crystals

Article

Ultrafast Mechanism of Material Removal in the Femtosecond
Laser Ablation of WS, and Its Diode
Rectification Characteristics

Kai Wang 't, Zhicheng Chen ', Xu Wu !, Changji Pan 1%, Feifei Wang '8, Jiaxing Wang !, Ke Zhang ?,

Yang Yang 2(” and Jingya Sun 1-3*
1 Laser Micro/Nano Fabrication Laboratory, School of Mechanical Engineering, Beijing Institute of Technology,
Beijing 100081, China
2 Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences,
Beijing 100190, China
3 Yangtze Delta Region Academy of Beijing Institute of Technology, Jiaxing 314019, China
*  Correspondence: sjy@bit.edu.cn
1t These authors contributed equally to this work.
1t Present Address: Faculty of Physics, University of Duisburg-Essen, Lotharstrasse 1,
47057 Duisburg, Germany.
§ Present Address: Lab. of Precision Measurement and Intelligent Sensing Technology,
College of Control Science and Engineering, China University of Petroleum, Qingdao 266580, China.
Abstract: The study investigates the two different underlying ablation mechanisms of WS, processed
by femtosecond (fs) laser with different fluences. With increasing fluence, the saturable expansion of
craters and the transformation of three distinct crater morphologies are found. The material response
and the transfer and deposition of laser energy are tracked by using a plasma model based on the
classical single rate equation model and the Drude model. The results of the numerical simulation
and time-resolved transient reflectivity reveal the two different ablation mechanisms, which are
check for coulomb explosion and phase explosion. The mechanism of material removal is distinguished by the
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critical threshold of 0.85J/cm?. In addition, the internal ablation region exhibits a high concentration
of defects and WO3; according to the results of Raman spectra, X-ray photoelectron spectra, and
morphology-dependent photoluminescence mapping. Due to the high concentration with high
fluence, the device of WS, /Si p-n junction exhibits a 2.6 times enhancement on the current under
forward bias. The findings would be of value to engineer structures to tailor the optoelectronic
response of WS, and to develop potential future optoelectronic devices.

Keywords: tungsten disulfide; ablation; laser—material interaction; femtosecond laser treatment;
ultrafast dynamics

1. Introduction

As a typical kind of transition metal dichalcogenides (TMDCs), tungsten disulfide
(WS;y) not only has excellent optoelectronic and mechanical properties [1], but also has great
potential in applications of photocatalysis [2,3], sensing [4,5], photothermal therapy [6],
and others. To further improve the initial performance of TMDCs, several approaches
have been developed, including doping [7,8], alterations of the thickness and size of the
material [9], and forming heterojunctions [10]. However, it is difficult to balance perfor-
mance with cost, convenience, and stability. Unlike liquid-phase exfoliation, material
modulation can be achieved with greater accuracy and controllability by high-energy beam
irradiation (e.g., plasma [11] or laser [12-15] irradiation). The material modulation, such
as the micro/nanostructures [16,17], defect/active sites [18] on TMDCs, and intercalating
O,* ions into TMDCs [19] results in the adjustable electronic and optical properties. In
particular, the locally selective modulation with a higher accuracy and quality can be
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realized through femtosecond laser treatment (FLT) because of its superior processing
capacity [14,16,20]. The operator can simply and efficiently modulate the material by ad-
justing treatment conditions, such as the exposure time, different environments, etc. [21-23]
Laser energy can directly affect the modulation results due to its great influence on the early
stage of ablation [24]. In order to improve modulation, it is essential to understand the
mechanisms underlying material removal in the treatment. Several studies have been per-
formed to reveal the process of laser-material interaction with continuous laser [21,25,26].
However, studies into the ablation of TMDCs using a femtosecond laser (fs-laser) pulse
is scarce, and the interaction between fs-laser and TMDCs during the processing must be
further investigated.

