
rsc.li/nanoscale-advances

Nanoscale
 Advances

rsc.li/nanoscale-advances

ISSN 2516-0230

Volume 1
Number 1
January 2018
Pages 1-200Nanoscale

 Advances

Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  B. Favelukis, B.

Ratzker, R. Miyar, J. Jopp, A. Upcher, P. Shekhter, N. maman and M. Sokol, Nanoscale Adv., 2025, DOI:

10.1039/D4NA00983E.

http://rsc.li/nanoscale-advances
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d4na00983e
https://rsc.66557.net/en/journals/journal/NA
http://crossmark.crossref.org/dialog/?doi=10.1039/D4NA00983E&domain=pdf&date_stamp=2025-02-07


Without a Grain of Salt: Micropatterning Clean MXene Thin-Film Electronics

Bar Favelukis1, Barak Ratzker1, Rebeca Miyar1, Jürgen Jopp2, Alexander Upcher2, Pini 
Shekhter3, Nitzan Maman2, Maxim Sokol1,*

1 Department of Materials Science and Engineering, Tel Aviv University, P.O.B 39040, Ramat Aviv 
6997801, Israel
2 Ilse Katz Institute for Nanoscale Science and Technology, Ben-Gurion University of the Negev, P.O.B 
653 Beer-Sheva 8410501, Israel
3 Tel Aviv University Center for Nanoscience and Nanotechnology, Tel Aviv University, P.O.B 39040, 
Ramat Aviv 6997801, Israel

Abstract

MXenes exhibits remarkable electrical, mechanical, and thermal properties, positioning them 
as strong candidates for high-performance electrodes and interconnects. Deposited 2D 
MXene thin-films suffer from a persistent issue of crystalline salt residues that originate from 
dissolved intercalation salts used for the exfoliation process during synthesis. These 3D salt 
residues can cause issues during further nanofabrication processing and be detrimental to 
integrated device performance. This study introduces a 3-step approach involving spin-coating 
deposition, HCl spin-cleaning, and lift-off. Rigorous morphological characterization of the 
patterned MXene was performed, confirming that the spin-cleaning step effectively removed 
all halide salt residues. Transparent sub-10 nm-thick MXene thin-film electrodes, down to a 
width of 5 µm with ~1.5 µm resolution, were produced. The electrical properties were probed, 
showcasing exceptional conductivity (~1350 S/cm for a 50 µm-wide electrode), with high 
photosensitivity at the MXene–Si junction. The proposed method yields clean patterned 
MXene thin films, enabling easier integration of MXene or other 2D materials into future 
microelectronic devices.

Keywords: Ti3C2Tz MXene; HCl; spin-coating; lithography; microelectronics

1. Introduction

Technological advancements and device miniaturization in microelectronics continuously 
push the limits of current materials capabilities1. As integrated circuits become more powerful 
or feature smaller components, conventional metal interconnects face significant challenges, 
including high resistivity, electromigration, and reliability issues2. The need to replace 
traditional metal electrodes and interconnects is driven further by the demand for transparent, 
flexible, and wearable electronics. A promising solution is the thin-film deposition of 2D 
inorganic materials for next-generation electronics3. Currently, most low-dimensional 
electrode materials face significant challenges related to high synthesis temperatures and 
limitations in scalable manufacturing4–7.
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MXenes, an emerging diverse family of 2D transition metal carbides/nitrides, are a promising 
alternative to overcome said challenges8–10. The synthesis of MXene involves selectively 
etching the "A" element out of the MAX phases to form the general formula Mn+1XnTz (n=1-4), 
where "M" is an early transition metal, "X" represents carbon or nitrogen, and "Tz" represents 
surface terminations, usually -O, -OH, or -F11. Colloidal solutions of single-layer MXene are 
prepared by exfoliation of multilayer MXene intercalated with halide or organic salts (e.g., LiF, 
LiCl, TMAOH, etc.) during or after etching11. 

