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ABSTRACT: A concept of an efficient ultra-thin spatial phase modulator for correcting terahertz 

wavefronts in transmission with sub-wavelength spatial resolution is experimentally demonstrated. 

It exploits a combination of spatially addressable resonant planar metamaterials (so-called 

metasurfaces) and an optically thin (< 0.04 λ) low-voltage (< 20 V) liquid crystal cell. The device 

allows ‘imprinting’ 2D phase profile of any spatial complexity with a spatial resolution better than 

0.23 λ, and can be readily fabricated using the well-established LC-device technology and high-

resolution photolithography technique. 
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INTRODUCTION 

Spatial light modulators (SLMs) are optical devices designed to manipulate the wavefronts of light 

beams in space and time. Among the available technologies that are currently widely used are 

SLMs based on liquid crystals (LCs) – highly birefringent materials with the optical properties that 

can be effectively controlled by electric field or light.1 In the simplest configuration, an LC-based 

SLM is an array of spatially addressable LC pixels (similar to those found in LC displays), which 

introduce programmable retardation to the local phase of reflected or transmitted light wavefronts 

via electrically-induced re-orientation of LC molecules.2,3 The application of SLMs in optics and 

photonics ranges from beam steering to wavefront correction and spatial structuring of visible and 

infrared beams, as well as image processing.4-6  

SLMs are also essential for many THz applications. In particular, they would enable the 

optimization of the spatial resolution and illumination uniformity in THz-imaging systems 

employed in biotechnology, material testing, health, safety and security areas.7 Also, correcting the 

wavefronts of THz pulses is needed for the control of the far-field intensity distribution of time-

domain spectrometers, including the optimization of THz sources and beam focalization of 

scanning THz time-domain imaging systems.8 While the phase shifts required for wavefront 

correction often do not exceed /2, the development of efficient SLMs for THz radiation remains 

one of the main challenges of the technology.9 Even the operational principle of LC-based SLMs 

(despite being efficient and straightforward) is difficult to directly transfer into the THz domain. 

Indeed, although LCs behave well in the THz frequency range exhibiting a wide transparency 

window, due to relatively low birefringence of the existing LCs efficient THz phase modulation is 

possible only with LC layers exceeding several hundred micrometers in thickness. 

Correspondingly, robust alignment and spatial control of LCs in such thick optical cells with an 
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externally applied electric field requires very high driving voltage, generally in excess of 100V10 

and, hence, is a considerable technological challenge. The existing alternative approaches involve 

the use of photonic crystals11,12, graphene13,14, phase-change oxides and semiconductors15-17, and 

suffer from a number of drawbacks as well, such as small active area and challenging fabrication, 

while some require cryogenic cooling.15,16  

We argue that the operational principle of LC-based SLMs can be readily extended on the spatial 

modulation of terahertz wavefronts with the use of metamaterial technology. Metamaterials have 

revolutionized the way electromagnetic waves can be manipulated and controlled,18 and enabled a 

substantial improvement in the performance of terahertz devices.19-23 In particular, efficient 

modulation of THz radiation was achieved by hybridizing metamaterials with chalcogenides,24,25 

phase change metal oxides,26,27 semiconductors,28,29 micro electro-mechanical systems30,31 and 

graphene.32,33 LC hybridized metamaterials have contributed significantly to the development of 

effective modulators,34,35 tunable filters,36,37 switchers,38,39 and SLMs40,41 for a wide spectral range 

from visible to THz frequencies. A particularly efficient electrically-driven mechanism of 

amplitude and phase modulation of THz radiation has been demonstrated in transmission with a 

thin low-voltage LC cell combined with a resonant 2D metamaterial42 and, later, 3D 

metamaterial.43 Also, a programmable THz beam steering metasurface operating in reflectance and 

employing binary encoding of its phase profile was shown recently by Wu et.al.41 In this paper, we 

propose the concept of an optically thin large-area spatial phase modulator (SPM) with sub-

wavelength pixel resolution and continuously controlled phase retardation for correcting 

aberrations of terahertz waterfronts in transmission. Importantly, our SPM operates without 

diffraction, i.e. it does not produce diffraction orders other than the 0th order, and therefore can be 

used to correct THz wavefronts directly. It is based on a low-voltage (< 20 V) electro-optical LC 

cell hybridized with spatially addressable metamaterial stack, which can be placed in the path of 
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terahertz radiation. Below we describe the design and operating principle of such a modulator, and 

investigate its operational range and functional capability for correcting THz wavefronts using 

numerical simulations. We also fabricated a prototype of the SPM and offer an experimental proof-

of-concept demonstration by configuring the device to tilt transmitted wavefronts at 0.8 THz.  

