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ABSTRACT

The quick progress in communication technologies demands superior electromagnetic interference (EMI) shielding materials. However,
achieving a high shielding effectiveness (SE) with thin films, which is needed for microscale, flexible, and wearable devices, through
absorption of EM radiation remains a challenge. 2D titanium carbide MXene, Ti3C, Ty, has been shown to efficiently reflect electromagnetic
waves. In this paper, we investigated the electromagnetic shielding of ultrathin printed Ti;C,T, films and recorded absorption up to 50% for
4 nm-thick films. This behavior is explained by impedance matching. Analysis of the sheet impedance in the X-band frequency range allows
us to correlate the EMI shielding mechanism with the electrical conductivity measured within the same range. The average bulk in-plane con-
ductivity for 4 to 40 nm-thick films reaches 10° S/m, while the average relaxation time is estimated at around 2.3 ps. Our figures of merit are
similar to those reported for ultrathin metal films, such as gold, showing that an abundant MXene material can replace noble metals. We
demonstrate that the MXene conductivity mechanism does not change from direct current to THz. The conventional method of reporting
EMI SE is correlated with absolute values of transmitted, reflected, and absorbed power, which allows us to interpret previous results on
MXene EMI shielding. Considering the easy deposition of thin MXenes films from solution onto a variety of surfaces, our findings offer an
attractive alternative for shielding microscale devices and personal electronics.
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The expansion of communication networks demands effective
protection from destructive signal interference.” Conventional
absorbers are heavy while absorbing metasurfaces, and heterostruc-
tures” are usually narrowband and require meticulous fabrication.
Metals are highly reflective, which is not desired for shielding as it
leads to electromagnetic pollution. However, ultrathin metallic films
deposited on a substrate exhibit properties different from bulk metals.
This is due to the film morphology affecting the electronic transport,
allowing for the matching of the characteristic film impedance with
that one of free space. This leads to higher absorption (up to 50%) of
electromagnetic energy across a broad range of frequencies.*” This
phenomenon has been extensively studied on ultrathin metal film, spe-
cifically on gold (Au), as it allows for continuous film deposition. The
impedance matching condition is reached for Au films possessing a
thickness of a few nanometers and conductivity of 10° S/m, which is

40 times less than the value recorded for bulk Au, and it has been
extensively studied in the THz range.” '’

MXenes are a class of 2D transition metal carbides, nitrides, and
carbonitrides with the general formula of M,,;,X,,, where M is an early
transition metal (Ti, V, Nb, ...), X is a C and/or N, and # is 1-4!113
MXenes have received significant attention due to their singular and
versatile properties, such as high metallic conductivity, exceeding
2.0 x 10° S/m, tunable chemistry as well as strong hydrophilicity, pro-
moting cost-effective MXene deposition on a broad variety of surfa-
ces.'* In particular, Ti;C,T, is among the most studied and stable
MXenes, showing extremely high conductivity. These properties have
encouraged the extensive use of MXenes for Internet of Things (IoT)
applications, such as electromagnetic interference (EMI) shielding'>'°
and microwave circuit components. MXene films with thicknesses
below skin depth used for transmission lines and antennas have shown

Appl. Phys. Lett. 123, 204105 (2023); doi: 10.1063/5.0176575
Published under an exclusive license by AIP Publishing

123, 204105-1


https://doi.org/10.1063/5.0176575
https://doi.org/10.1063/5.0176575
https://doi.org/10.1063/5.0176575
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0176575
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0176575&domain=pdf&date_stamp=2023-11-17
https://orcid.org/0009-0008-0642-0053
https://orcid.org/0000-0002-1274-8484
https://orcid.org/0009-0002-3853-3446
https://orcid.org/0000-0002-6906-3961
https://orcid.org/0000-0001-9423-4032
mailto:yg36@drexel.edu
mailto:gf29@drexel.edu
https://doi.org/10.1063/5.0176575
pubs.aip.org/aip/apl

Applied Physics Letters

performance comparable with metals.'”~'? In these works, it has been
demonstrated that Ti;C, T, exhibits high conductivity in both direct
current (DC) and alternate current (AC) measurements. It is also pos-
sible to incorporate MXenes into composites to produce multifunc-
tional materials with high EMI shielding performance.”’ Moreover,
MXenes-based devices show high performance up to the THz
range.”' ** Electronic conductivity has been hypothesized to be the
main contributor to such performances; however, there is an unex-
plained nonlinear drop recorded for submicrometer-thick films.