Unlike other 2D materials, MXene can be synthesized in large batches and directly exfoliated 
into a colloidal solution, simplifying processing scalability and avoiding complex surface 
modification requirements12,13. MXenes are known for their high electrical conductivity and 
have been shown to withstand high breakdown current densities (~1.2‧108 Acm-2) 2. Another 
advantage is the tunability of their work function, for example Ti3C2Tz can exhibit a work 
function ranging from 3.9 to 4.8 eV, depending on surface terminations14,15. Precisely 
controlling the thickness of the deposited MXene thin films (<20 nm) enables fabrication of 
transparent microelectronic components with high conductivity16,17. To realize MXene-based 
microelectronics a variety of deposition methods can be employed18. MXene deposition can 
be performed using spray coating19, dip coating20, blade coating21, inkjet printing22, and spin 
coating22,23. Followed by patterning techniques such as reactive ion etching24, deposition over 
a photoresist and subsequent lift-off25–27, and microscale contact printing28.

The deposition of MXene films requires using MXene colloids that contain unavoidable traces 
of dissolved halide salts (used for intercalation)11. Therefore, once the MXene colloid dries up, 
salt residues always crystallize on the MXene films16,18,26,29–31. This issue is currently 
overlooked as the salt residues sit on top of the film and have a negligible effect on the 
performance of the MXene itself. However, the presence of salt residues will present 
challenges for future integration of MXenes with other materials in more complex integrated 
2D microelectronic systems. The salt crystals 3D structure obstructs 2D layered construction 
and their high volatility can be extremely detrimental during nanofabrication processes at 
elevated temperatures31. In addition, alkali metal (e.g., Li) and other contaminations (e.g., F) 
can alter desired electronic properties and even lead to catastrophic failure of the electronic 
device31. Therefore, integrating a step to eliminate salt residues during the fabrication process 
is imperative.

Previous studies have demonstrated deposition and patterning of MXene films24,25,27,28,32–34, 
however almost none have addressed the issue of salt residues35. In addition, lift-off related 
morphological defects, nor the electrical properties of microscale features have only been 
superficially addressed18. Herein we demonstrate an effective spin-coating fabrication process 
for MXenes that involves a subsequent salt removal step by spin cleaning using HCl. The 
microstructure of the obtained MXene micropatterned features were characterized in-depth 
and the microscale electronic properties were assessed.

2. Experimental section

2.1 Materials synthesis

2.1.1 MAX phase

Ti3AlC2 powder was synthesized through a liquid-phase reaction. Titanium carbide (TiC 
99.5%, Alfa Aesar), titanium (Ti 99.7%, Strem), aluminum (Al 99.7%, Strem) powders were 
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mixed in a ratio of 2:1:1.1 and tumbled in a 50 ml centrifuge tube with stainless steel balls at 
200 rpm for 18 h. The mixed powders were then cold pressed in a 200 mm die at 1.5 tons, 
and the resulting pellet was placed in an alumina crucible. The pellet underwent heat treatment 
in a tube furnace at 1500 °C for 3 h, with a heating rate of 5 °C/min, under an Ar pressure of 
200 sccm. Following the heat treatment, the pellet was ball-milled at 1800 rpm for 5 min and 
subsequently ground and sieved resulting in a ≥300-mesh powder. 

2.2.1 MXene 

Ti3C2Tz MXene was synthesized by selectively etching the Al layer from the Ti3AlC2 MAX 
phase precursor. The acid solution was prepared by dissolving 1.6 g of lithium fluoride (LiF 
99%, Strem) in 20 ml of Hydrochloric acid 10.2 M (HCl 32%, Bio-Lab) in a high-density 
polyethylene vial with a magnetic stirrer. Then, 1 g of MAX powder was slowly added to the 
solution. The etching process was carried out while being held at 45°C in an oil bath for 24 h. 
After the etching process, the mixture was centrifuged at 3500 rpm, twice 0.5 M HCl followed 
by several times in DI water until the pH reached 6 (and the multilayer MXene became 
suspended). To exfoliate the MXene the suspension was then sonicated in an ultrasonic bath 
for 1 h while being kept at 15°C to prevent heating. After sonication the suspension was 
centrifuged at 3500 rpm for 30 min to separate any unexfoliated sediment. The MXene 
colloidal solution was bubbled with N2 and stored at 4°C. 5 ml of the colloid was dried and 
weighed to determine the MXene load which was roughly 11 g/l.