In this work, we extensively elucidated the energy deposition mechanism during the
process of irradiation and material removal in the ablation of WS;. The expansion and
morphology transformation of craters were found through single-pulse ablation experi-
ments. The response of the excited WS, and the transfer and deposition of laser energy
were investigated via plasma modeling. The numerical simulation results revealed the
reforming of laser intensity distribution induced by the interplay between laser and excited
WS,, as well as the deposition of energy confined to a shallow layer beneath the surface.
Two domain mechanisms of material removal in the ablation of WS;, Coulomb explosion
(low fluence) and phase explosion (high fluence), which were distinguished by the critical
threshold fluence (F.), were demonstrated based on the calculated results and ultrafast
reflectivity detection. In addition, the modulation in chemical components was also verified
by Raman spectra and X-ray photoelectron spectra (XPS), which proved the formation of
defects and WOj3. Morphology-dependent photoluminescence (PL) mapping was collected
to investigate the modulation of the local physical properties. Furthermore, the properties
of the WS, /Si p-n junction were investigated before and after the modulation in FLT. These
results revealed the mechanisms underlying the deposition of laser energy and fluence-
dependent material removal in the ablation of WS;, which can assist in the modulation of
WS, and other TMDCs with FLT.

2. Materials and Methods
2.1. Experimental Methods

The WS, films, which have a thickness of approximately 20 um, were obtained through
mechanical exfoliation from bulk crystals with an original thickness of around 200 pm
(MK10853, Nanjing MKNANO Tech. Co., Ltd., Nanjing, China). The thicknesses of the
exfoliated films were determined by laser confocal scanning microscopy (LEXT OLS4100,
Olympus, Tokyo, Japan). The ablation of WS, was performed in ambient air using a
laser processing system; a laser pulse of 70 fs duration at a central wavelength of 800 nm
(Spittire Ace, Spectra-Physics) was perpendicularly focused on the film via an objective
lens (10x, numerical aperture (NA) = 0.3, Olympus). A classic pump—probe system
was used to detect the ultrafast reflectivity dynamics in the ablation of WS;; more details
regarding the system are available in Figure S1 (see Supplementary Materials). The transient
reflectivity change was acquired through the control of the on—off function of the pump
beam, AR/Rgy = (R — Rp)/Rg, where Ry and R represent the probe signals before and after
pump beam irradiation, respectively.

The surface morphologies of craters after laser ablation were obtained by scanning
electron microscope (SEM, Prime JSM-7800) and atomic force microscope (AFM, Bruker
Dimension Edge, Shirley, NY, USA).

2.2. Computational Methods

To investigate the interaction between fs-laser and WS, during the irradiation, a
plasma model based on the classical single rate equation (SRE) model and the Drude model
was used to track the material response and the transfer and deposition of laser energy.
The numerical model was carried out via in-house code. An 800 nm wavelength laser with
a spot radius of 3.5 um and a pulse duration of 70 fs irradiates on the top surface of WS;. In
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this model, the dimension along r-direction parallel to the surface is 7 pm, and the thickness
of WS; is 210 nm. The step is set to 10 nm in r-direction and 3.75 nm in z-direction. The
peak fluence of the laser is set at t = 70 fs, and the time step is 0.05 fs. The modeling focuses
on the process of irradiation, in which only the carrier excitation and thermalization are
taken into account [27]; thus, the generation of the free electrons driven by photoionization
and impact ionization can be described as:

oM,

S = P(1) + (D )

where 7, is the free electron density, P(I) is the photoionization term relative to the laser
intensity [28], and B(I) = ;I is the rate of impact ionization, where a; is 6.6 J/cm? for
WS, [29]. The temperature of the electron subsystem (T) varies with electron density and
absorption, which can be expressed as follows:

oT
Cente—=— = ayl 2
efteyy h @)
where C, is the specific heat, C. = 1.5 kg, kp is the Boltzmann constant, and «;, represents the
absorption contributed by the electron heating. With the reflection and absorption effect
accounted for during the injection of laser energy, the distribution of laser intensity inside
WS; can be expressed as:

