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Unleashing 2D MXene’s Plasmonic Effect for Advanced

Photonic Device Applications

Moonjeong Jang, Seoung Hyun Kim, Shinho Kim, Kwanbyung Chae, Sodam Choi,
Hwi Heon Ha, Jungchul Song, Min Jun Bak, Su-Ho Cho, Eunji Kim, Wooseok Song,
Hee Han, Min Seok Jang,* Chi Won Ahn,* and Yonghee Lee*

MXenes, the largest family of 2D transition metal carbides/nitrides, have
emerged as promising materials for various applications due to their
exceptionally fascinating properties. In this study, the potential of MXenes is
investigated in plasmonic applications, particularly focusing on
surface-enhanced Raman scattering (SERS) and broadband photodetection.
The study explored a broader range of light-matter interactions based on edge
plasmons that emerge at sub-monolayer coverage of MXene, while existing
studies have primarily focused on thicknesses exceeding tens of nanometers.
Additionally, by incorporating MXenes onto 3D trench nanostructures, To
maximize their plasmonic properties is aimed by enhancing the manifestation
of edge plasmons, leading to intensified light amplification. The fabricated
opto-electronic devices exhibit remarkable sensitivity in SERS detection,
achieving a detection limit as low as ~0.1 nm for the target dye molecule,
significantly surpassing typical thresholds for non-metal-based detection.
Additionally, the enhancement factor exceeds that of commercially available
Au-based SERS substrates. Furthermore, MXene-based photodetectors
demonstrate competitive photoresponsivity and response time, particularly
toward the near-infrared (NIR) wavelength bands, which are challenging to
achieve with MXene-based photodetectors. Through a comprehensive
analysis, including electric field calculations, the mechanisms driving the
observed enhancements are unveiled, primarily attributing them to edge
plasmons.

1. Introduction

With the advent of nanofabrication tech-
niques, high-intensity converging light abil-
ity with noble metallic surfaces such as
silver or gold nanoparticles offers a path
toward the detection system deployment
of optoplasmonic sensors. These tech-
niques help overcome the issue of lim-
ited sensitivity for sensor signal amplifi-
cation. Surface-enhanced Raman scattering
(SERS) is a method commonly adopted for
sensing in which inelastic light scattering
by molecules is substantially boosted when
the corrugated metal surfaces are used to
generate surface plasmons for the adsorbed
molecules.'®] These metallic nanomate-
rial resonant structures are provided by the
large optical field enhancement achieved
through appropriately sized intergaps and
morphologies, rendering them effective as
SERS-active substrates. In particular, to
benefit from both electromagnetic mecha-
nism and chemical mechanism enhance-
ments in the visible and infrared SERS
applications, enhancing the low intensity
of Raman scattering in 2D plasmonic
materials should be further explored.’-1!

M. Jang, S. H. Kim, K. Chae, S. Choi, H. H. Ha, J. Song, M. ). Bak,
S.-H. Cho, E. Kim, H. Han, C. W. Ahn, Y. Lee

National Nano Fab Center (NNFC)

Daejeon 34141, Republic of Korea

E-mail: cwahn@nnfc.re.kr; yhlee@nnfc.re.kr

S.Kim,M.S. Jang

School of Electrical Engineering

Korea Advanced Institute of Science and Technology (KAIST)

291 Daehak-ro, Yuseong-gu, Daejeon 34141, Republic of Korea
E-mail: jang.minseok@kaist.ac.kr

W. Song

W. Song

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202405341

DOI: 10.1002/adfm.202405341

Adv. Funct. Mater. 2024, 2405341 2405341 (1 Of11)

Thin Film Materials Research Center
Korea Research Institute of Chemical Technology (KRICT)
Daejeon 34114, Republic of Korea

School of Electronic and Electrical Engineering
Sungkyunkwan University
Suwon 16149, Republic of Korea

© 2024 Wiley-VCH GmbH


http://www.afm-journal.de
mailto:cwahn@nnfc.re.kr
mailto:yhlee@nnfc.re.kr
mailto:jang.minseok@kaist.ac.kr
https://doi.org/10.1002/adfm.202405341
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202405341&domain=pdf&date_stamp=2024-07-08