2.2 MXene deposition and patterning 

Various substrates were prepared for MXene coating. A sapphire wafer (c-plane sapphire EPI 
ready, Semiconductor Wafer Inc., SWI), microscope glass slide (1-1.2 mm, Huida Medical 
Instruments Co.,Ltd), and Si wafer (100 n-type p-doped 1-100 Ωcm, University wafers) were 
diced into 8×8 mm square substrates using a dicer (Disco DAD 3350). In addition, n-type Si 
wafers with developed photoresist (AZ1518 MicroChemicals) were diced into 1×1 cm squares 
substrates. Following dicing all the substrates were sonicated in DI water for 7 min to remove 
any dicing residues. Before coating, the sapphire, glass, and Si were cleaned with piranha 
solution 1:3 H2O2/H2SO4, respectively, (H2SO4 98% SDFCL, H2O2 35% ThermoFisher 
Scientific) and the and Si wafers with developed photoresist were cleaned with diluted piranha 
solution (1:3 piranha/H2O) for 15 min, then rinsed in DI water and dried with compressed N2. 
MXene solutions with loading between 0.1 and 7 g/l were prepared and spin-coated on the Si 
substrates at 2000 or 3000 rpm for 90 s using spin-coater (Specialty Coating Systems, INC 
Spincoater Model P6700). The sapphire and glass substrates were spin-coated with MXene 
solutions of 7 g/l at 2000 rpm for 90 s. Residual salt removal was done by dripping 100 µl of 
0.5 M HCl on the coated substrate over the span of 5 s while it stayed on the spin coater. The 
HCl together with the dissolved salt residues were removed by spinning at 2000 rpm for 90 s. 
The photoresist lift-off was done by acetone while spinning at 2000 rpm, followed by 80 s for 
drying.

2.3 Characterization

X-ray diffraction (XRD) measurements were performed on the precursor MAX phase powder 
and vacuum-filtered free-standing films 3 to 85 2θ in 0.02° steps using a Malvern Panalytical 
Aeris diffractometer with CuKa radiation. X-ray photoelectron spectroscopy (XPS) 
measurements were performed using ESCALAB QXi (Thermo Scientific, USA). High 
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resolution spectra were collected with a pass energy of 20 eV. Valence and cut-off spectra 
were collected with a pass energy of 5 eV and a bias of -5 V to allow for better energy 
resolution and clear measurement of the work function. MXene coatings and patterns were 
observed by optical microscopy (Motic SMZ 171) and closely examined by high-resolution 
scanning electron microscopy (HRSEM) at 2 kV (ZEISS Gemini 300). The size distribution of 
residual salt particles on deposited MXene films were analyzed by image analysis using 
ImageJ software. Energy-dispersive spectroscopy (EDS) analysis (Bruker X-Flash 6/60) at 15 
kV was performed on deposited MXene films without HCl spin-cleaning using the same 
HRSEM. A thin lamella containing two regions of interest (ROI) from a 15 µm-wide electrode 
cross-section was prepared by dual beam focused ion beam (FIB; FEI Helios G4 UC). To 
protect the ROI surface from the ion beam and enable uniform preparation they were covered 
by 500 nm thick electron deposition of platinum followed by 3 µm ion deposition of tungsten 
covering the whole area. The lamella was examined using a probe Cs-corrected (S-CORR) 
scanning transmission electron microscope (STEM) (Thermofisher Spectra 200) operating at 
200 kV. Atomic force microscopy (AFM) measurements were performed using the MFP-3D-
Bio system from Asylum Research/Oxford Instruments. The measurements utilized an 
AC160TS probe (f0 = 300 kHz, k = 26 N/m, nom.) from Olympus, and AC mode was used with 
a free amplitude (A0) set to 2.34 V (or 200 nm). The setpoint amplitude (As) was set to 1.423 
V (or 125 nm, which is approximately 63% of A0). The operating frequency (f) was 283.70 kHz 
<f0. The in-line transmittance of the glass and MXene-coated glass were measured between 
the wavelengths of 300-1800 nm by a spectrophotometer via a 5 mm aperture (Agilent Cary 
5000).

2.6 Electrical measurements

The electrical resistivity and sheet resistance of the pristine n-type Si wafer and uniform 
MXene coating on sapphire and glass was determined by measuring the voltage induced by 
applying currents between 10-100 µA and 1-10 mA by a four-point probe (Lucas Labs 302, 
probe distance 1.016 mm) using a 6221 Keithley current source and 2001 multimeter. The 
measurements were carried out in ambient conditions.