There are various methods to analyze the performance of thin
conductive films in the microwave range. Resonant methods are accu-
rate but narrowband,”” and transmission-reflection line (TRL) meth-
0ds”” are limited by the transmission through the sample and
require assumptions that can influence the accuracy of the method.
The microwave impedance extraction done by Wang et al.” is a TRL
method that uses waveguide discontinuity caused by the sample to
increase the measurement accuracy. The method characterizes the gap
between two waveguides formed by substrate insertion and the con-
ductive film deposited on the substrate. This allows extraction of the
film’s sheet impedance, eliminating the substrate influence and
increasing measurement accuracy. Accuracy is increased by measuring
reflection from the backside of the sample, as losses due to waveguide
discontinuity lower the reflection values. This avoids instabilities
reported for other methods, allowing for the analysis of highly conduc-
tive materials.

In this paper, we elucidate the EMI shielding performance of
Ti;C,T, by measuring its sheet impedance in the X-band
(8.2-12.4 GHz) frequency range and compare the obtained data with
previous results.'>*” We report high intrinsic absorbance for nm-thick
Ti;C,T, films due to the impedance matching with the free space
medium. Waveguide measurements of sheet impedance were used to
analyze the performance of the films. Sheet impedance was used to cal-
culate the conductivity of the film based on measured thickness.
Results are verified by the 4-point probe measurements in the DC
range. The imaginary part of conductivity was used to estimate elec-
tron relaxation time based on the Drude model. This allows the inter-
flake transport analysis via microwave measurements.

The interaction of thin conductive films with electromagnetic
radiation can be described by the transmission line method.
Propagation of the wave within a medium is described by the imped-
ance, given by the ratio between tangential components of the electric
and magnetic fields.” For thin conductive films with thickness d below
skin depth, the transverse electric field induces current density that is
equally distributed along the film. The impedance of such film can be
expressed as’’

E 1
=—~—. 1
it 1
For a supported film, impedance can be represented as
11
Zy=—+— 2
L 7 + Zsy ( )

where the substrate impedance Z; can be neglected when the film
thickness is much less than the wavelength. Reflection and transmis-
sion coefficients from the surface of the film can be expressed as
ZL— 2y
r =
ZL+ 2y

3)
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Here, Z, is the free space impedance, which, for an empty waveguide,

is expressed as Zy = wy,/ (1 — ;‘j—é) Experimentally, reflection and

transmission coefficients are measured in terms of Scattering parame-
ters. Reflected and transmitted power can be expressed as
R=1[Sy|*, T =|Syu|>. Absorbance is calculated as A=1—R—T
and reaches the maximum when the film characteristic impedance
equals half of free space impedance Z = Z,/2.”

The logarithmic scale is often used to represent shielding effec-
tiveness (SE), and it is the main metric of performance. The following
formulations allow for quantitative analysis of the total shielding effec-
tiveness. Total shielding effectiveness SE; considers a fraction of the
transmitted energy,

SEr = 10log 1o <%> (5)

Reflection effectiveness SEr describes how much power is left
after reflection,

Effective absorption SE, is defined as the difference between
these two values,

150.0 nm

FIG. 1. (a) Picture of spray-coated films with different thicknesses (left to right: 4,
15, 25, and 40 nm), (b) optical image of a 4 nm-thick Ti3C, T film taken with an opti-
cal microscope, (c) optical image of a 40 nm-thick Ti3C, Ty film taken with an optical
microscope, (d) AFM images of a 4 nm-thick and (e) 40 nm-thick Ti3C, T, film.
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These formulations assume reflection dominated interaction with
electromagnetic waves as SE4 and SEr correspond to the power
remaining after reflection. With increasing reflection and diminishing
transmission, the calculated SE, value becomes increasingly large. As
reflecion becomes dominant, absorbed and transmitted power
decrease, leading to high SE4 values that do not correspond to the
absorbed power. These factors can lead to confusion when reporting
results.”*