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

In this context, 2D MXenes, a new family of transition metal
carbides/nitrides, have received significant scientific attention
based on their outstanding inherent properties associated with
longer electronic mean free paths to prolong electron-electron
scattering relaxation time and relatively slow recombination dy-
namics of surface plasmon.['"1%l However, 2D MXene possesses
relatively lower electronic density and more complex physics of
the electromagnetic mechanism compared with that of classi-
cal plasmonic metal nanospheres.[2*22] For these non-spherical
structured metallic materials, it is advantageous to involve the
plasmonic hotspot gap distance and more geometrical details re-
lated to field strengths for light converging arising from nanos-
tructured metals. Therefore, the specific methodology of ar-
rangement in subnano-sized hotspots is crucial in enabling the
design of active substrates tailored for desired optoplasmonic
applications.[2324]

In this work, we aim to develop the photonic and opto-
electronic devices comprising single-material-based surface
plasmon-driven SERS and broadband photodetection for iden-
tifying both electromagnetic mechanisms and chemical mecha-
nisms in 2D Ti,C, MXene. In previous research, MXene’s SERS
applications were predominantly explored primarily at thick-
nesses exceeding tens of nanometers, with a particular emphasis
solely on the chemical mechanism.['¥2°] In contrast, our study
delves into a realm beyond, investigating the significantly ampli-
fied scale of light-matter interaction occurring at sub-monolayer
coverage of MXene, facilitated by the computation of MXene’s
edge plasmons, deeply related to the electromagnetic mecha-
nism. Furthermore, we augmented this optical enhancement
by incorporating 3D trench nanostructures. The nanostructured
MXene deposited onto dielectric trenches that act as the SERS-
active light signal amplifier was realized by the cooperation be-
tween enhanced charge transport and surface plasmon-induced
hot carrier injection. Our developed SERS sensing platform
achieved exceptionally high detection sensitivity, with detection
limits as low as ~0.1 nwm for the target dye molecule (thodamine
6G (R6G)). This represents a remarkable advancement in non-
metal-based detection limits, enabled by the intensified edge
plasmon on the 3D nanostructures. The proposed strategy also
offers key advantages in terms of accomplishing Ti,C, MXene-
based photodetectors with competitive photoresponsivity and re-
sponse time, simplicity of device structure, and low power con-
sumption. Especially noteworthy is the exceptional photocurrent
observed in partially freestanding MXenes on 3D trench nanos-
tructures within the near-infrared (NIR) wavelength bands, a
realm where prior research on MXene-based photodetectors has
been limited. These findings provide insightful perspectives into
the interaction between MXenes and light, elucidating their po-
tential in various optical domains and paving the way for promis-
ing future photonic and opto-electronic applications.

2. Results and Discussion

Ti,C, T, MXene was spin-coated onto both a flat Si/SiO, sub-
strate and a 3D Si/SiO, trench substrate to investigate their op-
tical behaviors, particularly as SERS substrates, while also ex-
ploring its performance in plasmonic light-matter interactions
as photodetectors. In the case of the Si/SiO, trench used as
a substrate, a line & space structure was designed with an
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interval of 40 nm, and a depth of 50, 80, and 100 nm using an
ArF scanner. The interval of 40 nm was chosen as it represents a
fine pattern resolution that can be reliably achieved with current
nanofabrication techniques. Depths of 50, 80, and 100 nm were
selected to systematically study the plasmonic effects at different
depths. Figure 1 illustrates the manufacturing method for the
MXene-based 3D nanostructures and their exploration in plas-
monic applications. Following fabrication, the substrate under-
went a thorough cleaning process involving ethanol, acetone, and
isopropyl alcohol, followed by surface treatment using air plasma
and 3-Aminopropyltriethoxysilane (APTES) solution to enhance
the bonding strength between MXene and the substrates. MX-
ene was uniformly coated at concentrations ranging from 10%
to 100% using the spin coating method, as detailed in the exper-
imental sections.

2.1. Fundamental Analysis and Optical Characterization of
MXene

The chemical features of the synthesized MXene were analyzed
via X-ray photoelectron spectroscopy (XPS). After the formation
of MXene etched from the MAX phase, the Ti-C (E; = 455.2
and 461.0eV) and C-Ti (E; = 282.1eV) bonding states were
discernible at the constituent Ti 2p and C Is core level spec-
tra (Figure 2a,b). Additionally, Figure 2c exhibits that the Al 2p
core level spectrum provides complete elimination of Al, as ev-
idenced by the absence of an Al-related bonding state for MX-
ene. These XPS results unambiguously reveal that the MXene
is a well-etched Ti;C, phase.[?®] In Figure 2d, the scanning elec-
tron microscopy (SEM) image of MXene, coated with ~60% cov-
erage, displays a uniformly coated surface with flakes measuring
~ 1 um in size. Notably, no discernible formation of TiO, particles
was identified. Surface analysis using atomic force microscopy
(AFM) revealed the size of MXene to be ~1 um, with a thickness
of ~ 1.6 nm, indicating a well-etched single-layer MXene.!?’] The
AFM-based thickness analysis revealed no height difference ex-
ceeding 1 nm, confirming the absence of defects in the synthe-
sized MXene phase (Figure 2e,f).

