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1. Introduction

Over the past two decades, rapid improvement in tabletop
sources of terahertz (THz) radiation has inspired growth in
THz technology applications for materials characterization, phar-
maceuticals, imaging, communications, and sensing, among
others.[1–5] In addition to reliable sources and detectors, these

applications require other active/passive
THz optical components, such as linear
polarizers for which high extinction ratios
(ERs) and low insertion losses (ILs) are crit-
ical parameters for analyzing the polariza-
tion properties of THz signals.[6] Currently,
commercially available THz polarizers are
either free-standing or supported metallic
wire grids. Free-standing polarizers have
high power ERs (�20–40 dB) and low ILs,
but are expensive and fragile.[6] Substrate-
supported metal, typically Al, wire-grid
polarizers are more robust and can be pro-
duced by photolithography,[7,8] hot emboss-
ing,[9] etching,[10] or nanoimprinting.[11]

Some of these have recently been success-
fully demonstrated on flexible substrates,
an important step toward conformable
THz devices.[12]

Inherent anisotropic conductivity of
1D nanostructures such as semiconducting

or metallic nanowires, or carbon nanotubes, has motivated
efforts to design THz polarizers based on highly aligned
nanowire or nanotube arrays.[13–17] These structures achieve
high-performance characteristics, and, in the case of semicon-
ductor nanowires, are dynamically switchable.[17] However,
achieving high degrees of alignment of nanowires or nanotubes
over macroscopic regions remains challenging.

MXenes, a new class of solution-processable 2Dmaterials with
conductivities that can rival those of some conventional metals,
are poised to become a material of choice for a number of THz
photonic device applications.[18–32] Here, we propose broadband
THz polarizers based on a hydrophilic 2D MXene with metallic
conductivity, Ti3C2Tz. The latter is obtained by selectively
etching, the Al layers from the parent Ti3AlC2 MAX phase
and replacing them with O, OH, and/or F-terminations, labeled
as Tz in the chemical formula.[18,19] Discovered 10 years ago,
MXenes combine metallic conductivity, excellent mechanical
properties, and ease of processing owing to the hydrophilicity
of their surface termination groups. These 2D solids have already
inspired a host of applications that leverage their high electrical
conductivities (�1000–10 000 (Ω cm)�1) such as transparent flex-
ible conductors, THz detectors, and electromagnetic interference
(EMI) shielding in the gigahertz (GHz) and THz frequency
ranges.[20–32] In fact, Ti3C2Tz films have been shown to exceed
EMI shielding efficiency of carbon nanostructures and their com-
posites, and perform comparably to copper (Cu) and silver (Ag),
all while being significantly more lightweight.[29]

G. Li, Prof. L. V. Titova
Department of Physics
Worcester Polytechnic Institute
Worcester, MA 01609, USA
E-mail: ltitova@wpi.edu

K. Montazeri, M. K. Ismail, Prof. B. Nabet
Electrical and Computer Engineering Department
Drexel University
Philadelphia, PA 19104, USA

Prof. M. W. Barsoum
Department of Materials Science and Engineering
Drexel University
Philadelphia, PA 19104, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adpr.202000084.

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open
access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

DOI: 10.1002/adpr.202000084

Herein, the fabrication of terahertz (THz) polarizers is reported on by simply
spin casting two-dimensional (2D) MXene Ti3C2Tz nanosheets on a photolith-
ographically patterned THz-transparent substrate and subsequent immersion
in acetone. Lines 30 nm-thick and 10–20 μm wide result in electric field (E)
extinction ratios (ER) of up to 3 dB, or power ER of up to 6 dB. Simulations show
the possibility of achieving ER beyond 16 dB, or power ER higher than 32 dB by
increasing the thickness of the MXene lines to 1.5–2 μm and optimizing the
metasurface patterns. The Ti3C2Tz nanosheets are solution-processed and can be
deposited on a variety of substrates, including flexible ones. Once encapsulated,
chemically stable THz polarizers, that combine high performance and low pro-
duction costs, can be readily manufactured, with characteristics that compare
favorably with the much more involved metallic wire grid polarizers, including
gold and tungsten. Moreover, recent demonstration of dynamic tunability of
Ti3C2Tz THz conductivity by ultrafast optical pulses opens the possibility of using
MXene wire-grids in high-speed THz modulators.
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MXene patterning had previously been conducted using laser
printers,[33] or microcontact printing techniques,[34] with large
feature sizes. We have recently shown that MXene photodetec-
tors that outperform more standard gold-based ones can be
fabricated by simply spin-coating transparent Ti3C2-based
MXene electrodes from aqueous suspensions onto a substrate pat-
terned with a photoresist, followed by immersion in acetone.[35]

