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Abstract

Previous studies indicate that 2D materials such as graphene, WS, and MoS, deposited on
oxidized silicon substrate are susceptible to aging due to the adsorption of airborne
contamination. As a result, their surfaces become more hydrophobic. However, it is not clear
how ubiquitous such a hydrophobisation is, and the interplay between the specific adsorbed
species and resultant wetting aging remains elusive. Here, we report a pronounced and general
hydrophilic-to-hydrophobic wetting aging on 2D InSe films, which is independent on the
substrates to synthesize these films (silicon, glass, nickel, copper, aluminum oxide), though the
extent of wetting aging is sensitive to the layer of films. Our findings are ascribed to the
occurrence and enrichment of airborne contamination that contains alkyl chains. Our results

also suggest that the wetting aging effect might be universal to a wide range of 2D materials.


mailto:xuzp@tsinghua.edu.cn

Keywords: wetting aging effect, 2D materials, InSe, hydrophobisation, airborne

contamination

Introduction

Since the discovery of graphene, two-dimensional (2D) materials such as transition metal
dichalcogenides (TMDs), compounds from group 1A (Ga, In) and the chalcogenide group
VIA (S, Se and Te), have received explosive attention in fundamental understanding and
applied implementation!®. Underlying various multifunctional applications in e.g. nano-
electrical devices, optoelectronics, and nanomedicine, in which 2D materials serve as either
uniform coatings or fillers, lie a common need, an essential requirement to tune the interfacial
properties of these materials to achieve superior performances. This is because, the behaviors
and performances of these practical applications are closely dictated by the interfacial
properties of 2D materials, individual or collective. Such a need becomes more heightened
when considering the fact most of these applications are coupled with complex working
conditions, which involves the flow of air and liquids, the fluctuation of temperature as well as
pressure variations’2. Thus, the understanding and controlling of the dynamic interaction of
2D materials with environments provides important insights that can potentially lead to a
predictive framework for various applications.

Previous studies have shown that the partial wetting transparency of monolayer graphene
can exert an influence on heat exchange between a graphene-supported copper substrate and
water vapor®® 14, Recently, it was further demonstrated that the wettability of supported
graphene and graphite is susceptible to airborne environment even though the surface is well
protected® 16, As an extension of graphene, WS, and MoS, materials have also been shown to
exhibit the transition of wetting state as a result of the contamination by hydrocarbons adsorbed
from ambient airl°. Despite extensive progress, it remains difficult to identify and
quantitatively measure the adsorbed species due to the rapid wetting transition in exposure to
ambient conditions as well as the extremely thin nature of these 2D materials coatings.

Moreover, previous studies on the aging effect of graphene, WS, and MoS; are mainly confined



on the oxidized silicon substrate, and thus it is not clear whether such an aging effect is general
to different substrates.

In this work we seek to quantitatively probe how the wetting properties of 2D materials
evolve under ambient environments. Of special interest is 2D layered InSe?® 2!, an emerging
2D layered semiconductor. As schematically shown in Fig. 1a, the InSe nanosheet is composed
of stacked-layered Se-In-In-Se atomic structure interacted by van der van der Waals force. Its
band gap can be tuned by the thickness between 1.26-2.20 eV, which offers potential
applications such as ultrasensitive and broadband photodetection devices?? 2%, We find that the
pristine 2D layered InSe films are intrinsically hydrophilic, but exhibit pronounced
hydrophilic-to-hydrophobic transition in response to air exposure at ambient conditions. We
demonstrate that such an aging effect is also general to a wide range of substrates including
silicon, glass, nickel, copper, aluminum oxide, which is due to the adsorptions of hydrocarbon
compounds in air. Furthermore, we conduct molecular dynamic (MD) simulation to

substantiate our conclusions.

