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Abstract In this work, a new design aimed to perform as

a half-wavelength plate in the terahertz regime is present-

ed. The fabricated samples exhibit a phase difference of

180� at 0.73 THz between the two principal polarisations

that matches with the modelling results. The experimen-

tally determined transmittances of the two polarisations

were around 61 %, which is below theoretical predictions

of reaching more than 90 %. The difference between the

two results is explained, and possibilities for increasing the

transmittance are presented.

1 Introduction

Fundamental and application-driven research in the THz

domain with frequencies loosely defined as between 0.2

and 10 THz is currently in rapid development [1]. Devices

functioning in the THz range can be directly implemented

in everyday applications due to favourable properties of

THz radiation, including its non-ionising nature which

enables in vivo measurements without harming, for in-

stance, the exposed tissue [2]. In the same time, a multitude

of molecules in the solid state vibrate in this frequency

range thus enabling their detection by spectral analysis [3].

Due to these properties, devices based on THz radiation are

approaching commercial developments, with sub-THz

technology as the technological basis behind e.g., full body

scanners in airports [4].

Although the possibilities of using THz radiation are

multiple, one limitation of their widespread implementation

is the difficulty in controlling the THz beam characteristics

such as bandwidth, intensity, polarisation state. Advances

have been made in controlling the bandwidth of a THz pulse

as well as its intensity and stability [4, 5]. But, up to date,

the polarisation state of the beam is not fully controllable.

A device that helps in achieving a full control over the

polarisation state is a half-wavelength plate. According to

the classical definition in optics [6], the half-wavelength

plate is a device, which shifts the relative phase between

the two orthogonal linear (eigen) polarisations by 180� [6].

By controlling the intensity of the two orthogonal projec-

tions of the incident beam on the eigen polarisations, one

can decide the azimuth of polarisation of the exit beam

obtained as a result of superposition of the two linearly

polarised eigenwaves at the output. This performance is

demonstrated by the device proposed in this article.

A numerical description of the functioning of the half-

wavelength plate is as follows:

Consider an incoming incident wave having the E field

along the p̂ direction as: E ¼ E0p̂eiðkz�xtÞ. We can de-

compose it along the two axis of the device ðâ1; â2Þ:

E ¼ E0ðcos hâ1 þ sin hâ2Þeiðkz�xtÞ;

where h is the angle between p̂ and â1.

After propagating through the device, the phase differ-

ence between â1 and â2 is 180� so the exit beam can be

described as:

E ¼ Ef cos hâ1 � sin hâ2ð Þei kz�xtð Þ

¼ Ef cosð�hÞâ1 þ sinð�hÞâ2ð Þei kz�xtð Þ ð1Þ
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Thus, a 180� phase shift induced by the device is

identical to a mirroring of the incident polarisation along

one of the axes of the device. We would like to note that

the reciprocal statement is not valid. One can manufacture

a device that rotates the incoming linearly polarised light

but that is not a half-wavelength plate [7, 8].

Although there are already commercially available half-

and quarter-wavelength plates in the THz range, they are

not cost-effective and thus, further research into such de-

vices is ongoing. An achromatic (broadband) quarter-

wavelength plate has already been demonstrated [9, 10,

11]. In these cases, the total thickness of the device is at

least 3 cm thus making it potentially unfeasible for appli-

cations where the space limitations are stringent. Since the

material of choice for this type of devices is quartz, the

transmissivity is relatively low. Another possibility is to

use a Fresnel rhomb [12]. Also in this case, the transmis-

sivity is low, but that could be overcome by using different

materials. Still, the major disadvantage is the change in the

optical path thus introducing further complications of the

setup. THz devices that rotate the polarisation of the beam

have been also proposed very recently [7, 8]. The devices

reported in these papers have higher transmission and

larger bandwidth than the one presented here but they

possess a serious drawback: their functioning is limited to a

specific incoming polarisation only. The output beam from

the device will always have the same polarisation azimuth,

independent of the incident polarisation. Furthermore, in

the case of a non-aligned incoming polarisation, the

transmission of the devices will drop significantly. Thus,

they cannot be referred to as half-wavelength plates.