 

DESIGN AND OPERATING PRINCIPLE OF THZ SPATIAL PHASE MODULATOR 

 

The conceptual design of the proposed terahertz spatial phase modulator is presented in Figure 1a. 

It constitutes a hybrid optically thin LC cell composed of two identical planar metamaterials 

(metasurfaces) supported by transparent dielectric substrates and a layer of a nematic LC 

sandwiched between them.  
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Figure 1. (a) An artistic impression of a spatial phase modulator. (b) The geometry of the 

COMSOL model used for simulating the operation of the spatial phase modulator. (c) Simulated 

(solid lines) and measured (dashed lines) transmittance spectra of the spatial phase modulator 

presented for two limiting cases of LC uniform alignment corresponding to planar/ 0 V (blue) and 

homeotropic/ 20 V (red). Phase dispersions corresponding to the transmission spectra are shown in 

Figure S1 in Supporting Information. Inset shows simulated distributions of the amplitude of the 

local electric field induced in the bottom and top metamaterial units by horizontally polarized wave 

at a resonant frequency of 0.8 THz. (d) An optical microscope image of the fabricated spatial phase 

modulator designed to operate at a frequency of 0.8 THz. 

 

The metamaterial pattern is anisotropic featuring a periodic array of meandering wires, which are 

formed by interconnected sub-wavelength metallic split rings (circular arcs with the central angle 

of 250); the elementary unit of the pattern (metamaterial unit or metamolecule) is a square 

containing two metallic split rings. Such a pattern renders the metasurfaces as sets of spatially 

addressable electrodes, where an electric potential can be applied to any meandering wire 

independently. When the patterns of the metasurfaces are rotated by 90 with respect to each other 

(as shown in Figure 1a), a potential difference can be selectively applied between any two 

overlapping metamaterial units from the top and bottom metasurfaces. Such a twisted arrangement 

also makes the transmission response of the metamaterial stack insensitive to the polarization of 

incident light.  

If initially the molecules in the LC layer are all oriented unidirectionally and parallel to the plane 

of the cell (so-called planar LC alignment), the application of a potential difference will perturb 

the orientation of LC molecules between the selected metamaterial units, forcing LC molecules 

there to align perpendicular to the plane of the cell (so-called homeotropic LC alignment). In turn, 

that will locally affect the refractive index and, more importantly, shift the resonance frequency of 

the selected metamaterial units introducing an additional change in the phase of the waves they 

scatter (i.e., optical delay).42 Since the change of the refractive index is controlled by the tilt of LC 

molecules, it can be tuned continuously by varying the magnitude of locally applied voltage, as 
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schematically illustrated in Figure 1a. We note that the resulting spatially addressable hybrid cell 

mimics an LC display based on the passive matrix scheme, where every pixel in the matrix (a pair 

of overlapping metamaterial units in our case) can be activated individually, by selecting an 

appropriate column and row of the matrix (metamaterial stack in our case). Given sub-wavelength 

dimensions of the addressable metamaterial units (metapixels), the proposed concept of a spatial 

phase modulator does not engage diffraction into the 1st (or any higher) orders, and enables one to 

modify or correct the wavefront of a terahertz beam directly, by placing the modulator in the path 

of the beam.  

Below we illustrate the operating principle of our SPM, first, by modelling in COMSOL44 the 

propagation of a terahertz plane wave through the modulator, which is configured to tilt the 

transmitted wavefronts. The geometry of the model is presented in Figure 1b. It featured a 

rectangular computational domain, which encompassed a pair of metasurfaces comprising 12 x 12 

metamolecules each. All sides of the domain were defined as scattering boundaries effectively 

rendering the domain infinitely large. The incident beam has a supergaussian profile with the 

diameter of 0.85 mm, was polarized along x-axis and propagated along y-axis from right to left. 