Results

We applied a pulse laser deposition (PLD) process (Supplementary Fig. 1) to prepare InSe
nanosheet?* 2. Briefly, the target of bulk InSe was first placed in front of the substrate with
temperature maintained at 600°C. Then a KrF pulsed laser (A = 248 nm) with 320 mJ energy
and 10 Hz repetition rate was utilized to ablate the InSe target on the substrate in an ultra-high
vacuum chamber. By careful control of the rotation of both target and substrates during the
deposition process, uniform InSe nanosheets can be deposited over the entire substrate. In this
work, we prepared mono- and few-layer InSe films on various substrates, including SiO>/Si,
glass, nickel, copper and aluminum oxide. The thickness of films can be precisely controlled
by the number of laser pulses. Fig. 1b shows the optical image of the as-synthesized 1 nm thick
(monolayer) InSe films coated on SiO/Si substrate, which display a large-area and continuous
coverage. Fig. 1c presents the layered structure of the as-prepared InSe film on SiO»/Si

substrate as imaged by transmission electron microscopy (TEM). The film thickness is 10 nm,



corresponding to 10 layers. The diverse sequences of primitive layers in crystalline InSe bulk
result in three different polytypes (B, vy, ¢). Todistinguish the phase of obtained films, we
also performed Raman spectroscopy to characterize the structural fingerprint of various layered
InSe nanosheets. Raman spectroscopy (Fig. 1d) showed A1’, A2”, E’ and E” peaks, which are
consistent with those reported before??. The spectra confirm the existence of a homogeneous
films of e-InSe. The intensity of the Raman peaks is significantly reduced with decreasing of
film thickness, which is consistent with the suppressed van der Waals interactions in thinner

film?®. In addition, Raman mapping (Supplementary Fig. 2) demonstrates the good uniformity
of the as-prepared InSe nanosheet over areas of at least 100 x 100 um?.

The water contact angle (WCA, 6) of the freshly prepared InSe monolayer deposited on
Si02/Si substrates within 20 s of taking out of the PLD chamber is 54° (Fig. 2a). For statistics,
3~5 individual measurements were performed at different locations on each sample and the
results were averaged to acquire the mean and standard deviation. WCA measurements were
performed in ambient environments with a room temperature of 23°C and relative humidity of
50%. Note that the WCA of the bare SiO2/Si substrate without the deposition of 2D materials
is 36°. Thus, even a single InSe monolayer strongly influences wetting and screens the
influence of the underlying SiO.. It can be explained by the fact that InSe nanosheet is thick
enough to effectively screen the interaction between water molecules and substrate material
below the nanosheet?’. The WCA rises to 62° within 10 mins, and eventually plateaus at 91°,
reminiscence of a typical hydrophilic to hydrophobic transition. Further observations also show
that the advancing CA follows a time-dependent augmentation, whereas the receding CA is
relatively stable and varies between 20° and 40° (Supplementary Fig. 3). The contrast in the
advancing and receding CAs implies that the structures of surface absorption may change when
being wetted. Focusing on different monolayer 2D materials including InSe, WS,', and
MoS2*8, we further compared the dynamic range of WCAs (A6) after and previous to the air
exposure in diverse time intervals. For effective comparison, all the 2D materials were

deposited on SiO2/Si substrate and three measurements under different exposure times were



conducted. As shown in Fig. 2b, under 24 hours’ exposure, the A8 of the InSe is 24°, which is
much higher than those of WS>, MoS;, respectively.

Extending from monolayer TMDs materials, we continued to investigate the wetting
properties for InSe films with increasing layers (4-layer, 10-layer, and bulk (20 nm)). For these
freshly prepared InSe films, their WCAs were measured to vary between 50° and 65°
(Supplementary Fig. 4). The variation of WCAs may be impacted by the roughness features
generated by the PLD synthesis method. In contrast, after air exposure up to 24 hours, the
WCAs increase monotonically with increasing layer (Fig. 2c¢), showing a marked layer-
dependent wettability. As shown in Fig. 2c, their WCAs after aging increase to 100°-110°,
which are also larger than that of the monolayer. The manifestation of layer-dependent wetting
aging and enhancement on InSe multi-layer films suggests that the occurrence airborne
contamination, which takes place both on the surface and the bulk. Given that the adsorption
occurs on the surface alone, the WCAs after long period exposure should be indistinguishable.
Thus, we hypothesize that the airborne contamination is the dominant factor, which will also
create the formation of rough structures on the films.