Measurement of the film performance at microwave range
requires accounting for the presence of the substrate. The method
reported by Wang et al.* allows for the analysis of conductive films at
microwave range and de-embed films performance from the substrate.
This is achieved by representing the conductive film deposited on a
substrate as a cascade network through ABCD parameters [Eq. (8)],
which are easily recalculated into measured S-parameters.”” The first
matrix represents thin Ti;C,T, MXene film, where Yy is the admit-
tance of the film. The following two matrices represent the substrate as
TT-circuit, which contains admittance and impedance of the gap intro-
duced by substrate Y, = 1/Z,,

A B _[1 o][t o][1 Z][1 o ®)

C D |y 1|y, 1]lo 1|y, 1]
Substrate parameters are measured independently and later used
to evaluate the performance of the film through the calculated gap

1
SEA = 1010g 10 (
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parameters. Energy leaks introduced by the gap decrease the reflection
from the backside of the film, leading to better accuracy. Film imped-
ance can be expressed by the following equation:

7 :i: $11Zy
f Yi 1—Sn—Su—ZoYep(1+Sn+S)

&)

MXene aqueous colloidal suspensions were prepared following
previously reported methods.”® Borosilicate glass with thickness of 150-
um was used as a substrate. The substrate thickness was chosen to fit
microwave method requirements. A plasma cleaner was used to increase
the substrate wettability, using an Ar/O, gas mixture of 3/5 sccm at
100 W. MXene films [Fig. 1(a)] were deposited onto plasma-treated sub-
strates by a spray-coating method. Film thicknesses were chosen to be
semitransparent to allow for the applicability of the waveguide measure-
ment, as it depends on both reflection (S;1) and transmission (Sy;) coef-
ficients. Optical images of the film surfaces [Figs. 2(b) and 2(c)] were
taken using a Keyence optical microscope. Films show a rough surface,
where roughness decreases with increasing thickness. Surface roughness
and film thickness [Figs. 1(d) and 1(e)] were measured using atomic
force microscopy (AFM). Films thicknesses were equal to 4, 15, 25, and
40 nm, while their corresponding surface roughness was 2, 8, 10, and
12 nm.

Microwave measurements were conducted using a Keysight PNX
vector network analyzer (VNA). Transmission-reflection-line calibra-
tion (TRL) of the VNA was made with a Keysight WR90 calibration
kit (8.2-12.4 GHz, X-band). The intermediate frequency (IF) band-
width was set to 30kHz, averaging 10 scans per measurement.

C 60%
50% |
40% t
30% t
20% |
10% i i " i i
6 8 10 12 14
SE, (dB)
25% T T
. [ Transmittance |
o b ]
15%
10%
5%
0%t . . R
5 10 15 20

SE,(dB)

FIG. 2. (a) Change of reflection, transmission, and absorption with a thickness of spray-coated TisC, T films. At 8 nm, 50% absorption is observed. As the thickness is
increased, the absorption decreases and reflection becomes dominant, correlation of (b) reflectance to SEg (c) of absorbance to SE4 (d) transmittance to SE7.
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Samples were placed in between two halves of the waveguide. DC sheet
resistance measurements are done by the Keithley 4-point probe.

The experimentally measured reflected, transmitted, and
absorbed power is plotted as a function of thickness in Fig. 2(a).
The behavior is independent of frequency, and, thus, the results
are averaged across the measured frequency range, as reported in Figs.
S1(a)-S1(c). At low thickness values, absorption is dominant, reaching
50% of total power for a 4nm-thick film, while the reflection and
transmission are both 25%. When the thickness increases up to
40 nm, reflection becomes dominant as it increases up to 80%. The
absorption decreases to 20%, while transmission becomes negligible.
In Figs. 2(b)-2(d), the results are plotted in terms of shielding effective-
ness, commonly used to quantify shielding performance. All three
shielding effectiveness parameters increase with thickness and appear
uncorrelated to the change in reflected, transmitted, and absorbed
power, due to the previously highlighted formulations of shielding effec-
tiveness parameters Eqs. (5)-(7). SEg determines the amount of power
left after the reflection, and when the reflection increases, the ratio of
power remaining after reflection to transmitted power increases, leading
to higher values of SE4 while the amount of absorbed power decreases.