The composition of the modelled structure and its dimensions were defined as follows. The 

substrates of the metasurfaces were assumed to be semi-infinite slabs of fused quartz (ns = 2.145) 

facing outwards. The LC layer between the metasurfaces had a thickness of only 12 µm and was 

characterised by an ordinary, no, and extraordinary, ne, refractive indices of 1.554+0.15i and 

1.941+0.15i, respectively, found in a highly birefringent nematic LC mixture 1825.46 The wires of 

the metamaterial pattern had a width of 6.0 µm, and were modelled as perfect electric conductor 

surfaces. The period of the pattern (i.e., the size of the metamaterial units) was set to 85 µm, which 

prevented the metamaterial array from scattering normally incident waves into the 1st (or higher) 

order diffraction modes in both the substrate and air at frequencies below 1.7 THz. Overall, the 
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simulated structure had an area of ~ 1 mm2 and, therefore, it was large enough to serve as a real-

size model of the proposed SPM. 

We begin by characterizing the transmission response of the SPM in the frequency range 

0.6 – 1.2 THz for two cases of spatially uniform LC alignment, namely planar alignment (LC 

molecules are parallel to x-axis) and homeotropic alignment (LC molecules are parallel to y-axis) 

prescribed for all metapixels of the SPM. Figure 1c shows that in both cases the transmission is 

resonant at around 0.8 THz but the resonance shifts by about 15 GHz when LC alignment is 

switched between planar and homeotropic states. As noted above, the shift of the resonance results 

from a change of the refractive index of the LC layer (ne in the case of planar alignment, and no in 

the case of homeotropic alignment) and should be accompanied by a substantial change of the 

resonant electromagnetic phase near 0.8 THz.42 The nature of the resonance was previously 

discussed in reference.47 Briefly, the resonance signifies the excitation of standing waves of 

electrical currents in the pattern of the metasurface when the length of the wire accommodated by 

one unit of the pattern becomes equal to a half of the wavelength of incident radiation in the 

surrounding dielectric medium. It is driven by the electric-field component of the incident wave 

parallel to the length of the meandering wire. Despite the anisotropy of the pattern, the mutually 

orthogonal orientation of the metasurfaces within the metamaterial stack ensures that at least one 

of them is at resonance with the incident wave regardless of its polarization. In particular, in our 

case, the resonance is exhibited by the first metasurface facing the incident wave, as evident from 

the inset to Figure 1c. Importantly, due to high localization of electromagnetic fields around the 

metamaterial pattern at the resonance, the LC layer in our device could be made as thin as that of 

a standard LC cell found in many optical LC devices. 

To establish the operation limits of our SPM, we consider the maximum change in the retardation 

of the transmitted wave that can be induced by each metapixel upon LC transition from planar to 
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homeotropic state. Figure 2a shows how the induced phase change (red curve) varies with the tilt 

angle of LC molecules,  – the parameter that describes the alignment of the LC layer and, in 

practice, can be gradually tuned by the voltage applied across an activated metapixel. One can see 

that the phase change is naturally zero at  = 0° (planar alignment) but gradually increases with 

increasing , reaching a maximum of 32° at  = 90° (homeotropic alignment). Importantly, such a 

large phase change is observed at 0.8 THz and results almost exclusively from tuning the resonant 

response of the metasurfaces. We confirmed this by calculating the phase change induced by the 

LC layer alone, i.e. in the absence of the metasurfaces (see blue cure in Figure 2a). Clearly, the 

phase change does not exceed 4.5°, which can be readily appreciated given that the thickness of 

the LC layer was only 12 µm. 
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Figure 2. (a) Phase retardations induced by the spatial phase modulator (red) and LC layer alone 

(blue) at 0.8 THz as functions of LC tilt angle,  (red). Inset explains how  is defined. (b) Spatial 

variation of the LC tilt angle along the x-axis assumed in the simulations. Inset shows schematically 

the orientation of molecules in the LC layer that corresponds to the spatial variation of the LC tilt 

angle below. (c) Simulated contours of the wavefronts transmitted by the spatial phase modulator 

at 0.8 THz with (dashed lines) and without (solid lines) the gradient of LC alignment introduced 

along the x-axis. The contours are separated by a phase difference of 2 rad. (d) Calculated beam 

deflection produced by the spatial phase modulator due to the gradient of LC alignment as a 

function of frequency. 

