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ABSTRACT: MXenes have rapidly ascended as a prominent class of
two-dimensional (2D) materials, renowned for their distinctive optical
and electrical properties. Despite extensive exploration of MXenes’
optical properties, existing studies predominantly focus on the near-
infrared (NIR) to the ultraviolet spectral range, leaving the mid-
infrared (mid-IR) range relatively uncharted. In this study, we
conducted a comprehensive characterization of the intrinsic optical
properties of Ti;C,T, MXene across an ultrabroadband spectral range,
spanning from mid-IR (28 meV) to vacuum ultraviolet (VUV, 6.4 P
eV). For this purpose, Ti;C,T, MXene films of varying thicknesses i v i
were coated on quartz substrates, resulting in two distinct categories:
thin film samples with thicknesses below 50 nm and bulk-like samples
with thicknesses exceeding S00 nm. Using spectroscopic ellipsometry,
we analyzed the optical properties of films of various thicknesses and extracted detailed information on their dielectric functions. Our
findings reveal resonances in the mid-IR to VUV range. Employing the Lorentz—Drude model to examine these resonances has
uncovered the optical resistivity of MXene films and led to the identification of multiple plasmonic modes active in the visible to NIR
range, as well as broad band-to-band transition-like resonances in the mid-IR range. This ultrabroadband optical versatility of
Ti;C,T, MXene is anticipated to bring about a wide range of thermal and optical applications.
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B INTRODUCTION

exploration.”**”*® Such groundbreaking attributes have

catalyzed the advancement of MXenes in photonics,™ ™

MXenes, an expanding class of two-dimensional (2D)
materials comprising transition metal carbides, nitrides, or
carbonitrides, have garnered significant attention in recent
years.' ™ These materials are denoted by the generic formula
M, X,T,, where M represents a transition metal, X can be
carbon or nitrogen, n signifies the number of X atomic layers,
and T, denotes surface terminations such as —F, =O, or
—OH.° Since the discovery of Ti;C,T, as the prototypical
MXene, it has been the subject of extensive investigation,
revealing exceptional electrical and thermal conductivities," ™"
and a range of tunable optical properties, including
emissivity,” ' controllable bandgap,””** and surface plasmon
(SP) resonances.”'"**** The exploration of the tunable SP
resonance of Ti;C,T, MXene across a wide spectral range
(from 2 to 6 um) has highlighted its potential in manipulating
the optical response within the mid-IR spectrum.”® The
presence of free-carrier plasma oscillations in the NIR
spectrum has revealed a critical dielectric to metallic transition
at a controversial wavelength within 1100 nm”” to 1415 nm
spectral window for MXene films of varying thicknesses,
adding a layer of intrigue and potential for further
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photothermal conversion, and thermal management.

The tunability of SPs has made MXenes valuable for surface-
enhanced Raman spectroscopy (SERS),>” where thicker
Ti;C,T, MXene films exhibit enhanced charge transfer effects
and absorption in the NIR. Integrating MXenes with silver
nanoparticles presented enhanced photothermal conversion
efficiencies and extended their applications into wearable
heaters, heat barriers, and photothermal therapy.40 Addition-
ally, MXenes have showcased exceptional capabilities in
thermal camouflage, suitable for reducing radiation temper-
ature through low mid-IR emissivity—attributes that contrib-
ute to multifunctionality, including discrete Joule heating and
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Figure 1. (a) Schematic of Ti;C,T, MXene preparation from the MAX phase precursor via selective etching using the HF-HCI method, resulting in
multilayered Ti;C,T, flakes. Subsequent delamination of multilayered flakes into single-layer flakes was achieved using LiCl. Underneath each
synthesis step, a corresponding SEM image is shown for more detail. (b) Schematic of the layer-by-layer spin coating deposition of Ti;C,T, for
fabricating thin films with varying thicknesses. (c) From left to right: an uncoated quartz sample compared to the fabricated thin films with

increasing thickness via successive spin-coating cycles.

superior electromagnetic interference shielding effi-
ciency. 37442

Amidst the exploration of 2D Titanium Carbide MXene in
diverse novel applications, the optical characteristics of this
material have been a focal point of research. Yet, experimental
characterizations have largely been confined to the NIR to
visible range (~0.4 eV to ~4 eV). This narrow focus has
impeded a holistic understanding of the material’s potential
and diverse optical behaviors. Furthermore, the correlation of
previously reported optical properties with thin film thick-
ness—directly influenced by fabrication parameters—presents
an additional layer of complexity. The variability in the
dielectric function reports underscores the challenge of
discerning the material’s optical characteristics, independent
from the nuances of its production.”**”***

