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A B S T R A C T   

In this work, Ag/MoS2 composite thin films were fabricated. The effects of MoS2 layer on the structure and 
optical properties of Ag thin film were investigated. XRD results show that MoS2 buffer layer has the effects of 
promoting grain growth of Ag and increasing their particle sizes confirmed by SEM images. The surface plasmon 
resonance (SPR) wavelength of Ag was observed to shift from 432 nm to 1650 nm with the introduction of MoS2 
buffer layer. The nonlinear absorption (NLA) response of Ag/MoS2 composite thin films was significantly 
improved compared with that of the Ag single layer, which is attributed to the SPR of the Ag/MoS2 composite 
thin films and the enhanced electric field induced by SPR. Moreover, the simulation results of Finite-Difference 
Time-Domain (FDTD) are in good agreement with the experimental results.   

1. Introduction 

The nonlinear optical (NLO) properties of nanomaterials play a key 
role in advanced photonic devices. Noble metal (Au, Ag, Cu) nano
particles (NPs) have broad nonlinear optical applications such as optical 
modulators and optical switches [1–3]. Metal NPs own a strong light 
absorption coefficient caused by surface plasmon resonance (SPR). In 
SPR, the conductive electrons are collectively excited by a local electric 
field [4,5]. The increased effective NLO response can be realized by the 
plasmonic effect [6]. Plasmonic excitation can enhance nonlinear opti
cal effects through many ways. First, the coupling of light and surface 
plasma will lead to a strong local electromagnetic field [7]. Second, 
plasmonic excitation is sensitive to the dielectric properties of metals 
and surrounding media [8]. Finally, plasmonic excitation can respond to 
several femtoseconds timescale, thus allowing ultra-fast processing of 
optical signals [9]. However, noble metal NPs can not be directly used in 
optical switching, optical limiting, and other fields. The unsatisfactory 
effect is limited by its nonlinear absorption (NLA) response is still not 
strong enough. Recently, the optical nonlinear enhancement caused by 
effective photon-photon interaction in Au–CdS [10], Ag–CdS [11], and 
Au–CdTe [12] has been reported. Hence, Composite thin films based on 
metal and semiconductor materials have potential applications in pho
tonics and optoelectronics due to the high degree of optical nonlinear 
and ultra-fast time response [12–16]. 

At present, the transition metal dichalcogenides has attracted more 
and more interest in the next generation optoelectronic devices due to 
their excellent band structures [17,18]. For example, the saturated ab
sorption and two-photon absorption of MoS2 films have been widely 
studied. As discussed above, the excellent properties of 
metal-semiconductor films far exceed those of individual structures due 
to the tight coupling of metal elements and semiconductor counterparts 
[19]. In the metal-semiconductor films, the NLA response of the material 
can be enhanced by improving the SPR and the corresponding local field 
environment [20,21]. Therefore, MoS2 may be a promising candidate for 
enhancing the nonlinear absorption of noble metal materials. 

In this paper, we adopted MoS2 as a buffer layer and fabricated Ag/ 
MoS2 using electron beam (EB) evaporation deposition technology. 
Moreover, we investigated the effects of MoS2 buffer layer on the 
structure as well as optical properties of Ag thin film. The comparative 
NLA response of the MoS2, Ag, and Ag/MoS2 were investigated by using 
an ultra-fast laser with the same intensity at 1550 nm. Furthermore, 
FDTD results show that the Ag/MoS2 composite thin films have stronger 
electric field intensity than that of MoS2 or Ag single layer. 
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2. Experiment 

2.1. Preparation 

MoS2 and Ag thin films were successively deposited by EB evapo
ration from MoS2 and Ag target, respectively. The chamber pressure was 
5.0 � 10� 4 Pa. The thickness of MoS2 and Ag thin films was 10 nm. For 
Ag/MoS2 composite thin films, the thickness of both the inner layer 
MoS2 and the outer layer Ag was 10 nm. The value of the thickness was 
monitored by quartz crystal microbalance which was placed in the 
evaporation chamber. The schematics of Ag, MoS2, and Ag/MoS2 
structures are shown in Fig. 1(a–c). 

2.2. Structural and optical characterization 

The phases of these samples were characterized by XRD with CuKα 
radiation (λ ¼ 0.15408 nm). The optical linear absorption of these 
samples was measured through a Perkins Elmer UV-VIS-NIR spectro
photometer. The surface morphology was investigated through SEM 
(merlincompact, ZEISS). 

The third-order nonlinear optical property of these samples was 
characterized through the Z-scan system (T-Light, Menlosystems) whose 
excitation wavelength was 1550 nm. The Er-doped picosecond fiber 
laser delivers 2 ps pulses at 1550 nm and the repetition rate is 100 MHz. 
At present, the popular Z-scan technique is a method of focusing single 
beam, which measures the nonlinear absorption by translating the 
sample. In this work, these samples were moved above 30 mm through 
the waist of the laser beam. The sample undergoes maximum laser in
tensity at the focal point, and then decreases from either direction of the 
focal point. Fig. 1(d) is the Z-scan system. 