 

Finally, we configure our SPM to deflect transmitted wavefronts by allowing the tilt of the 

molecules within the LC layer to increase linearly from metapixel to metapixel along x-axis (see 

inset to Figure 2b). Such a configuration renders the SPM effectively as a very thin prism, which 

deflects the transmitted wavefronts directly, without producing the 1st and higher diffraction orders. 

We note that in practice, the potential difference applied to metapixels will vary discretely, and to 

respect that in our model we kept the tilt angle constant within each metapixel, which resulted in a 

stairway-like profile of (x), as shown in Figure 2b. The effect of such an SPM configuration on 

the propagation of a plane wave at 0.8 THz is demonstrated in Figure 2c, where we compare the 

simulated contours of the waterfronts transmitted by the SPM with and without the gradient of .  

When the gradient of  is present the wavefront undergoes a noticeable deflection towards y-axis. 

We define the corresponding deflection angle as the angle of rotation of the wavefronts that they 

acquire locally relative to their initial orientation, i.e. in the absence of the gradient.  To minimize 

the error due to limited accuracy of our simulations and finite spatial resolution of the wavefront 

mapping, we calculated the angle of the wavefront rotation at every point of the map and then 

averaged it over the mapped area. The result we obtained for the deflection angle is 2.4°. We recall 

that in our model the wave propagates in a fused quartz (with the refractive index of 2.1) and, as 

dictated by Snell’s law, the angle of deflection will increase to 5° as soon the wave leaves the 

substrate. Figure 2d shows the spectral dependence of the average deflection angle of the 
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transmitted wavefronts in air, which was extracted directly from the wavefront maps corresponding 

to different frequencies. The error bars reflect the uncertainty in extracting the deflection angle due 

to distortions of the transmitted wavefronts. Our data confirm that the efficiency of phase 

modulation reaches a maximum at the metamaterial resonance and, thus, emphasize the key role 

of the metasurfaces as phase control elements in the proposed concept of a terahertz spatial phase 

modulator. The wavefront tilt angle can be increased by making the gradient of LC alignment 

across the SPM steeper, or by employing LC materials with higher birefringence.48,49 For instance, 

using recently developed LC mixtures with birefringence of 0.7548 we could obtain the maximal 

phase delay in a single metapixel of 55°. This would enable our SPM to tilt the transmitted THz 

wavefronts by up to 9°. Also, the characteristics of the SPM can be improved further by introducing 

an additional resonant element into the pattern of the metamaterial unit. Such an approach enables 

one to replace a conventional metamaterial resonance with a Fano resonance, which is 

characterised by stronger phase dispersion and higher levels of transmission (currently –10 dB).50 

While the suggested measures will undoubtedly improve the efficiency of our SPM as a beam 

deflector, we emphasize that wavefront tilting serves merely as a demonstration of the operational 

principle and robustness of the proposed concept. Indeed, it requires “imprinting” a simple phase 

profile corresponding to a linear phase gradient and is, therefore, very easy to verify experimentally 

and compare with the prediction of numerical modelling, as we have done below. 

 

EXPERIMENTAL DEMONSTRATION OF THZ SPATIAL PHASE MODULATOR 

 

We demonstrate the robustness of our SPM concept in an experimental study, where we imaged 

the propagation of terahertz waves directly, by measuring the electric field of the waves along x- 

and y-axes. For this demonstration we fabricated a structure, which resembled very closely the 
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spatially addressable hybrid metamaterial-LC cell that we modelled in the previous section 

(Figure 1d). It featured two metasurfaces fabricated with the help of high-resolution 

photolithography from 200 nm thick copper films, which were spattered on 1 mm thick quartz 

substrates (coated beforehand by a 5 nm thick chromium layer to facilitate copper adhesion). Every 

wire of the metamaterial pattern was connected to a separate 0.5  1.5 mm2 copper patch acting as 

an external miniature contact pad. The area of each of the fabricated metasurfaces was 5  5 mm2. 

