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In this paper, Cu,0/MoS, composite films with excellent nonlinear properties were fabricated. X-ray dif-
fraction, Raman scattering and scanning electron microscope results show that Cu,0O buffer layer has the
effects on promoting the multiphase growth and improving both the particle size and the uniformity of
MoS, film. The nonlinear optical response of the samples was investigated by Z-scan and ultrafast carrier
dynamics, respectively. The nonlinear absorption coefficient g of Cu,0/MoS, composite sample was ob-
served to reach the maximum value of -23.08 x 10°® cm/W, which was 24.34 and 1.76 times than that of
single-layer Cu,0 and MoS,, respectively. In addition, the nonlinear enhancement mechanism of composite
samples was confirmed by the results of both transient absorption spectroscopy measurements and finite
difference time domain simulation calculation.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The development and application of ultrafast pulsed laser is a
greatly important frontier field in modern science and technology.
Especially, the emergence of femtosecond laser techniques provides
a novel technical route for the exploration of the natural world. The
ultrafast pulsed laser with high peak power and ultra-wide spec-
trum has significant applications in various fields such as industrial,
scientific research, environmental, medical and extreme physical
condition simulation. Saturable absorber is one of the core devices of
pulsed laser, but traditional saturable absorbers such as semi-
conductor saturable absorber mirrors [1,2] and carbon nano-
tubes [3,4], are complex to prepare and have limited working
bandwidth, which greatly limit their wide application. Thus, it is
important to pay efforts to explore new light modulating materials
with excellent saturation absorption characteristics.

As the application of graphene [5] in ultrashort pulse and mode-
locked lasers continues to deepen, researchers have focused their
attention on two-dimensional materials with excellent saturated
absorption effects. MoS; is an important member of the transition
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metal sulfide (Transition Metal Dichalcogenides, TMDs) family. Due
to its unique two-dimensional form of optical and electrical prop-
erties, as well as its availability and practicality in nature, it has
become one of the most widely studied two-dimensional materials.
In 2015, Zhang et al. [6] used 515 nm and 1030 nm femtosecond
lasers to excite molybdenum disulfide film and found that it had a
saturated absorption effect, claiming that it can be used in ultrafast
photonics and fast optical switching. In recent years, nano-micron
composite materials composed of metal oxides and molybdenum
disulfide have a variety of excellent properties and have been ap-
plied to many fields [7-10]. As an excellent p-type semiconductor,
Cu,0 (cuprous oxide) shows its excellent optical, electrical, catalytic,
and sensing properties, which has attracted wide attention from
researchers [11]. Therefore, many research groups prepare cuprous
oxide/molybdenum disulfide nanocomposites by hydrothermal
methods, focusing on the excellent absorption and charge transfer
properties of the composite materials to improve their electro-
chemical and photocatalytic capabilities [12]. For example, Zhang
et al. [13] prepared a 3D coral-like structural MoS,/Cu,O porous
nanohybrid that showed great potential in both biosensors and
electrochemical catalysts. Li et al. [14] synthesized a tunable MoS,/
Cu,0 nano-heterojunction to enhance the photochemical activity
and stability of visible light. To our knowledge, there is no report
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about the influence of different pulse deposition energy on the
nonlinear absorption properties of Cu,0-MoS, nanocomposite films.
In this study, we proposed a cost-effective route using pulsed
laser ablation to modify MoS, sheet on the surface of the cuprous
oxide film to obtain a Cu,O/MoS, heterojunction. The nonlinear
performance of the Cu,O/MoS, composite films has been improved
by changing the laser power. The influence of laser power on
structure, morphology, linearity and other aspects was discussed in
detail. In addition, the enhancement mechanism of the samples was
analyzed through carrier dynamics and electric field distribution.