In evaluating the applicability of MXene as SERS substrates,
R6G was chosen as the probed dye due to its commercial avail-
ability, high stability, and effective detectability on various sub-
strates. The UV-vis absorption spectra of R6G and MXene in
a water solution are presented in Figure 3. The noticeable ab-
sorbance peak around 527 nm is evident, and with a transition
from an R6G concentration of 107°~10~> M, the detectable peak
is enhanced without any peak shifting, as shown in Figure 3a. Ac-
cordingly, a 532 nm wavelength laser source was chosen due to
the position of the R6G absorption peak, enabling high excitation
SERS spectra at 532 nm in this study.

As shown by the UV-vis absorption spectra in Figure 3b, a
broad absorption band ~750 nm was assigned to MXene orig-
inating from the z-plasmon of carbon.[?#?° After mixing MX-
ene in a water solution with R6G, the presence of a remark-
able absorbance peak of R6G was confirmed compared with MX-
ene. In addition, it should be noted that the position of the ab-
sorption peak of the dye red-shifted to 544 nm after mixing dye
with MXene. In most cases, analysis by UV-vis absorption spec-
troscopy reveals a bathochromic (to higher wavelengths) shift of
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Figure 1. Schematics illustrating a) photolithography and dry etching process for fabricating the 3D Si/SiO, trench substrate, including photoresist (PR),
bottom anti-reflection coating (BARC), silicon oxynitride (SiON), amorphous carbon layer (ACL), and b) the Ti;C,T, MXene-based plasmon-enhanced

light-matter interaction.

the conjugated compounds, which is caused by higher energy
transitions. Thus, the extent of the red shift is attributable to the
strength of the chemical interaction between the R6G and MX-
ene surface.?031]

Since the 2D structures are atomically thin and flat, direct con-
tact and rapid charge transfer between host and guest would
be facilitated to produce much dye molecule detection. Notably,
the MXene formed on trench patterned structure demonstrates
enhanced capturing of target R6G molecules compared to the
flat structure, leading to increased electron transfer from MX-
ene to R6G. Thus, the Raman intensity can be enhanced by in-
creasing the dipole moment and polarizability of dye molecules.
In addition, in the partially freestanding MXene formed on
the trench structure, the effect of charge trapping (electron-
hole puddles) occurring at the MXene-substrate interface can
be excluded in SERS. This direct charge transfer phenomenon
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between R6G and MXene was analyzed through UV-vis absorp-
tion spectroscopy.

To study the dependence of the SERS performance on the par-
tially freestanding MXene deposition, the phonon modes of the
spin-coated MXene on nanopatterned Si/SiO, substrates with
line-width 40 nm and 50, 80, and 100 nm depths were pro-
ceeded by Raman spectroscopy. As presented in Figure 3c, the
Raman peaks at 205, 371, 619, and 718 cm™" are the character-
istic phonon modes for Ti;AlC, MXene.?23* The peaks at 205
and 718 cm™! correspond to the out-of-plane (A,,) modes of O-
terminated Ti,C,0,. The peaks at 371 cm™ were attributed to
the O atoms in-plane (E,) vibrations, and those at 619 cm™" were
mainly caused by the Eg vibrations of the C atoms in the OH-
terminated Ti;C,. The resulting patterned substrates show that
the Raman signal rises as the line pattern depth is increased up
to 100 nm, compared with the MXene on the flat substrate. The
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Figure 2. XPS core level spectra of a) Ti 2p, b) C Ts, and c) Al 2p of MXene. d) Top-view SEM image of MXene on the trench substrate. e) AFM image of

single layer MXene and f) AFM-derived height information for MXene.