The design presented here alleviates these potential

shortcomings and functions as a true half-wavelength plate.

That is, the transmitted polarisation is determined by the

alignment between the incoming polarisation and the de-

vice axis, and, importantly, the output intensity is inde-

pendent of the incoming polarisation if this is not the case,

the device is unable to completely mirror the incoming

linear polarisation, and the output polarisation will have a

different azimuthal angle. This can be better understood by

closely inspecting Eq. (1). If the two intensities are not the

same at the exit, then the cosine (or sine) function will be

multiplied with a term leading to an effective different

rotation of the polarisation plane. To facilitate transmit-

tance and reduce the concerns related to the material

properties of the substrate, we target a free-standing

membrane-based structure. Theoretically, we can reach a

transmittance of more than 90 %. Such extended behaviour

comes with the price of a reduced bandwidth, as expected

for any half-wavelength plate, no matter its operational

range. Similar functionality based on a design of multiple

stacked plates was recently published [11].

To achieve the desired functionality, we employed a

metamaterial-based approach. The metamaterials field

emerged more than 20 years ago [13] and has its appeal in

the possibility of allowing almost arbitrary control of the

optical properties of a structure at, in principle, any given

wavelength [14]. We use this ability of controlling the

wave behaviour inside a metamaterial to design our

structure (Sect. 2). In Sects. 3 and 4, we report on fabri-

cation and characterisation of the structure. Section 5

contains discussion about the device performance.

2 Theory and modelling

To obtain a high-efficiency polarisation control device, the

key task is to develop a system, where the transmittance of

both eigenstates is equally high, but the mechanism to

achieve it is different. In our case, we control the trans-

mission properties of the Ex polarisation through the peri-

odicity of the structural lattice, while the ones of the Ey

polarisation are controlled by the properties of a single unit

cell through local resonances. The presented design is a

result of numerical optimisation of the lattice constant, and

the unit cell parameters such that their individual reso-

nances are located at the same frequency, but for two

orthogonal polarisations.

We decided for a relatively simple design, where the

metallic structures are rectangular patches or a simple

mesh, enabling the optimisation of the structure in a fast

and reliable way. Also, the whole structure is symmetric,

thus the computational time can be reduced. This design is

not unique, and other designs may be found based on the

same general principle of two resonances at the same fre-

quency obtained through different mechanisms for ortho-

gonal polarisations. One specific advantage of this design is

the absence of crosstalk. Due to its mirror symmetry both

in the xz- and yz-planes, there is no possible conversion of

one polarisation to another, and thus the crosstalk is

theoretically zero.

In Fig. 1a, we show the geometry of the designed

structure, which consists of a metallic mesh layer (m2)

sandwiched by two metallic patch arrays (m1) and (m3),

with two dielectric spacers (p1) and (p2) separating the

metallic layers from direct contact. We choose this tri-layer

platform in designing our THz wavelength plate because it

can support multiple perfect transmission windows (in the

lossless case) as long as the upper/bottom layers exhibit

certain resonances governed by different principles [15,

16]. Some dimensions are related to each other. For ex-

ample, the length of a unit cell of size a 9 b, see Fig. 1a, is

directly related to the size of the metallic patch a ¼ gþ 2f .

Figure 1a clearly indicates the anisotropy of the sample.

We optimised the design for a working frequency in the
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0.72–0.75 THz range, thus the parameters of the structure

are a = 300 lm, b = 100 lm, c = 22 lm, d = 10 lm,

e = 90 lm, f = 101 lm, h = 10 lm, and i = 80 lm. The

dielectric spacer is made from polyimide with the theore-

tical dielectric permittivity e = 3.5 ? 0.02i [17] at this

frequency range and has the thickness 22 lm. Due to the

low skin depth of aluminium at these frequencies, all metal

layers are 200 nm thick, thus making the whole structure

much thinner than the wavelength of interest. The ratio

between the dimension of the structure in the z-direction

and the free-space wavelength is approximately 1/9.