Herein, we report the ultrabroadband optical properties of
Ti3C,T, MXene thin films, prepared with thicknesses ranging
from 13 to 876 nm. The optical properties of these stacked
films are studied using spectroscopic ellipsometry (SE) across
an expanded spectral range from 28 meV to 6.4 eV. Our
methodology incorporates a multisample analysis (MSA)

technique to determine the film thickness and the frequency-
dependent dielectric function simultaneously. Our findings not
only affirm the consistency of the wavelength-by-wavelength
complex dielectric function of Ti;C,T, MXene thin films and
bulk-like sets with previously documented research but also
uncover additional resonances not yet explored experimentally.
This discovery broadens our understanding of the optical
response of Ti;C,T, MXene, marking a significant advance-
ment in the study of this novel family of 2D materials and its
potential applications, especially in thermal radiation and
nanoscale thermal control. Furthermore, our observation of the
dielectric-metal duality in MXene films within the near-IR
range underscores their versatile functionality, offering tunable
characteristics to reach high electrical conductivity, extreme
thermal properties, tunable dielectric constants, and excep-
tional mechanical flexibility. Such versatility opens up a broad
array of possibilities for applications, ranging from energy
storage and conversion to sensors and flexible electronics,
where precise control over electrical and optical properties is
essential.
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Figure 2. (a) PXRD spectrum of MAX phase and Ti;C,T, MXene. (b) XPS survey and (c) O Is high-resolution spectra of Ti;C,T, MXene. (d)
SEM image of a single Ti;C,T, MXene flake on AAO disk and (g) flake size distribution. (e) and (f) AFM height image of MXene with different
thicknesses coated on quartz. (h) and (i) show the height profile of the corresponding film.

B RESULTS AND DISCUSSION

Ti;C,T, MXene Characterization. Ti;C,T, MXene used
in this study was synthesized by selectively etching aluminum
from its MAX phase using HF and HClI, producing a dispersion
of multilayer Ti;C,T, MXene flakes. To achieve single-layer
flakes, the multilayer flakes were delaminated using LiCl (see
Figure 1(a)). This dispersion was then used for spin coating,
with the flakes characterized for their chemical and structural
properties.

Figure 2(a) illustrates the PXRD patterns of Ti;AlC, MAX
powder and TiyC,T, MXene. The shift of the (002) peak
toward a lower 20 angle and the absence of the strong peak at
39° suggest the transformation from Ti;AlC, into Ti;C,T,
MXene. Figure 2(b) shows the XPS survey spectrum of
Ti;C,T, MXene, confirming the presence of all its constituent
elements. Additionally, the high-resolution O 1s spectrum was
deconvoluted into four distinct peaks, as reported previously.**
As displayed in Figure 2(c), the peaks centered at 529.7, 531.1,
$32.5, and 533.8 eV were assigned to Ti—(IV)-O, Ti—0,,
Ti—(OH),, and Ti—OH—(H,0), species, respectively. Based
on this spectrum, the atomic percentage of —OH terminations
on the titanium surface was determined to be 16.9%. The Ti2p
peak (Figure S1) was further analyzed to calculate the atomic
percentages of —O and —F terminations on the titanium
surface to be 18.1 and 21.0%, respectively.

Figure 2(d) presents an SEM image clearly showing the
straight edges of Ti;C,T, MXene single flakes. The size
distribution of these flakes in the as-prepared dispersion,
measured from SEM images, is shown in Figure 2(g), with an
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average flake size of 6.6 + 1.5 um. The dispersion containing
single-layer Ti;C,T, MXene flakes was employed to fabricate
both thin films and bulk-like films, which were then deposited
onto quartz substrates, as depicted in Figure 1(c). The
representative AFM height images of the MXene thin films are
shown in Figures 2(e),(f), while Figure 2(h),(i) showcase the
height profile images of these films. Additional AFM images
detailing various thicknesses of MXene coated on quartz are
also provided in Figures S2 and S3. Surface roughness
measurements derived from the AFM data are compiled in
Table 1, indicating an increase in roughness with the number

Table 1. Surface Roughness Measurements of MXene Films
with Various Thicknesses Coated on Quartz

film type sample # thickness (nm) roughness (nm)