Here, we demonstrate that this approach is also applicable to
the photonic devices not only in the visible, but also in the
THz range, where it can be used to deposit polarizer structures
on a variety of substrates, paving the way to MXene-based THz
photonics. In a proof of principle, here we experimentally demon-
strate that very thin (�30 nm), 10–20 μm wide striations of spin-
coated Ti3C2Tz, consisting of overlapping nanosheets that are
1–3 μm in lateral dimensions, exhibit excellent polarization prop-
erties over the 0.3–2.0 THz spectral range, with electric field ERs of
up to 3 dB, corresponding to power ERs of 6 dB. Using simula-
tions, we further show that increasing the line thicknesses to
1.5–2 μm, and optimizing the periods and fill factors of the peri-
odic structures, can increase ER to >16 dB for the electric field or
>32 dB for the power while maintaing low ILs.

2. Experimental Section

The MXene polarizer devices (2� 2mm2) composed of parallel
line patterns were deposited on quartz substrates using conven-
tional photolithography and a simple fabrication process.
Performance of the devices was evaluated using a standard
THz time-domain spectroscopy (THz-TDS) experiment, accom-
panied by simulations using COMSOL Multiphysics software.

The device fabrication process is shown schematically in
Figure 1, where first the Ti3AlC2 MAX phase (Figure 1a) was
etched and delaminated to obtain a colloidal aqueous suspension
of Ti3C2Tz single or few flakes (Figure 1b), as described in detail in
Supporting Information. Several patterns of striations, with vari-
ous widths (w¼ 10 and 20 μm), separated by spaces (s¼ 10, 30,
and 40 μm), were formed using photoresist and conventional con-
tact lithography on quartz substrates (Figure 1c) and developed
(Figure 1d). A detailed description of the photolithography proce-
dure is shown in Figure S1 and S2, Supporting Information.

The MXene colloidal suspension was then spin cast on the
substrate (Figure 1e). Lastly, the photoresist was removed by
immersing the device in acetone (Figure 1f ) in a conventional
lift-off process, leaving MXene striations covering a 2� 2mm2

area (Figure 1g). The thicknesses of the resulting lines were
measured by atomic force microscopy (AFM) using a tapping
mode of the probe at ambient conditions and was found to be
�30 nm (Figure 1h). The sharpness of the edges, seen in
AFM and scanning electron microscope (SEM) images
(Figure 1i), indicate that the resolution of this method is primar-
ily limited by lithography, as discussed in more detail in
Supporting Information. The lift-off process is performed at
room temperature (RT) and under ambient conditions, and
does not require high vacuum, high-temperature deposition
chambers, nor plasma (dry) etching capabilities. It is also com-
patible with common microfabrication techniques including
photonic integrated circuits and silicon photonics.

We evaluated the performance of the polarizers using a
conventional THz-TDS setup (Figure 2a). THz pulses were
generated by the optical rectification of 100 fs, 800 nm pulses
from a 1 kHz repetition rate amplified Ti:S laser (Coherent
Libra) in a 1mm-thick [110] ZnTe crystal. The THz pulses were

Figure 1. Fabrication process of MXene wire-grid polarizer. a,b) Preparation of MXene colloidal suspension. c,d) Conventional photolithography is
performed resulting in exposed areas for striations. e) MXene aqueous colloidal suspension is spin-coated, and f ) lifted off by immersion in acetone.
g) AFM of a striation edge. h) Optical image of the final device and SEM close-up of striations.