Experimental results agree with previously reported results for
spray-coated films as well as for monolayer assemblies. In the work by
Han et al,”” Ti3C,Ty film thickness ranged from 1 to 138 nm. At
11nm, the SE4 value is 7dB, which is close to 50% absorption.
Differences with this work might be due to synthesis protocols or
errors in the determination of the thickness using the UV-Vis method.
Variations can be also due to inconsistencies due to the spray-coating
deposition method. Ti,C films analyzed in the same work with 25 to
94 nm thicknesses have SE4 changing from 4 to 8 dB. Comparing these
values with Fig. 2(b), we can estimate an absorption of 40%. The
monolayer assembly deposition method reported by Yun et al.”’ dem-
onstrates similar SE and sheet resistance values (i.e., sheet resistance of
233 Q/sq for 7 nm film).

Measured S-parameters are used to calculate the sheet impedance
of the film using Eq. (9). Results are displayed in Figs. S2(a) and S2(b).
Sheet impedance does not exhibit frequency dependence; hence, aver-
aged impedance values are plotted in Fig. 3(a). Sheet resistance
decreases with thickness from 200 to 20Q/sq for 4 and 40 nm-thick
films, respectively. For the 4 nm-thick film, the sheet resistance is close
to half of the air-filled waveguide impedance Z;, leading to 50%
absorption. With increasing thickness, the absorption parameter
slowly drops; however, even for 13 nm-thick film, with sheet resistance
equal to 100Q/sq, the absorption is 44%. Films exhibit capacitive
behavior, which is likely due to surface morphology and capacitance
between the conductive film and the waveguide. This is supported by
negative sheet reactance, which approaches zero with increasing thick-
ness. Figure 3(b) correlates sheet resistance to absorbance and SE4 SE,
of the films, showing a good correlation with previously reported
results. Sheet impedance values were backed up by sheet resistance at
DC measured by the 4-point probe method. Sheet resistance at DC is
measured over the effective area of the 4-point probe, and multiple
measurements over the sample area were conducted for accurate esti-
mation. The method requires physical contact of the probes with the
sample, which might lead to damage to the surface and inaccurate
results. Five measurements per sample were performed, from which
the average and standard deviation were calculated. Standard deviation
decreases with thickness from 20 to 0.6)/sq. Measurements were

ARTICLE pubs.aip.org/aip/apl
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FIG. 3. (a) Sheet resistance (blue) decreases with thickness from 208 to 21 Q/sq.
DC values in red match microwave measurement. Sheet resistance plotted in yel-
low is due to the gap between the fim and the flange of the waveguide. (b)
Absorbance and SE, dependence on sheet resistance.

done on the central area of the film to avoid sheet resistance errors due
to edge effects. The applied waveguide method, on the other hand, is
contactless, and it analyzes the surface area equal to the cross section
(224 x 10.1 mm), being more sensitive to surface morphology. Sheet
resistance is stable around the entire X-band frequency range.
Waveguide measurements were averaged over 3201 data points. Error
in RF measurements is strongly dependent on the transmission signal,
and with its decrease, the overall analysis becomes erroneous.