The hybrid cell was assembled by placing one metasurface above another with their wire patterns 

facing each other. As in the modelled structure, the patterns were rotated with respect to each other 

by 90° and carefully aligned to ensure the complete overlap between the metamolecules of the top 

and bottom metasurfaces (see Figure 1d). The gap between the metasurfaces was maintained by 

12 m large silica spacers placed there during assembly. The assembled cell was filled with a 

highly birefringent nematic LC mixture 182542 via capillary action. Prior to assembly a thin layer 

of polyimide was spin-coated over the wire patterns of the top and bottom metasurfaces and 

uniformly rubbed with a cloth, respectively, along and across the length of the meandering wires. 

That ensured uniform planar alignment of LC once it had filled the gap, which we confirmed by 

inspecting the cell under polarized microscope. A photograph of the assembled SPM sample is 

presented in Figure S2 in Supporting Information. 

The transmission of the assembled hybrid cell was first characterized in planar and homeotropic 

states, which corresponded to 0 V and 20 V applied uniformly over the cell, respectively. The 

voltage was supplied by connecting all contact pads of the top metasurface to an AC signal 

generator (producing square waveform profile with a frequency of 1 kHz) while maintaining the 

contact pads of the bottom metasurface all connected to ground. The transmission measurements 

were performed at normal incidence using a conventional terahertz time-domain spectroscopy 

setup based on photoconductive antennas optically gated by the output of a mode-locked 
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Ti:sapphire laser (< 20 fs, 800 nm, 75 MHz repetition rate). The setup produced a linearly polarized 

terahertz beam, which was focused onto the cell to a spot with a diameter of 1 mm. The acquired 

transmission spectra are shown in Figure 1c. They correlate reasonably well with the spectra 

calculated numerically, exhibiting a resonance near 0.8 THz which appears to red-shift by 15 GHz 

when the state of the cell changes from planar to homeotropic. The broadening of the resonance 

and somewhat higher transmission at its center are attributed to an increase of Ohmic resistance in 

sputtered copper, as well as to non-zero dissipative losses in LC 1825. The response time of the 

demonstrated SPM is 75 ms. It was determined as a sum of the switching on and off time of liquid 

crystal in the SPM upon applying 20V. The on and off times were measured optically with a 

standard set-up for liquid crystal research by monitoring the intensity of a laser beam passed 

through the SPM placed between crossed polarizers. The on time was determined as the time 

interval during which the cross polarized intensity decayed to 1/e of maximum level, and the off 

time was given by the increase of the intensity to 1/e of saturation level.51,52 While the response of 

our SPM is slower than that reported for some of THz metamaterial systems loaded with liquid 

crystals,53,54 we note that shorter switching times are not critical for the operation of SPMs (i.e. 

eliminating aberrations of THz wavefronts) and, if needed, can be achieved by using dual-

frequency liquid crystals.54 

Our SPM was configured to tilt transmitted wavefronts by connecting sequentially, via identical 

resistors (1 k), ten contact pads of the top metasurface. The first contact pad in the resulting chain 

was then attached to the output of the voltage generator set to 20 V, while the last contact pad, as 

well as all contact pads of the bottom metasurface, were connected to ground. Such a configuration 

ensured that the applied voltage would increase linearly from 0 to 20 V along a ten-pixel wide strip, 

which corresponded to the section of the SPM illuminated by the terahertz beam. The wavefronts 

transmitted by the configured section of SPM were visualized using a state-of-the-art THz-field 
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imaging technique. It is described in detail in reference,55 but for the benefit of the reader we 

provide a schematic of the system in Figure S3 in Supporting Information. In particular, in the 

0.6–1.2 THz range of frequencies it enabled the mapping of both the phase and amplitude of the 

electric-field component of propagating waves along the direction parallel (x-axis) and 

perpendicular (y-axis) to the face of the SPM with spatial resolutions of, respectively, 7.5 µm and 

15 µm, and with a frequency resolution of 0.05 THz.  

