionality enabled by introducing the VO2 layer is the active linear-circular 

polarization switching.  

 

Figure 7. (a) Diagram of the TIR-VO2-grating multifunctional polarizer controlling device. (b) 

Linear-circular polarization switch by the proposed TIR-VO2-grating device. p-polarized linear 

output when the VO2 was at the insulating phase. (c) Circular polarization output when the VO2 was 

at the metallic phase. (d) Diagram of the same TIR-VO2-grating device coupled with a quartz prism. 

(e) Modulation depth as a function of frequency. The white area shows the effective region and the 

gray areas have low SNR. 

 

 

As shown in Figure 7 (b), at an incident angle of 45⁰ and in the insulating state of the VO2, the device 

still follows the previously derived equations due to the ignorable conductivity of the VO2. P-

polarized light was reflected by rotating the incident light by 45⁰, which matches well with the 

theoretical calculation. The polarization states were still frequency-independent. Electrically 
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switching the VO2 to the metallic phase produced circular polarizations from 0.8 THz to 1.5 THz 

with a very small dispersion, as shown in Figure 7(c). A linear-circular polarization switch was thus 

realized by active electrical control. Of course, the proposed device is still not perfect in every aspect. 

The major limits come from the slow switching speed of the VO2 and the need for properly designing 

the VO2 thickness. In the THz range, polarization manipulation devices still need to be further 

improved in terms of speed, accuracy and operation bandwidth. For example, searching for faster and 

more efficient active materials may support more accurate and stable polarization control, better 

structural designs may provide broader operation bandwidth to metamaterial devices or faster 

switching speed for liquid crystal elements. The development of these devices will be relevant to 

applications in THz spectroscopy, communications and imaging. 

The device can also function as an intensity modulator by replacing the silicon prism with a quartz 

prism to introduce a 24.5⁰ incident angle to the Si-VO2-grating interface, as shown in Figure 7(d). 

By illuminating with s-polarized light and setting the grating at θ=47.5⁰, the device functioned as a 

half-wave converter to give a p-polarized reflection when the VO2 was in the insulating phase. 

Switching the VO2 to its metallic phase strongly enhanced the s-reflection and provided an average 

MD of 99.75% from 0.2 THz to 1.1 THz in the s-direction, as shown in the white region of Figure 

7(e). The high modulation efficiency was due to the huge conductivity change of the VO2
[42], which 

can be further improved by increasing the layer thickness. Although the modulation can be easily 

controlled by an electrical bias, the intrinsic physics of the phase transition is based on temperature 

variation. This obviously limits the switching speed especially for the cooling process. Furthermore, 

the high temperature sensitivity also makes it difficult to gradually vary the conductivity between the 

metallic and insulating phase, which results in another disadvantage that it usually only works in a 

ON-OFF binary mode. Therefore, semiconducting devices such as graphene are usually more 
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favourable for modulators as they can be precisely controlled and support a modulation rate up to 

megahertz. Therefore, VO2 enabled active devices may find applications that requires a binary and 

slow switch.  

 

2.5 The TIR regime and multilayer structures for material sensing 

Employing suitable geometries for material characterization is important as different geometries 

provide different sensitivities. For example, transmission gives the best contrast for most transparent 

materials[43], attenuated total internal reflection (ATR) provides higher sensitivity for highly 

absorptive liquids[44], whilst ellipsometry is good for opaque solids[45]. Specially designed structures 

have also been reported to enhance the characterization sensitivity. For example the Fabry-Perot 

effect is used for frequency-domain THz ellipsometry, which has been successfully applied to 

measure metallic oxide[46], gas[13b] and the Hall effect[47]. Here, we show how the TIR geometry can 

be used as a sensor to enhance the contrast of thin-film samples.  

Perovskites are novel materials for photovoltaic solar cells (PSCs)[48], LEDs[49] and lasers[50]. 

Particularly, PSCs have reached an efficiency higher than 22%. One issue that stops the PSCs from 

real application is their low stability, for example, moisture, oxygen, light and heat can all cause 

degradation of methylammonium (MA) lead halide perovskites[51]. Understanding the interaction 

between the light and the crystal structure of the perovskites is essential to improve the stability and 

efficiency of PSCs. When the illumination energy is higher than the bandgap of the perovskites, the 

structural and electronic properties of the material might be modified. For MA perovskites, it has 

been shown that the binding energy between the MA cations and the inorganic octahedra decreases, 

causing an increased rotational freedom of the MA cations, which consequently induces changes in 

the octahedra[52]. THz time resolved spectroscopy can capture the carrier dynamics at the picosecond-
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nanosecond level, and the recombination rate constants and diffusion length can be extracted[53]. 