The thickness of the polyimide layers plays a critical

role in the performance of the structure. In the lossless

case, by carefully choosing the metal dimensions, we can

always obtain close to 100 % transmission [15, 18] inde-

pendent of the thickness of the structure. In real structures,

we have to compromise between the field enhancement that

takes place near the metallic layer and the losses of the

polyimide. The increase in the field enhancement also leads

to increased losses thus an optimum thickness must be

found.

Due to the geometry of the unit cell, it is obvious that

the structure is anisotropic. We used COMSOL Multi-

physics to investigate the mechanisms that induce 180�
phase difference between two orthogonal polarisations at

the working frequency. In the case of the Ex polarisation,

the field distribution at a certain moment in time is shown

in Fig. 2a. After a quarter harmonic, in Fig. 2b, the field

propagates along the x-direction thus the maximum inten-

sity is now in the area of the unit cell with less metal. This

type of behaviour is similar to that of a spoof surface

plasmon polariton (SPP). The resonance frequency of such

plasmons can be determined by the geometry of the unit

cell in the propagation direction, thus by a, g, d, and e (see

Fig. 1 for a description of the parameters). For Ey po-

larisation, the Ez component is just oscillating in the space

between the top and bottom metallic patches as shown in

Fig. 2c, d. Such behaviour leads to the conclusion that the

transmission of the Ey polarisation originates from a local

resonance and depends on the values of i and b.

For a linearly polarised incident wave, we calculated the

transmittance spectra |S21|2 and phase change u ¼ argðS21Þ
in the 0.5–0.9 THz range (see Fig. 1b). A transmittance

exceeding 90 % for both eigen polarisations is observed at

*0.73 THz. In the same frequency range, the phase dif-

ference between the two eigenwaves is 180� (Fig. 1c), thus

ensuring the functionality of the whole structure as a

classical half-wavelength plate.

Fig. 1 a Design of the THz

sample: view of the unit cell and

definition of unit cell

dimensions. The optimised

dimensions are given in the text;

b the transmittance of the Ex

(black) and Ey (red) incident

polarisations; c calculated phase

difference between the two

polarisations

Fig. 2 Distributions of Ez components at 0.73 THz, represented in

the xz-plane. a and c display the field at one same moment for Ex and

Ey input, respectively, then b and d are the situations that after quarter

harmonic period of (a) and (c). The beam travels along the z-axis. The

yz-plane wave behaviour is similar
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3 Fabrication and measurements

In order to fabricate the device, we established a new

fabrication process flow. For fabrication ease, we decided

to use aluminium (Al) as the metal to be patterned. As

opposed to our previous THz membranes, where the device

was made entirely of nickel [19] thus would not be cor-

roded when immersed in KOH baths to etch the Si sub-

strate, in this case, both the Al and the dielectric, polyimide

will be attacked by KOH [20]. To prevent KOH reaching

the device, we first deposited a thin layer of Si3N4 on the

top of the wafer. This layer will protect the rest of the

device in the etching stage, and then it will be dry etched.

The fabrication steps are schematically shown in Fig. 3.

First, we deposit a 300-nm thick layer Si3N4 on both sides

of the Si wafer (1). We then expose, develop, and dry etch

the back Si3N4, thus defining the position of the mem-

branes and their dimensions (2). From this point on, all the

subsequent exposures are aligned to the membrane

opening.

We evaporate a 200-nm thick layer of Al on the top

Si3N4 (3) and through aligned UV lithography (4), devel-

opment of the resist (5) and dry plasma etching (6), we

pattern the first metallic layer. We then remove the excess

resist using oxygen plasma (7) and spin and hard bake the

22-lm thick polyimide layer on top of the initial layer (8).

