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Abstract: We demonstrate flexible terahertz polarizer of two-dimensional materials MXene via femtosecond pulse
laser ablation techniques. The femtosecond pulse laser causes the stripe-lines on the 30 um thick thin-film of Ti3C,Tx
MXene-on-polyimide. One type of polarizer is of 2.5 um stripe-lines at 1 um interval distance, and another type of
polarizer is of 2.7 um stripe-lines at 1.55 um interval distance. Both of these polarizers exhibit electric field
extinction ratios in excess of 5 dB. Our works manisfest a cost-effective approach to achieve large area terahertz
polarisers rapidly.
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1. Introduction

Terahertz (1 THz=10'? Hz) band is an upcoming frequency region for wireless communication
networks, which allows high-speed wireless extension of the optical fibers to beyond 5G and
enable more effective data transfer ratio up to Tb/s [1, 2]. Due to the rising number of devices
working in terahertz band, effective shielding of electromagnetic interference (EMI) is required
owing to electromagnetic compatibility in between different devices [3]. Traditionally, metallic
Faraday cage exhibits high shielding effect in a wide range of electromagnetic spectrum.
However, the metal grid will add the weight for the whole terahertz system, and has the risk of
short-circuit in a compact terahertz device. It is favorable to engineer EMI shielding materials
with small thickness, high shielding effectiveness (SE), good flexibility and stability [4].
Alternatively, a two-dimensional (2D) material for terahertz EMI shielding application will be a
better approach. 2D materials, normally described as monolayer atomic or molecular sheet have
become a fascinating research topic since graphene was successfully exfoliated for the first time
[5]. In contrast to their bulk counterpart, 2D materials have ultra-high specific surface area and
possess energy band structures that can be sensitive to external radiation perturbations. Owing to
such a figure of merits, 2D materials are recognized as the device of interface [6]. Research on
2D materials not only contribute to the deeper understanding of their own intrinsic physical
properties, but also become a great platform for the potential applications in the fields of
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electronics and optoelectronics [6-10]. To date, 2D transition metal carbides, carbon-nitrides, and
nitrides called MXene has attracted huge research attention due to their outstanding EMI
performance [11]. MXene exhibits very large absorption in broadband spectrum from visible
light to terahertz frequency range [11-16]. Currently, more than 20 members of the MXene family
have been synthesized, and dozens more are predicted, making it one of the fastest growing 2D
material families. Among the family of MXene, TizCoTx MXene was produced using a
HF-containing etchant such as ammonium bifluoride (NHsHF>) salt or HF through addition of
lithium fluoride (LiF) salt to hydrochloric acid (HC1) [17]. The later significantly simplifies the
synthesis method and improves the electronic properties of MXene, facilitating its use for EMI
shielding [12-17].

Normally, materials of high EMI shielding ratio is also available to be a polarizer as long as it
become a microstructure of stripe-lines, just like the grid-polarizer [18]. MXene patterning can be
conducted by using microcontact printing techniques or photolithography. Compared to the
previous two methods, femtosecond pulse laser ablation becomes a cost-effective method to
achieve microstructure devices. Especially, the scanning area of laser ablation is much larger than
the mask-size of photolithography. Such a method has been successfully used in making
microstructure terahertz devices [19-20]. As such, it is a potential solution that one can achieve
microstructured MXene devices.

In our work, we successfully make MXene-based flexible terahertz polarisers using
femtosecond pulse laser ablation. The femtosecond laser pulse irradiates two types of MXene
synthesized by different chemical process. As such, the width and interval distance between
stripe-lines are different. Both types of polarisers exhibit more than 5 dB electric field extinction
ratios.

2. Experiments

The MXene polarizer device, consisting of a pattern of parallel lines, is made by first applying
MXene drop coating to a polyimide substrate and then processing it by laser etching printing.