Previous studies of wetting aging of TMDs materials have mainly focused on the oxidized
silicon substrate® 1”18 Thus, it is unclear whether the wetting aging effect is also general to
different substrates. Here, we tested InSe films coated on different substrates including glass,
nickel, copper and aluminum oxide (inset of Fig. 2d). As shown in Fig. 2d, initially, the WCAs
of all the fresh InSe samples deposited on various substrates vary from 35° to 55°, gradually
increase when exposed to ambient conditions, and eventually reach values ranging from 100°
to 115°. These measurements suggest that such the aging effect is general to different substrates.

To validate that the wetting aging effect is mediated by the adsorption of airborne
contaminants, we further implemented thermal annealing on the aged 20 nm InSe film on
SiO2/Si substrates to fully remove adsorbed contaminations. Previously, it has been
demonstrated that thermal annealing can effectively remove the contaminants adsorbed on 2D
materials such as graphene and WS, 7. The sample was first annealed in a furnace at 350°C

for 2 hours and then cooled down to ambient temperature under argon atmosphere to prevent



oxidation. The WCA of the freshly treated sample was 57°, which is consistent with that of the
pristine surface and much smaller than that of the aged sample (Fig. 3a). Then, there is a
monotonic increase in WCA until reaching the saturated value of 100°. Again, the value is
consistent with the aging phenomenon discussed above. Thus, the reversible switching of the
WCASs in response to annealing demonstrates that the aging effect is indeed caused by the
adsorption of airborne contaminants.

To identify the specific adsorbed contaminants, we conducted time-dependent Fourier-
transform infrared spectroscopy (FTIR) measurement of aged 20 nm InSe film on SiO./Si
substrate (Fig. 3b). Two peaks emerged at 2,850 cm™ and 2,930 cm™. They are assigned to two
vibrations of methylene group (-(CH2)n-)%. We attribute them to an adsorbed alkyl-containing
contaminant. These two methylene peaks disappear (Supplementary Fig. 5) when the aged
sample is annealed under argon atmosphere; in this case the FTIR measurement was conducted
right after removing the samples out of the furnace (within five mins). Thus, the amount of
adsorbed contaminants is still insignificant. When exposing the samples for more than an hour
to air, the methylene peaks re-emerge as a result of re-adsorption of contaminants. Thus, we
propose that the aging effect of 2D InSe is caused by a continuous accumulation of
hydrocarbons. However, dislike the relatively sharp change in the WCA measurement, the
gradual and subtle adsorption of hydrocarbon absorption on the aged sample could not be
determined in the spectrum due to the limitation of the experimental resolution.

We further carried out X-ray photoelectron spectroscopy (XPS) measurements?® 3031 on
the 20 nm 2D InSe film to reveal the chemical specificity of the adsorbed contaminants. As
shown in Fig. 4a, the XPS spectra show the presence of a Cis peak, an important element
responsible for the wetting aging effect. To quantitatively measure the amount of adsorbed
carbon, we treated the aged InSe film under an Arsgo+ ion beam (5 keV) for 60 seconds to
completely remove the adsorbed contaminants from the surface. As displayed in Fig. 4b, there
is a 5.6% reduction in the measured atomic percent of carbon for the clean sample whereas the
atomic percent of In and Se significantly increase by 13.9% and 6.5%, respectively (details can

be found in Supplementary Table 1). We also compared the high-resolution spectra for the aged



samples with and without treatment. As shown in Fig. 4c, for the aged sample, the
representative spectra peaks at 285.0 eV, 286.5 eV, and 289.0 eV are assigned to the C-C, C-
O and the oxidized carbon, respectively. These important results, otherwise impossible to be
derived from FTIR, clearly reveal the chemical states of the aged InSe film. In contrast, the
high-resolution spectra obtained from the clean sample indicate that the carbon peaks vanish
and only the Se auger peak (from the Al Ka X-ray source) remains (Fig. 4c)®. Similar trend
is also manifested on InSe surface of 4 nm thick (Supplementary Fig. 6-8).