Before depositing the polyimide, we optimised the spin-

ning to obtain a thickness as close as possible to the target

thickness, Thus, our spinning recipe gives an error of

\1 %. Since the wavelength of interest is of hundreds of

microns, the resulting 0.2-lm (so \1/1000 wavelengths)

error in the fabrication has no any significant influence. In

order to the polyimide layer to adhere to the substrate, a

thin adhesion layer needs to be spun on the structure, and

the quality of this layer can greatly influence the polyimide

characteristics. The process is then repeated for the second

and the third metallic layers (9). After deposition of the

third layer of patterned metal, we wet etch the Si wafer

from the back side and dry etch the top silicon nitride layer

(10), thus obtaining the final device (11).

In Fig. 4, we show optical images of the device at var-

ious fabrication levels: (a) after the first metallic layer is

patterned, step (7); (b) after processing the second layer,

when it is still possible to see the first one, and (c) at the

end of the metal patterning process. It can be seen that the

alignment error of the structures is below 1 micron.

Fig. 3 Schematics of the process flow. The fabrication steps are explained in the text. Not to scale

Fig. 4 Optical images of the fabricated structure. a Overview after

the first metal layer is patterned; b 910 magnified image of the device

after the second layer patterning; c 920 magnified image of the final

device with the focus on the second layer. The first and the third can

be seen in the background and foreground, respectively. A slight

misalignment between the first and the third layer can be observed;

d Back view of the membrane. The 500-micron wafer (blue) is fully

etched through
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Simulations (not shown here) indicate that a misalignment

error below 4 microns does not influence the performance

of the structure significantly. The second layer, when seen

at the end of the process flow (Fig. 4c), seems to have a

different geometry with respect to the one seen in Fig. 4b.

This is an optical effect due to the not perfectly flat poly-

imide layers.

The wet etch step needs extra care. The sample is at-

tached to a holder such that the top surface is isolated from

the KOH bath and then immersed in the hot KOH solution.

The temperature difference is important since it will gen-

erate stress in the structure. We kept it at the minimum by

heating the bath only up to 60�. Below this temperature the

Si etching rate will become insignificant, thus not practical

anymore, while above this temperature, the stress in the

structure will lead to breaking of the membrane. The re-

duced etching rate means that, for a standard 500-lm thick

wafer, it takes 22 h to etch through. Even with all these

precautions, the structure is not stable, so the end of the

etching process is critical in order to the membranes not to

break. After the silicon is thinned to several hundreds of

nanometres, the heating is stopped, thus the last part of the

process is performed at decreasing temperature, helping in

releasing the stress. After the etching is complete, and the

membranes are free from the substrate, they are thermal-

ized to room temperature. The final membrane dimensions

are 1 9 1 cm for accommodating a large THz spot size

(Fig. 4d). It should be mentioned that, although the process

is long, lasting up to 24 h in total, it has the advantage of

parallelisation thus, up to 65 structures can be fabricated on

a 6-inch wafer and thereby reducing the costs and in-

creasing the yield.

4 Characterisation

The half-wavelength plate samples were characterised us-

ing a commercial THz time domain spectroscopy system

(Picometrix T-Ray 4000), where THz pulses are both

generated and detected by photoconductive switches.

Every measurement is the average of 10.000 waveforms,

and they were recorded at a scan rate of 100 Hz (total

acquisition time 100 s).

Figure 5a shows the measurement setup. The sample is

placed in the focus spot and is attached to a rotation stage.

The transmission spectra were recorded for both x and

y orientation of the half-wavelength plate. Transmission

through air was used as a reference for all measurements.

Figure 5b displays THz pulses in the time domain trans-

mitted through air and the half-wavelength plate. The THz

pulse transmitted through air has a spectral range from 0.1 to

2.0 THz, while at the frequency of interest *0.7 THz, it has

a signal-to-noise ratio of 180 (45 dB power dynamic range).

We obtain the phase and amplitude spectra using Fourier

transformation of the pulses measured in the time domain

[21]. Since our half-wavelength plate samples contain no

supporting material, the measurements are not affected by

Fabry–Perrot resonances from a substrate, and therefore, are

able to use long time domain (100 ps) traces, which improve

the spectral resolution of our characterisation. For consis-

tency reasons, we measured three different devices fabri-

cated in the same patch. The results, presented in Fig. 6a,

show good reproducibility over the process flow variations.