However, the photo-induced degradation happens on a much slower time scale, THz time domain 

transmission spectroscopy is potentially suitable for monitoring this as it can detect the changes in 

the low-frequency vibrational modes, which are related to electron-phonon scattering rate and 

mobility. However, there is less than a 10% change in the intensity of the transmitted light from a 

300 nm thick MAPbI3 film
[8] and this is difficult to detect in the usual geometry of THz time domain 

transmission spectroscopy.  

As calculated in Figure 1(b), in TIR geometry, there is a more significant change in the reflected 

signal intensity when the conductivity of the optical sheet changes compared to the transmitted signal. 

Therefore to measure photo-induced structural changes in the perovskite thin films, we used THz 

time domain spectroscopy TIR geometry instead of transmission geometry. Figure 8 (a) shows the 

schematic of the setup: a quartz prism was used to satisfy the conditions of TIR, and the perovskite 

thin film was spin coated onto the quartz substrate. The spectra of four perovskite samples, MAPbI3, 

MAPbI2.5Br0.5, MAPbI2Br1 and MAPbBr3, are illustrated in Figure 8 (b).  
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Figure 8. (a) The schematic of the TIR setup in reflection geometry. (b) Measured THz transmission 

and TIR spectra of MAPbI3, MAPbI2.5Br0.5, MAPbI2Br1, MAPbBr3. Solid lines are the results for 

transmission geometry, lines with the markers are the results for TIR geometry. A is the absorbance 

calculated from the transmission geometry, Rlog is the logarithmic  reflectance calculated from TIR, 

f0 is the resonant frequency of the vibrational mode [8]. (c) THz TIR spectra of MAPbI2.5Br0.5 change 

under illumination, the black line indicates the spectrum before illumination. The darkest blue line 

indicates the spectrum after 80 min of illumination. (d) The photo of the oral cancer tissue used for 

THz imaging. (e) Histology image of the tissue. The cancer area is enclosed by the green line. (f) THz 

transmission image of the tissue at 1 THz. (g) THz multilayer reflection image of the issue a 1 THz[54]. 

 

There were two phonon modes at the low THz frequency range, “octahedral mode” (0.96 THz for 

MAPbI3) and “Lurching mode” (2 THz for MAPbI3), corresponding to X-Pb-X bond bending and 

stretching of the Pb-X bond coupled to MA cations in MAPbX3, respectively [55]. Compared to the 

transmission results, the featured spectra of the perovskites were ~4 times stronger in the TIR spectra. 

With increasing Br ratio, the resonant frequency of the “octahedral mode” was blue-shifted, this is 

explained by the lower average mass at the X site when replacing I by Br (ω = √𝑘/𝑚). Figure 8(c) 

shows the THz TIR spectra of MAPbI2.5Br0.5 under illumination. After 5 min of illumination (the 

black line), the strength of the “lurching mode” was increased whilst no clear change was observed 

in the “octahedral mode”. With increasing exposure time, the intensity of the phonon modes decreased: 

the “octahedral mode” for this sample disappeared after 80 min of illumination. Apart from the 

intensity change, a blue shift in the resonant frequency of the “octahedral mode” was also observed 

when the perovskites were under illumination: the resonant frequencies of the phonon modes shifted 

from 0.96, 0.99, and 1.05 THz to around 1.11 THz for MAPbI3, MAPbI2.5Br0.5, MAPbI2Br1, 

respectively. This was because of the formation of iodide vacancies in the perovskite films during 

light soaking lowering the average mass on the X site of MAPbX3 and increasing the resonant 

frequencies of the X-Pb-X bending modes. 

In conclusion, there was a two-step structural change in the perovskites under illumination, 1) the 

“lurching mode” was enhanced by short time illumination; and 2) both “octahedral” and “lurching” 
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modes were reduced by long time illumination, and the resonant frequencies of the “octahedral mode” 

blue-shifted. This result has provided the first experimental evidence to prove the hypothesis 

proposed by Gottesman et al[52] that the octahedra realign to adapt to the rotated MA cations under 

illumination. In short, using TIR geometry can reveal more subtle information about thin samples 

than transmission geometry and traditional ATR geometry. Our proposed set up is simple to 

implement in existing systems retrospectively and full details of the calculation approach are given 

in our recently published paper[8].  