2. Experimental
2.1. Synthesis of Cu;0-MoS, composite nanofilms

Prior to deposition, the K9 glass substrates were cleaned in
acetone, ethanol and deionized water for 15 min in turn. Cu thin
films were deposited on the substrates by electron beam evapora-
tion from copper target (99.99%). The thickness of Cu thin film is
60 nm, and it was monitored by an in situ quartz crystal micro-
balance. After deposition, the as-deposited Cu film was placed in a
home-made tubular furnace and annealed under ambient conditions
to obtain a Cu,0 film. The annealing temperature was set at 200 °C
for 2 h. The upper molybdenum disulfide was grown by laser abla-
tion using a molybdenum disulfide target (99.9%) to obtain the Cu,0/
MoS, composite film. Fig. 1 shows the schematic diagram of laser
ablation the above process. During laser ablation, MoS, target was
ablated onto the surface of Cu,O film by Nd:YAG fiber pulsed laser
(YDFLP-20-M6+-S, a type of homemade laser) under ambient con-
ditions. The wavelength of the pulsed laser is 1064 nm. The focal
length, scanning rate, beam diameter and pulse width were set to
7.6, 300 mm/s, 0.1 mm and 20 ns, respectively. Moreover, the laser
beam powers were set as variates with 1, 2, 3 and 4 W, respectively.
These as-ablated samples were marked as Cu,O-MoS,-1, Cu,0-
MoS;-2, Cu;0-MoS;-3 and Cu,0-MoS,-4, respectively. The as-an-
nealed Cu,0 and as-ablated MoS, thin films were also prepared for
comparison.

2.2. Characterization

The structural properties and the crystallinity of these samples
are characterized by X-ray diffraction (XRD) using a Bruker AXS/D8
Advance system, with Cu Ka radiation (A=0.15408 nm). The
UV-VIS-NIR double beam spectrophotometer (Lambda1050,
PerkinElmer, USA) is used to measure the optical absorption spec-
trum of samples, with the scanning range of 250-1200 nm and a
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Fig. 1. The schematic diagram of preparation of Cu,0/MoS, composite films.
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step length of 2 nm. In addition , the surface morphology of the
samples was characterized by scanning electron microscope
(SEM) (S-4800, Hitachi). Raman scattering spectra are acquired from
a confocal microprobe Raman system (inVia Raman Microscope,
Renishaw) with 633 nm laser excitation.

2.3. Nonlinear optical and pump-probe measurements

The third-order nonlinear absorption coefficient is measured by a
single-beam Z-scan technique based on optical distortion (self-fo-
cusing). A mode-locked picosecond laser (T-light-F9, Menlo Systems)
with a wavelength of 1550 nm, a duration of 2 ps and a repetition
rate of 100 MHz, was used as the optical excitation source which is
focused through a 15 mm lens. What’s more, a non-degenerate ul-
trafast optical pump-probe system was used to obtain the transient
absorption spectrum of samples. In order to correlate the probe
transmission with the in-band absorption of the generated electrons
and holes, 400 nm and 800 nm were selected as the pump wave-
length and probe wavelength, respectively, which are much lower
than the exciton line. And the laser source is a 35 fs laser pulse from
a mode-locked solid-state laser (SOL-35F-1K-HP-T, Spectra-Physics)
with a repetition rate of 1 kHz. In the pump-probe system, both the
pump and probe beams are focused onto the sample using a 75 mm
focusing lens. The sample is located at the focal point of the probe
beam, and the beam waist of the pump beam is 20 pm. The pump
beam is chopped at 360 Hz.

3. Results and discussion
3.1. Material Characterizations

The XRD patterns as shown in Fig. 2 reveal the influence of laser
ablation on the structure of Cu;0 and MoS,. Obviously, pure cuprous
oxide has only one diffraction peak at 37.4°, which corresponds to
the (111) peak of the Cu,0 phase (JCPDS No. 34-1354). For as-ablated
MoS; film, the diffraction peaks are at 15.1° and 17.0°, which can be
assigned to the MoS,(003) and Mo,S3(101) planes (JCPDS
No0.17-0972), respectively. This may be because the pulsed laser lift-
off caused a small amount of S vacancies on the edge of the MoS,
sample [15]. As for the Cu,O/MoS,, besides the above-mentioned
peaks, more obvious peaks at about 14.5° and 41.3° are detected,
corresponding to the (002) and (015) of MoS,, respectively. It is in-
dicated that the successful synthesis of Cu,0/MoS, composite film
has been confirmed, and the MoS, film tends to grow into multiple
phases. However, the diffraction peaks of Cu,0 in composite films
are visibly lower than that of the single layer Cu,0 sample, which is
mainly due to the surface flaky molybdenum disulfide modified with
cuprous oxide [16]. With the increase of the pulsed laser power, the
intensity of the Cu,0 and MoS, diffraction peaks in the Cu,0/MoS,
composite samples increased.