cross-sectional SEM images of MXene on the trench substrate
clearly indicate the successful fabrication of partially freestand-
ing MXenes, as shown in Figure S1 (Supporting Information).
The observed variation in the depth-dependent Raman signal of
MZXene originates from enhanced light-matter interaction due to
interference between incident and reflected light on the trench
surface (Figure S2, Supporting Information). These findings also
provide substrate-dependent Raman behavior of 2D MXene, ow-
ing to a directional correlation between the trench depth and
height of the partially freestanding. Hence, an investigation on
the substrate geometry-dependent Raman activity of MXenes is
accompanied by the formation of partially freestanding regions,
yielding surface plasmon-induced local electromagnetic field en-
hancements. To confirm the optical lateral behavior of MXene,
different thicknesses of MXene were measured using an ellip-
someter (Figure 3d). As the MXene stack is thinned to a sin-
gle layer, the real part of the permittivity near the wavelength of
the light source gradually decreases. At an effective thickness of
0.9 nm, the permittivity of MXene changes to a negative value,
indicating metallic behavior. This metallic behavior enables sig-
nificant enhancement of the Raman signal through plasmon po-
laritons, which have been reported in the near-infrared range
for multiple layers of MXene.3>3¢] This indicates that a single
layer of MXene supports plasmon polaritons even in the visible
region, unlike multiple layers of MXene, where plasmon polari-
tons are excited only in the near-infrared region. Despite having
an effective thickness less than that of a single layer (1.6 nm),
which implies potential inaccuracies in ellipsometry measure-
ments due to incomplete coverage of MXene on the surface of
the SiO,/Si substrate, the experimentally observed Raman sig-
nal enhancement indicates the excitation of a highly confined
plasmon on the edge and surface of partially covered single-layer
MXene.
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2.2. Nanostructure-Enhanced Plasmonics for SERS Applications

Exploration of the impacts of the concentration of R6G and cover-
age of MXene on Raman enhancement was implemented by Ra-
man spectroscopy. A facile manipulation of the coverage of MX-
ene was accompanied by controlling the concentration of MXene
solution combined with the surface treatment of flat Si/SiO, us-
ing plasma cleaning and APTES.*’! Figure 4a displays compara-
tive Raman spectra acquired from 107° M R6G on the SiO, sub-
strate with and without MXene. While the R6G-related Raman
modes were not detected on the substrate without MXene, the
R6G-related modes could be clearly ascertained on the substrate
with MXene, which signals a clear evidence of the SERS effect
of MXene. Figure 4b illustrates Raman spectra of R6G with al-
tered concentration (107°~10~* M) on MXene (80% coverage) flat
substrate. The intensity exhibited a linear increase with ascend-
ing R6G concentration, confirming the detection of R6G down
to a concentration of 10~ M under MXene (coverage 80%) con-
ditions on a flat SiO, substrate. Figure 4c shows the SEM images
of coverage and thickness according to the aforementioned MX-
ene concentration. A reduction in the MXene aqueous solution
concentration resulted in a decrease in both the thickness of MX-
ene and its coverage on the substrate. The thickness and surface
characteristics of MXene were analyzed using AFM, as depicted
in Figure S3 (Supporting Information). The thickness of the MX-
ene layer was measured at coverages of 50, 60, 90, and 100%. The
average values for each concentration were found to be 0.3, 1, 0.5,
and 1.2 nm, respectively, while the baseline values were recorded
as 0.4, 0.9, 0.8, and 1.7 nm. The thickness of a single layer of MX-
ene was ~1.6 nm, indicating effective surface coverage with min-
imal agglomeration. Optical properties exhibited variations cor-
responding to changes in the thickness and coverage of MXene,
as illustrated in the Raman analysis results (Figure 4d—f). As the
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Figure 3. a) UV-vis absorption spectra of R6G in a water solution. b) Comparative analysis of UV-vis absorption spectra between MXene and 1076 M
R6G with MXene. c¢) Comparative Raman spectra of MXene spin-coated onto flat Si/SiO, and Si/SiO, trench with line widths of 40 nm and depths of
50, 80, and 100 nm. d) Dielectric functions of MXene layers. The left (red) and right (blue) axes represent the real and imaginary parts of permittivity,
respectively. The black dashed line indicates the wavelength of the excitation light source.

coverage of MXene coated on the SiO, substrate increased, the
intensity exhibited an upward trend. However, the intensity sub-
sequently decreased as both coverage and layer increased beyond
60%. As the edge portion of the MXene flake expanded, the Ra-
man intensity increased. In Figure S4 (Supporting Information),
the total length of the MXene flake edge exhibited an increase up
to a coverage of ~ 50%, followed by a sharp decrease after reach-
ing 60%. However, beyond a certain coverage, a sharp decrease
occurred, notably from above 100% coverage, indicating that each
MXene flake can function as an individual structure, and the ob-
served plasmonic enhancement in the MXene-based substrate is
strongly correlated with its edge effect. To further investigate the
above phenomenon, the edge length was checked according to
MZXene coverage. These findings align with the observed pattern
in Raman intensity by coverage. This shows that the electromag-
netic mechanism effect caused by the plasmonic effect occurring
at the edge of MXene has a dominant influence on the SERS ef-
fect in single-flake MXenes rather than the chemical mechanism
caused by the ligand present on the surface of MXene.