2F r2 A
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where F is laser fluence, t, is the pulse duration, and R and « are the surface reflectivity and
total absorption coefficient of the ionized WS, as functions of time and space. According to
Equation (4), the relationship between the plasma frequency (w)) and the complex dielectric
function (&) can be obtained:
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where ¢, is the dielectric constant of unexcited material; N, is the initial valence electron
density in the WS, film; w is the laser frequency; and 7, is the electron relaxation time
determined by the electron-phonon and electron—ion collisions [30]. The complex refractive
index (n) can be derived from Equation (6):

n=n+ik = /g1 +ie (6)
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where 7 is the normal refractive index; and k is the extinction coefficient. Thus, the R and
«y, function can be obtained via Equations (9) and (10).

R (=1 4K

(414K ©
oy = 2K (10)

3. Results and Discussion

Figure la-h depicts the evolution of the final morphology of craters at different
laser fluences, and the expansion of craters is clearly dependent on fluence. The AFM
micrographs of the samples are available in Figure S2. The crater morphologies can be
divided into three types according to their structural characteristics. In type I, the crater is
a shallow depression at a lower incident fluence. Type Il is an intermediate state between
type I and type III, in which some microcracks form in the center of the crater and become
larger with increasing fluence. A further increase in incident laser fluence results in a type
III morphology, in which obvious material removal and a shallow depression form in the
central and external regions, respectively. The ablation depth and external ring diameter are
plotted in Figure 1i,j. The depth is directly proportional to the fluence. However, the size of
the crater rapidly expands at a lower fluence and gradually stabilizes with the variation in
fluence. The evolution of craters indicates a saturable absorption or shielding effect during
irradiation, which is closely related to the laser fluence.
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Figure 1. Evolution of craters with increasing laser fluence. (a—h) Surface morphologies of craters
at different fluences, where I, II, and III represent the three different morphological types; (i) depth
and (j) diameter of craters as functions of fluences. The black lines represent the (i) linear and
(j) exponential fitting results of experimental data.

To identify the underlying mechanisms of the crater evolution, the interaction between
laser and WS, in the early stage is revealed through the plasma model, as shown in Figures 2—4.
During the FLT process, the irradiation of the laser beam rapidly ionizes the material due
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to its high peak power density, which changes the initial properties of the material and
markedly influences the propagation and deposition of laser energy. Once the laser beam is
incident on the WS; surface, bound electrons in the irradiated region are instantly excited and
subsequently transit from the valence band to the conduction band. As illustrated in Figure 2,
the free electron density immensely increases in an ultrashort time domain at different fluences.
The saturation of the increase in free electron density occurs before the laser intensity reaches
its maximum value at 70 fs. Although the evolution of free electron density is similar at
different fluences, the turning point occurs earlier as injected fluence increases, leading to a
more intense ionization process at a higher incident laser fluence.

Figure 3 presents the distribution of free electron density inside WS, after laser irradia-
tion, where a dense plasma region forms as the energy injection increases. An examination
of the dense zone at different times revealed that more free electrons are generated at a
higher fluence. Although the electron density of the dense zone considerably increases
at a high fluence, the region with relatively high density is always located in the shallow
region below the surface. The distribution of the dense zone has a significant influence on
the propagation and deposition of laser energy, which is mainly determined by the optical
properties of the excited material.

At a fluence of 0.34 ] /cm?, for example, the reflectivity and absorption coefficient dra-
matically change with the rapid increase in free electron density. As depicted in Figure 4a,
when the electron density increases, the surface reflectivity first decreases from an initial
value of 0.36 to a minimum value of 0.06 before rapidly increasing with the further increase
in electron density to finally exceed 0.97. The change in reflectivity leads to the enhanced
injection of energy in the early stage and almost total reflection when the electron density
becomes saturable, as shown in Figures 2 and 4a. Photons are absorbed to excite and
heat electrons, and the absorption coefficient reflects the change in the electron density in
the material. In Figure 4b, the rapid enhancement of absorption matches the evolution
of the free electron density. The propagation of the laser beam inside the solid obeys the
Beer-Lambert law and exponentially decreases with propagation depth. The increase in
laser intensity before 20 fs, as illustrated in Figure 4c, is the result of the reduced surface
reflection. The compound effect of reflection and absorption causes the original laser
intensity distribution to sharply reform, which can be vividly observed in Figure 4e,f. With
the further increase in reflectivity, only a small amount of energy can be effectively incident
onto WS,, which affects the ablation. In general, the interaction between the laser and the
excited WS; enhances the reflection on the surface and the absorption within, which results
in only a small amount of laser energy contributing to the ablation of WS, and the trend of
saturation in the expansion of the craters.

