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Monolayer transition metal dichalcogenides (TMDs) are ideal materials for atomically thin, flexible optoelec-
tronic and catalytic devices. However, their optoelectrical performance such as quantum yield and carrier mobility
often shows below theoretical expectations due to the existence of defects. For monolayer TMD-based devices,
finding a low-cost, time-efficient, and nondestructive technique to visualize the change of defect distribution in
the space domain and the defect-induced change of the carrier’s lifetime is vital for optimizing their optoelectronic
properties. Here, we propose a microscopic pump-probe technique to map the defect distribution of monolayer
TMDs. It is found that there is a linear relationship between transient differential reflection intensity and defect
density, suggesting that this technique not only realizes the visualization of the defect distribution but also
achieves the quantitative estimation of defect density. Moreover, the carrier lifetime at each point can also
be obtained by the technique. The technique used here provides a new route to characterize the defect of mono-
layer TMDs on the micro-zone, which will hopefully guide the fabrication of high-quality two-dimensional (2D)

materials and the promotion of optoelectrical performance.
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1. INTRODUCTION

In recent years, monolayer transition metal dichalcogenides
(TMDs) have attracted intense attention in the field of two-
dimensional (2D) materials research because of their excellent
optoelectronic properties such as a direct band gap, a strong
interaction with light, and a wide spectral range [1-3].
These remarkable properties are useful for single-layer transis-
tors [4], photodetectors [5,6], mode-locked fiber lasers [7], and
catalytic applications [8,9]. The imperfect growth of material
and the destruction of device fabrication can introduce diverse
types of defects for 2D-materials-based devices, which include
vacancies, edges, grain boundaries, adatoms, and substitutional
impurities.

The existence of defects greatly influences the mechanical,
electrical, optical, and thermal properties of 2D materials
[10-12]. The mechanical properties of 2D materials can be
strongly affected by the density and detailed arrangements of
defects [13], and their electrical properties are highly dependent
on defects owing to the defect-induced change in electrical
band structures [14,15]. The optical properties of monolayer
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TMD:s can be adjusted by defects such as the strong enhance-
ment of photoluminescence (PL) for a molybdenum disulfide
(MoS,) monolayer realized by the preparation or repair of de-
fects [16,17]. In addition, thermal properties of graphene can
also be modulated by oxygen plasma treatment [18]. The roles
of defects in 2D-materials-based devices strongly depend on the
defect density. For 2D electric devices, the number of substitu-
tional dopants considered as point defects can greatly affect
band gap and carrier density. For instance, in defective
MoS, with a low doping density, carrier transport is realized
with the assistance of defect states (the hopping mechanism).
As the doping density increases, a band-like carrier transport
can be predictable by defect engineering [14]. The optical prop-
erties of monolayer TMDs are strongly correlative to the defect
density. A small number of defects can enhance the quantum
efficiency of PL, while excessive defects weaken it [16,19].
Furthermore, introducing a reasonable number of defects is
crucial to chemical applications because pristine TMD basal
planes are largely chemically inert [20]. Therefore, visualizing
and quantifying the defect distribution of 2D materials is a


mailto:yuezhang@ustb.edu.cn
mailto:yuezhang@ustb.edu.cn
mailto:yuezhang@ustb.edu.cn
mailto:wangxueh@mail.sysu.edu.cn
mailto:wangxueh@mail.sysu.edu.cn
mailto:wangxueh@mail.sysu.edu.cn
mailto:wangxueh@mail.sysu.edu.cn
https://doi.org/10.1364/PRJ.7.000711

. ~—
712  Vol. 7, No. 7 / July 2019 / Photonics Research O _ , [ Research Article

prerequisite for the improvement of material properties and the
application of 2D-materials-based devices.