A line & space 3D structure (trench substrate) was formed
on a Si/SiO, substrate using an ArF scanner, and the concen-
tration of MXene was adjusted to achieve varying coverage and
thickness. The 3D structure was formed with a line width of
40 nm and depths of 50, 80, and 100 nm. In Figure 5a, Ra-
man measurements were conducted to observe changes in Ra-
man intensity corresponding to the depth of the trench sub-
strate. The measurements were performed under consistent MX-
ene coverage conditions, using R6G (107 m) as an indicator.
SEM images of MXene coated on trenches with different thick-
nesses (40 nm/100 nm) are presented in Figure S5 (Supporting
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Information). The measured Raman intensity increased propor-
tionally with the depth of the trench mold. Notably, the enhance-
ment factor (EF) on a substrate with a depth of 100 nm was
~5 times higher than the Raman intensity in a flat structure.
When compared to highly sensitive, commercially available 3D
Au SERS substrates as a reference, our developed SERS sub-
strates exhibited even higher optical enhancement. The EF value
for the sample with the 40 nm/50 nm depth was nearly equiva-
lent to that of the commercially available 3D Au SERS substrates,
whereas the EF value for the 40 nm/100 nm depth sample ex-
ceeded it by 1.5 times (Figure 5b). To ascertain the limit detection
of R6G at the highest EF depth of 100 nm and to validate the lin-
earity of Raman intensity concerning R6G concentration, Raman
spectra were examined at R6G concentrations ranging from 10~*
to 1071 M (Figure 5¢,d). Under the same MXene coverage, it was
confirmed that the Raman intensity exhibited linear growth with
increasing R6G concentration, and detection was viable even at
an R6G concentration as low as 107! m (Figure 5d). The Ra-
man intensity according to the coverage of MXene coated on the
trench substrate is shown in Figure 5e. The Raman shift of MX-
ene coated on the trench mold at varying coverages is illustrated
in Figure S6 (Supporting Information). Similar to flat substrates,
high EF values were observed when MXene coverage ranged
from 40 to 60%, surpassing three times the EF values of flat sub-
strates. The trench substrate played a pivotal role in forming a
more robust hot spot at the edge of a single flake of MXene, in-
creasing the local surface area of MXene by enhancing its surface
roughness. Moreover, the increasing trench depth introduced ad-
ditional effects such as reflected waves from the light source, con-
tributing to higher EF values at appropriate depths. The trace
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Figure 4. a) Comparative Raman spectra acquired from 107% M R6G on SiO, and MXene flat substrates. b) Raman spectra of R6G with altered con-
centration (1077-10* m) on MXene (80% coverage) flat substrate. c) Representative SEM images of MXene with different surface coverage on Si/SiO,
substrate. d) Raman spectra of 107 M R6G on MXene with varied coverage (20~ >100% (3 layers)). Evolution of Raman intensities of R6G peaks at

e) 611 and f) 1361 cm™" as a function of MXene coverage.

detection of methylene blue (MB) was further validated by us-
ing the comparative Raman spectra of MB adsorbed on Si/SiO,
and MXene with flat Si/SiO, and Si/SiO, trench (100 nm depth)
substrates, as displayed in Figure S7 (Supporting Information).
On the MXene-coated flat Si/SiO, substrate, the Raman modes
of MB were detectable, demonstrating the inherent SERS activ-
ity of MXene. However, the most significant enhancement was
observed on the MXene-coated Si/SiO, trench substrate, where
the Raman intensity of the MB peaks was markedly higher at ~
1395 and 1623 cm™!. This confirms the effectiveness of our 3D
trench nanostructures in enhancing the SERS signal for different
chemicals, demonstrating the universality and practical applica-
bility of the MXene-based SERS platform. Figure 5f displays the
outcomes of a four-week reliability test conducted at 60% MXene
coverage. The Raman intensity measured four weeks after the ini-
tial application of R6G (10~¢ M) showed no significant difference,
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indicating that MXene coated on the Si/SiO, trench substrate ex-
hibited a reliability duration of 4 weeks.