Figure 2. a) Schematic diagram of experiment: incident THz pulse is
focused to a �1.5 mm spot on the polarizer using an off-axis polarizer;
another polarizer collects the transmitted pulse, which goes through
a commercial wire-grid polarizer before being detected. b) A linearly
polarized THz pulse is normally incident on a MXene polarizer, which
can be rotated around the normal; only a component that is parallel to
the incident pulse polarization is detected.
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focused to a�1.5 mm spot on a polarizer device using an off-axis
parabolic mirror. The transmitted pulses were collected by
another off-axis parabolic mirror and coherently detected by
free-space electro-optic sampling in a second 1mm-thick [110]
ZnTe crystal (Figure 2a). The wire-grid polarizer (Microtech
Instruments; field extinction ratio of 0.01) ensured that only
the component of the transmitted pulse that was parallel to
the incident pulse polarization was detected. The orientations
of the samples were varied by rotating the samples by an angle
θ (Figure 2b).

An example reference THz pulse that propagated through air
without the sample in its path, along with the pulses transmitted
through the quartz substrate and through one of the polarizer
structures with lines oriented along the polarization of the

THz probe pulse, is shown in Figure 3a. The corresponding
THz amplitude is shown in Figure 3b. The �1mm-thick quartz
substrate with a refractive index of 2.156 at 1 THz[36] introduces a
significant delay in the arrival of the probe pulse, and attenuates
the transmitted pulse due to reflection losses. The IL due to
a quartz substrate, defined as, ILquartz ¼ �10 logðEquartz

Eref
Þ is

�0.6 dB at 1 THz, as shown in Figure S3, Supporting
Information. For future applications, THz-transparent flexible
substrates with lower refractive indices will be used to minimize
ILs. In the following analysis, we focus on the IL introduced by
the MXene structures alone, treating the THz pulses transmitted
through the quartz substrate as a reference. Dips in the THz
amplitudes at �1.15 and �1.7 THz are due to strong absorption
of THz radiation by water vapor in ambient air, which results in a
reduction of the signal- to-noise ratio in the vicinity of those
frequencies.

Finite-difference time-domain (FDTD) simulations of our
Ti3C2Tz polarizer performance at 1 THz as a function of period
(wþ s), fill factor (w/(wþ s)), and line thicknesses were con-
ducted using the RF module of the commercial solver COMSOL
Multiphysics, as described in more detail in Figure S4,
Supporting Information. The properties of Ti3C2Tz in the THz
range were parameterized using a Drude–Smith model,[37,38]

following previous reports.[31,32,39] To model the polarizers, we
assumed a carrier density of 4� 1020 cm�3, a scattering time
of 40 fs, and a Drude–Smith c-parameter of –0.75, representing
the effect of Ti3C2Tz nanoflake boundaries and disorder on the
long-range electron transport. Details of the Drude–Smith anal-
ysis are provided in Figure S5, Supporting Information.

3. Results and Discussion

Rotation of the polarizer structure about the normal through
an angle θ (Figure 2) results in a characteristic Malus’s law
cos2ðθÞ dependence, as shown in Figure 4, which plots the peak

Figure 3. a) Reference THz waveform (transmitted through air), and THz
waveforms transmitted through quartz substrate and through one of the
polarizer devices (K5) with lines oriented along incident THz polarization.
b) Corresponding THz amplitude as a function of frequency. Dips in
frequency are due to absorption by water vapor.

Figure 4. Peak of transmitted THz pulses, normalized to its value for θ¼ 0�, as a function of θ, for polarizer structures a) K1, b) K2, c) K3, and d) K4.
Symbols show experimental data, and lines—Malus’s law fits.
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of the transmitted pulse as a function of θ for four different
polarizer structures K1 (w¼ 10 μm, s¼ 10 μm), K2 (w¼ 10 μm,
s¼ 30 μm), K3 (w¼ 20 μm, s¼ 10 μm), and K4 (w¼ 20 μm,
s¼ 40 μm). The resulting peak degrees of polarization, defined
as E⊥�Ek

E⊥þEk
, range from �30% for K1 and K3, down to 27% for

K4 and 24% for K2. The entire time domain waveforms
for the electric field of the incident THz pulse parallel and per-
pendicular to the polarizer lines, for all four structures, are
shown in Figure 5, where the reference THz pulses transmitted
through the quartz substrate are also shown and so labelled. The
frequency-resolved THz amplitudes of the waveforms in Figure 5
are then used to calculate the electric field ERs (ER ¼ 10 logðE⊥