20
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Figure 2. Evolution of free electron density at the central region of the irradiated surface obtained
from numerical simulation.
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Figure 3. Evolution of free electron density inside the irradiated WS, at a fluence of (a) 0.34 ] /cm?;
(b) 0.68 J/cm?Z; (c) 1.69 J/cm?; and (d) 3.38 J/cm? obtained from numerical simulation.
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Figure 4. Optical response and the evolution of laser intensity in the irradiated WS, at a fluence of
0.34 J/cm? obtained from numerical simulation. (a) Surface reflectivity and (b) absorption coefficient
of the central region. (c) The evolution of laser intensity at different depths plotted as functions of
time. (d—f) The distribution of laser intensity inside the irradiated WS,.

The evolutionary patterns of craters under varying fluences indicate that the expan-
sions of the craters are similar in their depth and diameter. The surface morphology is
dramatically altered as fluence increases. The section profiles are extracted and plotted
in Figure 5a. The increases in depth and diameter are obvious, but the material removal
in the external crater region remains stable at a high fluence. Thus, we propose two dis-
tinct mechanisms underlying material removal during the ablation of WS;, which can be
distinguished by the critical threshold F..

According to the section profiles, the deepest position of the external crater is saturable
when the fluence exceeds 0.83 J/cm?. Microcracks and deep hollows occur in the central
region of the craters as the laser fluence increases. The critical threshold was determined
to be between 0.83 and 1.69 J/cm?. When the incident laser fluence increases, the specific
type of material removal in the internal and external crater regions is associated with
the Gaussian-beam profile. We denote the diameter of the boundary of the internal and
external regions as D, and the critical threshold could be obtained through a similar
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approach to that for the ablation threshold [31]. The fitting function is expressed as below,
D? = 2r3In(Ep) — 2r3In(nriF.), where E, is the energy of the laser obtained by photodiode
sensors (Newport, 7N6161A); 1y is the beam waist radius. As described in Figure 5b, the
value of F. (0.85]/cm?) can be obtained by extending the fitted line. When the local fluence
is lower than the F, as is the case with a low incident fluence and the external part of a
high incident fluence, slight material removal occurs. When the laser is incident on the
material, the dense plasma region forms in the shallow layer below the surface of WS,.
The emission of dense electrons on the surface, namely the Coulomb explosion, leads to
shallow material removal in the irradiated region [32,33].
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Figure 5. (a) Section profiles of the craters at different fluences obtained by AFM. (b) Diameter
(squared) of the boundary of the internal and external region of the crater versus the incident laser
energy, and the material removal mechanisms at (c) low and (d) high fluence.