1 13 +2.0 7 +02
thin film 2 20 + 1.5 8 £0.7

3 43 + 2.1 13 +£ 0.5

1 776 + 5.0 41 £ 24
bulk-like 2 820 + 3.0 39+ 1.1

3 876 + 4.5 35 +£ 0.8

of spin-coated layers. Specifically, the average roughness for the
bulk-like film set (38.3 nm) was found to be approximately
four times larger compared to the thin film set (9.3 nm). It is
noteworthy that the roughness measurements taken near
scratches—created for thickness extraction—may exaggerate
the roughness and thickness values, which were observed to be

https://doi.org/10.1021/acsami.4c12079
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Figure 3. (a) Schematic illustration of spectroscopic ellipsometry instrument (note: the schematic shows RC2 J.A. Woollam ellipsometer
instrument that operates within NIR to VUV spectral range) and its working principle. The change in the polarization state of light due to its
interaction with the sample under investigation is detected and recorded in terms of (¥, A), as shown in Supporting Information Figure S4 for
MXene samples, and Figure 6 for the quartz substrate. (b) MXene thin film from 2D MXene flakes on quartz substrate and zoom-in schematic view
of the molecular configuration of MXene flake. Wavelength-by-wavelength determined dielectric constants of the two different sets of MXene thin
films extracted using the MSA approach. The complex dielectric function (real and imaginary parts are shown in (c) and (d), respectively) depicted
with blue star symbols are obtained from MSA analysis based on the thin films with thicknesses ranging from ~S nm to ~30 nm, the dielectric
function depicted with the red pentagon symbols are obtained from MSA analysis based on the thin films with thicknesses ranging from ~450 nm
to 2950 nm. The dielectric function spectra of MXene thin films from the literature were also inlaid with our findings for comparison. Insets in (c)
and (d) are zoom-in plots to the NIR-VUYV spectral range. The feature highlighted by the black star symbol in both real and imaginary parts of the
dielectric function is an artifact that in this spectral range, the substrate has vanishing reflectance and hence the error bars on the measured ¥ and A
values are very large in this narrow spectral range. The error bars are on average approximately +2% and are much smaller than the symbol sizes
used to differentiate the various curves in (c) and (d). Numerical values and error bars from regression analysis are given in the Supporting
Information.

much lower from the data obtained via the multisample evident, especially in the mid-IR range where metal-like
analysis. behavior predominates. This trend is shown in Figure 3(c),(d),
Optical Response of 2D MXene Films. The linear where the dielectric functions obtained from the MSA are
(absorption, transmission, and photoluminescence) and non- represented by red triangles for the thin film sample set
linear (saturated absorption and nonlinear refractive index) (ranging in thickness from S to 30 nm), and by blue circles for
optical properties of MXene material are fundamentally the bulk-like sample set (ranging in thickness from 450 to 950
connected to its unique energy band structure.”” This nm). This pattern aligns with observations by Chaudhuri et al,,
structure encompasses critical aspects such as the band gap, who also reported similar increases in the dielectric function
the nature of the bandgap (direct or indirect), other critical within a narrower spectral range, depicted by green diamonds
points, and topological characteristics. Central to these (30 nm) and orange stars (450 nm) in Figure 3(c),(d).”* The
properties is MXene’s dispersion behavior and its nonlinear dielectric function of MXenes is known to be influenced by
complex dielectric function (g). factors such as composition (e.g, Ti;C, Nb,C, V,CT,),
The multisample analysis (MSA) of the spectroscopic synthesis conditions (e.g., etching methods, precursor
ellipsometry (SE) data provided the calculated real (¢;) and materials), and deposition parameters (e.g, film thickness,
imaginary (&,) components of the complex dielectric function substrate interaction). Each of these factors can result in
for MXene thin films, as depicted in Figure 3(c),(d). These variation’s in the dielectric response, which might alter
findings are compared with previously reported data, which dielectric and optoelectronic properties.””*® The transmission
covered a limited spectral range.”**”** The discrepancies measurements for both thin film and bulk-like film sets is

between the previously reported dielectric functions and those reported in Figure S5.
found in our study are largely attributed to variations in The SE data-based MSA approach also provides measure-
synthesis method and deposition parameters, such as ments of thin film thickness and surface roughness, which are
dispersion concentration and spin-coating specifics. Moreover, summarized in the Supporting Information Table S4. We
our results demonstrate a considerable variation in the observe notable differences between the measurements
dielectric function depending on film thickness. In the case obtained through AFM imaging and the SE-based approach.
of the bulk-like set, an increase in the dielectric function is The roughness values derived from SE analysis were
70766 https://doi.org/10.1021/acsami.4c12079
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Figure 4. Unraveling VUV to NIR band-to-band transitions and mid-IR active resonance modes of MXene thin films from SE data based CPMDF
analysis. (a and c) Spectral evolution of complex refractive index (7 = n — ik) obtained from multisample analysis based on wavelength-by-
wavelength SE data analysis. The blue and red symbols correspond to the refractive index and extinction coefficient spectra, respectively. The
wavelength-by-wavelength analysis result (symbols) is overlaid with the generated physical line shapes (green solid lines) of the complex refractive
index from CP analysis. The inset focuses on the mid-IR section of the spectrum and highlights the central energy of CP functions with vertical
dashed lines in the same color codes utilized in part-b. (b and d) The amplitude of imaginary part of spectral evolution of individual oscillator
function (Lorentz (left axis black color) and Drude (right axis, red color) functions) is utilized in the proposed DL model of CPMDF analysis. The
red dashed-dot line shows the Drude contribution in the DL model. While the dashed lines correspond to the Lorentz oscillators active in the mid-
IR part of the spectra, the solid lines correspond to the Lorentz oscillators active in NIR to VUV. While (a) and (b) are obtained from the thin film
set with thicknesses ranging from ~5 nm to #30 nm, (c) and (d) correspond to the analysis of bulk-like set with thicknesses ranging from 450 nm

