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ABSTRACT: Herein, an optical evaporation sensor is achieved based on the
photoluminescence (PL) property of monolayer MoS, through the micro-droplet
dielectric screening effect. The emission intensity, full width at half-maximum, photon
energy, and intensity ratio of two excitons are related to the dielectric constant of the
micro-droplets, which are employed to recognize the kind of liquids. During the
evaporation process of volatile organic compound micro-droplets, the collected PL
intensity is significantly affected by the refractive index. The theoretical model of a
micro-droplet evaporation sensor based on the dielectric screening effect is established
and verified by the finite-difference time-domain and the finite-element method. This
work processes a fluorescent probe technique for micro-droplet recognition and

evaporation monitoring with non-contact, high precision, and miniaturization. Si0,/Si

1. INTRODUCTION

Liquid level and evaporation sensors are widely used in
meteorological observation, plant cultivation, healthcare,
security, transportation, and geological survey.' > The tradi-
tional evaporation sensors are fabricated by directly weighing
the mass variation of the liquid. In the past years, several
techniques have been developed to improve the accuracy and
convenience of evaporation measurements, such as liquid-level
measure, mechanical resonator, microelectromechanical sys-
tems, optical fibers, and gas sensors.”™® However, these
evaporation sensors are not suitable for monitoring the
evaporation of trace liquids, failed to recognize the kinds of
liquid, and are easily disturbed by the electromagnetic
environment. To meet the modern internet of things
development, there is an urgent requirement to further
develop evaporation sensors with high precision, communica-
tion, and miniaturization.

Optical techniques have exhibited good innovation and
application in environmental sensing and biological monitoring
due to their advantages of non-contact and non-destructive
measurement, strong anti-interference ability, and high-speed
transmission.” ™! Among the optical sensing techniques, the
fluorescence probe method based on optical fibers, metal
nanoparticles, quantum dots, and polymers has been utilized in
bioimaging, explosive detection, temperature monitoring, and
liquid analysis.'””~"> However, the traditional fluorescence
probe materials are not applicable enough for evaporation
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sensing applications, and developing novel fluorescent probes
is necessary.

Monolayer transition-metal dichalcogenides (TMDCs) are
two-dimensional (2D) hexagonal crystals composed of triple
atomic layers, which have drawn enormous attention due to
their interesting electronic, optical, and mechanical proper-
ties.'® Particularly, monolayer MoS, exhibits high room-
temperature excitonic binding energy, low dielectric screening
effect, and spin—orbit coupling (SOC).'” The optical
transition reflects the behavior of excitons which are intensively
influenced by the environmental dielectric screening effect.
Previous works have reported that environmental dielectrics
strongly influence the electrical and optical properties of
monolayer MoS,."*”>* Ma and Jena studied the relationship
between the carrier transport characteristics, environmental
medium, and impurity density of monolayer MoS,, revealing
that electron mobility is mainly determined by the scattering of
charged impurities.”’ Buscema et al. attributed the variation of
exciton energy to substrate-induced strain and doping by
studying the Raman and photoluminescence (PL) spectra of
monolayer MoS, on different substrates.”> Although mono-
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Figure 1. Schematic diagrams of the experimental sets for (a) CVD growth of monolayer MoS,, (b) dropping VOC micro-droplets on monolayer

MoS2, and a (c) home-made laser scanning confocal microscope.

layer TMDCs exhibit application potential in environmental
monitoring through the dielectric screening effect, research
studies on exciton-related optical properties are still lacking in
the current stage.

In this paper, the evaporation sensor is achieved based on
the PL property of monolayer MoS, through the micro-droplet
dielectric screening effect. The MoS, crystal with a monolayer
structure is synthesized using the chemical vapor deposition
(CVD) method. The peak intensity, position, full width at half-
maximum (FWHM), and intensity ratio of PL spectra are
related to the environmental liquid dielectric constant. The
evaporation sensing properties are determined by measuring
the time-dependent PL spectra after dropping 3 uL of liquid
on the monolayer MoS,. The finite-difference time-domain
(FDTD) method is used to simulate the scatting electro-
magnetic field, and the detailed relationship between PL
parameters and the environmental dielectric constant is also
qualitatively examined. In addition, the time-dependent PL
characters of monolayer MoS, after covering micro-droplets
are also observed and discussed by the finite-element method
(FEM), which demonstrates the application potential as a
liquid evaporation sensor for recognizing and sensing various
volatile organic compounds (VOCs). This work proposes a
novel evaporation sensing strategy for micro-droplets and
expands the application field of fluorescent probe sensors.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Monolayer MoS, Using the CVD
Method. Monolayer MoS, was synthesized in a horizontal
tube furnace equipped with a 2 inch-diameter quartz tube
using MoO; and S as solid precursors. Typically, 0.01 g of
MoO; powder (99.9%, Sigma-Aldrich) was placed in the
middle region, and 0.5 g of sulfur powder (99.5%, Sinopharm)
was placed 20 cm behind the first alumina boat. The pre-
cleaned SiO,/Si substrate was covered in an inverted manner
on the second alumina boat, above the MoO; powder. The
quartz tube was pre-evacuated to 10 Pa and then flushed using
ultra-pure N, gas until reaching 10° Pa. This process was
repeated three times to remove the oxygen and other
contamination from the quartz tube, followed by passing
over N, gas with a flow rate of 70 sccm. Subsequently, the
quartz tube was heated to 810 °C with a heating rate of 15 °C