To identify the effect of adsorbed contaminants on surface wettability, we carried out MD
simulation to predict how the WCAs of monolayer InSe vary with the coverage of hydrocarbon
chains. The model is built on the deposition of a quasi-2D droplet on the substrate, which is
composed of monolayer InSe as well as n-alkane chains (representative long CsoH102 chains or
short CoH42 chains) distributed orderly on the InSe surface (Fig. 5a). The interaction between
InSe and oxygen atoms in the water molecules is described by the 12-6 Lennard-Jones potential
function, in which the corresponding parameters are determined from the measured WCAS on
the intact InSe surface. Other forcefield parameters are introduced in the method section. By
fitting the converged density contours of the water droplet, the theoretical WCASs can be
accordingly calculated from the simulations®. As shown in Fig. 5b, the predicted WCAs are
linearly proportional to the areal coverage of n-alkanes, validating that the wetting transition
observed on 2D InSe surface is indeed dictated by the gradual adsorption of airborne
hydrocarbons.

The enhanced hydrophobicity as a result of surface adsorption of hydrocarbon containing
alkyl segments on hydrophilic nanosheets such as InSe, WS, and MoS; can be captured in the
Wenzel model®* *®, Briefly, the WCA(0) can be expressed as a weighted average of the WCA
of each component of the surface, e.g. intact InSe or contaminants, expressed as

cosf=(1—c)cos@, +crcosb.
where c is the coverage fraction of contaminants, & is the effective contact angle of the
contaminated area. r=(w+2h)/w is the roughness owing to the introduction of n-alkenes,

defined as the ratio of the surface area of alkene chains to its projected area, where w = 0.2 nm,



h = 0.7 nm are the width and depth of the n-alkenes measured from the MD models. By fitting
the WCAs simulated at given 6. = ~110° for CxoHa2 or CsoH102, the relationship between ¢ and
6 can be obtained, i.e., c=0.301(0.588-cos#). Thus, for a specific measured value of 9, the
corresponding concentration of hydrocarbon adsorption can be extracted (fitted data in Fig. 5b).
For example, after 24 h exposure to air, the WCA of a InSe monolayer is stabilized at 90°,
corresponding to a theoretically predicted areal coverage ¢ ~ 17%. Note that for the multi-layer
nanosheets, the real areal coverage should be slightly higher due to its nature of adsorption.
Although such theoretical data could not be validated by experimental measurements, our
simple model still quantitatively explains the universal wetting aging behaviors of the 2D

materials under ambient conditions as we studied in experiments.

Conclusion

We report a pronounced time-dependent, hydrophilic-to-hydrophobic wetting aging
manifested on 2D InSe films under ambient conditions. In particular, we discover that the
wetting aging is layer-dependent, which is attributed to the adsorption of hydrocarbons
containing alkyl segments from the surrounding air. This hypothesis is based on XPS
measurements, which indicate the occurrence and enrichment of carbon on the surface, and
FTIR results, which indicate the presence of methylene groups. We also reveal how the
adsorption and enrichment of the alkyl segments results in enhanced hydrophobisation.
Moreover, our study suggests that the hydrophilic-to-hydrophobic wetting transition is general

to 2D materials, regardless of the substrates used to synthesize these materials.

Methods

Synthesis The ultrathin 2D InSe films were prepared on various substrates, including SiO>
(300 nm)/Si, glass, nickel, copper and aluminum oxide by PLD. The target of bulk InSe was
placed ~ 4cm in front of the substrate. The chamber was evacuated to a pressure of 1.5x107
Torr. The substrate temperature was maintained at 600°C by using an integrated thermocouple.