Ek
Þ)

and ILs, IL ¼ �10 logð E⊥
Equartz

Þ, which are shown in Figure 6 as a
function of frequency. While the demonstrated ER values are sig-
nificantly lower than those for commercially available structures
(10–20 dB for electric field, or 20–40 dB for power), we stress
here that the thicknesses of the MXene lines in the polarizers
studied here were only�30 nm, compared with�20–40 μm-thick
metal wires that are typically used in commertial wire-grids. In
fact, for the best performing structure (K1), ER is only � a factor
of 2 lower than that demonstrated for single layer, 2 μm-thick car-
bon nanotube polarizers.[13,14] Comparing the performance of the
four structures, we observe that the narrower lines (10 vs 20 μm)
and narrow gaps (10 μm) yield the best compromise between ER
and IL. The wider lines with the same gap (K3) result in a higher
area filling fraction (2/3 vs 1/2); IL increases without gain in ER.
For the lower filling fractions, ER is reduced.

To further explore how the MXene polarizer performance
can be optimized by geometry, such as varying the period, filling
fraction, or line thicknesses, we conducted FDTD simulations
at a frequency 1 THz (Figure 7). For periods of 20 μm, filling
fractions of 0.5 and line thicknesses of 30 nm—corresponding
to the K1 polarizer geometry—our simulations yield ER of 2.6 dB
and an IL of 0.6 dB (Figure 7a,b), in good agreement with our

experimental results (Figure 6 and 4). We attribute the small
deviations of the experimental results from the simulations to
inhomogeneities in the fabricated devices.

As expected, we find that increasing the filling factor by
increasing the line width w, while keeping the period constant,
increases the ILs. The ER increases up to a filling fraction of
�0.5–0.7 (Figure 7). If the filling fraction is fixed at the near opti-
mal value of 0.7, we find that narrower lines are more desirable,
as they minimize ILs alongside a modest improvement in ERs.
Finally, we find that increasing the line thickness dramatically
improves polarizer performance, with electric field ER saturating
at �16 dB for a thickness of �1 μm (Figure 7e). The optimal
MXene polarizer thickness agrees well with a calculated

Ti3C2Tz skin depth at 1 THz, δ ¼
ffiffiffiffiffiffiffiffi

2
ωμ0σ

q

� 0.9μm, where μ0

is the vacuum permittivity, ω/2π¼ 1 THz, σ(1 THz) �
5000 (Ω cm)�1 (Figure S5, Supporting Information).

Figure 5. Transmitted THz pulses in time domain for incident THz pulse polarization parallel and perpendicular to the lines, for polarizer structures
a) K1, b) K2, c) K3, and d) K4. Reference THz pulses transmitted through the quartz substrate are also shown.

Figure 6. a) Electric field extinction ratios, and b) insertion losses for four
THz polarizer devices.
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In conclusion, herein we demonstrated proof of concept of
a THz polarizer based on parallel lines of overlapping Ti3C2Tz
nanosheets that are solution-processed and can be deposited on
a variety of substrates. Lines only 30 nm-thick yield electric field
ERs of up to 3 dB, or power ERs of up to 6 dB. Simulations show
that ERs can be increased up to >16 dB for electric fields
(Figure 7e), or >32 dB for power by increasing the line thickness
to 1.5–2 μm, with line widths of 10 μm or less, and area filling frac-
tions in the 0.5–0.7 range giving the optimal results. The projected
performance is comparable to commercial polarizers at a fraction
of the cost and thickness. We propose to increase the thickness of
the optimized devices by stacking multiple layers of MXene lines
on THz-transparent, flexible substrates such as PDMS or TPX,
which can also serve to encapsulate the MXene structures to pre-
vent their oxidation. This will result in flexible, free-standing thin
layers that can be stacked to achieve high extiction ratios while
maintaining low IL, low weight, and chemical stability. More-
over, possibility of dynamical control over Ti3C2Tz THz conductiv-
ity has been recently demonsrated, suggesting that dynamically
tunable polarizers for high-speed THz devices may be achieved.[31]

The same simple fabrication process, spin casting from an aque-
ous solution, can be applied in the future to other MXenes, result-
ing in a variety of novel THz photonic devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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