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Introduction

With the emergence of ultrashort pulse lasers and the
gradual development of laser technology, people are
increasingly studying nonlinear optics. Nonlinear
optical effects play a very important role in modern
photonics functional devices and systems, such as
laser spectrum conversion, ultra-fast pulse genera-
tion, optical switching, all-optical modulation, etc. are
all based on various nonlinear optical effects of
materials [1-3]. Saturated absorption (SA) and
reverse saturated absorption (RSA) are two contra-
dictory reactions of the third-order nonlinear effects
of materials, which have been reported in different
nanomaterials [4-7]. SA is usually caused by the
bleaching of the plasma ground state of the substance
and is mainly used in optical switching and laser
pulse compression. Free carrier absorption and multi-
photon absorption are the main reasons for RSA. RSA
can be used as an optical limiter that protects eyes
and sensors from being damaged by sudden expo-
sure to strong light [6]. Saturated absorption and
reverse saturated absorption compete with each
other. Therefore, we observe the conversion behavior
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from SA to RSA as the laser power increases in many
metal-semiconductor composite structures [8-11].
Traditional nonlinear research started with inor-
ganic materials (such as KDP and LiNbO3), and then
inorganic semiconductors such as GaAs and ZnS
were used to control the nonlinear optical response of
materials due to their adjustable band gap. In recent
years, in order to meet the demand for more new
optoelectronic components and devices, people are
interested in new nonlinear materials (organic and
inorganic materials). As a typical P-type semicon-
ductor material, Cu,O has a band gap of about
2.17 eV and is widely used in solar cells [12], photo-
catalysis [13], sensors [14], and photodetectors [15].
Cuprous oxide has a center-symmetric cubic crystal
structure and does not have a second-order nonlinear
polarizability. Therefore, experimental research on
the nonlinear optical properties of cuprous oxide has
not appeared until the last decade. In 2009, Mani SE
et al. [16] tested the third-order nonlinear polariz-
ability of a single crystal cuprous oxide block for the
first time. Sekhar et al. [6] found that the prepared
CuyO nanoclusters and microparticles all exhibit
saturated absorption and reverse saturated absorp-
tion in 2012. Recently, Nabil A. Saad et al. [17] have
prepared Ag-Cu,O nano-heterojunctions by co-
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precipitation method, which confirmed that Ag
nanoparticles (NPs) can enhance the linear and non-
linear performance of heterojunctions. Moreover,
some Ag:Cu,O nanocomposite films with different
silver content prepared on MgO substrates have been
reported again. The results show that Ag NPs are
embedded in Cu,0, and the composite film has good
electrical and optical properties [18, 19]. However,
the nonlinear performance of samples with this
sandwich structure is rarely reported.

In this paper, single-layer Cu,O film, bilayer Ag/
Cu,0 film and Cu,O/Ag/Cu,O nanocomposite films
with sandwich structure were fabricated by simple
electron beam evaporation followed by thermal oxi-
dation process. Furthermore, CO, laser irradiation,
an economical and effective technology, was pro-
posed to study its influence on the linear and non-
linear optical properties of samples. Then we studied
the nonlinear absorption response of the sandwich
structure samples using the Z-scan technique with an
excitation wavelength of 1550 nm. The nonlinear
response of the Cu,O/Ag/Cu,O nanocomposite
films was observed to transfer from saturated
absorption to reverse saturated absorption with the
increase of the excitation intensity. The enhancement
of the nonlinear optical performance was observed in
all as-irradiated samples.