 

In addition to conductive thin films, characterization techniques for thin film liquids and low 

absorptive solids also need to be developed properly. In particular, characterizing thin film liquids is 

challenging: for example, attenuated total reflection spectroscopy[56] requires the sample thickness to 

be bigger than the wave penetration depth[57], making it unsuitable for thin film characterization. We 

have recently proposed a multilayer structure for thin film characterization in THz time domain 

reflection spectroscopy [54]. To realize this, the thin film liquid of interest is sandwiched between a 

quartz prism and a quartz substrate. The refractive index matching of the two layers surrounding the 

liquid enables a higher sensitivity of the characterization compared to other geometries[54]. This 

geometry has a higher characterization accuracy compared to the TIR regime, as the amplitude and 

phase information can both be used to extract the properties of the sample, whilst only the phase 

information is useful in TIR regime as the amplitude of the reflected signal is always 1. We have 

demonstrated how this multilayer structure can accurately characterize a 25 µm-thick layer of pure 

water, pure ethanol or the mixtures thereof[54], by only consuming a drop of the liquid. Different from 

metamaterial sensing, the proposed method requires neither a complicated fabrication process nor a 

high resolution on frequency domain, moreover, it can characterize the sample in the liquid form and 
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does not need to wait for it to dry out. It is potentially useful for valuable biological solution 

measurements and could be incorporated into a biosensing device in the future. 

Apart from liquids, this multilayer structure approach is also a promising technique for enhancing 

contrast in THz tissue imaging. We imaged a paraffin-embedded oral cancer tissue sample using THz 

transmission spectroscopy and then formed the multilayer structure by sandwiching the tissue 

between a quartz window (bottom) and water (top) and imaged it in reflection spectroscopy[54]. 

Figures 8(d-e) show the photo of the sample that was used for the THz measurements and the 

histology image. Figures 8(f-g) give the THz transmission and multilayer reflection images, the 

normalized frequency-domain amplitude of the transmitted/reflected signal at 1 THz is plotted. A 

clear region of cancer is identified in the multilayer reflection image which matches well with the 

area marked out in the histology image. On the contrary, no clear boundary is observed in the 

transmission image. The proposed multilayer geometry improves the image contrast between the 

normal and cancer tissues by over a factor of 5 compared to the transmission geometry[54]. 

3. Single pixel THz imaging using a TIR modulator 

Imaging forms the basis of many industrial and biomedical applications. However, multipixel 

detector arrays for THz imaging are still impeded by either high-costs or low-bandwidth. Further, 

most of them only provide intensity information. THz-TDS has the advantages of high temporal 

resolution, broad operation bandwidth and electric-field detection. These abundant attributes allow 

spectroscopic imaging, near-field imaging and tomography. However, the raster scanning mode for 

single pixel detector systems is very time-consuming which prevents it from practical applications. 

Thus, obtaining a method of rapid THz imaging that offers femtosecond resolution without high-costs 

and having high system flexibility would be ideal, and this could be achieved using “single-pixel 
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imaging”. In this imaging modality, a set of masks is used to spatially pattern a beam of light, then 

by recording the transmission (or reflection) through an object for the entire mask set with a single-

pixel detector, the image of the object can be reconstructed[58]. An easy way of creating a THz-spatial 

modulator, using commercially available equipment, is to spatially pattern a visible light beam with 

a digital micromirror device (DMD) and project this onto a semiconductor. This has been 

demonstrated in our previous work[58-59]. We found that the spatial light modulation techniques grant 

about ten times higher SNR for the same measurement time. However, the low modulation depth of 

silicon in transmission requires a high-power pumping laser. Therefore, combining this idea with the 

TIR geometry shown in Figure 1(a) allows for lower excitation powers and does not need a big and 

expensive laser system.  