In order to further illustrate the crystalline quality of the Cu,O0,
MoS, and their composites, the Raman spectrum of all samples are
also analyzed in detail, as shown in Fig. 3. As for single layer Cu,0
film, the characteristic peaks at 107, 224 and 635 cm™' are associated
with the non-Raman active phonon mode, lattice vibration mode
and infrared allowable mode of Cu,0 [17-19], respectively. However,
the Raman peak of CuO appears at 290 cm™!, indicating that the
surface of Cu,0 was partially oxidized. Similarly, the Raman shifts of
MoS, at 377, 406, 453 and 178 cm™! are in accordance with Egg, Aig,
Ay and combined vibrations of two different phonons
(Aig(M)-LA(M)), respectively, which indicates the existence of MoS,
structures|15,19-21]. In the Cu,O/MoS, composite films, the dif-
fraction peaks of Cu,0 and MoS, are still observed. Furthermore, as
shown in Fig. 3(b), the Raman peak intensity of the samples in-
creases with the increase of the laser irradiation power, and this
trend is consistent with that of the XRD pattern.
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Fig. 2. The XRD patterns of (a) Cu,0, MoS,, Cu,0/MoS, nanofilms and (b) Cu,O/MoS, composite samples obtained under different laser powers.

Fig. 4 shows the SEM images of single-layer Cu,0, MoS, and Cu,0/
MoS, composite films to characterize the surface morphology of the
samples. The as-annealed Cu,O film is relatively uniform, dense and
orderly, as shown in Fig. 4(a). The deposition quality of as-ablated
pure MoS, sample is poor, with larger particles at about 1-6 um. It is
due to the thermal effect of laser ablation that aggregates MoS, par-
ticles, and affects the transfer of carriers between the sample layers.
For the Cu,O/MoS, composite samples in Fig. 4(c-f), after laser abla-
tion, on account of the influence of the Cu,O base film and the inter-
doping of atoms at the heterojunction interface into the lattice, the
nanoparticles become smaller and are distributed in an orderly
manner. The sample surface has more reactive sites and the potential
barrier formed by the charge state is reduced, thereby accelerating the
charge transfer between the interfaces [22,23]. With the laser power
increasing, as-deposited MoS, particles increase, so that the particles
pile up on a path wider than the scanning area. Moreover, when the
power was increased to 4W, a large number of particles gathered
together, causing the surface of the sample became rough and
uneven.

The corresponding absorption signals of single layer and its
composite films are given in Fig. 5, reflecting the absorption of the
samples in the visible light region and the performance of gen-
erating electron-hole pairs. There are two absorption peaks near 348
and 450 nm in single-layer Cu,O film, which are caused by scattering
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and inter-band transitions in Cu,0 [24,25]. The as-ablated MoS, film
has an absorption band around 366 nm corresponding to the C ex-
citon absorption. In addition, two weak peaks could be observed at
622 nm and 676 nm from the enlarged view of MoS, in Fig. 5(b),
representing the A (676nm) and B (622nm) excitons, respec-
tively [7,21,26]. The Cu,0-MoS, composite films have strong ab-
sorption in the 340-420nm wavelength range, enhancing the
absorption capacity of the entire visible light region, which is due to
the synergistic effect of MoS, and Cu,0[27-29]|. With the laser
power increasing, the absorption intensity of the Cu,O/MoS, com-
posite films increases with a red shift, as observed from Fig. 5(d).

The optical band gap of the sample is calculated by the Tauc plot
between the optical band gap and the absorption spectrum.
According to previous reports [4,14], Cu,0 and few-layer MoS, ma-
terials are direct bandgap semiconductors. It is recommended to
analyze the following equation [30].

(ahv)?
A2

E;=hv - 1)

Here, o is absorption coefficient, h is Planck's constant, v is the
photon frequency, Eg is the optical band gap of the sample, and A is a
constant. The estimated band gap energies from Tauc function of all
samples are plotted in Fig. 5(c). The optical bandgaps of Cu,0, MoS,
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Fig. 3. Raman spectra of (a) Cu,0, MoS,, Cu,0/MoS; nanofilms and (b) Cu,0/MoS, composite samples obtained under different laser powers.
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Fig. 4. The typical SEM images of (a) Cu,0 film, (b) MoS, film and (c-f) Cu,0/MoS, composite samples obtained under different laser powers (1, 2, 3, 4 W).
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and Cu,0/MoS, composite films. (d) The absorption spectra of Cu,0/MoS, samples with different laser powers.