Experimental

Prior to deposition, borosilicate (BK7) glass substrates
were cleaned in acetone, ethanol and deionized water
for 15 min in turn using an ultrasonic cleaning
machine, respectively. Metallic (Cu and Ag) thin
films were deposited in turn on the substrates to form
a sandwich structure by electron beam evaporation at
room temperature. The thicknesses of the bottom and
top layer for Cu thin film were both 20 nm. The
middle layer of Ag thin film was controlled at 2, 7
and 12 nm, respectively. The thickness of the film
was monitored by an in situ quartz crystal
microbalance. The as-deposited Cu and Ag/Cu thin
films were also fabricated for comparison. After
deposition process, the as-deposited Cu film, Ag/Cu
film and Cu/Ag/Cu composite films with increased
Ag thicknesses were placed in a homemade tubular
furnace and annealed under the ambient condition.
The annealing temperature was maintained at 200 °C
for 2 h. After the temperature of the tubular furnace
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naturally reduced to room temperature, these as-an-
nealed samples were taken out and marked as sam-
ple 1 (S1), sample 2 (52), sample 3 (S3), sample 4 (S4)
and sample 5 (S5), respectively. Due to annealing, the
Cu film was oxidized to cuprous oxide along with the
Ag thin films being transformed into nanoparticle
structure. The structure schematic of these samples is
shown in Fig. 1. Afterwards, laser irradiation by a
continuous wave CO, laser source with the wave-
length of 10.6 um was applied to these films. The
laser parameters of beam power, scanning rate and
the beam diameter were set as 4 W, 50 mm/s and
0.1 mm, respectively. These as-irradiated samples
were marked as sample 1° (S1'), sample 2’ (S2'),
sample 3’ (53'), sample 4’ (S4) and sample 5 (S5),
respectively. To better understand, the specific
parameters of all samples are shown in Table 1.

The crystal structure of the film was characterized
by X-ray diffraction (XRD) using a Bruker AXS/D8
Advance system, with Cu Ka radiation
(4 =0.15408 nm). The surface morphology of the
samples was characterized by atomic force micro-
scope (AFM)(XE-100, Park System) with a 5 x 5 pm
scanning area and scanning electron microscope
(SEM)(5-4800, Hitachi), and surface roughness chan-
ges of the film sample were also reflected as well.
Thermo Scientific K-Alpha™ was used to study on the
XPS. The UV-VIS-NIR double-beam spectropho-
tometer (Lambdal050, PerkinElmer, USA) was used
to measure the optical absorption spectrum of sam-
ples, with the scanning range of 250-1200 nm and a

Cu/Ag/Cu thin films

Cu thin film Ag/CII thin film

deposited by electron beam evaporation

CR

=z

Cu,0 thin film Ag/Cu,O thin film
(S (S2)

STT835888850) ey
. S S
Figure 1 Schematic of as-deposited Cu, Ag/Cu and Cu/Ag/Cu
composite thin film structures and as-annealed Cu,0, Ag/Cu,O

Thermal annealing

Cu,0/Ag/Cu,0 thin
films (S3-S5)

3

and Cu,O/Ag/Cu,0 film samples structures.
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Table 1 Sample parameters

S2(S2)

S3(S3) S4(S4") $5(S5")

Parameters S1(S1")
Structure Cu,O
Thickness (nm) 20
Annealing condition 200 °C 2 h

Ag/Cu0O  CuyO/Ag/Cu0O  CuyO/Ag/CuyO CuyO/Ag/CuyO
2/20 20/2/20

20/7/20 20/12/20

step length of 2 nm. The single-beam Z-scan tech-
nique based on optical distortion (self-focusing) was
employed to measure the third-order nonlinear
absorption coefficient. We used a mode-locked
picosecond laser with a wavelength of 1550 nm, a
duration of 2 ps and a repetition rate of 100 MHz as
the optical excitation source which is focused through
a 15-mm lens. All measurements were performed at
room temperature.

—— Preimadiated]
6" = Asirradiated

20(21 m

5

RMS (nm)
-

o

Spm

2 SISI’) S2(S2) S3(S3) S4(S4) SS(SS)
Sample

Results and discussion

Microstructural properties and structural
morphologies

Figure 2a—f shows the typical AFM images of sam-
ples before and after irradiation. According to
Fig. 2a—c, the root mean square (RMS) surface
roughness of the single-layer Cu,O (S1), bilayer Ag/
Cu,0 film (S2) and Cu,O/Ag/Cu,0 film in sandwich
structure (S3) are 3.279, 2.578 and 3.707 nm, respec-
tively. According to the result of AFM, the cover layer
of Ag thin film has the effect of smoothing the surface
of Cu20 thin film [17]. In the case of laser irradiation,
the Ag NPs in as-annealed samples aggregated and
grew on the Cu,O surface increasing the surface
roughness [20], as shown in Fig. 2d—f, which also