As the incident fluence increases, mild melting may first occur in the middle of
the irradiation region. When a melting zone forms in the irradiated region, the optical
response of this region changes with time. Hence, ultrafast reflectivity dynamics were
analyzed to identify the underlying mechanisms of material removal at different fluences.
As depicted in Figure 6a, a slight decrease in surface reflectivity indicates the beginning
of ablation. When the heat transfer between the electron and lattice subsystem starts, the
region of reflectivity decreases, gradually expands, and then reaches its maximum point
at approximately 30 ps, as is the case with MoS; [34]. The large decrease in reflectivity at
100 ps and the development of Newton rings can be attributed to the formation and motion
of the liquid region [35]. In Figure 6¢, the temporal evolution of transient reflectivity in the
central region of irradiation is plotted as the function of delay time. The spatial distribution
extracted from the short axis of the irradiated region is also plotted in Figure 6d,e. The
surface reflectivity rapidly decreased at 1.51 ]/cm? and the interference fringes markedly
varied at 0.56 J/cm?, which implies the formation of a larger and deeper liquid region
at higher fluence. The superheated liquid phase results in dramatic material removal at
the irradiation center, where the phase explosion is the dominant mechanism of material
removal. During the process of resolidification, the destruction of the crystal structure
leads to the formation of microcracks, as illustrated in Figure 1b,c. Additionally, the
density gradient induced by the phase explosion drives the molten material towards
the center, resulting in the formation of internal and external boundaries in the case of
type III morphology.
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Figure 6. Transient reflectivity images of WS, at different delay times after the excitation of the pump
pulse, (a) 0.56 and (b) 1.51 ]/ cm?. (c) Temporal evolution of transient reflectivity extracted from the
center of irradiation. Distribution of transient reflectivity extracted from the short axis of irradiation
with (d) 0.56 and (e) 1.51 J/cm?.

The modulation of FLT not only reflects in the surface morphology, but also in the
changes of chemical components in the irradiation region [16]. The Raman spectra of
pristine and treated WS, are plotted in Figure 7a, the peaks located at 348.0, 353.6, and
4184 cm™! correspond to the first-order modes (A1g, Epg) and the second-order mode
(2LA), respectively [36], which are still present after FLT. This confirms that the main
molecular structure of WS; is still intact after treatment. In addition, a slight red shift in Epg
and Ay is observed, which can be attributed to the introduction of defects. Take a fluence
of 0.68 J/cm? as an example in Figure 7b, the broader Ajg after FLT also indicates more
defects in the treated WS,. The X-ray photoelectron spectra further describe the chemical
state changes in the treated WS, (at a fluence of 0.6 ] /cm?). As depicted in Figure 7c,d, the
peaks formed at 36.4 and 38.3 eV attest to the formation of WOj3, as has been reported [37].
The peaks ascribed to W metal, which are located at 31.7 and 33.8 eV [38], can verify the
occurrence of thermal decomposition in FLT. The results above demonstrate the modulation
of chemical components and the defect state in FLT, which has a positive effect on the
enhanced photoelectrocatalytic performance of pristine WS, [10].
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Figure 7. Raman spectra (a,b) and XPS spectra (c,d) of pristine and treated WS, films using FLT.
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To further investigate the modulation of the surface defect state in FLT, morphology-
dependent photoluminescence (PL) mapping was collected, as shown in Figure 8. The
initial fluence, which results in a type IIl morphology (1.69 J/cm?, as shown in Figure 1d),
was chosen and the morphology of the crater is shown in Figure 8a. The image shown
in Figure 8b illustrates the corresponding spatial distribution of the PL intensity over the
sample surface. The PL intensity across the sample was extracted along the dotted hori-
zontal blue line, as shown in Figure 8c. The correlation of surface morphologies with PL
mapping demonstrates that the position of the PL. maximum varies for different locations
on the sample surface, which corresponds to various material removal mechanisms owing
to different laser ablation fluences. In our case, the PL intensity is clearly related to defects,
which are unevenly distributed in the crater. In the black area without PL enhancement,
a significant amount of uniformly distributed nanoparticles were generated due to the
Coulomb explosion at low laser fluences. Moreover, this area exhibits fewer defects com-
pared to the bare area, where phase explosion and annealing dominate. When the number
of defects increases, trapped excitons can be thermally activated into the delocalized states
and captured by the lattice defect channels. Therefore, it is expected that the intensity of
localized exciton emission increases with more electron—hole recombining [39]. As for the
bright area contributed by the phase explosion related to high laser ablation fluences, the
microcracks are caused by thermal stress accompanied with more defects, which generates
stronger PL intensity. The dependence of morphology and PL demonstrates that the modu-
lation of the local physical properties can be achieved in FLT due to the different material
removal mechanisms.