To deeply study the influence of defects in 2D materials,
electron microscope techniques and optical spectroscopic tech-
niques have been widely used. Electron microscope techniques
are costly and time consuming, including transmission electron
microscopy (TEM) [21-23], scanning tunneling microscopy
(STM) [24,25], and X-ray photoelectron spectroscopy (XPS)
[26,27]. Although TEM and STM can provide structural defect
images on an atomic scale, there is a high requirement of sam-
ple preparation, and the scanning area is small. The statistic
method such as XPS has a poor spatial resolution at the milli-
meter level. Optical spectroscopic techniques mainly include
micro-Raman  spectroscopy [28-30], tip-enhanced Raman
spectroscopy (TERS) [31-33], and micro-PL [34-36] and
nano-PL spectroscopy [37,38]. Although these optical spectro-
scopic techniques have a relatively low spatial resolution on
the order of 10-300 nm, they can provide information on crys-
tal structure, lattice vibrations, layer numbers, strain, etc. For
example, Raman spectroscopy is an efficient tool of defect
characterization in graphene [29,39], and Raman spectroscopy
is also a good way to inquire about the layer number [40] and
modification process of 2D materials [41]. However, for mono-
layer TMDs, Raman spectroscopy cannot quantify the defect
density [28]. Meanwhile, PL spectroscopy can monitor the dis-
tribution of defects but is unable to identify the defect density
because there is no certain correspondence between the PL in-
tensity and the defect density [16,34,42]. Therefore, finding
a suitable technique that is low cost, time efficient, nondestruc-
tive, and quantifiable to characterize the defect of monolayer
TMDs is necessary.

Here, we utilized a microscopic pump-probe technique to
characterize the defect at each point of the monolayer TMDs.
Through mapping the transient differential reflection intensity
of the same piece of sample, it is found that this technique can
visualize and quantitatively estimate the defect of the mono-
layer TMDs. Furthermore, the lifetime resolution of monolayer
TMDs can also be realized by this technique, which is impor-
tant for device application since carrier lifetime directly reflects
the material quality and device characteristics. This technique,
due to its good compatibility, can also be integrated into a
material preparation system to real-time monitor defects in
the process of material growth. Our results suggest that this
technique provides an effective method to characterize the de-
fects of monolayer TMDs on the micro-zone, which will hope-
fully guide the future growth of high-quality 2D materials and
next-generation 2D-materials-based devices.

2. EXPERIMENT

A. Sample Fabrication

The MoS, monolayers were grown on a SiO, /Si wafer by the
chemical vapor deposition (CVD) method. As a precursor,
25 mg of MoOj; powder (Sigma-Aldrich, Z99.5% purity)
was placed in a quartz boat at the center of a furnace. As a react-
ant, S powder (Sigma-Aldrich, Z99.5% purity) was placed at an
upstream position in the reaction chamber. The S powder was
heated to 180°C by a heating belt and then carried with
500 sccm of Ar. The furnace was annealed at a reaction

temperature of 850°C for 30 min. Finally, the sample was
taken out when the furnace was naturally cooled down to room
temperature. After that, the in situ, first deal, and second deal
samples were annealed at different conditions. The 77 situ sam-
ple was annealed at a temperature of 100°C with 100 sccm of
Ar for 3 h to improve contact between samples and substrates.
Next, the first deal sample was annealed at a temperature of
400°C with 100 sccm of hydrogen (H,) for 3 h. Finally, second
deal sample was annealed at a temperature of 500°C with
100 sccm of H, for 3 h. It should be pointed out that the
increase of annealing temperature is due to the difficulty in in-
creasing the concentration of sulfur vacancies by simply extend-
ing the annealing time. All annealing processes here are carried
out in a vacuum tube furnace.

B. Pump-Probe Measurements

The experimental apparatus to measure differential reflection
signals was built by us, and its corresponding schematic
diagraph is presented in Fig. 1(a). A mode-locked oscillator
(Mai Tai HP) was used to generate 800 nm laser pulses with
a repetition rate of 80 MHz and a pulse duration of 100 fs.
Laser pulses were split into two parts. One was focused into a
beta-barium borate (BBO) crystal to generate a wavelength of
400 nm and then passed through the delay line, which is used
as the pump light. The other was through photonic crystal fiber
(Newport SCG-800) to generate a supercontinuum white light
(400-1200 nm), and then one of the wavelengths was selected
as the probe light by a band-pass filter of 680 & 10 nm. These
two laser beams were collinear and focused on the sample
at normal incidence by a 50x microscope objective with a
spot diameter of about 2 pm. Probe light reflected from the
samples was detected through a high-sensitivity photomulti-
plier (Thorlabs PMMO02), while the reflected pump light was
filtered by a long-pass filter of 550 nm. Finally, probe light
was converted into electronic signal that was detected by uti-
lizing a lock-in amplifier (LIA) with a chopping frequency of
1 kHz. The movement of the sample in the X - ¥ plane is
realized by using a 2D electronically controlled translating plat-
form. The time resolution of this pump-probe system is on the
order of ~150 fs considering the influence of optical lenses and
crystals. The accuracy of the delay line depends on the accuracy
of each step of the stepper motor. Its minimum step size is
1 pm, which means the minimum time interval between the
two collected data points is about 3.3 fs. The scan length of the
whole delay line is about 150 mm, corresponding to a timescale
of 500 ps. The differential reflection signals were recorded by a
MATLAB program written by us.