The electrical resistivity of the patterned MXene electrodes was measured using an electric 
probe system (Keithley 4200A I-V/C-V) with a four-point probe configuration (probe distance 
0.2 mm) using the same Keithley instruments. All measurements were repeated several times 
at different locations. The MXene–Si Schottky junction diode I-V curve characterization was 
performed using the same Keithley unit with a 2-point probe configuration and 0.04 V steps. 
The I-V curves were measured under various white LED illumination intensities ranging 
between 270-4330 lx determined using a digital LED light meter (HABOTEST HT620L). The 
illuminance Lux values were converted to irradiance according to 1 lx = 0.0028 W/m2 based 
on measurements on white LED36. The measurements were carried out in ambient conditions 
in a cleanroom. All the measurements were repeated while changing the probe placements 
on various electrodes for validation.

3. Results and Discussion

3.1 MXene deposition and patterning

3.1.1 Thin-film deposition
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The basic characteristics of the MAX phase precursor and the synthesized MXene are shown 
in the Supplementary Information (SI) (Fig. S1). The control over the spin-coated MXene 
coverage was achieved by adjusting the MXene solution concentrations and rpm (Fig. S2 and 
S3). The MXene coverage improved slightly at a lower spin speed. The distribution was even 
across the wafer besides the considerable accumulation at the rectangular die corners (Fig. 
S4). The most influential factor governing coverage is the MXene solution concentration. 
Above a concentration of 3 g/l, the MXene films start to become continuous. Increasing 
concentration also results in the presence of more abundant and larger salt residues on the 
deposited MXene (Fig. S5). Optimal uniform thin-film formation (>99 % coverage) was 
achieved using a MXene solution concentration of 7 g/l, spun at 2000 rpm. These specific 
MXene spin-coating parameters were consistently employed for all subsequent experiments 
conducted in this study.

3.1.2 Removal of salt residues

Micropatterned MXene thin films using photolithography–lift-off based techniques was 
achieved by a simple three-step method (Fig. 1a-c), resulting in clean MXene patterns with 
few-micron resolution in a streamlined procedure without removing the substrate from the spin 
coater. After the spin coating deposition many salt residues are observed (Fig. 1d). EDS 
confirmed that these residue particles contain only F (Fig. S6) and are therefore assumed to 
be LiF. Following the HCl spin-cleaning treatment all salt residues, ranging in sizes of ~10-
500 nm, were removed (Fig. 1g). Note that the bright white spots are LiF and what remains 
after the cleaning process are just wrinkles in the MXene. The HCl dissolves the 
submicron/nano salt particles and is spin dried without any residue accumulation. Since 
MXene cannot be exfoliated in an acidic solution37 the film remains intact and unaffected after 
HCl application. To date, most of the studies that demonstrated fabrication of intricate 
microelectronic MXene thin-film components employ methods that involve low-concentration 
solutions such as spray coating and dip coating which are difficult to use in large scales18. The 
HCl spin-cleaning treatment offers high throughput and scalability by enabling MXene 
deposition with very high concentration colloidal solutions that are produced with less scrutiny 
and contain more salt impurities. This approach could be implemented for other 2D materials 
synthesized by intercalation and exfoliation3,34,38.

3.1.3 Patterning by lift-off

MXene deposits over both the Si and photoresist in an isotropic manner. Using the diluted 
piranha treatment the Si becomes more hydrophilic in comparison to the photoresist, resulting 
in full coverage of the Si whereas the photoresist remains partially exposed (Fig. 1e,f and Figs. 
S7-8a,b). This allows for a simple removal of the photoresist and in turn enables a clean lift-
off process. This final step of the removal of the photoresist is done directly on the spin-coater 
using acetone, allowing for a seamless and facile process, yielding patterned MXene 
electrodes (Fig. S7 and S8). Following the lift-off step, folds 1-2 µm wide can be observed at 
the edges of the MXene films (Fig. 1h,i). The width of the folds matches the thickness of the 
photoresist. Performing the lift-off step directly on the spin-coater results in a more controlled 
and uniform folding as compared to lift-off without spinning (Fig. S9). The resolution limits in 
these processes are defined by the photoresist thickness and the average size of the MXene 
flakes. We demonstrated this process is effective at wafer-scale, at least up to a diameter of 
4” (Fig. S10).
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Fig. 1 Three-step process of MXene deposition, salt removal, and thin-film patterning. Schematic 
illustration of the process steps (a) MXene spin coating over patterned photoresist, (b) salt residue 
removal by HCl spin-cleaning, and (c) lift-off of the photoresist on the spin coater. SEM images of 
MXene thin film (d) before and (g) after HCl spin-cleaning. MXene coating on Si and developed 
photoresist showing a (e) corner and (f) electrode edge, exposed photoresist is indicated by blue 
arrowheads. MXene patterns after photoresist removal (lift-off) of similar (h) corner and (i) electrode 
edge. Folding and wrinkling is present at the edges where the photoresist used to be, as indicated by 
yellow arrowheads.