to ~950 nm.

significantly lower than those measured via AFM. This
discrepancy likely stems from the simplified roughness model
used in the SE analysis, which treats roughness as an effective
medium of voids and material. Such simplification may not
fully capture the complexities the spin-coating process
introduces, including potential nonuniformities, pinholes, and
spikes. On the other hand, the scratch-based thickness
measurements from AFM might artificially inflate the structural
parameters due to local strain and stress effects on the thin
film, potentially leading to overestimated values (refer to Table
1 for the values obtained from AFM analysis).

Building on the findings from our MSA based on SE data,
which detailed the extraction of the complex dielectric function
spectra via wavelength-by-wavelength regression shown in
Figures 3(c),(d), we now focus on identifying and modeling
CP contributions to the MXene dielectric function. This
involves the integration of a Drude term with multiple
Lorentzian broadened oscillators. This modeling strategy
enabled us to characterize the dielectric function’s physical
line shapes across an unprecedentedly broad spectral range—
from 194 nm to 35 ym—for MXene thin films, which is the
broadest range reported to date for these materials, to the best
of our knowledge. Our analysis, utilizing two distinct sample
sets varying in thickness, highlights the pivotal role of thin film
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thickness in influencing the physical line shapes and
amplitudes observed in the extracted complex dielectric
function spectra. The thickness of the films significantly affects
their optical properties, underscoring the importance of precise
film fabrication and characterization in understanding and
leveraging the unique attributes of MXenes.

In order to clearly illustrate the contribution of each
resonance and the identification of CPs for both sample sets,
we presented the refractive index and extinction coeflicient
spectra separately for each set (see Figures 4(a) and (c)).
Strikingly, the optical constants determined through wave-
length-by-wavelength analysis and MDF analysis are virtually
indistinguishable, indicating an excellent fit of the model
Specifically, Figure 4(a) displays the refractive index and
extinction coefficient spectra for the thin film set while Figure
4(c) showcases the same for the bulk-like set. By taking
advantage of the SE data-based CP-MDF analysis, we have
successfully identified the individual contributions of each CP
and the direct band-to-band transitions. These contributions to
the overall dielectric function are further elucidated in Figures
4(b) and (d) for both sets. Additionally, the parameters
defining each oscillator—central energy, amplitude, and
broadening—are systematically cataloged in Supporting
Information Tables S2 and S3.
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To more accurately represent the MXene’s optical proper-
ties, particularly within the mid-IR spectrum, our model
incorporates additional Lorentz oscillators beyond the conven-
tional Drude model. This extension is crucial to adequately
represent the observed non-Drude behavior. Notably, our
analysis of the thin film set identified four distinct mid-IR
resonances alongside three additional broad shoulders,
indicating significant optical activity in these regions. These
resonances characterized by their central peaks are provided in
the Supporting Information Tables S1 and S2, and are visually
detailed in Figure 4(b) as dashed lines.

Contrasting with the thin film set, we employed five Lorentz
oscillators for the bulk-like set to characterize mid-IR
resonance features. These features identified by their central
peaks, along with an additional broad shoulder, are provided in
the Supporting Information Tabels S1 and S2, and illustrated
in Figure 4(d) with dashed lines. Using the Drude function
parameters, we can optically extract further information from
the CP-MDF analysis on the electronic properties of the
MXene thin films. The specific Drude model parameters are
detailed in Supporting Information Table S4. Notably, the
bulk-like set exhibited a higher resistivity value of 29.37 x 107°
Q-cm, compared to the thin film set at 2.91 X 107° Q-cm. This
increase can be attributed to the colloidal deposition process of
MZXene, which likely promotes the formation of oxide
components more extensively than in the thinner films.