C. Basic Optical Properties Measurements

X-ray photoelectron spectroscopic profiles shown in Figs. 2(a)
and 2(b) were measured by a Thermo Scientific ESCA Lab
250Xi XPS with a monochromatic K-alpha radiation (KR)
Al X-ray line. The home-built optical system was also adapted
to perform the measurements of reflectance spectra, PL spectra,
and PL mapping images. Reflectance spectra were recorded by
the spectrometer (Princeton Instruments SP2500) with a 10x
objective (Olympus MPlanFL, NA = 0.25). The relative re-
flectivity shown in reflectance spectra of Fig. 3(a) was obtained
by dividing the reflected intensity of the sample to that of the
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(a) Schematic of the experimental measurement by a microscopic pump-probe optical system. M1-M35 are the mirrors, and BS is the beam

splitter. The wavelengths of the pump and probe are 400 nm and 680 nm, respectively. The time delay between the two laser pulses is controlled by
the stepper motor. (b) Schematic of the dependence of PL mapping, transient differential reflection mapping, and lifetime mapping on the defect
number for the same piece of MoS, monolayer based on the data in our work.
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(a) High-resolution XPS profiles for Mo 3d of MoS, with the 77 situ, first deal, and second deal samples. Blue and red lines represent the

intrinsic MoS, (i-MoS,) and defective MoS, (d-MoS,), respectively. (b) High-resolution XPS profiles for S 2p of MoS, with different deal times.
(c) Raman spectra of the same piece of MoS, with in situ (gray), first deal (green), and second deal (blue) samples.

substrate. The PL spectra shown in Fig. 3(b) and PL mapping
images shown in Figs. 4(a)—4(c) were measured by the home-
built optical system under the excitation conditions of a
400 nm laser with a pump fluence of 12.5 pJ/cm? at room
temperature. The step size for the measurements of PL map-
ping is about 1 pm. The measurements of Raman spectra
shown in Fig. 2(c) and PL mapping images shown in Fig. 5
were performed by a commercial confocal microscope (JY-
HR800) under a 532 nm laser with a power of 50 mW at room
temperature. The diameter of the laser spot is about 1 pm. The
step size for the measurements of commercial PL mapping is
about 0.5 pm.

3. RESULTS AND DISCUSSION

In this work, a microscopic pump-probe optical system inte-
grates multiple measuring functions including microscopic
reflection, PL, signal-particle scattering, and femtosecond time-
resolved spectra, which is used to characterize the defects of
monolayer TMDs materials including MoS, and WS, mono-
layers. As can be seen in Fig. 1(a), the pump and probe light
beams passing through a microscopic system are collinearly
focused on the surface of the sample, and then the laser
beams begin to point-by-point scan the surface of the sample
in the plane by using a 2D electronically controlled translating
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Fig. 3. Optical properties of the same piece of MoS, with in situ (gray), first deal (green), and second deal (blue) samples are as follows: (a) re-
flectance spectra, (b) PL spectra, (c) transient differential reflection spectra. The sample is excited under a pump fluence of 12.5 pJ/cm?. The

wavelengths of pump and probe are 400 nm and 680 nm, respectively.
and the scale bar is 5 pm.
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platform. Finally, the PL mapping, transient differential reflec-
tion mapping, and lifetime mapping can be achieved by this
technique. More details of this microscopic pump-probe opti-
cal system can be found in the experiment section. As shown in
Fig. 1(b), the same piece of MoS, monolayer is processed three
times with different annealing conditions to increase the num-
ber of defects (seen in the experiment section). As shown in
Fig. 1(b), the PL intensity of the sample does not increase
or decrease monotonously as the defect number increases,
which implies PL. mapping cannot reflect the number of defects