An energetic UV pulsed laser was utilized to strike the surface of InSe target, which vaporize



a large number of atoms, molecules and clusters, and then condensing to the film on the
preheated substrate. During deposition, the chamber pressure, substrate temperature and laser
beam power were precisely controlled to acquire the high-quality film. The InSe nanosheet
covered the entire substrate uniformly in the sake of rotation of both target and substrates
during the deposition process. As soon as deposition being finished, the as-grown nanosheet
was cooled down to room temperature. The polycrystalline feature of the film was confirmed
by XRD and TEM results, respectively. The thickness of the film was measured by cross-
sectional TEM (JEOL JIB-4500), which is applied by FIB (JEOL JIB-4500) milling. The as-
prepared films were then transferred onto a copper grid for TEM characterization. Raman
spectra was obtained by a high-resolution confocal p-Raman system (Horiba, HR 800)

equipped with 488 nm laser source.

Water contact angle measurement The WCA experiment was performed using a Kruss DSA
100 WCA instrument for images capture. The tangent drop shape analysis method was used to
determine the contact angles. Advancing and receding angles measurement was recorded by a

CCD camera through adding or withdrawing deionized water to and from a sessile drop.

FTIR characterization FTIR spectra were collected with a Bruker Tensor 27 FTIR
Spectrometer in absorbance mode using DigiTect™detector (4000-600 cm™ spectral range).
Before measurements, a background spectrum was collected without having the crystal
contacting the sample. Each sample spectrum was collected for 16 scans with a resolution of 4
cm™ and a total acquisition time of 1 min. After collecting each spectrum, the crystal was

detached from the surface to allow surface aging.

XPS measurement XPS experiments were performed on a Kratos AXIS Ultra DLD instrument
equipped with a monochromatic Al Ka X-ray source (hv = 1486.6 eV). All spectra were
collected in hybrid mode at a take-off angle of 55° (angle between the sample surface plane

and the axis of the analyzer lens). The spectra were collected at fresh spots on the sample (n=3)



and were charge corrected to the Cys aliphatic carbon binding energy at 285.0 eV and a linear
background was subtracted for all peak area quantifications. Analyzer pass energy of 80 eV
was used for compositional survey scans of Cis, O1s, Sesq, and Insg. High-resolution scans of
C1s, Sesq, and Inzqg elements were collected at an analyzer pass energy of 20 eVV. Compositions
and fits of the high-resolution scans were produced in CasaXPS. A depth profile was done with
1 cycle and XPS spectrum was collected after exposing the surface to the cluster for 60 seconds.
For sputtering, a gas cluster source using an Ar500+ gas cluster ion beam with a kinetic energy

of 5 keV.

MD simulation We perform molecular dynamics simulations using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)®*. The all-atom optimized
potentials for liquid simulations (OPLS-AA) are used for InSe*’, and the extended simple-
point-charge model (SPC/E) for water molecules, which is widely adopted for MD simulations
of water and WCA calculation® %, The interactions between InSe monolayers and oxygen
atoms in the water molecules is described using the 12-6 L-J potential functions, with
parameters ¢in-o = 0.0090 eV, oin-o = 0.327 nm, ese-0 = 0.0110 eV, ose-0 = 0.317 nm, and the
cut-off is made at 1.2 nm. These parameters are determined by fitting experimentally-measured
WCAs for clean InSe monolayers. The L-J potential parameters used for n-alkanes are ec.o =
0.0084 eV, ac.o = 0.336 nm. The long-range Coulomb interactions are computed by the
particle-particle particle-mesh algorithm (PPPM)*. The time step chosen for the equation-of-
motion integration is 1 fs, with the SHAKE algorithm applied for the stretching terms between
oxygen and hydrogen atoms of water to reduce high-frequency vibrations that require a very
short time step.