 

 

Figure 9: (a) A THz pulse is passed through an object and using a lens an image of the object is 

projected on the top-surface of a silicon prism. At the same time, an optical pump beam is spatially 

modulated and used to photoexcite the top-side of a silicon prism, which transfers the spatial encoding 

mask onto the THz pulse. Finally, the THz travels to a single-element detector. Knowledge of the 

patterns and of the corresponding detector signal are combined to give an image of the object. (b) 

32x32 THz images (field of view 4x4cm) of a simple gaussian beam, where the pattern projection 

rate is 1kHz. (c) Hypertemporal THz 1D-line imaging. Vertical and horizontal axis are time and space 

respectively. Colour scale is the THz field amplitude. About half the field-of-view has plastic covering 

it (see above the graph). 

 

Our imaging scheme is shown in Figure 9(a). We use a cheap laser diode and a DMD to project our 
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photoexcitation patterns in a TIR geometry, achieving greater than 90% modulation depth.  The 

higher modulation depth allows a faster mask switching rate to be applied without losing too much 

SNR.  Figure 9 (b) shows a 32x32 image of a Gaussian beam acquired in 1s, with a DMD switch rate 

of 1 kHz and 1024 masks projected. This was orders faster than our previous works which took 

hours[58-59]. However, the SNR of the image was relatively low because the lock-in amplifier normally 

applied in a THz-TDS system was removed to enable a fast switching rate. The improved acquisition 

rate opens the door to real-time hyperspectral THz imaging with cheap and flexible systems. In Figure 

9(c), we show a hypertemporal 1D-line image where we have space (time) on the horizontal (vertical) 

axis and field strength on the colour scale. The object imaged was as a piece of plastic covering half 

of the field of view. It can be seen that the THz propagating through the plastic has taken a longer 

time to travel, thereby demonstrating that these systems do not sacrifice the femtosecond temporal 

resolution of THz-TDS systems, and frequency-domain information were are also available by 

applying Fourier transform to the time-domain data. Future work will focus on improving the 

acquisition rate even more by eliminating electrical and laser noise in the system via post-processing 

and better designed electronics.   

4. Brewster-angle device for THz modulation 

Having noted that the incident angle of THz light on the sample can significantly help or hinder its 

characterization, we moved from TIR to the Brewster angle.  The Brewster angle refers to the incident 

angle at which the reflected p-polarized light is zero. The conductive thin film sensitively decreases 

the reflection in the TIR case while it also sensitively increases the reflection near the Brewster angle. 

The most obvious difference is that TIR provides very little insertion loss from the total reflection 

while the Brewster angle gives a deep modulation from the near zero reflection. Another benefit is 
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when the incident angle jumps across the Brewster angle, a 180° reverse in the phase of the reflected 

light occurs to reveal a large phase modulation ability. Consequently, the Brewster angle regime is 

also worth investigating for building functional devices. We therefore designed a graphene/quartz 

device operating at the Brewster angle for THz amplitude and phase modulation[18]. Figure 10(a) 

shows the schematic of the device, the graphene/Al2O3/TiOx multilayer structure was deposited onto 

the quartz substrate, the dielectric and back gates were made of 50 nm thick Al2O3 and 10 nm thick 

TiOx, respectively. To experimentally determine the Brewster angle, the reflections under various 

incident angles and different gate voltages were measured and compared to the theoretical curves 

calculating by using the conductivity of the graphene, with the results shown in Figure 10(b). Figure 

10(c) displays the reflected time-domain signals for an incident angle of 68° when the gate voltage 

was 16V, 4V and -12V respectively. The change in the pulse shape from “M” to a small signal, and 

then to a shape of “W” indicates that the signals crossed over the Brewster angle and a broadband 

phase change over 140° from 0.2 THz to 1.6 THz was achieved. The device functioned as a 

broadband and efficient phase modulator under this incident angle.  

 

Figure 10. (a) Schematic of the graphene-quartz device. (b) Reflection as a function of incident angles 

Symbols are experimental data. Solid curves are theoretical calculations. (c) The time domain signals 
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changes with the gate voltage when incident angle being 68° and (d) 65°. (e) The corresponding 

modulation depth in frequency-domain when the incident angle was 65°. (f) The modulation response 

of the device to a 1 kHz square wave gating signal.  