at each point. From the transient differential reflection map-
ping images, the results indicate that the intensity decreases
monotonously when the defect number increases, which indi-
cates that the distribution of defects can be visualized by the
microscopic pump-probe technique. Moreover, through map-
ping the transient differential reflection spectra of the same
piece of MoS, monolayer, it is found that there is a linear re-
lationship between the transient differential reflection intensity
and the defect density, suggesting that the defect number of
each point of the sample can be further quantitatively estimated
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(a)—(c) are the PL mapping images of a MoS, monolayer with the in situ, first deal, and second deal samples measured by commercial

confocal microscope under a 532 nm laser with a power of 50 mW at room temperature. The inset image in (a) is the optical image of the

corresponding MoS, monolayer, and the scale bar is 10 pm.

by using this technique. In addition, the lifetime resolution of
each point of the sample can also be obtained by this technique.

The measurements of XPS were used to roughly characterize
the increase of defect number as the number of times of
annealing increases. As shown in Figs. 2(a) and 2(b), the sulfur
vacancy concentration of the MoS, monolayer is overall in-
creased. The XPS spectra of Mo 3d consisted of two sets of
peaks that can be respectively assigned to intrinsic MoS,
(i-MoS,) and defective MoS, (d-MoS,) in Fig. 2(a). The
deconvoluted Mo** 3ds, and Mo** 3ds, doublet peaks
depict the contributions of i-MoS, (doublets located at
232.88 eV and 229.70 eV) and d-MoS, (peaks at
23252 eV and 229.40 eV). As the number of times of
annealing increases, the contribution of the defect MoS, gradu-
ally increases, while the intrinsic MoS, component gradually
decreases. This result shows that hydrogen annealing can pro-
duce sulfur vacancies in MoS,. In addition, the XPS spectra of
S 2p verify this argument in Fig. 2(b). For XPS peak analysis
and deconvolution, the software Avantage 4.15 was employed,
where Voigt line shapes and an active Shirley background were
used for peak fitting. The S/Mo ratios were determined from
the integrated areas of the S 2p and Mo 3d peaks factored by
their corresponding relative sensitive factors. The molar ratio
Nyio/Ns of the two S and Mo elements can be calculated
as follows: Nyo/Ns = (Ino/SMo)/(Ls/Ss), where I; repre-
sents the integrated areas of the S 2p and Mo 3d peaks of
the intrinsic MoS, and §; is the sensitive factor of the corre-
sponding element. The error in the S/Mo ratios was obtained
from the peak fitting residuals given by the Avantage 4.15 soft-
ware. The XPS results indicate that the values of the S:Mo ratio
are 1.77 (in situ), 1.70 (first deal), and 1.66 (second deal), re-
spectively. The corresponding average defect ratio of the whole
sample is 11.5%, 15%, and 17%, respectively. This result in-
dicates that the number of defects overall increases as the num-
ber of times of annealing increases. The increase of sulfur
vacancy concentration of the sample is further demonstrated
by the Raman spectra as shown in Fig. 2(c), which were mea-
sured by a commercial confocal microscope under 532 nm laser
with a power of 50 mW at room temperature. The splitting
between in-plane and out-of-plane Raman modes is 18 cm™!

that confirms the monolayer nature of MoS,. The E} peak
of the MoS, monolayer shows a significant redshift as the sulfur
vacancy concentration increases because sulfur vacancies are
able to wrench the S-Mo bond to induce the lateral sliding
of the top S layer. The continuous broadening and intensity
attenuation of the E%g and Aj, bands also reconfirm the
growing loss of MoS, crystal symmetry.