T. Liu, Q. Liu, R. Hong et al.

(a)

1L.5F

-
N
T

1.2 = Cu0
¢ MosS,

L1f 4 Cu,0-MoS,

Normalized transmittance

1.of
-15 -10 -5 0 5 10 15
Z (mm)
12
Cu,0
Wl ©
B Cu,0-MoS,

e e e
— =) -]
T T T

Normalized Intensity
=
~

I
=]
T

Time (ps)

Journal of Alloys and Compounds 886 (2021) 161137

-
S
T

(b)

=
S
T

= Cu,0-MoS,-1
¢ Cu,0-MoS,2
4 Cu,0-MoS,-3

L1} Cu,0-MoS, -4

Normalized transmittance
-
[\*]

-
(=]
T

p—
[ ]

Cu,0-MoS, 1
Cu,0-MoS,2

...
>
T
~
o,
~

2 Cu,0-MoS, 3
i Cu,0-MoS,4
08} 2 2
‘13: 2 i
0.6 i ‘
)

Normalized Intensity
>
-
P

0.0F
2 4 6 8 10
Time (ps)

Fig. 6. (a-b) The open aperture Z-scan measurement results and (c-d) the carrier dynamics of Cu,0, MoS,, Cu;0/MoS, composite films with different laser powers.

Table 1

The parameters obtained from the fitting of Z-scan and transient absorption results.
The parameters of transient absorption are fitted using a double exponential decay
function, which can be expressed as y = Arfe~t/71 + Ay*e~t/w2,

Samples Pefr (cm/W) 71 (ps) Ay 72 (Ps) Ay

Cu0 film -9.48x 1077 0.217 81% 2.47 19%
MoS; film -13.06 x 10°° 0.22 54% 10.86 46%
Cu,0-MoS,-1 -23.08%10°° 0.32 80% 2.81 20%
Cu,0-MoS,-2 -9.92x10° 0.36 24% 35.11 76%
Cu,0-MoS,-3 -17.80x 10°° 0.37 35% 38.07 65%
Cu,0-MoS,-4 -21.69x 10 0.44 46% 403 54%

and Cu,0/MoS; samples are estimated to be 2.58, 1.96 and 2.15 eV by
a Tauc plot.

3.2. Nonlinear optical properties

In a nonlinear regime, the total nonlinear absorption coefficient
of the sample can be expressed as: a = ag + I, Where I, «p and
represent the incident light intensity, the linear absorption coeffi-
cient and nonlinear absorption coefficient, respectively. So the cor-

responding  propagation equation can be represented
as : % = —(ap + BI)I. For the open aperture Z-scan, the normalized
transmittance T (z) is given by the equation:
T(Z) -1- ﬁIOLeff -
z
2\5[1+(ZO)] @)

Table 2
The comparison of the nonlinear absorption coefficient Be values of this work with
those reported in the literature.

Sample material Wavelength (nm)  Begr (cm/W) References

Cu,0 thin film 800 4x108 Fu et al. [33]
Cu,0 doped glasses 633 5.55x 1078 Qiuling Chen [34]
MoS, film 800 -1.02x 1077 Yang et al. [35]
Bi,S3/MoS, film 800 -130x107  Yanget al. [35]
Zn0-MosS; film 400 11.5x 107 Liu et al. [8]
Cu,0-MoS; film 1550 -23.08x10°  Current work

Here, Leg = (1 — e *0l)/aq is the effective optical length of the
sample. Where z represents the straight-line distance between the
sample and the focal point, and represents the diffraction length of
the beam. Additionally, Iy is the on-axis irradiance at the focus, and L
is the thickness of the film sample.