200nm v 200nm

Spm . Spm

Figure 2 AFM 3D images of a S1, b S2, ¢ S3, d S1’, e S2 and f S3’; g The surface roughness changes of samples before and after

irradiation; SEM images of h S1’, i S2" and j S3’.
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corresponds to the absorption curve in Fig. 4. Fig-
ure 2g reveals the variation of surface roughness of
all samples. In particular, the surface morphologies of
the three-layer samples (53-S5) are similar in AFM
images, and the roughness increases with the
increase in Ag layer thickness. The RMS surface
roughness values of as-irradiated samples increased
to 3.495, 4.438, 5.507, 4.775 and 5.726 nm, respec-
tively. Figure 2h—j shows the representative SEM
images of as-irradiated samples. As-irradiated pure
cuprous oxide film was dense and uniform, and no
obvious change in morphology was observed. After
annealing at 200 °C, the Ag layer in the multilayer
films was transformed into Ag particles [21]. Laser
irradiation made the Ag particles larger, with a size
of about 50-100 nm, as shown in Fig. 2i. Similarly,
according to Fig. 2j, the aggregation of Ag particles
resulted in a pore-like structure on the surface of the
sandwich structure sample. Figure S1 of the supple-
mentary material shows the particle diameter distri-
bution histogram of the SEM images and their
respective Gaussian fit. The mean particle diameter in
S1/, S2’ and S3’ was determined to be 25.41, 37.57 and
52.25 nm, respectively. The increasing trend is con-
sistent with the surface roughness of AFM images in
Fig. 2g. Both the AFM and SEM images confirm that
laser irradiation could change the Ag particle size
resulting in the increase in surface roughness.

The XRD patterns of all samples are shown in
Fig. 3 to reveal the influence of laser irradiation on
crystal structures of films. No obvious diffraction
peaks are observed in both Cu,O and Ag/Cu,O
samples, because that they are amorphous phase
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with thin thickness. However, two diffraction peaks
at 36.56°(20) and 37.96°(20) can be observed in the
Cu,0/Ag/Cuy0 samples both before and after irra-
diation, which correspond to the (111) peak of Cu,O
phase (JCPDS No. 56-3288) and the (111) plane of Ag
phase (JCPDS No. 89-3722), respectively. According
to Fig. 3a, the diffraction peak intensity of Cu,O in
the three-layer composite films increased with the
increase in the silver thickness. The main reason is
that both thermal annealing and the increase in the
metal contact Ag layer thickness lead to the metal-
induced solid-phase crystallization effect of the
cuprous oxide film [22, 23]. After laser irradiation,
Cu,0 and Ag diffraction peaks are also slightly
enhanced, as shown in Fig. 3b. It is attributed to the
recrystallization of the crystal grains caused by the
thermal action of the laser irradiation [24]. These
results show that laser irradiation-induced Cu,O and
Ag particles to crystallize to the (111) surface with the
lowest surface energy, which improved the crys-
tallinity of the films.

Optical characterization

The absorption spectra of the samples are shown in
Fig. 4, which mainly reflects the influence of laser
irradiation on the absorption characteristics of Cu,O,
Ag/Cuy0 and Cu,0O/Ag/Cu,O samples. The as-an-
nealed single-layer Cu,O film shows an absorption
peak near 348 nm, which is caused by scattering and
interband transitions in Cu,O [25]. Meanwhile, the
overall absorption intensity improved in the visible
and near-infrared regions in the Ag/CuO
nanocomposite film, as shown in Fig. 4a. The change
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Figure 3 XRD patterns of a as-annealed samples (S1-S5) and b as-irradiated samples (S1'-S5").
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Figure 4 Absorption spectra of a as-annealed samples (S1-S5) and b as-irradiated samples (S1'-S5).