 

Consequently, this device is able to actively control the Brewster angle by varying the gate voltage 

rather than changing the structure of the device[18].  Figure 10(d) shows how the reflection amplitude 

changes under different gate voltages when the incident angle was 65°. The smallest reflection 

amplitude was observed when the gate voltage was 16 V as this tuned the device to be at the Brewster 

angle. Reducing the voltage down to -12V increased the reflection significantly as the device was 

shifted away from the Brewster angle. This is why deep MD can be achieved by this device. Figure 

10(e) shows the corresponding modulation depths for different gate voltages in the frequency-domain. 

The highest MD at an incident angle of 65° was 99.9% when the gate voltage was 16 V, and the MD 

was higher than 99.3% in the broadband frequency range of 0.5-1.6 THz. In addition to the high MD 

and broadband bandwidth, this device also has a high modulation speed. As shown in Figure 10(f), 

under the square-wave gating signal of 1 kHz, the device can follow the modulation signal well: the 

rise time of the modulation was ~ 0.1 ms. The MD decreased to 60% when increasing the speed to 

10 kHz. In summary, this device accomplished active control of the Brewster angle, and can modulate 

the THz wave with a deep MD, high modulation speed and broadband operational bandwidth 

significantly outperforming other modulators[18].  

5. Future work 

As outlined in section 3, a key goal is to create a THz imaging system that offers femtosecond 

temporal resolution, rapid acquisition rates and high-system flexibility without incurring great costs 

or adding more optical components. Adding a visible-light spatial modulator and transferring an 

optical pattern onto a THz beam via the photoexcitation of a semiconductor, whilst relatively simple 
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with existing technology, it is greatly affected by the carrier lifetimes.  Longer lifetimes give increased 

modulation but slower switch rates, hence necessitating a trade-off between switch speed and 

modulation efficiency[60]. In addition, this technique is ultimately limited by the visible-light spatial 

modulator switch rates, currently around 20 kHz for digital micromirror devices. An electrically 

controlled THz spatial modulator such as a graphene array, if designed correctly, will have its switch 

rates limited by electronics. Furthermore, the semiconducting devices do not need the assistance of 

an additional pumping light, making the system more compact and flexible. From an application 

perspective, such a THz device is much preferred compared to transferring a visible-light pattern on 

a THz beam. Moreover, when imaging with such spatial modulators, the greatest reductions in noise 

are obtained with fully orthogonal masks (i.e. the modulated light is fully out of phase in the two 

masks). However, intensity-based masks that only transmit or block light have values of 1s and 0s 

whereas orthogonality can only be obtained with 1s and -1s. As shown in [18] when the device was 

working under a 68⁰ incident angle, we can obtain a mask with positive and negative values from a 

single measurement without any Lock-In subtraction detection schemes, unlike in previous work[58-

59, 61]. The proposed graphene device is just as broadband and offers modulation depths close to 100% 

with potential switch rates in the MHz range with the correct electrical design. Of course, there are 

still some challenges to address from expanding the single pixel device to a modulator array, such as 

the manufacturing of large-scale high quality graphene, transferring it onto the substrate and 

connecting the layout of wires to every pixel. However, with continued advances expected in the 

modern semiconductor industry, the listed challenges are likely to be overcome. 
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List of Figures 

Figure 1.  (a) Optically controlled spatial light modulator, (b) Electrically controlled graphene based 

modulator, (c) Electrically controlled graphene with ion gel based modulator, (d) Electrically 

controlled graphene loaded grating high speed modulator (e) Polarization converter (passive control), 

(f) Polarization converter with active control. 

 

Figure. 2 (a) Schematic of the TIR geometry. (b) Calculated and simulated relative intensity of the 

reflected/transmitted signals as a function of optical sheet conductivity[17a]. Reflected intensity based 

on various material combinations and sheet conductivity in s-polarization, (c) quartz-air and (d) 

silicon-air. The sheet conductivity changes from 0 to 10 mS. The incident angle varies from critical 

angle to grazing incidence.  

 

Figure 3. (a) Schematic diagram of the silicon on quartz prism device in TIR geometry, (b) Measured 

MD of the device with various pumping powers in TIR (R) and transmission geometries (T), (c) and 

(d) THz intensity images at 0.5 THz when the pumping light is off and on within ¾ of the area [17a].  