Overall, within the CP-MDF analysis, the representation of
optical behaviors differs between the MXene thin film and
bulk-like sets. For the thin film set, 14 Lorentz oscillators are
necessary to capture both NIR-VUYV inter- and intra- band-to-
band transitions and mid-IR active resonances. In contrast,
only 12 Lorentz oscillators are sufficient to describe the
dielectric function of the MXene bulk-like set. Specifically,
seven Lorentz oscillators are consistently dedicated to
capturing the nuances in the higher energy domain (VUV-
NIR). However, the distinction arises in the mid-IR region: the
thin film set requires seven additional oscillators for this
purpose, whereas the bulk-like set uses only five to effectively
model the mid-IR active resonance modes. The insets in Figure
4(a),(c) focus on the mid-IR section of the spectrum,
highlighting the central energy of CP functions with vertical
dashed lines in the same color codes utilized in Figure 4(b),(d)
(dashed lines). To address concerns about overfitting, tables
with the numerical uncertainty limits within the 90%
confidence interval and values of the correlation matrix for
all parameters are included in the Supporting Information. We
find small error bars and small correlations only between all
model parameters. This agrees also with the observation that
all features introduced by the Lorentz oscillators included here
correspond to features observable in the experimental data, as
indicated in Figure 4.

Importantly, we identify two broad resonance modes within
the VIS-NIR spectral range: (i) spanning from 200 to 500 nm
and (ii) from 600 to 1100 nm, as illustrated in Figure 4.
Notably, the real part of the dielectric function remains greater
than zero for both MXene sets (thin film and bulk-like),
suggesting that under the influence of an electric field, charges
within the material may shift, resulting in the formation of an
induced dipole moment. This phenomenon signifies the
collective oscillation of free electrons, indicative of plasmonic
mode characteristics. However, to accurately capture the
physical line shapes of these observed peaks in the wavelength-
by-wavelength approach and determine the complex dielectric

function, we employed multiple Lorentz oscillators in the CP-
MDF analysis. This complexity suggests that these emerging
peaks may not purely represent plasmonic resonances. To
associate features observed in the complex dielectric function
with specific electronic properties of a given MXene sample
requires DFT calculations.”” Based on DFT calculations
reported in the literature, these absorbance peaks may stem
from van Hove singularities or nonsingular peaks in the joint
density of states, with several inter- and intraband transitions
prevalent within these spectral ranges.”"***

Furthermore, we observe a transition from dielectric to
metallic behavior at approximately 1.01 and 1.35 um for the
thin film set and bulk-like set, respectively. This transition is
indicative of the resonant coupling between the electro-
magnetic field and the collective oscillation of free electrons,
characteristic of surface plasmon polaritons at the MXene
interface in the near- and mid-infrared ranges.”****’ In
essence, MXene thin films exhibit a dual dielectric and
plasmonic or metallic response, positioning them as promising
materials for next-generation photonic and optoelectronic
devices,””' quantum systems,”” and cancer theragnostic
applications.” At longer wavelengths, the dielectric function’s
real part becomes highly negative upon transitioning from
dielectric to metal, indicating stronger metallic behavior
compared to typical metals. This property could be utilized
to regulate electromagnetic field magnitudes incident on
surfaces coated with thin MXene films, potentially enabling
the manipulation of thermal radiative transfer.

The observed differences in the extinction coefficient (refer
to Figure 3) and optical resistivity (detailed in Table S3)
between these MXenes film sets (i.e., bulk-like set and thin film
set) can also be attributed to the residual water content and
the depletion of hydroxyl groups within the film structure.
Moreover, the presence of different termination groups of the
micro flakes within the spin-coated films may further influence
the optoelectronic properties.**

These findings not only enhance our understanding of
MXene’s optical properties but also suggest promising
applications across several technological areas. The observed
transition from dielectric to metallic behavior in the near-IR
range could be leveraged for tunable plasmonic devices,
particularly for sensing and spectroscopy. The high con-
ductivity and tunable optical response in the mid-IR range
indicate the potential for advanced thermal management
solutions, such as smart windows or energy-efficient building
materials. Additionally, the strong absorption and tunability in
the NIR range make these films ideal candidates for
photothermal conversion applications, including wearable
heaters and photothermal therapies. To verify these
applications, future studies should focus on in situ emissivity
and reflectivity measurements, especially at elevated temper-
atures, to assess their performance in thermal management and
photothermal systems. Although challenges such as long-term
stability and optimizing integration with other materials
remain, the unique optical properties and versatility of
Ti;C,T, MXene make it a promising candidate for next-
generation optical, thermal, and optoelectronic applications.