2.3. Analysis of Electromagnetic Mechanism in Raman
Enhancement

To comprehend the underlying electromagnetic mechanism in
the Raman enhancement of MXene, the electric field EF for a
single-layer MXene flake on top of various substrate geometries
was calculated. To reveal the mechanism of observed Raman sig-
nal enhancement as a function of coverage, electric field EF for
the surface and edge of the MXene flakes were computed sep-
arately. The electric field EF exhibits weak dependence on the
lateral dimension of flakes (Figure S8, Supporting Information),
indicating that the contribution of plasmonic enhancement to
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Figure 5. a) Substrate-dependent Raman spectra of 10® M R6G adsorbed on MXene. b) EF of 10% m R6G according to substrate type. ¢) Raman
spectra observed at varying concentrations of R6G on Si/SiO, trench substrates with a line width of 40 nm and a depth of 100 nm. d) Raman spectra
corresponding to different R6G concentrations with flat Si/SiO, and Si/SiO, trench substrates. e) Comparative analysis of Raman intensity between flat
Si/SiO, and Si/SiO, trench substrates. f) Temporal evolution of the Raman spectra of 1076 M R6G on MXene trench substrate.

electromagnetic mechanism in Raman enhancement could be
treated separately. Each EF is derived from the electric field EF
weighted by surface area to account for the area-dependent rel-
ative strength of each contribution, as shown in Figure 6a. To
quantify the edge contribution, the effective surface area was de-
fined as the product of the boundary length obtained from SEM
images and 1 nm, which is comparable to the lateral size of R6G
molecules. This effective surface area is validated by the sparse
distribution of adsorbed R6G molecules on the surface and edge
of the MXene (Figure S9, Supporting Information). Figure 6b il-
lustrates that the total EF is well matched to the observed Raman
signal enhancement, indicating the primary contribution to Ra-
man signal enhancement originates from the strongly confined
edge plasmon of MXene flakes.

To better understand the remarkable properties exhibited by
the trench structure, we compared the electric field distribution
of flat and 40 nm/100 nm substrate structures for transverse
magnetic polarized incident light, as shown in Figure 6¢. Simi-
lar to conventional plasmonic field confinement,38 the electric
field is greatly intensified at the edges of the MXene flakes due
to charge accumulation (edge plasmons). Compared to the flat
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substrate, the edge plasmon of MXene on top of the trench sub-
strate provides stronger electric field enhancement. Additionally,
periodic permittivity perturbation induced by SiO, posts leads to
plasmonic hot spots and an increase in the active surface area.[*!
The calculation of the EF dependent on trench depth aligns well
with the observed Raman signal enhancement, which arises from
the interference between incident and reflected light at the inter-
face of SiO, and Si layers.[*!] Trench depth alters the optical path
length of reflected light, resulting in fluctuations in the EF due
to alternating electric field strengths at the surface of the MX-
ene, which depends on the degree of constructive interference
(Figure 6d).

2.4. Enhanced Photodetection with Nanostructured MXene

To unveil the surface plasmon effects of MXene films on the
photoelectrical performance, broadband photodetectors based on
MXene films on flat Si/SiO, substrates and partially freestanding
MZXene films on Si/SiO, trench were fabricated. To form electri-
cal contacts for two-terminal photodetectors, 3 nm-thick Cu and
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Figure 6. Calculated electric field EF for a) each individual contribution and b) the total contribution. c) Electric field distribution comparison between
flat (upper) and trench (lower) structures demonstratmg distinct edge plasmons d) Comparative analysis of EF between flat and trench substrates.

70 nm-thick Au were sequentially deposited on top of the MXene
via thermal evaporation with a shadow mask. The channel length
and width were 50 and 500 pm, respectively. Figure 7a,b illustrate
the surface plasmon-assisted device architecture based on the
MZXene layers. The photocurrent measurement system adopted
for photoelectrical evaluation contains power-tunable visible (4
=532 nm, P = 1437.18 mW cm™) and NIR (1 = 1064 nm, P
= 698.3 mW cm~2) photon sources with a mechanical chopper

(1-4000 Hz) to manipulate the laser frequency. The photocurrent
was gained by subtracting the dark current from the total current
under laser illumination.