3.3 Morphological characterization of patterned MXene thin films

Lift-off of MXene thin-films creates some noticeable features in the outline of the patterns (Fig. 
2a,b,c), associated with the nature of the 2D flake morphology. (1) Standing vertical films of 
MXene can be observed at the corner edges of patterns (Fig. 1i and 2a). (2) Distinct large 
wrinkles, oriented in parallel to the MXene pattern edge, persist along both sides of the 
patterned electrode (Fig. 2b and Fig. S9g,h). These wrinkles manifest where the edge of the 
photoresist used to be (Fig. 1 and Fig. S9). (3) Spill-out or inside-folding of individual flakes is 
intermittently observed (Fig. 2b,c). The lateral size of these defects is usually 1-1.5 µm. We 
suggest that optimizing the photoresist type and height will alleviate or eliminate most of these 
imperfections. As the formation of the edge imperfections like walls, folds, or spill-outs are 
sensitive to the photoresist type, thickness, and lift-off process. Ultimately, the patterning 
spatial resolution will be dictated by the size of the MXene flakes. Another consistent feature 
that is not associated with the lift-off is shallow homogenous ripples in the MXene flakes, which 
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can be observed at high magnifications (Fig. 2c). Despite the common occurrence of ripples 
in deposited MXenes, the physics behind them is still not fully understood39. 

The relatively large wrinkles are not typically found in MXene films formed by other means and 
can reach a height of up to ~60 nm (Fig. 3d), while being only ~10-20 nm wide, owing to the 
flexibility of MXene flakes40. Since the large wrinkles or vertical walls exhibit a large height-to-
width aspect ratio, they can perhaps be utilized to study fundamental nanoscale effects for 
development of optoelectronics, biosensors, energy storage, and more41. 

The MXene thin film is formed by tiling and intersections of MXene flakes. The intersections 
between adjacent MXene flakes form line defects that resemble edge dislocations (Fig. 3f). 
These defects act as “grain boundaries” in the MXene film and increasing flake size enhances 
electrical conductivity40. Therefore, optimizing the flake size in the case of lift-off-based 
patterning poses a trade-off between improving electrical conductivity or patterning lateral 
resolution which will be better with larger and smaller flakes, respectively.

Fig. 2 MXene thin-film pattern imperfections. (a) SEM image of vertical MXene flakes at outlining 
the edge of a 15 µm electrode, the whole edge area is shown at lower magnification in the insert. (b) 
SEM image of a 5 µm electrode demonstrating spill outs and back folding of flakes, insert shows a 
zoom-in on a back-folded flake. (c) High-resolution SEM image showing the folds of relatively large 
wrinkles, small homogenous ripples in the MXene flakes, and spill-out of a few flakes at a pattern edge. 
(d) STEM images of the MXene thin-film cross section showcasing (d) a typical large wrinkle fold at the 
edge of a pattern, (e) typical section overlayed with EDS mapping of O (blue), Si (red) and Ti (yellow), 
and (f) high-resolution image of MXene line defect formed at flake intersections.