This microscopic pump-probe system was used to measure
the microscopic reflection, PL, and transient differential reflec-
tion spectra of the same sample as shown in Fig. 3. The reflec-
tance spectra of the same piece of MoS, with the 7 situ sample
(gray line), first deal sample (green line), and second deal sam-
ple (blue line) are presented in Fig. 3(a). It is seen that absorp-
tion peak positions of the MoS, monolayer are about 625 nm
(B-exciton) and 670 nm (A-exciton), respectively [43], which
remains substantially unchanged as the number of defects in-
creases because the measurements of the static reflectance spec-
tra represent the refractive index change of the whole MoS,
monolayer. The increase of defect number has an insignificant
effect on the refractive index of the whole sample, leading to the
static reflectance spectra of the sample being insensitive to its
defect number. Figure 3(b) presents the PL spectra of the MoS,
monolayer with different defect numbers. For the measure-
ments of PL spectra, a wavelength of 400 nm is used to excite
the sample under a pump fluence of 12.5 pJ/cm?. As shown in
Fig. 3(b), the PL peak position of MoS, monolayers on the
SiO,/Si substrate is at 679 nm, which has no change as the
defect number increases, while the PL intensity of the sample
first increases and then decreases as the defect number increases
because the introduction of a small number of defects will
reduce the formation of trions and the probability of exciton—
exciton annihilation. The results lead to the increase of PL
intensity after the first deal with the sample, while the PL in-
tensity then reduces when the number of defects is further
increased because the excessive increase of defects induces the
reduction of exciton numbers [16].

Figure 3(c) shows the dependence of transient differential
reflection (AR/Ry) signals of the same sample on the delay
time. The sample is excited under a pump fluence of
12.5 pJ/cm?. The wavelengths of pump and probe are
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400 nm and 680 nm, respectively. As shown in Fig. 3(c), the
peak AR/ R, intensity of the sample (¢, 1,1, and /,,,) at the
same point decreases from 1.98% to 0.66% as the defect
number increases. The peak AR/ R, of the sample is dominated
on the total number of excitons formed at the 0 ps point [44].
Therefore, it can be seen that the peak AR/ Ry is dependent on
the defect number because the existence of defects can modify
the number of formed excitons at the initial time. From
Fig. 3(c), it is also seen that the signals decay biexponentially.
By using the biexponential function to fit the experimental
data, the decay time constants of fast decay process (7g)
and slow decay process (7 ) can be obtained. The 7g are
0.7+0.1, 1.5+0.2, and 1.5+ 0.1 ps, and the 7y, are
328+ 1.4, 21.4=+1.5, and 155+ 1.3 ps, respectively.
The fast decay process includes exciton—exciton annihilation
(~100 fs) and defect-assisted nonradiative recombination
(~1 ps) [45,46]. It is seen that the process of exciton—exciton
annihilation is dominant when the defect number is relatively
small. The slow decay process mainly represents the radiative
recombination lifetime of excitons in the MoS, monolayer
[47-49].

To compare the ability to characterize defects between the
micro-PL technique and the microscopic pump-probe tech-
nique, we used these two techniques to characterize the defects
of MoS; on the micro-zone. As shown in Fig. 4, Figs. 4(a)—4(c)
and Figs. 4(d)—4(f) are the PL mapping and peak AR/R, map-
ping of the same MoS, monolayer with the increasing num-
ber of times of annealing, respectively. The measurements of
the PL mapping of this sample were performed by a home-built
optical system; the detailed measuring processes are shown in
the experiment section. From the PL mapping images, on the
whole, we can see that the PL intensity first increases and then
decreases as the number of defects increases. The PL mapping
images show that the PL intensity does not change monoto-
nously with the increase of defect number, which indicates that
there is no corresponding relationship between the PL intensity
and the defect number. The reasons for this trend are ex-
plained forward. To the best of our knowledge, the PL map-
ping can only reflect the change of PL intensity at different
points. However, there are many parameters that can largely
affect the PL intensity of the MoS, monolayer, such as contact
type between the MoS, monolayer and substrate, the surface
states, and the number of defects. Even though we only add the
number of defects (sulfur vacancies) in our measured samples,
there is still no corresponding relationship between the PL in-
tensity and the defect number because the PL mapping can
only indicate there are different defect numbers at different
points. This implies that it is unable to estimate whether the
defect number of a point is more or less than that of another
point, let alone quantifying the number of defects.