Figure 7c—f reveals the time-dependent photocurrent dynam-
ics of the photodetectors based on MXene films on flat Si/SiO,
and Si/SiO, trench substrates at 15 and 1.5 V bias voltages and
chopper frequency of 1 Hz under periodic laser illumination with
wavelengths of 532 and 1064 nm. The precipitous and reliable
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Figure 7. Schematic illustration of the MXene-based photodetectors on a) flat Si/SiO, and b) Si/SiO, trench substrates with a line-width 40 nm and
a depth of 100 nm. Photoelectrical properties of the MXene-based photodetectors under laser irradiation (532 nm) with c) flat Si/SiO, and e) Si/SiO,
trench substrates. Photoelectrical properties of the MXene-based photodetectors under laser irradiation (1064 nm) with d) flat Si/SiO, and f) Si/SiO,
trench substrates. g) Plots of photocurrents and photoresponsivities of the MXene-based photodetectors based on flat Si/SiO, and Si/SiO, trench

substrates.
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photon-stimulated photocurrent switching behavior is distinctly
discernible under repeated illumination, irrespective of the sam-
ple and laser wavelength, demonstrating excellent reliability and
reversibility of the photodetectors. The photocurrents yielded
from the photodetectors based on MXene films on Si/SiO, trench
are assessed to be 73 (532 nm) and 73 pA (1064 nm), respectively,
which are 26 and 20 times higher than those of the photodetector
based on MXene films on flat Si/SiO, (2.8 (532 nm) and 3.6 pA
(1064 nm)), as displayed in Figure 7g and Figure S10 (Supporting
Information).

Detailed photodetector performance, such as photoresponsiv-
ity, detectivity, external quantum efficiency (EQE), and response
time were summarized in Table S1 (Supporting Information).
The photodetectors based on partially freestanding MXene
on Si/SiO, trench exhibit evident broad photoresponse in
the range of 532 (visible) -1064 nm (NIR), high photorespon-
sivity (0.2 A W!@532 nm and 041 A W!'@1064 nm),
detectivity (2.5 x 107 cm-Hz!Y2 W !@532 nm and
5.1 x 107 cm Hz!'? W '@1064 nm), EQE (47.3% @532 nm
and 48.7%@1064 nm), and response time (212@532 nm
and 207 us@1064 nm). The developed photodetector exhibits
significantly improved response time and photoresponsivity
characteristics, surpassing those of previously reported Ti,C,
MXene-based photodetectors. Moreover, it demonstrates su-
perior optical properties, extending into the NIR range, when
compared to photodetectors based on other compositions of
MXene (Table S2, Supporting Information). In addition, we
ascertained the -V characteristics under dark state, verifying in
sample-independent ohmic behavior and discernible enhance-
ment of current for partially freestanding MXene on Si/SiO,
trench (Figure S10, Supporting Information).

The photoresponse of 2D MXene is principally governed by its
surface plasmon-assisted energetic hot carriers. The 2D MXene
films consisting of the flakes possess a high density of edges and
nanometric gaps, which motivates the relaxation of plasmonic
momentum constraints for boosting hot electrons generation.!!!]
Simultaneous enhancement of photoelectrical performance and
electrical conductivity for partially freestanding MXene films on
Si/SiO, trench is indeed attributable to enhanced photoexcited
electron transitions. The electrons are stimulated by amplify-
ing surface plasmonic effects of partially freestanding MXene by
adopting Si/SiO, trench and exclusion of active charge trapping
sites.

3. Conclusion

In this study, we aimed to unleash the potential of the plas-
monic utilization of 2D MXenes across various optical domains
through the incorporation of 3D trench nanostructures produced
via the nanofabrication process. Particularly, we endeavored to
gain profound insights into the plasmonic light amplification
phenomenon occurring at extremely thin thicknesses of MXenes
through MXene’s interaction with nanostructures. At the sub-
monolayer level, MXene generated more hot spots due to the in-
fluence of the edge area, which greatly contributed to the plas-
monic phenomenon of MXene itself. In addition, the 3D trench
structure used as a substrate not only formed a small gap be-
tween MXene and the substrate, leading to the formation of more
hot spots, but it also induced a larger plasmonic effect due to the
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light-focusing effect from the structural features. SERS analysis
revealed that Raman intensity increased up to #60% coverage
of MXene, reaching its maximum value, and subsequently de-
creased with increasing coverage and thickness of MXene. The
depth of the SiO, layer in the substrate (flat, 50, 80, 100 nm)
influenced Raman intensity, showing an increase with greater
depth. Under the condition of MXene 50% coverage on a sub-
strate with a depth of 100 nm, the EF value showed an aver-
age value of 2.8. Furthermore, MXene-based transducers for the
surface plasmon-driven broadband photodetection were realized
by utilizing the nanostructured MXene deposited onto dielec-
tric trenches. The extracted photo-responsivities at 532 (visible)
and 1064 nm (NIR) of the MXene-based photodetectors corre-
sponded to 0.2 and 0.41 A W= at 0 V, respectively. The calcu-
lated electric field EF of flakes on both flat and trench substrates,
based on finite element method calculations, indicates that the
trench structure shows a higher surface and edge plasmonic elec-
tric field enhancement. We confirm that the observed signal en-
hancement, both in the sub-monolayer coverage of MXene flakes
and in the 3D trench nanostructures, mainly originates from the
strong electric field confinement caused by edge plasmons.