min~’, and S powder was spontaneously heated by the residual
temperature. After maintaining at 810 °C for 20 min, the tube
furnace was turned off, and the tube was cooled naturally down
to room temperature.

2.2, Characterization and Measurements. The mor-
phology of monolayer MoS, was observed by scanning
electron microscopy (SEM, EM 30+, COXEM) and optical
microscopy. The altitude mapping profile around the edge
region of monolayer MoS, was measured by atom force
microscopy (AFM, NT-MDT, NTEGRA Spectra). The PL
spectra of monolayer MoS, were obtained by a homemade
laser scanning confocal microscope at room temperature under
different liquid environments. The exciting light was provided
by a CW laser (532 nm, 20 mW) and focused to a 1 ym-spot
on monolayer MoS, using a 50X M PLAN semi-apochromat
objective lens (LMPLFLN 50X, Olympus) with a long work
distance of 10.6 mm. The optical spectrum was collected by a
linear-array charge-coupled device equipped with a 300-line
grating. To investigate the influence of the environmental
dielectric screening effect on the excitonic emission, the
screened PL spectrum was measured after dropping 3 uL of
liquid on the monolayer MoS, and waiting 30 s for spreading.
The dielectric constants of the VOC droplets were directly
measured using the capacitance method by dropping the liquid
VOC on a micro-electrode pair. To monitor the evaporation
process, the spectra were collected at 1, 2, 3, and 10 min after
dropping, respectively. After evaporation measurements, the
monolayer MoS, was heated to 80 °C for 10 min to completely
eliminate the liquid VOCs. Conventional evaporation measure-
ments were carried out in an open environment with 30% RH
humidity, and the higher ambient humidity was controlled
naturally by the rainy climate without human intervention.

2.3. Modeling. The FDTD simulation was applied to
calculate the scattering field in different dielectric environ-
ments. The simulation model was composed of a 1 mm X 1
mm X 0.1 mm cuboid SiO,/Si/substrate, a trilateral MoS, with
a side length of 30 ym and a thickness of 0.6 nm, and a
cylinder liquid model with a thickness of 0.5 mm covering the
MoS, triangle. The incident light was simulated by a vertical
incidence full-field scattering light source. By placing various
surveillance flats on the surface of monolayer MoS,, the
scattering spectrum and surface electric field distribution under
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Figure 2. Morphology and layer structure of monolayer MoS,. (a) Optical image. (b) SEM image. (c) Magnified AFM profile. (d) Altitude

scanning profile. (e) Raman spectrum. (f) PL spectrum.

different liquid conditions were obtained. More parameter
values can be seen from Table S1.

The FEM simulation was used to simulate the liquid
spreading process to measure the film thickness and spreading
radius of different liquids. 3 uL of liquid was modeled as a
microsphere with a radius of 0.8 mm and an initial velocity of
zero. The solid—liquid—gas environment was established by a
multi-physical field consisting of a two-phase flow model and a
wetted wall model. The surface tension coefficient and contact
angle provided the necessary parameters for simulation
(specific parameters were provided by the material library).
The film thickness and spreading radius were measured from
the fluid volume fraction diagram.

3. RESULTS AND DISCUSSION

3.1. Conception of Monolayer MoS,-Based Evapo-
ration Sensors. The monolayer MoS, is synthesized in a
horizontal tube furnace (Figure 1a). Before the test, 3 uL of a
micro-droplet is dropped on the monolayer MoS, (Figure 1b).
Then, the PL spectrum of monolayer MoS, is measured using
a laser confocal microscope (Figure 1c), which is significantly
affected by the environment dielectric constant. By dropping
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liquids with different dielectric constants, the intensity and
position of the PL peak correspondingly change, which is
employed to identify the type of liquids. Moreover, the
intensity ratio of two PL peaks also varies with liquid dielectric
constant for improving the identification accuracy. During the
evaporation process, the thickness of the dropped liquid gets
thinner with time, leading to the gradually decreasing dielectric
screening effect. To test the evaporation sensing performance,
ethanol, acetone, and methanol are selected as the
representative liquid VOCs due to their discrepant dielectric
constants, where the detailed parameters of the VOCs are
shown in Table S1.