As shown in Fig. 4, it is seen that the variation trend of the
peak AR/R, mapping images is quite different from that of
the PL mapping images. Since the differential reflection signal
intensity is related to the exciton density that is dominant by
the number of defects. Therefore, it is reasonable to infer that
mapping the differential reflection signal intensities can identify
the defect number of the MoS, monolayer at each point. As
shown in Figs. 4(d)—4(f), we can sce that the peak AR/R,

of the sample has an overall decrease and their peak AR/R,
intensities decrease monotonously at most points as the num-
ber of times of annealing increases. The result demonstrates
that there must be a corresponding relationship between the
peak AR/R, intensity and the defect number. Generally, the
pump-probe technique is based on the optical-optical double
resonance. The pump light is usually used to excite carriers
leading to the electrons’ transition to high energy state, and
the probe light is used to monitor the evolution of carriers over
time at a certain energy level (determined by the wavelength of
the probe light). Through the pump-probe technique, we can
get the differential reflection signals (AR/R,) of the monolayer
TMD materials, where AR = R’ - R, and R' and R, are the
reflection of probe light from the sample with and without the
presence of pump light, respectively. For the monolayer TMD
materials on the SiO, /Si substrate, the reflection beam (probe
light) is a superposition of three beams from the front surface
and from the two interfaces. For the pump-probe measure-
ments, the laser beams are under normal incidence, and the
reflection coefficient of this multilayer system can be written
as follows:

R(m1)

71€i(fﬂ1 +¢2) + 7254(%*4’2) + 73[1'(401+IP2) + 7‘17‘27‘3€i(¢‘ +¢2)

- ei(fﬂl +¢3) + 726*1'(471'*(/72) +7 736*1'(401 +¢2) + 7273€i(¢1 +@2) |’
(1)

where 7y = (ng - m)/(ng + m), 7 = (m - my) /(1 + m2),
ry=(my-m)/(my+n3), @ =2mdin /2, and ¢, =
27d,ny [ . In these formulas, 77, 7,, 723 are the complex indices
of refraction for MoS,, SiO,, and Si, respectively. 4, and &, are
the thicknesses of the corresponding MoS, and SiO, layers,
respectively. A4 is the wavelength of probe light. The pump-
injected carriers in the MoS, monolayer will change both
the real part and the imaginary part of the index of refraction
7= n + ia, where 7 and a are the real index of refraction and
the absorption coefficient of the MoS, monolayer, respectively.
According to Eq. (1), the reflection coefficient of the sample
will be changed by the pump-injected carriers. The increase
of the differential reflection signals indicates that the absorption
of the MoS; monolayer is decreased by the pump-injected car-
riers due to the phase space filling effect of free carriers and
excitons. More details can be found in these reports [47,50,51].

In order to further verify the experimental results and the
reliability of our home-built optical system, we used a commer-
cial confocal microscopy system to map the PL intensity of
another MoS, monolayer that is dealt with in the same condi-
tions as the preceding sample. Comparing the PL mapping
images of Figs. 5(a)—5(c) with those of Figs. 4(a)—4(c), we can
see that the change trend of PL intensity for both is consistent.
The results indicate that the reliability of our system can be com-
parable to that of the commercial equipment. The precision of
the PL mapping images measured by commercial devices is
slightly higher than that measured by our home-built optical sys-
tem. This is because the laser spot size and the accuracy of the
scanning sample for our system are slightly weaker than that
of commercial devices; this can be solved by improving the
performance of the equipment in our system.
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The peak AR/Ry mapping images have demonstrated that
there is a corresponding relationship between the peak AR/R,
and the defect number. To estimate the defect number of the
MoS; monolayer at each point, it is necessary to establish an
accurate relationship between them. To achieve this goal, we
first deduced the quantitative relationship between the peak
AR/Ry and the saturation exciton density by measuring
dependence of the differential reflection signal on the pump
fluences. Figures 6(a)—6(c) show the pump-fluences-dependent
differential reflection spectra at the same point of MoS, with
in situ, first deal, and second deal samples. Because the exciton
lifetime is much longer than the rising time, we can ignore the
decay of the exciton density during the pump pulse. It is rea-
sonable to assume that the exciton density at the peak time
equals the injected carriers’ density. By substituting the pump
power P (microwatt, pW), repetition frequency f (Hertz, Hz),
and laser spot area S (centimeter squared, cm?) into the for-
mula / = P/fS, we can get the energy density per unit area
called the pump fluence / (microjoule per centimeter squared,
pJ/cm?). From the pump fluence divided by the energy of a
single photon Av (1), we can acquire the number of photons
per unit area 7 = //hv (cm™2), and then we can estimate the
injected exciton density N = an (cm™2) by using an absorption
coefficient @ = 1 x 10° cm™! and a thickness Z = 0.7 nm for
a MoS, monolayer and assuming that every pump photon ab-
sorbed by MoS, excites one exciton [47]. The peak signal in-
tensity can be extracted from Figs. 6(2)—6(c), and then the
injected exciton density dependence of peak AR/ Ry is obtained