To analyze the bulk in-plane conductivity, the film conductance
value was plotted against thickness in Fig. 4. Results follow the linear
behavior reported by Dillon et al;*” slight deviations are due to surface
morphology. Conductivity values for DC are estimated to be 1.43
x 10° S/m, and for AC, it is 1.20 x 10° S/m. The deviations between
AC and DC sheet conductance values are within the errors of the mea-
surements and are negligible when surface roughness is taken into
account. This endorses the same mechanism of charge carrier trans-
port occurring at DC to microwave range.”**” Conductivity values for
nanometer films are the same as those previously reported in the litera-
ture for micrometer films using the transmission line method.'®'”

Since DC and AC conductivities are within the experimental
error, the real part of conductivity can be interpreted as average.
Assuming the real part of conductivity does not change with thickness,
the application of the Drude model allows us to estimate relaxation
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FIG. 4. Sheet conductance change with thickness follows a linear trend. Calculation
of the slope allows us to estimate the real part of conductivity as 1.30 x 10° S/m
and the imaginary part as 1.9 x 10° S/m.

times for Ti;C, T, spray-coated films ¢ = opc/1 — iwt (w—angular
frequency and t—relaxation time). The calculated relaxation time is
around 2.3 ps and is likely corresponding to the characteristic length
scale L, = \/D/w (D—diffusion length of charge carrier) at GHz fre-
quency range. This parameter correlates with the surface morphology,
as flake boundaries contribute to an increase in resistance and higher
surface roughness.

Results reported in this paper are in agreement with THz mea-
surements done on monolayer assembled films.”” Sheet resistance val-
ues at which maximum absorption occurs are relative to the free space
impedance (188 for free space and ~250Q for the waveguide).
Despite measurements done at different frequency ranges, absorption
maximum due to impedance matching occurs in the range of 4 nm for
spray-coated films and 10.2nm for monolayer assembly. DC sheet
resistance values for spray-coated films vary from 250 to 20Q/sq,
while monolayer assemblies give sheet resistance of 10°~10* Q/sq for
corresponding thicknesses of a few nanometers. The difference on the
order of magnitude in DC values is due to the monolayer assembly
deposition method, involving acetate that hinders conductivity by iso-
lating flakes, creating a dielectric layer, and affecting the film thickness.
In contrast, spray coating is done with water solvent most of which is
removed during air drying. Close values of sheet conductance achieved
through GHz and THz measurements allow us to conclude that both
inter and intra-flake mechanisms participate in charge transfer from
DC to THz. This allows us to hypothesize that the electron transport
mechanism of MXene can be described as for ultrathin metal films
(UTMF) when a percolation network is established. For example, Au
films with thicknesses around 5nm have been shown to meet the
impedance matching condition when their conductivity is on the order
10° S/m and allows broadband absorption from microwave” to IR***
frequency range.

In conclusion, Ti3C,T, film interaction with electromagnetic
radiation from 8.2 to 12.4 GHz (X-band) was analyzed as a function of
the film thickness. The films have shown high absorbance values up to
49% for 4nm films. With increasing thickness, reflection becomes
dominant. This is explained by sheet impedance matching half of the

pubs.aip.org/aip/apl

free space impedance, which allows for maximum absorption. The
real part of the impedance is used to calculate AC conductivity val-
ues. Values are in close agreement with DC sheet resistance mea-
sured with the 4-point probe. Bulk in-plane conductivity was
estimated to vary slightly between the two measurements.
Conductivity approximated as an average between AC and DC val-
ues reaches 1.30 x 10° S/m. This demonstrates that the conductivity
mechanism is the same for DC and AC as well as behavior at micro-
wave frequencies, which can be described by the Drude model.
Based on agreement with the measurements performed in the THz
range, it is possible to hypothesize that the MXene conductivity
mechanism does not change from DC to THz. The conventional
method of reporting EMI SE is correlated with absolute values of
transmitted, reflected, and absorbed power, which allows us to inter-
pret previous results on MXene EMI shielding.

Based on these results, MXene films can be used as efficient
absorbers in a wide frequency range when the impedance condition is
matched. Conductivity is independent from frequency, leading to
absorbance in the broad frequency range from RF to THz. Multiple
few-nanometer-thin films can be assembled into heterostructures and
metamaterials. Ti;C,T, performance is the same as for ultrathin Au
films; however, the use of abundant elements (Ti, C, and O), ease of
processibility, and singular and tunable physicochemical properties
make MXenes appealing for future technologies.

See the supplementary material for figures demonstrating fre-
quency dependence of absorbance, transmittance, and reflectance as
well as AC impedance.
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