1.69 J/cm?

PL Intensity (a.u.)

0 2 4 6 8 10
Position (pm)

Figure 8. (a) Surface morphologies of craters at a fluence of 1.69 J/ cm? and (b) the corresponding PL
mapping images. (c) PL intensity profile along the dotted horizontal blue line.

Furthermore, the properties of the WS, /Si p-n junction were investigated before and
after the modulation in FLT. The multilayer WS, was mechanically exfoliated onto p-type
Si substrate to assemble a van der Waals p-n junction. A schematic of the device is shown
in Figure 9a. The current-voltage (I-V) curve of the device is shown in Figure 9b and the
inset shows the I-V curves on a logarithmic scale. Under forward bias, it can be seen that
the device exhibits rectification behaviors similar to diodes. The device exhibits a 2.6 times
enhancement on the current under forward bias after modulation, as shown in Figure 9b.
This may be attributed to the formation of defects and O doping, which creates conditions
for the generation of defective energy levels and impurity energy levels, leading to an
increase in the number of carriers [40]. Thus, the electric conductivity of the device is
improved. When reverse bias is larger than the breakdown voltage (around 1.5 V), the
current rapidly increases, as shown in Figure 9b and the inset. This can be considered
as a Zener breakdown [41,42], as the voltage is less than 4Eg/e [40]. Here, the Eg is the
bandgap of the semiconductor (Eg 5; =1.12 eV [43] and Eg wsp = 1.4-2.1 eV [44]) and e is
the electron charge. Thus, the values of 4Eg /e for Si and WS, are 4.48 V and 5.6-8.4 V. For
our measurements, the reverse bias is within 4 V, which is less than the above calculated
value. Therefore, the Zener breakdown occurred within our measurement, which indicates
that the depletion layer width of WS, /Si p-n diode is sufficiently thin [40].
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Figure 9. (a) Schematic of WS, /Si van der Waals heterojunction device. (b) I-V curves of WS, /Si
junction before and after ablation at a fluence of 1.69 J/cm?. The inset shows the I-V curves on a
logarithmic scale.

4. Conclusions

In this work, energy deposition and material removal in the ablation of WS, using
a femtosecond laser pulse were investigated through experiments and modeling. This
study altered the incident fluence in the ablation to determine the evolutionary law of
surface morphologies. The expansion of the craters was classified into the following three
structural types: (I) shallow depression, (II) microcracks in the center, and (III) craters
with an internal hollow and external depression. The response of excited WS, and the
reforming of laser intensity were observed with reference to model calculations. During
the process of irradiation, large amounts of free electrons were excited from the valence
band to the conduction band and gave rise to the formation of a dense plasma region. This
region enhanced the surface reflection and internal absorption, which impeded the normal
incidence of the subsequent laser pulse, and most of the incident energy was deposited in
the shallow layer below the surface. A critical threshold, F., was proposed to distinguish
between two types of material removal mechanisms. When the incident fluence is lower
than the F,, a slight removal of material occurs due to the Coulomb explosion. When the
incident fluence exceeds the F, dramatic material removal occurs in the central region
with high local fluence, which is caused by phase explosion, and a shallow depression
forms in the external region of the irradiation when the local fluence is lower than the F..
Raman spectra and X-ray photoelectron spectra indicate the formation of defects and the
modulation of chemical components. The PL enhancement in the phase explosion area
and the PL attenuating in the Coulomb explosion area could be attributed to the diverse
lattice defects with different mechanisms of material removal, respectively. The device of
the WS, /Si p-n junction exhibits a 2.6 times enhancement on the current under forward
bias after laser treatment, which is due to the generation of defective and impurity energy
levels. The conditions for the generation of energy levels were provided by the formation of
defects and the doping of O. The identification of energy deposition and material removal
in the ablation of WS, provides a feasible strategy for the study of other TMDCs and can
assist in the modulation of WS, with FLT.
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