The optical photograph and SEM image of the synthesized
sample are shown in Figure 2a,b, respectively. The morphology
of a CVD-synthesized MoS, crystal is a flat rounded triangle
with a side length of ~30 pm. Figure 2¢ shows a magnified
AFM altitude mapping profile at the edge region of the
triangle, displaying the smooth and sharp edge. The altitude
variation is measured by scanning perpendicular to the edge,
proving that the thickness is ~0.6 nm, in good agreement with
monolayer MoS, (Figure 2d). As shown in the Raman
spectrum (Figure 2e), the two peaks located at 386 and 407
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Figure 3. (a—c) Typical PL energy spectra of monolayer MoS, covered by (a) acetone, (b) ethanol, and (c) methanol. (d—f) Comparison of the
(d) A-exciton intensity, (e) A-exciton peak position, and (f) B/A intensity ratio under different liquid VOC environments.

cm™' belong to the in-plane vibration E2g1 and out-of-plane
vibration (A,y), respectively, further indicating the monolayer
property of MoS, on the SiO,/Si substrate. Figure 2f shows a
typical PL spectrum of monolayer MoS, in an atmosphere
environment. The PL spectrum is well divided into two peaks
located at 1.80 and 1.93 eV by Lorentz’s formula,
corresponding to the A-exciton and B-exciton, respectively.”
The large energy splitting between the A-exciton and B-exciton
proves the strong SOC.

3.2. PL Property under Different Liquid Conditions.
To investigate the influence of the micro-droplet liquid
environment on PL emission, the PL spectra are measured
by dropping ethanol, methanol, and acetone on monolayer
MoS,, respectively (Figure 3a—c). The PL spectra are
compared in Figure S1, and the analytic results are shown in
Figure 3d—f. For the major peak, with the increasing liquid
dielectric constant in the order of acetone (20.7), ethanol
(24.6), and methanol (32.6), the PL spectra display
remarkable changes. The peak intensity decreases (Figure
3d), the FWHM increases (Figure S2), and the peak position
red-shifts (Figure 3e) with increasing dielectric constant, which
implies that the environmental dielectric constant has a
significant impact on the formation and emission of the
excitons in monolayer MoS,. After the peak splitting
calculation, the spectra under liquid environments still
maintain the linear superposition characteristics of A-exciton
and B-exciton. By analyzing the variation tendency of the
intensity ratios of A-exciton and B-exciton, it is found that the
B/A intensity ratio also varies with the dielectric constant
(Figure 3f). To further verify the contribution of the dielectric
constant to the decreased exciton emitting rate, 3 uL of
deionized water is dropped on the monolayer MoS, (Figure
S3). The PL intensity is rapidly annihilated since the dielectric
constant of water is as high as 78.6. These results suggest that
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measuring the peak position and intensity of the PL spectrum
of monolayer MoS, is a rational strategy for liquid recognition.

3.3. Mechanism of the Micro-Droplet Dielectric
Screening Effect. The relationship between the exciton
emission and micro-droplet dielectric constant is preliminarily
attributed to the dielectric screening effect. First, the
mechanism of dielectric-screened exciton energy is discussed
for peak shift. As reported in the previous literature, the
emission energy (E) is highly related to the environmental
dielectric constant (&,) and refractive index (n), as described
by eq 1"

Ex —(a, - a)lf(e,) — f(n”)] )
where @, and a, are the polarizabilities of the excited state and
ground state, respectively. The item f(e,) — f(n®) is the
difference in Onsager polarity functions responsible for
different interaction terms, such as dipole—dipole interaction
and dispersion interaction. Methanol, ethanol, and acetone are
polar solvents, which display a larger dielectric screening effect
than non-polar solvents. The stability of the excited state in
polar solvents is better; it is similar to the observed red shift of
the transition energy for quantum dots and carbon nanotubes
in polar solvents. The emission energy decreases with the
increasing value of f(¢,) — f(n?), and the PL peak red-shifts.