The synthesis of MXene in Sample A is different from that in Sample B. For convenience, the
MXene in sample A is referred to as type A MXene and the MXene in sample B is referred to as
type B MXene. The detailed fabrication process of both types of TizC.Tx MXene thin films are
illustrated in Fig.1 (a). For the MXene type A, 0.5 g of Ti3AlC2; MAX was added into LiF (12 mL)
/ HCI (9 mL) and stirred at room temperature for 24 A. The sediment is washed with DI water
several times until the pH value reached neutral, then monolayer TizC>Tx is obtained from the
supernatant after centrifugation at 3500 rpm for 5 min. For the MXene type B, 1.5 g of Ti3AlC,
MAX phase is added into a mixture of deionized (DI) water (13.5 mL)/HCI(13.5 mL)/HF(3 mL),
and stirred at room temperature for 24 4. The sediment is washed with DI water several times
until the pH value reached neutral, which is then added into 15 mL DI water containing 1.5 g of
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LiCl under vigorous stirring at room temperature for 12 4. The monolayer TizC>Tx suspension is
washed with DI water several times and collected by centrifugation at 3500 rpm for 5 min. The
TizCoTx MXene thin-film is achieved by drop-cast process. Both type of TizCoTx MXene
suspension with a concentration of 3 g/L is spread on 25 um thick polyimide substrate
(DUPONT™ KAPTON®) and dried at 350 K for 20 min under vacuum.
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Fig. 1 (a) Schematic diagram of femtosecond laser ablation process. (b1) Microscopic image of Sample A. (b2)
Microscopic image of Sample B. (¢) Schematic diagram of THz-TDS.

After the synthetic processing of MXene, the sample is then subjected to laser engraving. First,
the laser focal spot is gradually panned along the x-axis direction, so that the processed points are
tangent to each other and connected into a straight line with a length of 1 ¢m, and then the
ablation line is scanned row by row, with half of the laser focal spot spaced between the ablation
rows, so that the scanned area reaches 1 cm % 1 cm. For sample A, the single pulse energy was set
to 3.75 wJ, the pulse frequency was 2 kHz, the pulse width was about 9.18 um, and the scanning
speed was about 10 mm/s. For sample B, the single pulse energy was set to 4.5 uJ, the pulse
frequency was 2 kHz, the pulse width was about 10.13 um, and the scanning speed was about 10
mm/s. The samples were observed under a super depth-of-field microscope after processing, and
the results are shown in Figure 1 (bl) and (b2). The MXene stripe width of sample A is about 2.5
um and the inter-stripe interval is about 1 um, while the width of the MXene stripe of sample B is
about 2.7 um and the inter-stripe interval is about 1.55 um, after measurement under the
microscope.
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Fig. 1 (c) shows the diagram of terahertz time domain spectroscopy (THz-TDS) based on a
fiber-coupled THz-TDS (TERA K15, Menlosystem GmbH) for performance evaluation. The
incident terahertz pulse is incident normally onto the surface of the samples by a couple of TPX
lens.

Fig. 2 Schematic diagram of the definition of & angle. The gray part of the diagram shows the MXene stripes, the
width of which is indicated by D. The yellow part shows the spacing between the stripes, which is the
substrate polyimide, and the width of which is indicated by d.

The incident terahertz wave is polarized, as shown in Fig. 2, and its electric field vibration
direction is at an angle of # with the MXene stripe. The detected terahertz signals are read out
into an integrated lock-in amplifier at the time constant of 100 ms. The terahertz response of the
samples is measured in the range from 0.15 THz to 1.5 THz. The frequency resolution is about 10
GH:z. All terahertz measurements are conducted in nitrogen atmosphere to avoid water absorption
in air. A bare polyimide thin film identical to the sample substrate served as a reference.

3. Results and discussion

The terahertz pulse signals are shown in Fig. 3 (a) when only the polyimide substrate is present
and when the stripes of the sample A and B are perpendicular to the polarization direction of the
incident terahertz wave. After the Fourier transform, the time domain spectrum is converted to
the frequency domain spectrum, and the results are shown in Fig. 3 (b).
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Fig. 3 (a) The transmission wave pulse waveforms of the substrate and the transmission pulse waveforms of the

stripes of sample A and sample B perpendicular to the polarization direction of the incident terahertz wave. (b)
Corresponding THz amplitude as a function of frequency.