4. Experimental Section

Fabrication of 3D Trench Nanostructures: The fabrication of 3D trench
nanostructures commenced with the thermal growth of a 100 nm thick
silicon dioxide (SiO,) layer on a silicon wafer. Following this, consec-
utive deposition steps were carried out, including the application of a
200 nm thick amorphous carbon layer (ACL) and a 20 nm silicon oxyni-
tride (SiON) layer, accomplished using plasma-enhanced chemical vapor
deposition (PECVD). Subsequently, a 20 nm thick bottom anti-reflection
coating (BARC) layer and a 90 nm thick photoresist (PR) layer were spin-
coated onto the substrate. Photolithography techniques were then applied
to define a desired 40 nm wide pattern on the PR layer. The subsequent
phase involved dry etching processes to selectively remove the exposed
BARC, SiON, ACL, and SiO, layers. Finally, the remaining ACL layer was
eliminated through O, plasma treatment. This comprehensive procedure
yielded precisely controlled trench nanostructures on the Si wafer sub-
strate, setting the stage for further applications involving Ti; C, T, MXene.

Fabrication of MXene-Based SERS Chips:  Ti3;C, MXene was synthesized
as described previously.[*?] The synthesized MXene was prepared by ad-
justing the concentration, and the coverage and thickness were controlled
by spin coating conditions. At this time, spin coating was performed at
3000 rpm for 1 min, and MXene concentration was set to 0.1-3 mg ml=T.
It is difficult to obtain a uniform surface due to the agglomeration of MX-
ene during spin coating. Therefore, to increase the bonding strength be-
tween the substrate and MXene, after washing with ethanol, acetone, and
isopropyl alcohol, plasma cleaning (Air, 100 W, 10 min) was performed,
and then a 50:1 mixture of acetone: APTES was used. The surface was
treated by stirring at 350 rpm for 1 min. The surface-treated substrate had
improved bonding strength with MXene, reduced agglomeration, and in-
creased yield during spin coating. For coating samples of each MXene
concentration, 7 pl of R6G was applied per 1 mm? and then completely
dried at room temperature. Raman was analyzed to evaluate the SERS per-
formance of the prepared sample. At this time, the Raman measurement
conditions of layer power, scan time, and points were 4 mW, 500 ms, and
16 points respectively.

Fabrication of Nanostructured MXene-Based Photodetectors: A two-
terminal photodetector-based on MXene was fabricated on 300 nm-thick
SiO, /Si with Cr (3 nm)/Au (70 nm) electrodes patterned by thermal evap-
oration through a shadow mask, in which the channel length and width
correspond to 50 and 500 um, respectively. The SiO,/Si trench devices
with MXene are fabricated using the same process. The photoelectrical
properties of the MXene-based photodetector were evaluated in air using
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a Keithley 2612B source meter at room temperature. The wavelength of
the excitation laser sources were 532 and 1064 nm. A mechanical chopper
was utilized to manipulate the laser frequency.

Optical Simulation: Commercial finite element method software
(COMSOL Multiphysics) was used to calculate the electric field distribu-
tion and electric field EF of the MXene flakes positioned on top of both
flat and trench substrates. The dielectric function of MXene was obtained
from ellipsometry data of fully covered MXene film. The electric field EF
of MXene was obtained by calculating the maximum value within a spa-
tial range from the surface of MXene. The spatial range was set to 1 nm,
which is comparable with the molecular size of R6G. To calculate the total
EF as a function of coverage, the EF of the surface region and boundary
region was weighted by effective surface area (EF x Effective surface area).
The boundary area was estimated as the product of boundary length and
calculation length (1 nm).

Characterization: UV-vis absorption spectroscopy was employed to
characterize the optical properties of the synthesized MXene and R6G.
Absorbance measurements were conducted in the wavelength range of
300 to 800 nm. A broadband, indicative of the z-plasmon of MXene,
was observed at 750 nm, while the absorption peak of R6G was identi-
fied at 527 nm. The structure of the coated MXene was analyzed using
SEM (Hitachi). The coverage and thickness of the MXene coating var-
ied with the concentration of the MXene aqueous solution, ranging from
10 to 100%. SEM imaging revealed MXene flakes with an average size of
1.84 + 0.63 um.

Supporting Information

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