Second, the mechanism of dielectric screened excitonic
emission is discussed for the variations of peak intensity and
width. The peak intensity of photon emission can be
interpreted as the occurrence probability (P) of particles at
the corresponding wavelength, which is represented by the
square modulus of the wave function inferred by the hydrogen-
like atom model. A Schrodinger equation that satisfied the
electron state wave function in the hydrogen-like atom is
established by substituting the Laplace operator and coulomb
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Figure 4. FDTD simulations of a monolayer MoS, on a SiO,/Si wafer covered with (a) air, (b) acetone, (c) ethanol, and (d) methanol.

force. Equation 2 is the Schrodinger equation in a polar
coordinate

1lo(,0 1 0. 0 1 9
Sl=|" =+ —=|sinb0— |+ —F——|w
ro{or\ or sin 6 00 00 sin” 0 dg
p 2y, 2z
h? 47rrW
=0 (2)

where m, Z, and e are the magnetic quantum number,
equivalent atomic number, and electron charge, respectively.
The detailed radial wave function R,(r) is expressed as eq 3
through separation of variables

I
R = 1= D2z ) (o7 ()
! \/2n(n+l)! nae, | \ nae,) "N\ na
e—Zr/nue‘ (3)

where n is the principal quantum number, [ is the orbital
angular momentum quantum number, a is the Bohr radius of
the hydrogen-like atom, and L is the associated Laguerre
polynomial, respectively. Since the photon emission is mainly
dominated by the ground state, n and [ are assigned as 1 and 0,
respectively. Equation 3 is simplified to eq 4

3/2
Z ] —Zr/ ag,
e

Rlo(’) = 2(_

(4)

which infers that P o IrR;y(r)I* is exponentially related to &,
with a monotone subtraction under a polar solvent liquid
environment. The occurrence probability of the quasiparticles
at the corresponding wavelength decreases with increasing €,
leading to the peak intensity in the PL spectrum decreasing
accordingly. On the other hand, the higher environment &,
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enhances the scattering between the excitons and the charged
impurities at the MoS,/liquid interface.”**° Thus, the lifetime
of the excitons in monolayer MoS, is efficiently extended. As a
result, the peak width increases with the increasing &, since the
peak width is proportional to the lifetime of excitons.

Third, the intensity ratio of B-exciton and A-exciton is also
turned by the environment dielectric constant. The A-exciton
and B-exciton intensity radio is expressed as eq 5 through the
mass action model®

L _ Iz Ny

I, TN, (%)
where N, (Ng) and T’y (I'g) are the density and radiative
recombination rate of A-exciton (B-exciton), respectively.
Similar to other low-dimensional systems, the radiative
recombination of the excitons in monolayer MoS, is also
influenced by the environment dielectrics. The radiative
recombination rate is followed the power function of the
environment dielectric constant, as shown in eq 6

Ty

= K(k,4)°
FB (eff)

(6)
where K and § are the linear and exponential fitting parameters
related to the effective environmental dielectric constant (k.g),
respectively. Accordingly, the B/A intensity ratio is described

ineq7
] ()

where €, and &z donate the binding energy of the A-exciton
and B-exciton, A represents the valence band splitting, and kT
is the thermal energy, respectively. Therefore, the B/A
intensity ratio is incremental with the dielectric constant of
the micro-droplet.

&g — & + A
kgT

L

= K(k.q) eXP(_

A
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Figure S. PL spectra of monolayer MoS, during the evaporation process. (a—c) PL spectra 1, 2, 3, and 10 min after covering with micro-droplets of
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process under air humidity of (h) 40% RH and (i) 50% RH.

3.4. Simulations. The FDTD method has been widely
used in the research fields of micro—nano optics, near-field
optics, photonic crystals, and so forth.”” > Herein, FDTD is
utilized to prove the proposed mechanism by simulating the
scattering spectra of monolayer MoS, in different liquid
environments through establishing a full-field scattering light
source and scattering cross section. The scattering spectra
display similar exciton characteristics with fluorescence spectra,
as shown in Figure 4.°° Figure 4a—d shows the simulated
scattering spectra of monolayer MoS, under air, ethanol,
methanol, and acetone, respectively, displaying that the A-
exciton peak in simulated scattering spectra red-shifts with
increasing dielectric constant. The insets are the corresponding
surface electric fields of monolayer MoS,, indicating that the
surface electrical field is significantly screened by the
environmental dielectric constant. The comparison of different
scattering spectra is shown in Figure S4, which agrees well with
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the experimental results. These simulation results confirm the
proposed mechanism that the environmental condition can
affect the exciton population and optical emission by the
dielectric screening effect.