AFM measurements were used to analyze the thin-film thickness distribution, indicating an 
average thickness 3-5 MXene layers (Fig. 3a). The number of layers corresponds with the 
thickness observed for a single layer ~1.5 nm (Fig. 3c), which agrees with the d-spacing of a 
free-standing film determined by XRD (Fig. 2d). This specific thickness depends on the 
termination groups, remaining intercalated lithium ions, and water molecules – factors 
governed by the synthesis method42. The average deposited MXene thin-film thickness is 
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about ~6 nm (Fig. 3b). Further AFM measurements confirm the deposition uniformity by 
sampling a very large area of over ≥1000 µm2 in total (Fig. S11). The AFM scans in high 
vertical resolution confirm the complete removal of the 3D halide salt residues. For the 
patterned electrodes the thickness in the uniform areas was found to be either ~6 or ~7.5 nm 
on average (corresponding to 4 or 5 flakes) (Fig. S11 and S12). This is also corroborated by 
TEM analysis of the cross-section (Fig. S13). Near the edges of the electrodes there is some 
localized increase in thickness up to ~20-40 nm (Fig. 3g,h) and evens out over the span of 
about 5 to 10 µm (Fig. S12). Increased thickness at electrode edges following lift-off is 
expected18. This increased thickness arises from the wrinkles and folds created in MXene 
flakes upon removal of the photoresist walls as discussed above. This may pose some 
limitations to the width of thin-film MXene features with thickness below 10 nm produced using 
this method.

Fig. 3 Analysis of spin-coated MXene thin films thickness. AFM measurements of MXene coating 
of (a) 1×1 and (b) 10×10 µm2 scan area, (b) inset shows a histogram of the thickness with the red and 
blue fits corresponding to 2 and 3 MXene flakes, respectively. (c) Histogram of the thickness of scan 
(a) with the green, red, and blue fits corresponding to 1, 2, and 3 flakes. (d) XRD spectrum as a function 
of d-spacing for a free-standing MXene film made from the coating solution. SEM images of patterned 
MXene electrodes with a width of (e) 5 and (f) 15 µm, and corresponding AFM scans of the (g) 5 and 
(h) 15 µm wide electrodes, that share the same color bar scale.

3.4 Optical and electrical properties

Spin-coating of a ~6 nm thin film of MXene is demonstrated om sapphire and glass dies (Fig. 
4). The sheet resistance of the MXene coated sapphire was measured at 770 Ω/sq (Fig. 4c), 
corresponding to a conductivity of 2164 S/cm. The electrical resistance of MXene films 
depends on multiple factors: the film thickness, MXene stoichiometry, flakes defects, film 
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packing density, and flake size40. The sheet resistance could be increased by enlarging the 
flake size21 but doing so will impact the resolution limit of the deposition after photolithography.

To measure the transparency and repeatability of the MXene coatings, glass substrates were 
coated in single and multiple spin-coating cycles (Fig. 4d). Ti3C2Tz MXene absorbs about ~3 
% of visible light for a single MXene layer16,43. After one spin-coating cycle the film absorbs 
approximately 11.5 % at 550 nm, and each additional cycle consistently absorbs another ~10 
% (Fig. 4d insert), following the expected linear relation of Beer–Lambert law. The absorbance 
band at around ~800 nm is related to the surface plasmon of Ti3C2Tz and the decrease above 
~1400 nm is also typical behavior of this material29. The measured transparency and sheet 
resistance of the spin-coated films agree with values measured for Ti3C2Tz MXene thin films 
of similar thickness21. Overall, the single-cycle spin-coated films exhibit sufficiently high 
transparency (~88.5 % at 550 nm) and high conductivity (>2000 S/cm) for transparent 
electronic applications17. 

Fig. 4 Transparent uniform spin-coated Ti3C2Tz MXene film on sapphire and glass. (a) average 
height of the film corresponding to the area marked in (b), and the matching AFM scan. (c) I-V curve of 
MXene coated sapphire and a photograph of the sample and 4-point probe setup. (d) In-line 
transmittance of MXene coating on glass for up to three spin coating cycles. Inserts show the 
absorbance values at 550 nm and a photograph of uncoated and spin-coated glass after a single cycle.