in this range is due to the combined effect of the
plasmonic effect of Ag NPs and the absorption or
reflection caused by the embedded Ag NPs in the
CuyO lattice [19]. In addition, for Cu,O/Ag/CuO
samples, the absorption peak of Cu,0O (348 nm) firstly
strengthened and then weakened with the increase in
Ag thickness. The reason for this trend is that with
the increase in the Ag middle layer thickness, the Ag
layer transfers into continuous Ag nanofilm, affecting
the absorption of cuprous oxide in the lower layer
[26]. Figure 4b shows the absorption curves of all
samples irradiated by the laser. After laser irradia-
tion, pure Cu,O surface was slightly oxidized and
weakened the Cu,O peak intensity, resulting in the
absorption in the visible region of 400-800 nm.
However, a new absorption peak near 450 nm was
observed in the as-irradiated Ag/Cu,O film, which
corresponds to the plasmon resonance peak of Ag
NPs [27]. According to the SEM images, it is
demonstrated that the Ag NPs on the surface aggre-
gated by laser irradiation, which enables the exis-
tence of stronger LSPR [28]. For the three-layer
samples (S3'-S5') after irradiation, the samples with
thinner Ag layer (2 and 7 nm) mainly showed the
absorption peak of Ag near 450 nm and had a small
redshift (from 450 to 456 nm), but the absorption
peak of Ag for the film with thicker Ag layer (12 nm)
exhibits little effect. Therefore, when a multilayer
sample with an appropriate Ag thickness (7 nm) was
irradiated by the laser, the grains further grew to
aggregated Ag NPs and finally enhanced plasmon
resonance of Ag and the coupling between Cu,O and
Ag was used to improve the absorption characteris-
tics of Cu,0O/Ag /Cu,O multilayer films.
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The Tauc function toward the estimation of band
gap energy of all samples is plotted and displayed in
Fig. S2. The band gap energy of pure Cu,O is 2.37 eV,
which is similar to that reported in the literature [6].
The absorption edge shifted toward longer wave-
length with the introduction of Ag layer [19]. The
band gap of as-irradiated Cu,O is reduced owing to
surface oxidation. However, the aggregation of Ag
NPs in as-irradiated Ag/Cu,O film increases its
optical band gap. For the as-irradiated three-layer
samples (S3'-S5'), laser irradiation shows slight effect.

Composition and valence state

X-ray photoelectron spectroscopy (XPS) measure-
ment is applied to analyze the influence of irradiation
on the composition and chemical state of the sand-
wich structure sample (54), and to reflect the inter-
action between Cu,O and Ag by comparing the Ag
XPS peak drift of Ag/Cu,O bilayer film (S2) and S4.
Figure 5a shows the XPS measurement spectrum of
54, which confirms the presences of Cu, O, and Ag
elements in the hybrid samples. The XPS spectra of
Cu 2p in S1, ST/, S4 and S4’ are shown in Fig. 5b—c.
Two peaks at 932.1-932.8 eV and 952.0-952.8 eV
correspond to the Cu 2p;,, and Cu 2p,,, peaks of
Cu™, respectively. At the same time, the Cu 2p3,, and
Cu 2p; /> peaks of Cu®* correspond to the character-
istic  bands  between  933.7-9343 eV  and
954.2-954.4 eV, respectively [29-32]. It confirms that
the surface of the film is oxidized to CuO in the case
of annealing [33]. The content of Cu™ in the as-irra-
diated samples increased, because of the formation of
a solid layer on the surface of Cu,O film delays
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oxidation. The O 1 s spectra of S1, S1’, S4 and S4’ are
exhibited in Fig. 5d—e, which can be divided into
three peaks. The observed peak at 530 eV is assigned
to lattice oxygen atoms in Cu,O (Op), and the binding
energy at 531.4 eV is attributed to oxygen vacancy
(Oy). Further, the peak at 532.6 eV is corresponding
to chemisorbed oxygen (O¢) or hydroxyl ions [29, 34].
The Oy peak area of pure Cu,O film only increased
by 3% after laser irradiation. The relative percentage