Figure 3a and 3b compare the actual wavefronts transmitted by the SPM at the metamaterial 

resonance for two limiting cases, namely 0 V and 20 V gradients applied to the configured section 

of the SPM. Although the wavefronts appear somewhat curved (as a result of tight focusing of the 

incident beam realized in the THz setup), they can be seen to tilt towards y-axis when the voltage 

gradient is present. The tilt is better visible in Figure 3c, where we superimposed the contours of 

the corresponding wavefronts. We calculated the angle of the wavefront rotation at every point of 

the map and then averaged it over the mapped area (see Supporting information for details). The 

result is plotted in Figure 3d as a function of the frequency of an incident wave. The wavefront 

deflection angle is seen to reach a maximum of 4.5° at 0.8 THz, while remaining below 1° at other 

frequencies in the range 0.6–1.2 THz. Clearly, the experimentally measured dispersion of the 

wavefront deflection angle is in a very good agreement with the prediction yielded by our numerical 

model (compare Figure 3d and 2d).  
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Figure 3. (a) An image of the wavefronts transmitted by the spatial phase modulator at 0.8 THz in 

the off state plotted in terms of an experimentally mapped electromagnetic phase. (b) Same as (a) 

but plotted for the case when a 20 V linear gradient was applied to the modulator along the x-axis. 

(c) Experimentally measured contours of the wavefronts transmitted by the spatial phase modulator 

at 0.8 THz with (dashed lines) and without (solid lines) the voltage gradient applied. The contours 

are separated by a phase difference of 2 rad. (d) Measured beam deflection produced by the spatial 

phase modulator due to 20 V gradient as a function of frequency. 

 

Furthermore, the measured peak value of the wavefront deflection angle falls short of the 

theoretical limit by only 10 %. Minor deviations between the modelled and experimental results 

are attributed to the fact that the fabricated SPM was driven by a linear gradient of voltage, which 

could not generate a truly linear gradient for the tilt angle of LC molecules, , as was assumed in 

our numerical model. 
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CONCLUSION 

We have presented the design of a novel ultra-thin large-area terahertz spatial phase modulator for 

wavefront correction and experimentally demonstrated its operation at 0.8 THz. Our SPM is based 

on a spatially addressable stack of two specially designed metallic metasurfaces integrated with an 

LC cell similar in thickness to conventional optical LC cells (as employed by many optical 

devices). With the thickness of the LC layer of only 12 µm (~0.03 ) the demonstrated SPM is 

capable of changing the phase of transmitted terahertz wavefronts by more than 30° (~0.1 ) with 

a spatial resolution of 85 µm (better than 0.23 ), and requires the driving voltage of as low as 

20 V. In the proof-of-concept demonstration the SPM was programmed to tilt transmitted 

wavefronts by applying a linear voltage gradient across 0.72 mm2 (~5 2) large active area of the 

device. The wavefront deflection angle of 4.5 degrees, calculated based on the experimental data 

agreed very well with the value obtained in the course of numerical simulations (5°), indicating on 

the exceptional robustness of our SPM concept. While our demonstration involved configuring the 

SPM with a simple phase gradient profile, the design of the SPM allows ‘imprinting’ 2D phase 

profile of any spatial complexity with sub-wavelength resolution in a manner similar to the 

passively addressable scheme of LC displays. Importantly, the manufacturing of the proposed SPM 

largely involves the well-established LC-device technology and high-resolution photolithography 

technique, and requires inexpensive, commercially available substrates materials, such as quartz 

and silicon. 
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Metasurface-based Optical Liquid Crystal Cell as an Ultra-Thin Spatial Phase Modulator 

for THz Applications 

 

O. Buchnev, N. Podoliak, K. Kaltenecker, M. Walther, and V. A. Fedotov 

  

 

Ultra-thin spatial phase modulator for correcting terahertz wavefronts with sub-wavelength spatial 

resolution is developed as a combination of spatially addressable resonant planar metamaterials 

and an optically thin (< 0.04 ) low-voltage (< 20 V) liquid crystal cell. The developed modulator 

allows ‘imprinting’ 2D phase profile of any spatial complexity with a spatial resolution better than 

0.23 . 

 

   

 