The peak of the time domain spectrum allows us to observe the relationship between the
intensity of the transmitted terahertz wave and the angle 6. Extinction ratio and insertion loss are
important indicators to evaluate the performance of the sample. Through the frequency domain
spectrum, we can find the extinction ratio and insertion loss of the two samples. The extinction
ratio (ER) of the electric field intensity is defined as:

ER =10log £, , (1)
I

The insertion loss (IL) of the electric field intensity is defined as:

E
IL=-10log| —=—|. )
Polyimide
In the above two equations, E| represents the transmitted electric field intensity when 6 equals 0
degrees, E, represents the transmitted electric field intensity when 0 equals 90 degrees, and
Epolyimide 18 the transmitted electric field intensity of the substrate polyimide.
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Fig. 4 Peak transmission pulse electric field intensities of (a) sample A and (b) sample B, normalized to its value for
0 is 90 degrees. Symbols show experimental data, and lines are Malus’s law fits. Note that, according to the
symmetry principle, the experimental data were mirror-folded several times to cover 0 to 360 degrees.
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A rotation of the sample by an angle € about the normal produces a characteristic Malus’s law
dependence, as shown in Fig. 4. Fig. 4 (a) and Fig. 4 (b) show the peak transmission pulse
electric field intensities of sample A and sample B at different 6 angles with their fitting results,
respectively. It should be noted that due to the existence of symmetry, we only did experiments
with the € ranging from 0 to 90 degrees and performed multiple mirror symmetries on the

experimental data to achieve full angle coverage from 0 to 360 degrees. The resulting peak
degrees of polarization, defined as below:
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To both samples, this value is approximately 50%.
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Fig. 5 The transmission pulse waveforms of the stripes of (a) sample A and (b) sample B perpendicular and parallel

to the polarization direction of the incident terahertz wave. Reference THz pulses transmitted through the
polyimide substrate are also shown.

The entire time-domain waveforms of the electric field for the two samples with the stripes
perpendicular to the polarization direction of the incident terahertz wave and parallel to the
polarization direction of the incident terahertz wave are shown in Fig. 5. The reference pulse
through the substrate polyimide is also plotted in the figure. The data in Fig. 5 are Fourier
transformed to obtain its frequency domain data, and it is used to calculate the extinction ratio as
well as the insertion loss of the two samples, the results of which are shown in Fig. 6.
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Fig. 6 (a) Electric field extinction ratios, and (b) insertion losses for the two samples.
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The extinction ratios of both samples tend to increase with frequency in the 0.15 to 0.6
terahertz band, and then leveloff. Sample A has an average extinction ratio of 5.45 dB in the 0.15
to 1.5 terahertz band, while Sample B has a slightly weaker effect at 5.14 dB. As for the insertion
loss, there is a decreasing trend with increasing frequency for both samples in the 0.15 to 1.5
terahertz band. Sample A has an average insertion loss of 2.19 dB in the 0.15 to 1.5 terahertz band,
while Sample B has a much larger average insertion loss of 4.70 dB. Since the MXene dominates
the EMI shielding properties, the difference of extinction ratio of sample A and B can be retrieved
from the aspect ratio a of MXene stripe-lines. The aspect ratio is the width of MXene divided by
the sum of width of MXene and interval distance. As such, the calculated a of sample A is 71.4%,
and a of sample B is 63.5%. Obviously, the higher extinction ratio of sample A attributes to, the
larger aspect ratio of MXene area is.

4. Conclusion

In conclusion, we show two samples of terahertz polarizers based on MXene coatings on
polyimide substrates processed using the laser engraving method. The thickness of these two
samples is about 30 um, the stripe pattern is 2.5 and 2.7 um wide, and the stripe spacing is 1 and
1.55 um wide. They both have electric field intensity extinction ratios greater than 5 dB in the
0.15 to 1.5 terahertz band. In terms of insertion loss, the two samples do not perform particularly
well, which suggests us to explore ways to reduce the insertion loss of the samples and maintain
their extinction ratios to improve the sample performance in future work. Our work demonstrates
the feasibility of using the laser engraving method to process MXene coatings to make terahertz
polarizers, which can be used in the future to process low-cost terahertz polarization devices in
short cycle and high volume for other MXene formulations to produce various new terahertz
optoelectronic devices.
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