of peak areas for Oy is 38.5% for 54, whereas the
percentage is 60.5% for S4'. It indicates that S4’' has
more oxygen vacancies than 5S4, which is caused by
the introduction of defects and the formation of
mesoporous structures due to the thermal action of
the CO, continuous laser irradiation process. It is
possible that the abundant oxygen vacancy in as-ir-
radiated three-layer samples could account for the
enhanced third-order nonlinear performance of as-
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irradiated three-layer samples compared with other
samples [19]. In addition, Fig. 5f further compares the
Ag 3d XPS spectra of S2, S2/, S4 and S4'. It is obvious
that the peak binding energies of Ag 3ds,, and Ag
3ds,; in S4 are 368.3 eV and 374.3 eV, respectively
[21, 35, 36]. The orbital splitting energy of 3d doublet
is about 6 eV which further evidences the metallic
state of Ag-matrix. By comparing S2 and S4, we
found that the binding energy of Ag in the sandwich
structure samples was slightly higher, which may be
caused by the increase in the thickness of Ag [37].
Moreover, it is known that the binding energy of the
irradiated sample Ag shifts to a lower energy direc-
tion compared by the samples before and after the
irradiation (S2 and S2’, S4 and S4'). It may be caused
by the effect of laser irradiation on the interaction
between Cu,O and Ag of the sample.

Nonlinear optical properties

Figure 6 reveals the normalized transmittance of the
multilayer samples before and after laser irradiation
measured by the open aperture Z-scan system with
different excitation powers, and the excitation
wavelength is 1550 nm. The total nonlinear absorp-
tion coefficient of the sample can be described as:
o = og + pI, where I, oy and f, respectively, represent
excitation light intensity, the linear absorption coef-
ficient and nonlinear absorption coefficient [38]. So
the propagation equation of the sample can be
expressed as: 4 = —yI — I*. For the open aperture
Z-scan, the normalized transmittance Tnom iS given
as:
1 PloLes

Tormzl__ 1
N 2v21+ (2)? M

Here, Ly = [1 —e /oy is the effective optical
length, z represents the straight-line distance between
the sample and the focal point, and z, represents the
diffraction length of the beam. Additionally, I, is the
laser intensity focused at z = 0 through the lens, and
L is the thickness of the film sample [39].

Regardless of the increase in excitation power or
the influence of laser irradiation, the Cu,O and Ag/
Cu,O samples have no obvious nonlinear absorption
phenomenon. The nonlinear curve trends of the two
are similar, so only the normalized transmittance
curve of the Ag/Cu,0 bilayer film is shown in Fig. 6.
According to Fig. 6a-b, when the sample is excited by
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the excitation light with a peak irradiance of
0.502 MW /cm?, the three-layer film (S3-S5) exhibits
saturated absorption behavior, and the peak value of
the sample increases with the increase in Ag thick-
ness. What's more, the nonlinear performance of all
samples has been enhanced after laser irradiation.
Among them, S4’ reaches the maximum value, which
is consistent with the absorption curve. But when the
peak excitation intensity increases to 0.966 and
3.03 MW/ cmz, the sandwich structure sample will
change from saturated absorption to reverse satu-
rated absorption. This indicates that the increase in
excitation intensity will lead to a decrease in satu-
rated absorption and an increase in reverse saturated
absorption. As indicated in Fig. 6g-h, f§ value of S4'
changes from — 45.75 x 107 to 14.79 x 107 cm/W
with the enhancement of excitation energy, while, at
the maximum excitation intensity, laser irradiation
makes the B value of sample S4 increase from
—10.66 x 107 to S4' of — 45.75 x 107 cm/W. It is
indicated that laser irradiation can effectively
improve the nonlinear performance of the samples.
In addition, we compare the current working Pes
value with the test value reported in the previous
literature in Table 2 Comparison of the nonlinear
absorption coefficient feff values of this work with
those reported in the literature. This tells that Cu,O/
Ag/CuyO nanofilms exhibit a higher [y value,
which is mainly due to the influence of laser irradi-
ation and unique sandwich structure.