B CONCLUSIONS

In summary, SE measurements were performed to study the
optical properties of Ti;C,T, MXene films. These thin and
bulk-like films were fabricated on quartz substrates using a
layer-by-layer spin-coating method. Through a multisample
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analysis (MSA) approach, we simultaneously extracted these
films’ thickness and complex-valued dielectric function. Our
analysis demonstrated a high degree of consistency with
previously reported data. Importantly, our measurements
encompassed a broad spectrum ranging from mid-IR (28
meV) up to VUV (6.4 eV), unveiling 13 previously
unidentified resonances: six in the VUV-NIR range and
seven in the mid-IR range. These newly discovered resonances
possess the potential to elucidate novel underlying mecha-
nisms, as they offer the capability to manipulate plasmonic
resonances. Notably, the observed transition from dielectric to
metallic behavior implies the presence of surface plasmon
polaritons at the MXene-air interface. This distinctive
plasmonic response opens up exciting opportunities for various
radiative applications, including electromagnetic interference
shielding, localized thermal management, and thermal
insulation. Ultimately, this work underscores the versatile
optical response of Ti;C,T, MXene, highlighting its potential
to reveal new physical mechanisms and enhance technological
applications.

B MATERIALS AND METHODS

Ti;C,T, MXene Synthesis and Characterization. The synthesis
and delamination of single-layer MXene flakes were conducted
through a two-step process. First, Ti;AIC, MAX phase powder
(Titanium aluminum carbide 312, >90% purity, <40 ym particle size,
Sigma-Aldrich) was chemically etched using a solution composed of 6
mL deionized (DI) water, 12 mL Hydrochloric Acid (12M, ACS
grade, Fisher Science Education), and 2 mL Hydrofluoric Acid (48%,
ACS reagent, Sigma-Aldrich). To initiate etching, 1 g of Ti;AIC, MAX
phase powder was gradually introduced to the solution over 15 min to
dissolve the aluminum layers. The mixture was continuously stirred
for 24 h at a constant temperature of 35 °C using a silicon oil bath.
Poststirring, the MXene product was separated using centrifugation at
3600 rpm for S min and then washed multiple times with DI water to
attain a pH of approximately 6.0. During the delamination phase, 1 g
of anhydrous Lithium Chloride (99% purity, Alfa Aesar) was added to
the mixture, which was then stirred at 35 °C for an additional 24 h
(see Figure 1(a)). To achieve a target concentration of approximately
S mg/mL, the MXene dispersion was freeze-dried at 35 °C using a
Thermo Fisher Savant SpeedVac Concentrator (Model SPD111 V)
along with a Savant RVT4104 Refrigerated Vapor Trap from Thermo
Scientific. This process yielded a dispersion of single-layer MXene
flakes in DI water.

The synthesis of Ti;C,T, MXene bulk-like film was made by
etching aluminum-rich Ti;AlC, MAX phase material (Y-Carbon, Ltd.)
using a mixture of LiF and HCl in a ratio of 12 M LiF to 9 M HCL.
The mixing was made by stirring the materials for 10 min at a
temperature of 45 °C at 200 rpm using a magnetic stirrer
(henceforward the mixture is termed as “etchant”). Subsequently, 1
g of the above MAX powder was gradually added to the etchant while
the whole material was undergoing continuous stirring (at 200 rpm
and 45 °C) for 48 h. These parameters thus used were the optimal
parameters for aluminum interlayer removal and separation from the
MAX phase to produce the aggregated MXene layers. The acidic
material, including any trace amount of the same, was removed by
washing the product multiple times with DI water using a centrifuge
(Hermle Labortechnik GmbH, model Z 36 HK). Each washing cycle
was for S min conducted at 3500 rpm and a vortex was used in
between each washing cycle to delaminate the aggregated MXene
layers. The process was followed until the pH value of the supernatant
reached between 6.0 to 7.0. The final exfoliation process was
conducted by transferring the solution to a centrifuge tube conducting
a final vortex, and then centrifugation at 3500 rpm for 15 min. The
supernatant from this final centrifuge process was discarded to avoid
any presence of the unetched material as well as thicker MXene. The

obtained MXene clay was added to an appropriate amount of DI and
vortexed for 15 min to have the final material for the spin coating.

The quartz slides used as the substrate for MXene thin film
deposition are GE-124 fused quartz with an electrical resistivity of 7 X
10" ohm-cm at 350 °C from Chemglass Incorporation. Before the
spin-coating of MXene dispersion, a thorough cleaning protocol was
implemented to prepare the quartz substrates, each measuring 2 X 2
cm?”. Initially, the substrates were immersed in boiling chloroform to
remove any organic contaminants. This was followed by a 10 min
ultrasonic bath in ethanol, further purging the surfaces. The cleaning
sequence concluded with a 15 min exposure to UV Ozone treatment
using a Novascan Pro Series Digital UV Ozone System, followed by a
30 min incubation period. These procedures were specifically
designed to augment the surface energy and wettability of the quartz
substrates, thus promoting superior adhesion for the subsequent thin
film coatings.