as shown in Fig. 6(d). From Fig. 6(d), it is seen that the peak
intensities of the differential reflection signal will reach their
maximum as the pump-injected exciton density is increased.
This is a saturated absorption effect that can be attributed
to the reduction of the exciton transition strength by the
pump-injected excitons and the pump-induced linewidth
broadening of the excitons [44,52]. It is found that the
measured data can be accurately described by a saturable
absorption model AR/Ry =A-N/(N + N,), where A, N,
and N, are the ratio coefficient, injected exciton density,
and the saturation exciton density, respectively [44,47]. By
using the formula above to fit the experimental data, we can
get the values of N, for the same point of MoS, with different
times of annealing, which are 3.7 x 10'2, 2.5 x 10!, and
1.2 x 10'? cm™2, respectively.

To find the corresponding relationship between the N and
the peak AR/R,, we first measured the /V; at four different
positions for the same piece of MoS,. Then we extracted
N, by fitting the experimental data and plotted a graph as
shown in Fig. 6(e). It is seen that there is a linear relationship
between the V| and the peak AR/R,. This result indicates that
we can acquire the N, of each point of MoS, monolayer
through measuring its peak AR/ R, of the corresponding points
under a certain pump fluence. Second, since the number of
formed excitons excited by the pump light at the initial time
is dominated by the defect number, it is reasonable to infer that
there is a corresponding relationship between the defect ratio
and N,. The exciton Bohr radius (r3) in a MX, monolayer is
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estimated to be 1-2 nm, which indicates that saturation ex-
citon density (77%)7! is on the order of 1 x 10" cm™ for a
MX, monolayer without any defects [53]. In our experiments,
the measured maximum value of /V, is about 3.8 x 10'2 cm™2
that is slightly lower than the theoretically estimated value.
Therefore, it is rational to deduce that a point with a maximum
measured value of 3.8 x 10" cm™ has a defect ratio of 0.
Finally, the N, of each point is divided by the maximum mea-
sured value of 3.8 x 10'> cm™, and the dependence of the de-
fect ratio on the peak AR/R, can be obtained as shown in
Fig. 6(f). It is worth noting that a point at a MoS, monolayer
without any defects has a theoretical estimated NV, of about
1 x 10" cm™2, which corresponds to a sulfur atomic density
of about 1 x 10" cm™2. This result indicates that there is a pro-
portional relationship between the defect density (sulfur vacan-
cies) and the peak AR/Rj, suggesting that we can take
advantage of the peak AR/R, mapping to characterize the de-
fect density of the sample. This suggests that the microscopic
pump-probe technique is an effective and viable means to char-
acterize the defect density of a MoS, monolayer on a micro-
zone. In addition, there are various types of defects existing
in monolayer TMD materials including domain walls, disloca-
tions, strains, and impurities during the growth process. The
microscopic pump-probe technique cannot be used to identify
different types of defects that are also impossible to realize by
using other optical measuring methods. In this work, the same
piece of MoS; monolayer was annealed three times to increase
the sulfur vacancies only. From the peak AR/R, mapping im-
ages shown in Fig. 4, it is seen that the signal intensity changes
of the in situ sample are not very large as a whole. It is reason-
able to deduce that transient differential reflection signal inten-
sity is more sensitive to the sulfur vacancies than other types of
defects. The microscopic pump-probe technique used in this
work to characterize one of the defect types (sulfur vacancies)
has a certain value for the improvement of the growth quality
and defect monitoring of TMDs materials. However, further
research is also needed to study the effects of the defect types
on the transient differential reflection intensity.