A quasi-2D droplet model is used here to predict the water contact angle (WCA) of the
InSe surfaces with and without hydrocarbon contamination®’. A half-cylindrical droplet with
diameter of 2 nm (8500 water molecules) is placed on an InSe slab (70 nmx 3 nm, with/without
alkane-chain coverage). Periodic boundary conditions (PBCs) are enforced in the in-plane

directions, while an open boundary is set up in the out-of-plane direction. We carried out



simulations with both long CsoHio2 chains and short CxoHas2 chains, which are chosen as
representative hydrophobic, hydrocarbon chains. The alkyl chains are placed in parallel on the
substrate in a centered rectangular lattice. Different lattice constants were used to tune the areal
coverage.

Lattice dynamics of the polymer-coated InSe substrate is constrained, and the n-alkanes
distributed at the solid-liquid interface formed as a flat monolayer (Fig. 5a)*" %2, The water
molecules are equilibrated in an NVT ensemble using a Berendsen thermostat at 300 K. WCA
is measured by fitting a water isochore extracted from the time-averaged water density map
over 3 ns, through a dense spatial mesh with a grid spacing of 0.05 nm*3. Here the liquid-vapor
interface is defined as the contour line with a density level at half of the bulk value. The Werder
method** is used then to fit the cross-section profile of the interface into an arc, where the WCA
is calculated as the contingence angle at the basal plane, that is, the surface of hydrocarbon

layers (~ 0.5 nm above InSe).
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Figure 1 | InSe film deposition. (a) Schematic of monolayer InSe film on an oxidized silicon
substrate. The thickness of SiO is 300 nm. (b) Optical micrograph of 1 nm thick InSe on an
oxidized silicon substrate. (c) Cross section TEM image of 10 nm InSe film. (d) Raman spectra
of InSe films of different thickness, all of which are deposited on SiO2/Si substrates. Here,

monolayer (black), 4 nm (red),10nm (green) and bulk (20 nm, blue).
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Figure 2 | Wetting aging dynamics of 2D materials. (a) Water contact angle (WCA)

monolayer InSe film on Si/SiO> substrate. (b) Dynamic variation of WCA on monolayer InSe,

WS, and MoS; after air exposure of 20 mins, 60 mins and 24 hours, respectively. (c) WCA

measurement for InSe film with varying layers after air exposure up to 24 hours. (d) WCA

measurement of bulk InSe films synthesized on different substrates. The insect shows optical

micrograph of large-area continuous films coated on the corresponding substrates (scale bar is

200 nm).
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Figure 3 | Revealing the effect of contaminants on wettability and characterizing the
components of airborne contaminants. (a) WCA measurement of a 20 nm InSe film on
SiO2/Si substrate over time after 350°C thermal annealing. Sample was taken out of CVD
chamber at time 0. (b) FTIR-ATR spectra for InSe film as a function of time after air exposure.

The spectra reveal a rising volume of organic species -(CH2)n— (2,850 cm™ & 2,930 cm™).
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Figure 4 | Quantification of the occurrence and enrichment of carbon on InSe films. (a)

Integrated compositional survey spectra from XPS for InSe films before and after surface

cleaning. (b) Elemental atomic concentrations variation of the compositions on the InSe film

before and after sputtering. (c) From left to right, high-resolution XPS scans of the background-

subtracted and curve-fit core-level Cys, Insq, and Sesq from InSe film before and after sputtering

on the InSe film grown on SiO2/Si. In Cys core level, the peak at 285.0 eV, 286.5 eV, and 289.0

eV assigned to the C-C, C-O and the oxidized carbon, the LMM is subjected to Se auger

resulted from Al Ko X-ray source. In the Inzq core level, the Inzq 312y and Inzq s12) peak at 444.6

eV and 452.2 eV were detected. In the Sesq core level, Sesq 32) and Sezq (s12) were at 55.7 eV

and 54.8 eV, respectively.
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Figure 5 | MD simulations of WCAs on an InSe monolayer. (a) MD model of water droplet
on the surface of monolayer InSe covered with distributed alkane chains of various length and
areal coverage. (b) Evolution of the WCAs as a function of the areal coverage of n-alkane
chains. The black triangles are the experimental data, where the areal coverage is extracted

using the Wenzel model (see Methods for details of MD simulation setup).
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