To coat single-layer MXene as thin films with varying thicknesses,
MXene flake dispersion was employed. Utilizing a Laurell Spin Coater
(Model WS-650MZ-23NPB), the films were deposited on precleaned
quartz substrates through a layer-by-layer spin-coating technique. As
illustrated in Figure 1(b), each layer began with the application of 0.2
mL of the dispersion to the center of a substrate, followed by a two-
step spinning process—initially at 500 rpm for 30 s, then at 1700 rpm
for 20 s. Additional layers were applied immediately following the
deposition of the previous layer to achieve films of desired
thicknesses. To create thicker MXene films, the spin coating of the
MXene clay dispersion was done on 4 mm X 4 mm quartz substrates.
To control film thickness, three different spin speeds of 750, 1000,
and 1500 rpm were used; first, the dispersion spun at 500 rpm for 10
s, followed by spinning at the target speed. After the uniform films
were made, they were dried in a vacuum sample storage overnight.

Characterization of the MAX phase and MZXene materials
commenced with Powder X-ray diffraction (PXRD) analysis,
employing a Rigaku SmartLab instrument outfitted with Cu Ka
radiation. For this analysis, MXene film was prepared by vacuum
filtration, utilizing nylon media with a nominal pore size of 200 nm.
The resultant MXene thin film was detached from the substrate, cut
into 2 cm X 2 cm pieces, and securely attached to a glass plate using
double-sided tape. The PXRD patterns were collected under Bragg—
Brentano geometry at a scan rate of 5° per minute, facilitating the
determination of crystalline structure and phase purity. Surface
elemental composition and bonding configurations within the MXene
were elucidated through X-ray photoelectron spectroscopy (XPS)
using a ThermoFisher  instrument. Survey spectra were obtained
with a 400 pm spot size, a 100 ms dwell time, and a pass energy of
200 eV, while high-resolution spectra were acquired under identical
spot size and dwell time but with a reduced pass energy of 50 eV to
enhance spectral resolution. The morphology of the MXene flakes was
visualized using a FEI Helios NanoLab 660 scanning electron
microscope (SEM). Sample preparation involved vacuum drying at
room temperature and a brief 10-s platinum sputter coating using a
Ted Pella 108 auto system to improve electron conductivity. The
prepared samples were mounted on carbon conductive tape on SEM
stubs. Imaging was performed with a 10 keV electron beam and a
working distance of 4 ym, providing high-resolution insights into the
flake’s surface features.

Ellipsometry Measurements and Analysis. To cover a
comprehensive spectral range from 28 meV to 6.4 eV, the
Spectroscopic ellipsometry (SE) data were gathered using two
distinct instruments. For the UV—vis-NIR segment, we employed
the J. A. Woollam Co. RC2 dual rotating compensator SE instrument,
conducting measurements across seven angles of incidence (6,
ranging from 45° to 75° in S° increments), within a spectral domain
of 0.72 to 6.4 eV (193 to 1690 nm). The mid-IR spectrum, extending
from 28 meV to 0.72 eV (1.7 to 44 um), was collected using J. A.
Woollam IR-VASE Mark-II SE instrument at two specific angles of
incidence (6,,;), 50° and 70°. All experimental procedures were
executed at room temperature under standard ambient conditions.

The core of the ellipsometry technique involves measuring the
complex reflectance ratio (p) at various frequencies, represented by
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Fresnel reflection coefficients for p-polarized (parallel to the incident
plane) and s-polarized (perpendicular to the incident plane) light,
respectively see Figure 3(a). The parameter y characterizes the
amplitude ratio change between the two polarizations, while A
signifies their phase difference. Given the amorphous nature of the
MXene thin films on quartz substrates, to simplify the analysis, SE
data were not collected in varying in-plane sample rotations. A
rotation-dependent spectral evolution of SE data at 6,, = 65°
confirming the absence of optical anisotropy with respect to the in-
plane orientation of the MXene thin film on the quartz substrate, is
provided in the Supporting Information (see Figure S7). SE data were
analyzed using the WVASE software package (from J. A. Woollam
Co.), employing a three-layer model comprising the substrate, thin
film, and surface roughness. Hence, the dielectric function of each
layer plays a key role in accurately estimating the thickness and
roughness of the thin film. By knowing the complex dielectric function
of the substrates (as provided in the Supporting Information), this
layered model is used to simultaneously determine the spectral
complex dielectric function of MXene thin films, thickness, and
roughness.