In order to prove the universality of this technique for
TMD materials, we further mapped the transient differential

reflection signals of a WS, monolayer on a sapphire substrate
to characterize its defect density as shown in Fig. 7. The meas-
uring condition and process of WS, is the same as that of
MoS,;, except the probe wavelength, which corresponds to
its absorption peak position. The process of experimental data
handling is the same as that before. We first mapped the peak
AR/R, of a WS, monolayer as shown in Fig. 7(a), and then got
the linear relationship between NV, and peak AR/R; as shown
in Fig. 7(b). Finally, the defect density of the measured WS,
monolayer can be obtained according to the relationship be-
tween the defect ratio and peak AR/R, deduced by previous
measured results. For the MoS, monolayers, the proportional
relationship between the defect density and the peak AR/R,
can be obtained to be about 1.89 x 10'4, which is the same
as between different batches of the same TMD materials.
For the WS, monolayers, the proportional relationship be-
tween them is about 8.74 x 10'4, which is different from
the value of the MoS, monolayers. Recently, other new 2D
materials such as black phosphorus [54], MXene Ti;C,T,
[55], and antimonene [56] have been developed that possess
highly tunable and tailorable optoelectronic properties. These
2D materials, as the new members of the 2D materials family,
have attracted considerable attention. It is reasonable to believe
that this microscopic pump-probe technique may be also suit-
able for characterizing the defects of these 2D materials when
their transient absorption strengths are dependent on the defect
density. Further research is needed to resolve this important
question.

Through transient differential reflection spectra, we can not
only use their peak signal intensity to realize the characteriza-
tion of the defect number but also get the resolution of the
decay times of excitons in the MoS, monolayer on the
micro-zone as shown in Fig. 8. The g, mapping images with
the in situ, first deal, and second deal samples are shown in
Figs. 8(a)-8(c). It is seen that the 7g of the whole MoS, is
overall increased as the defect number increases. The increase
of 7g is induced by the reduction of collision probability be-
tween excitons, which can be attributed to the increase of defect
density that leads to the reduction of the exciton number.
Figures 8(d)-8(f) show the 7y,,, mapping images of the sample
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with an increase in the number of times of annealing. We can
see that 7, of the whole MoS, is reduced from about 30 to
15 ps on the whole as the defect number increases. Since the
increase of the defect number causes the faster relaxation of
conduction-band electrons through defect-assistance nonradia-
tive recombination that leads to the decrease of 7y,,. This result
further proves that the defect number of the MoS, monolayer
is added with the increasing times of annealing. This result
suggests that we can achieve the lifetime resolution of each
point of the MoS, monolayer by the microscopic pump-probe
technique. However, there are still some shortcomings of this
microscopic pump-probe technique. Limited by the optical res-
olution and the numerical aperture of the objective lens, the
spatial resolution of this system is on the order of several hun-
dreds of nanometers. Meanwhile, because the system used a
reflectance confocal microscope that is more sensitive to exter-
nal vibration, it requires minimizing external disturbances as
much as possible in the measurement process.

4. CONCLUSION

In summary, we proposed an effective method for microscopic
characterization of the defects at each point of monolayer TMD
materials. First, through mapping the transient differential re-
flection spectra of the same piece of MoS, monolayer with
different defect numbers, it is found that the peak AR/R,
monotonously decreases when the defect number increases,

while there is no monotonous relationship between the PL in-
tensity and the defect number. The results indicate that there
is a linear relationship between the peak AR/R; and the de-
fect density, which is universal for monolayer TMD materials.
Second, by utilizing the linear relationship between them,
the defect density of each point of monolayer TMDs can be
further quantitatively estimated by using the microscopic
pump-probe technique. Third, we can also achieve the lifetime
resolution of each point of the sample on the micro-zone by
this technique. From the results of decay time mapping, it
is seen that the 7q is increased and the 74, is decreased as
the defect number is increased, which further proves that the
intensity of differential reflection signal is dominated by the
number of defects. For 2D-materials-based optoelectronic de-
vices, the control of defect density is crucial, which implies that
visualizing the distribution of defects for 2D materials is nec-
essary. This technique has the advantage of being time efficient,
low cost, nondestructive, quantifiable, and compatible, which
provides a way to improve the growth quality of 2D materials
and the performance of 2D-materials-based devices.
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