3.5. Evaporation Sensing Investigation. Ethanol,
methanol, and acetone are VOCs that can spontaneously
evaporate at room temperature due to their boiling points,
which are lower than 80 °C. The droplet thickness gradually
decreases with evaporation, which may affect the PL
measurements. As shown in Figure Sa—c, the PL intensities
correspondingly increase with evaporation-induced decrease of
thickness, which implies the potential application as an
evaporation sensor. The increasing rates of PL intensities
also follow positive correlations to the liquid dielectric constant
during evaporation under different liquid micro-droplets
(Figure Sd). The peak position and FWHM remain almost
constant with increasing time (Figures Se and S5), indicating
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that the dielectric screening effect is not significantly affected
during the evaporation. Thus, the recognition function is
retained in the evaporation process. It is noted that the FWHM
of methanol is unstable. To further discuss this abnormal
phenomenon, the methanol—water mixture with different
concentrations is dropped on the monolayer, where the PL
intensity decreases with increasing methanol concentration
(Figure S6). The phenomenon implies that other mechanisms
may occur during the evaporation process of methanol beyond
the dielectric screening effect, which has not been solved in
this work. After eliminating the VOCs, the PL spectra can
recover to the initial level with a high overlap ratio (Figures 5f,
S7, and S8), which illustrates the good stability and
repeatability of the evaporation sensor. To study the influence
of water vapor, the PL spectra of monolayer MoS, without the
VOC droplet are measured under varying ambient humidities,
as shown in Figure Sg. Interestingly, the PL intensity increases
with increasing humidity. The ethanol evaporation processes
are also measured under 40 and 50% RH, as shown in Figure
Sh,i, respectively. The recovery rate of PL intensity also
increases with increasing humidity, indicating that the high
ambient humidity can accelerate the VOC evaporation process
but does not significantly affect the sensing characteristics of
monolayer MoS,.

3.6. Evaporation Sensing Mechanism. The thickness of
the liquid film plays an important role in PL detection during
evaporation. When the micro-droplets are dropped onto the
monolayer MoS, on a SiO,/Si wafer, the micro-droplets
quickly spread out over time and eventually form thin films.
The spreading process of water is simulated by FEM (Figure
6a), displaying a disc-like film with a maximum thickness of
~100 pm. The thicknesses of the liquid films are
experimentally measured to ~100 um (Table S2), similar to
the simulation result, indicating the weak dependence of liquid
viscosity, surface tension, and refractive index on the spreading
of micro-droplets due to the high wettability of SiO,. For the
propagation and collection of PL light during the evaporation
process, the absorption, scattering, and refraction may
contribute to the thickness-dependent intensity. In this case,
the effects of absorption and scattering can be ignored due to
the merely micrometer-scale thickness, while the refraction
dominates the PL measurements. When the PL light of
monolayer MoS, is emitted into the air through the liquid film,
the light propagation follows the law from the light-dense
medium to the light-phobic medium wherein the light
propagation path is deflected away from the interface normal
(Figure 6b). The equation set is shown as follows

nesin 6, = nsin 6, = n,sin 6,

©)
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tan 6, = (r, — 1)/ (9)

tan 0, = (r, — ) /h, (10)
where 0, r, h, and n represent the maximum angular separation,
radius, thickness, and refraction index, while the labels 0, 1, and
2 represent SiO,, liquids, and air, respectively. The equation set

is transformed to eq 11 by assuming the refractive index of air
(n,) with 1

r, = hytan[arcsin(ngsin 6,)] + hjtan[arcsin(n,sin 6,/n,)]

+ 7, (11)
where h; + h, approximates the work distance of the objective
lens. The relationship between the diffusion degree and liquid
thickness (h;) is dissolved, as shown in Figure 6c. The
deflection degree is proportional to the thickness (optical
path) and refractive index of the liquid film. The effective PL
energy flux density collected by the objective lens is inversely
proportional to the square of r,. Thus, as evaporation
progresses, the thickness of the liquid film gradually decreases,
causing more light to enter the objective lens for stronger PL
intensity measurement.

4. CONCLUSIONS

In summary, the relationship between the exciton emission
property of monolayer MoS, and the environmental dielectric
constant of micro-droplets is systematically investigated. Based
on the environmental dielectric screening effect, a new
approach is presented for the recognition and evaporation
monitoring of liquid VOCs. Compared with other evaporation
sensors, the optical micro-droplet evaporation sensor exhibits
the outstanding features of non-contact, high precision, anti-
interference, and miniaturization. In future work, the
evaporation sensor can be further improved by constructing
2D heterojunctions on flexible substrates.
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