Many different mechanisms which lead to the
switch from saturated absorption to reverse saturated
absorption have been reported [10, 17, 40, 41]. This
study proposes a possible mechanism for enhancing
the nonlinear performance of the Cu,O-Ag
nanocomposite structure as shown in Fig. 7a. Here,
the SA effect is mainly attributed to the plasma
ground state bleaching effect caused by the inter-
band transition from d orbit to s—p orbit in Ag NPs or
a small amount of energy level transition in Cu,O.
The RSA effect is caused by five-photon absorption in
Ag, free-carrier absorption or multi-photon absorp-
tion in Cu,O. At lower intensity, the saturated
absorption of the sample dominates, and the excita-
tion intensity reaches a certain value. Also, the
reverse saturated absorption exceeds the saturated
absorption to reverse the response of the sample. On
the one hand, the nonlinear absorption of Cu,O and
Ag samples (52-55) coupled with each other, which is
caused by the superposition of multiple absorption
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Table 2 Comparison of the

nonlinear absorption Sample material Wavelength (nm) Pesr (c/W) References

zf::lfcvlv‘:’?l: glgfs:ile“:;;ztﬁs Cu,0 thin film 800 4% 1078 Fu et al. [42]

the literature Cu,O NPs 532 1.9 x 10’89 Sekhar et al. [6]
Au@Cu,0O NRs 580-818 1.22 x 10~ Gong et al. [43]
Cu,O —Ag NPs 1064 2.6 x 1077 Saad et al. [17]
AgCu/Al,05 nanofilm 400 45 x 107 Gao et al. [44]
Cu,0/Ag/Cu,0 nanofilm 1550 45.75 x 1077 Current work

(a)

————————>

(b)

E/E0

(© X(am) E/EO

Figure 7 a The nonlinear mechanism for Cu,O thin films decorated with Ag NPs; The FDTD simulated electric field amplitude patterns

of b as-annealed and c as-irradiation CuyO/Ag/Cu,0 thin films.

effects, compared with pure Cu,O samples (S1). On
the other hand, laser irradiation could introduce a
large number of oxygen vacancy defects and can
form defect energy levels between the conduction
band and valence band of cuprous oxide. As shown
in Fig. 7a, electrons are more likely to transition from
the conduction band to the defect energy level,
accelerating the charge transfer rate. As an excellent
conductor, Ag NPs can effectively separate the elec-
tron-hole pairs generated by Cu,O. At the same time,
laser irradiation enhances the interaction between
Cu,O and Ag NPs, and the increase in electron
mobility can explain the enhancement of the nonlin-
ear performance of the sample.

In order to further study the influence of laser
irradiation on the electric field distribution of hybrid
samples, we simulated the electric field distribution

@ Springer

of Cu,0O/Ag/Cu,0 thin film before and after irradi-
ation excited by excitation light with a wavelength of
1550 nm using finite difference time domain (FDTD)
method, as shown in Fig. 7b—c. The smaller size of Ag
NPs in the Cu,O/Ag/CuO film is formed by
annealing, and the electric field intensity was 2.84. Ag
NPs aggregated after laser irradiation, and the elec-
tric field intensity of the three-layer sample increased
to 7.02. It can be attributed to the strong coupling,
which is caused by the increase in the size of Ag NPs
and the increase in the contact area between Cu,O
and Ag particles. The FDTD results well show that
laser irradiation can enhance the local electric field of
the sample, thereby improving the nonlinear perfor-
mance of the sample.
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Conclusion

In summary, we studied the effects of laser irradia-
tion on Cu,O/Ag/Cu,O multilayer films. Those
measurement results show that the laser irradiation
has the effect of aggregating Ag NPs inducing the
formation of mesoporous structure, improving the
optical band gap and crystallinity of the multilayer
film, and introducing oxygen vacancy defects in the
samples. According to nonlinear absorption (NLA)
results, both saturated absorption and reverse satu-
rated absorption behaviors could be observed in all
samples. In addition, it is demonstrated that the
enhancement of nonlinear absorption in as-irradiated
samples is attributed to the carrier migration accel-
erated by defect energy level and the strong coupling
between Cu,0 and Ag.
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