All the characterised devices have the same behaviour, and

the measured phase difference at the frequency of interest is

180 degrees, as predicted by simulations (Fig. 6b).

Fig. 5 a Measurement setup. b THz pulse in time domain transmitted though air and half-wavelength plate. (inset) Spectrum of the THz pulse

transmitted through air
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5 Discussion

The main difference between the simulated and ex-

perimental results lies in the transmission amplitude. In the

simulations, the transmittance is above 90 % (see Fig. 1b),

while in experiments (Fig. 6a), it is near 61 %.

We believe this difference has two origins. Firstly, the

simulations assume perfectly flat layers and neglect the

surface roughness inherent in any fabrication process.

Scattering definitely lowers transmission values. However,

the roughness values are much below the functioning

wavelength (approximately 0.4 mm), and we generally

expect that it will have measurable but marginal influence

on the signal. This influence cannot explain a 30 % de-

crease in transmission. We estimate that the main factor in

this drop comes from an underestimated absorption of the

polyimide layer. The permittivity value we used in the

simulation e = 3.5 ? 0.02i was taken from the literature

[17]. We performed additional simulations to account for

possible higher losses of the polyimide layers. The results

illustrated in Fig. 7 show that the increase in losses does

not change the working frequency and phase difference,

but rather diminishes the transmitted signal.

According to these results, in order to explain the lower

level of transmitted signal, we need to adopt the imaginary

part of the relative permittivity of polyimide between 0.3

and 0.35, which amounts to a pronounced 15 times increase

from the 0.02 value initially stated. At 0.7 THz, an ima-

ginary permittivity of 0.3 corresponds to an absorption

coefficient of 20 cm-1, in very good agreements with

broadband measurements by Cunningham et al. [22]. Dif-

ferences may also arise due to the fabrication process,

especially in the baking stage that may alter the dielectric

properties of polyimide. Additionally, we used an adhesion

layer to ensure the stability of the polyimide deposition

[23]. This layer may introduce additional losses not taken

into account in the model. Apart from these effects, other

factors that influence the transmittance are non-uniformity

of the polyimide layer and the roughness of the metallic

structures. It is worth to mention that increases in losses of

one order of magnitude for this type of polyimide are also

mentioned in literature [17, 24]. As a possible solution,

polyimide can be substituted by benzocyclobutene com-

monly known as BCB. BCB is a polymer that can be spun

in thick layers and has low experimental losses in the THz

Fig. 6 a Measured transmission amplitude for the Ex (black) and Ey

(red) polarisations. b Induced phase difference of the devices. The

various line styles represent different samples

Fig. 7 Simulated transmission values and phase differences when the permittivity of polyimide is 3.5 ? 0.3i (a) and 3.5 ? 0.35i (b). The

dashed lines represent the frequency interval and the values obtained in experiments
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range [25, 26]. Another substitute for polyimide can be

TOPAS that has extremely low loss in the THz range [27].

6 Conclusion

In this work, we have designed, simulated, fabricated, and

characterised a metamaterial-based membrane that acts as a

half-wavelength plate in the THz regime. Its performance

corresponds to the definition of the classical half-wave-

length plate in optics, and it can be used for rotating an

incoming linearly polarised THz beam with an arbitrary

angle. We employ two different mechanisms of eigenwave

propagation to equalise their transmittance and simultane-

ously impose a 180� phase difference between the eigen-

waves in the desired frequency range. Characterisation

successfully confirms designed parameters. The waves

experience a half-wavelength relative phase shift, and

meanwhile, have the same transmission amplitude. The

difference in transmittance between the theoretically pre-

dicted value of above 90 % and experimental one of 61 %

is most probably due to higher than typically assumed

losses in the dielectric layers. Modelling of systems with

higher polyimide losses confirms this assumption. By

utilising dielectrics such as BCB and TOPAS with lower

losses, we can significantly improve the transmission

characteristics.
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