The model’s efficacy is derived from iterative best-match
calculations, using nonlinear regression algorithms to fine-tune the
alignment between theoretical and experimental SE data. These
adjustmentable parameters were [involves parameters such as] layer
thickness and permittivity values. The quality of fit is quantitatively
assessed through the mean square error (MSE), serving as a key
indicator of the model’s accuracy in replicating the measured data.
The fitting process utilizes the Marquardt—Levenberg algorithm,
specifically designed to minimize the MSE by adjusting the fit
parameters accordingly. Achieving the minimum MSE signifies the
attainment of the best-match model, indicating the highest degree of
correspondence between the model predictions and experimental
observations. Furthermore, this numerical analysis elucidates the
correlation and uncertainty of the model parameters, with their
confidence delineated within a 90% confidence interval.

Multi-Sample Analysis (MSA). The MSA approach employed in
this study is a widely used technique for simultaneously determining
the thickness and the complex-valued, frequency-dependent dielectric
function of thin films.’*">” This method uniquely enables the
extraction of the dielectric function across various wavelengths
without relying on predefined physical model line-shape functions.>®
Additionally, these samples must exhibit significant variations in
thickness to facilitate accurate analysis. Within this analytical
framework, our model is adept at accommodating more intricate
scenarios, includinbg the impacts of surface and interface roughness as
well as porosity.””® This is achieved by introducing a roughness layer
on top of the thin film layer in the model, which accounts for the
optical influence of surface irregularities on the ellipsometric spectra.
The optical properties of this hypothetical roughness layer are
determined using an effective medium approximation (EMA), which
blends the dielectric functions of the material and air in equal
proportion.®’ Therefore, this method has proven effective in
accurately predicting the mean square roughness of surfaces,
especially when the roughness parameters are minimal relative to
the wavelength.ézm The roughness and thin film thickness values,
estimated based on the MSA method, are presented in the Supporting
Information (see Table S4).

Critical Point Model Dielectric Function Analysis (CP-MDF).
The electronic band-to-band transitions give rise to critical-point
(CP) features, observable in the dielectric function spectrum. To
analyze these features, a model dielectric function (MDF) framework
was utilized, incorporating physically interpretable line-shape
functions, with parameters refined through MDF analysis.”* Our
analysis employs the Drude-Lorentz model, which combines a Drude
term with several Lorentz oscillators to describe the optical properties
of metal species, including their free carrier concentrations and inter-
and intraband transitions. The Drude term accounts for the free
charge carrier effects and intraband transitions predominantly

the equation p = — = tan(l//)em. Here, , and r, denote the complex

70770

observed in the mid-IR range. Meanwhile, the interband transitions,
which manifest in the UV—vis-NIR spectrum as polaronic or
bipolaronic absorption bands, are modeled by incorporating an
appropriate number of Lorentz oscillators.””*® Hence, combining a
Drude term with multiple Lorentz oscillators gives the proposed
Drude-Lorentz model approach as follows®”

n

]+
)

Here €, represents the high-frequency limit of the dielectric function,
acting as a real-valued offset in the model. The second term in eq 1
represents the Drude contribution, with amplitude Ap, and broadening
parameter Bp, capturing the free electron contributions. The third
term is the generalized mathematical expression of the Lorentz
oscillators utilized in the CP-MDF analysis. For the nth Lorentz
oscillator, A, is the amplitude, E, is the center energy, and B, is the
broadening of the oscillator. E is the photon energy in electron-volts
and is equal to hv where h and v are the Planck’s constant and the
frequency, respectively.68 The real part of the dielectric function, ), is
stils)zgquently obtained using Kramers—Kronig relation shown in eq
2~~J

_ADB D
E* + iBLE

A,BE

n-n-n

5(E)=£1+i6‘2=£‘m+[ =

n

iB,E

(oo

e =27 [ Lo 4

z Jo & —E ()
where # denotes the Cauchy principle value of the integral, and ¢ is
the integration variable. Importantly, the Drude contribution is a basic
classical model to describe the electrical conductivity of metals and
other conductors.*”® Alternatively, the second term in eq 1, can be
expressed in terms of the plasma frequency (@,) and the momentum-
averaged scattering time (7) by considering the following conversion
of amplitude and broadening parameters Ap = hwf;r and By = 7/7,
respectively. It is important to state that the classical Drude term
describes the free carrier effects on the dielectric response of the
sample under investigation and it is in the form of a Lorentz oscillator
function with zero center energy (i.e, no restoring force). The
Lorentz oscillator employs a heavy mass connected to a light mass
with a spring to describe the optical response of the bound state of an
electron orbiting around the nucleus that is driven by an oscillating
electric field. Hence, the Lorentz—Drude model approach involves
modeling an electron as a driven damped harmonic oscillator.

B ASSOCIATED CONTENT

Data Availability Statement

The data sets generated during and/or analyzed during the
current study are available from the corresponding author
upon reasonable request.
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