The electrical properties of the fabricated electrodes and the MXene–Si junction were probed 
to assess the performance of the patterned thin films (Fig. 5). The resistance of 50 and 100 
µm wide MXene electrodes was 3251 and 1372 Ω, respectively (Fig. 5a). The estimated 
conductivities based on the approximate electrodes cross-sections (measured by AFM) are 
~1350 and ~2200 S/cm for a width of 50 and 100 µm, respectively. These values are in good 
agreement with the conductivity of MXene thin films measured by others44. 
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Ti3C2Tz is a metallic conductor with a work function ranging from 3.9 to 4.8 eV, depending on 
the termination groups14. Using XPS45 the work function of our MXene was determined to be 
4.19 eV (Fig. S1d). Due to the selection of the n-type Si and the MXene work function, the 
MXene patterns on Si wafer create Van der Waals Schottky diodes. The diode I-V 
characteristics depend on the electrode dimensions which determine the MXene–Si contact 
area (Fig. 5b). The MXene thin film is transparent to visible light and upon increasing the 
illumination luminous flux from 0.08 to 1.38 mW/cm2 increased the recombination current by 
three orders of magnitude (Fig. 5c). MXene–Si–MXene acts as a 2-terminal planar structure 
metal–semiconductor–metal (MSM) photodetector. The MSM junction I-V characteristic of 
under different illumination intensities exhibits high sensitivity to light under relatively low 
photon flux (0.08-1.38 mW/cm2) (Fig. 5d,e). Although similar observations have been made 
previously by Kang et al.46, it was demonstrated under two orders of magnitude higher flux 
(40-106 mW/cm2). The MXene–Si Schottky diode exhibits a low reverse current of 28 nA at -
100 V (Fig. 5f). The I-V characteristics of the diode were not affected after scanning from -100 
to 50 V. A zoom-in view illustrates the recombination current barrier region (Fig. 5f). Typically, 
making photodetectors requires utilizing transparent semiconductors like indium tin oxide 
(ITO) and ruthenium oxide (RuO) without employing complex fabrication methods involving 
backside illumination32. Alternatively, our method allows fabrication of complex architecture 
transparent diodes by simple MXene micropatterning at room temperature without any high 
vacuum deposition. We show that the patterned film thickness and line dimensions can be 
reduced to several nanometers and ≤100 µm, respectively, without dramatically hindering the 
MXene performance. The resistance of the MXene remains negligible compared to the 
MXene–Si–MXene junction, enabling to easily create transparent MXene electrodes for 
sensitive photodetectors47,48.

Fig. 5 Electrical properties of MXene patterned electrodes on Si. (a) Four-point probe I-V 
measurements of 50 and 100 µm wide electrodes. The insert shows an SEM image of the 
probed region, and the red dots mark the approximate placement of the probes. (b) I-V 
measurements of 50, 100, and 200 µm electrodes serving as Schottky diodes. (c) 200 µm 
MXene diode under different illumination intensities. (d) Voltage measurements across a 
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MXene–Si–MXene junction under different light intensities. (e) Recombination current as a 
function of photon flux for the measurement shown in (d). (f) 100 µm-wide MXene diode I-V 
curve before and after operation at relatively high voltages (-100–50 V). Insert shows a zoom-
in view of the indicated recombination current region. 

4. Conclusions

Spin coating is a standard nanofabrication technique that can be employed for deposition of 
MXene thin films using colloidal solutions. However, the presence of halide salt residues can 
cause problems during ensuing fabrication processes or device operation. Herein, we present 
a straightforward approach for controlled deposition and patterning of extremely thin (<10 nm) 
and halide-residue free 2D MXene features at ambient conditions. The process involves three 
steps: (1) spin coating for MXene deposition, (2) cleaning halide salt residues by HCl spin-
cleaning, and (3) lift-off of a developed photoresist to achieve desired patterns with a lateral 
resolution of ~1.5 µm. The deposition process is repeatable and can be done consecutively to 
achieve targeted film thickness. The patterned MXene was thoroughly characterized by high 
resolution electron microscopy and AFM. The transparent electrodes exhibited conductivities 
of approximately 1300 and 2200 S/m, for a width of 100 and 50 µm, respectively. The MXene–
Si Schottky diode characteristics were assessed and displayed high sensitivity to light under 
a photon flux of 0.08-1.38 mW/cm2. The combination of spin-coating followed by HCl spin-
cleaning to eliminate salt residues offers significant advantages, addressing one of the main 
drawbacks associated with deposition of MXene films. 
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author upon reasonable request. Specific datasets, including experimental protocols, 
characterization data, and analysis results, can be provided to researchers with 
legitimate interests in replicating or expanding upon this work.
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