 

Figure 4. Schematic diagrams of the graphene device (a) without and (d) with ion-gel in the TIR 

geometry; Reflected time domain waveforms for from the TIR-graphene device (b) without and (e) 

with ion-gel under different gate voltages in s-polarization; The corresponding MD of the TIR-

graphene device under different gate voltages (c) without and (f) with ion-gel in the frequency-

domain. In (c) the MD was defined relative to the 15 V measurement and the corresponding maximum 

MD in transmission is shown (dashed gray line) for comparison[17b]. In (f) the MD was defined 

relative to the 0 V measurement. 

 

Figure 5. (a) Schematic of the graphene-loaded metal wire grating modulator in the TIR geometry. 

The graphene device was deposited on high-resistivity SiO2/Si substrate and placed on a Si prism. 

The conductivity of graphene was adjusted by the voltage between the Si substrate and metal grating. 

The incident THz signal was in s-polarization. (b) Simulation and calculation results of the reflected 

intensity from the graphene/metal grating. The solid lines are calculation results and the dots are 

simulation results with different enhancement factors (η). The black dashed lines are the calculation 

results without a metal grating.  (c) and (d) are the MDs of the two devices in the TIR and in 

transmission geometry (T90). The red solid line is the MD of graphene integrated with a 30 μm period 

and a 10 μm gap (30 μm ,10 μm) grating; the blue solid line is the MD of graphene integrated with 

30 μm period and a 15 μm gap (30 μm,15 μm)  grating; the black dashed line is the MD of graphene 

without a metal grating. 

 

Figure 6.  (a) THz light interaction with the garting from the incident-plane view. (b) Top view of 

the E-H fields of the incident, reflected and transmitted components. (c) Magnitude raito and (d) 

phase difference between the p- and s- components when θ=90⁰, 58⁰ and 34⁰ respectively, 

corresponding to a quarter-wave conversion, half-wave conversion and 45⁰ linear rotation. 

 

 

 

Figure 7. (a) Diagram of the TIR-VO2-grating multifunctional polarizer controlling device. (b) 
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Linear-circular polarization switch by the proposed TIR-VO2-grating device. p-polarized linear 

output when the VO2 was at the insulating phase. (c) Circular polarization output when the VO2 was 

at the metallic phase. (d) Diagram of the same TIR-VO2-grating device coupled with a quartz prism. 

(e) Modulation depth as a function of frequency. The white area shows the effective region and the 

gray area has a low SNR. 

 

Figure 8. (a) The schematic of the TIR setup in reflection geometry. (b) Measured THz transmission 

and TIR spectra of MAPbI3, MAPbI2.5Br0.5, MAPbI2Br1, MAPbBr3. Solid lines are the results for 

transmission geometry, lines with the markers are the results for TIR geometry. A is the absorbance 

calculated from the transmission geometry, Rlog is the logarithmic  reflectance calculated from TIR, 

f0 is the resonant frequency of the vibrational mode [8]. (c) THz TIR spectra of MAPbI2.5Br0.5 change 

under illumination, the black line indicates the spectrum before illumination. The darkest blue line 

indicates the spectrum after 80 min of illumination. (d) The photo of the oral cancer tissue used for 

THz imaging. (e) Histology image of the tissue. The cancer area is enclosed by the green line. (f) THz 

transmission image of the tissue at 1 THz. (g) THz multilayer reflection image of the issue a 1 THz[54]. 

 

Figure 9: (a) A THz pulse is passed through an object and using a lens an image of the object is 

projected on the top-surface of a silicon prism. At the same time, an optical pump beam is spatially 

modulated and used to photoexcite the top-side of a silicon prism, which transfers the spatial encoding 

mask onto the THz pulse. Finally, the THz travels to a single-element detector. Knowledge of the 

patterns and of the corresponding detector signal are combined to give an image of the object. (b) 

32x32 THz images (field of view 4x4cm) of a simple gaussian beam, where the pattern projection 

rate is 1kHz. (c) Hypertemporal THz 1D-line imaging. Vertical and horizontal axis are time and space 

respectively. Colourscale is the THz field amplitude. About half the field-of-view has plastic covering 

it (see above the graph). 

 

Figure 10. (a) Schematic of the graphene-quartz device. (b) Reflection as a function of incident angles 

Symbols are experimental data. Solid curves are theoretical calculations. (c) The time domain signals 

changes with the gate voltage when incident angle being 68° and (d) 65°. (e) The corresponding 

modulation depth in frequency-domain when the incident angle was 65°. (f) The modulation response 

of the device to a 1 KHz square wave gating signal.  
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