The nonlinear absorption performance of single layer and Cu,0/
MoS, composite films were studied by an open aperture Z-scan
system with the excitation wavelength of 1550 nm, as shown in
Fig. 6(a-b). None obvious nonlinear absorption phenomenon can be
observed in single layer Cu,O sample. The MoS, and Cu,O/MoS,
composite samples showed strong saturated absorption (SA) char-
acteristics in the open-aperture Z-scan measurement. In contrast to
Cu0 and MoS,, the Cu,O/MoS, composite films show greater
transmittance under the same excitation light intensity, indicating
that there is a synergistic effect between the MoS,-Cu,0 composite
films [27,31]. According to Fig. 6(b), when the laser lift-off power is
smaller, the Cu,0-MoS,-1 sample exhibits the strongest SA effect,
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Fig. 7. FDTD simulated electric field amplitude patterns of (a) Cu,0, (b) MoS, and Cu,0/MoS, composite sample.

which may be due to the enhanced light-material interaction of thin
layer Cu;0/MoS, [32]. The nonlinear transmittance of other Cu,0/
MoS, samples increases with the increase of laser pulse energy.

As indicated in Table 1, compared with single-layer Cu,O and
MoS,, the nonlinear absorption coefficient p value of Cu,O/MoS,
composite sample increased to -23.08 x 10 cm/W. It is indicated
that the combination of molybdenum disulfide and cuprous oxide
can effectively improve the nonlinear performance of the sample.
Furthermore, we compared the current work B¢ value with the test
values of Cu,O and MoS, previously reported in the literature in
Table 2. The nonlinear absorption coefficient() of the Cu,0-MoS,
film prepared in this paper is 10-100times higher than that in
previous reports [8,33-35]. It illustrates that the MoS, and Cu,0-
MoS, films prepared by pulsed laser deposition have strong satur-
able absorption behavior and can be used as excellent saturable
absorbers.

In order to study the mechanism of the saturated absorption
response of single-layer and composite samples, femtosecond tran-
sient absorption spectroscopy is used to illustrate the carrier dy-
namics of the samples. Fig. 6(c-d) represent the typical transient
absorption spectroscopy of Cu,0, MoS, and Cu,0/MoS, samples.
Similar to many previous reports [36-38], the carrier relaxation
process of the sample can be divided into two processes: the fast
relaxation time (<) caused by the in-band carrier-carrier interaction
and the slow relaxation (t) caused by the exciton-phonon interac-
tion. The corresponding fitting parameters are summarized in
Table 1. When compared with pure Cu,0 and MoS, monolayers, a
slower decay process is observed in the Cu,O/MoS, heterojunction,
and the proportion of slow relaxation time () increases. The slow
decay process in the heterostructure is attributed to the transfer of
carriers from molybdenum disulfide to cuprous oxide [39], which
affects the recombination of carriers in MoS,. In addition, as the
thickness of the Cu,0/MoS, composite sample increases, the carrier
relaxation time increases accordingly. It is attributed to the slow
interlayer diffusion of excitons in the multilayer samples, which will
increase the ground state bleaching effect of the sample, thereby
inducing stronger saturated absorption behavior [27]. In particular,
because the interlayer carrier movement accelerates when MoS, is
thinner, the thinner Cu;0-MoS,-1 sample has the smallest <. This
trend corresponds to the Z-scan result.

Fig. 7 shows the results of finite difference time domain (FDTD)
for simulate the electric field distribution of single-layer Cu,0, MoS;
and composite films to verify the acceleration of charge transfer in
Cu,0/MoS, composite samples. The surface of as-annealed Cu,0 film
is dense and uniform, and the electric field intensity is only 0.73.
However, the as-ablated MoS, sample shows the large particle size
and roughness, so its local electric field strength can reach 0.9. Due
to the obvious graininess and regular distribution for Cu,0 and MoS,

composite, the local electric field intensity of Cu,0/MoS, composite
sample increased to 1.4. The FDTD results show that the charge
transfer at the interface of Cu,0-MoS, heterostructure has been
significantly enhanced.

4. Conclusion

In summary, the Cu,0/MoS; films were prepared by simple pulsed
laser ablation. Both Raman and absorption spectra showed that the
crystallinity and optical properties of the Cu,0/MoS;, composite sam-
ples were significantly enhanced. Open-aperture Z-scan and femto-
second transient absorption techniques were used to study the
nonlinear absorption property and its carrier dynamics in Cu,0/MoS,
heterostructures. The electrons generated by strong light irradiation
tend to transfer from molybdenum disulfide to cuprous oxide buffer
layer, which can effectively accelerate the interlayer diffusion of car-
riers and improve the nonlinear performance of the samples.
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