3. Results and discussion 

3.1. Optical characterization 

Fig. 2 shows the SEM images of MoS2, Ag and Ag/MoS2 composite 
thin films, respectively. The single layer Ag thin film exhibit dewetting, 
consisting of microcone array particles with a diameter of about 2–4 μm. 
Compared to the single layer Ag thin film, Ag/MoS2 composite thin films 
have larger Ag particle sizes about 8–10 μm, as shown in Fig. 2(c). The 
SEM images show that the introduction of a MoS2 buffer layer is bene
ficial to the growth of Ag grains. The reason for the larger size of Ag 
particles is that the MoS2 acts as a buffer layer on which metal can 
converge better [22]. Specifically, the surface free energy of metallic Ag 
is larger than that of oxide and MoS2, so that thermal evaporation pro
cess causes shrinkage of Ag on the surface of K9 substrate and MoS2 
[23]. Ag better converge on MoS2 is attributed to the fact that metal 
shrinkage on the substrates will be affected by a variety of factors, such 
as strain energy, the surface free energy, and diffusion activation energy 
between metal atoms and substrate surface [24]. Due to the higher strain 
energy, Ag film is easier to be shrunk on the MoS2 buffer layer and form 
micro-particles. 

XRD patterns as shown in Fig. 3(a) reveal the effect of MoS2 buffer 
layer on the structure of Ag thin film. For single layer Ag thin film, there 

are several diffraction peaks at around 38.02�(2θ), 44.24�(2θ), 64.46�

(2θ), and 77.3�(2θ), corresponding to (111), (200), (220), and (311) of 
Ag (JCPDS: 89-3722), respectively. The strongest diffraction peak at 
38.02�(2θ) indicates the preferred orientation of Ag grains along (111) 
crystal plane. Mainly, for the non-epitaxial deposition, the surface tends 
to lie on (111) or (001) plane due to minimum surface free energies [25]. 
Compared with the powder Ag, the diffraction peak position of the single 
layer Ag film drifts, which is caused by the film stress. After the MoS2 
buffer layer is applied, the diffraction peak position further drifts, 
indicating that the stress is further increased. These peaks located at 
25.74�(2θ) and 53.12�(2θ) correspond to (110) and (220) planes of Ag2S 
(JCPDS: 76-0134), respectively. In the process of EB evaporation, slight 
amounts of Ag will react with MoS2 to form Ag2S and the consumption of 
Ag leads to the weakening of the XRD peak intensity of Ag in Ag/MoS2 
composite thin films. The diffraction peak at around 14.28�(2θ) corre
sponds to (002) of MoS2 (JCPDS: 73-1508) is not observed, which is 
attributed to MoS2 is covered by the Ag layer. Significantly, for pure 
MoS2 thin film, the diffraction peak of the MoS2 is relatively weak 
because its thickness is only 10 nm and the crystallinity is poor. More
over, the broad big peak comes from the K9 substrate. The film thickness 
is thin and the structure is still in the discontinuous state, which leads to 
the high noise of XRD detection. 

The optical absorption spectra obtained from Ag thin film with and 
without MoS2 buffer layer are shown in Fig. 3(b). For Ag single layer, 
there is a slight SPR band around 432 nm. With the increase of wave
length, the absorption intensity decreases gradually. When the structure 
of Ag film is continuous, no obvious absorption peak will be observed. In 
other words, the discontinuous Ag film can produce strong resonance 
frequency and lead to an absorption peak [26]. The SEM images well 
confirmed the state of Ag particles in the samples. When MoS2 buffer 
layer is applied, the absorption intensity of Ag/MoS2 composite thin 
films is significantly enhanced as compared to that of the single Ag or 
MoS2 layer. It should be noted that there is an obvious spectral char
acteristic near 448 nm corresponding to the c excition of MoS2 [27]. 
Hence, in the UV-VIS region, the higher intensity of Ag/MoS2 is caused 
by the proximity of MoS2 c exciton to Ag SPR, in which there is enough 
peak overlap to cause intensity increasing [27]. In the NIR range, for 
Ag/MoS2 composite thin films, the strong light absorption from 1200 nm 
to 2500 nm can be referred to as the SPR of Ag particles. Actually, due to 
the surface confinement, the size of metal particles limits the collective 
charge oscillations [28]. However, with the increase of the size, charge 
separation increases. Therefore, the collective electron oscillation needs 
a lower frequency, which can be seen from the red-shift of the plasma 
peak in the absorption spectra [29]. By adjusting the dimension of noble 
metal particles, the light absorption response induced by plasma reso
nance can be adjusted from the VIS region to the NIR region [30]. The 
introduction of MoS2 buffer layer makes the Ag particles converge better 
and the size becomes larger, which results in the strong resonance ab
sorption peak of the Ag/MoS2 composite films in the NIR region and is 
consistent with the above analysis. 

3.2. NLO properties 

The third-order nonlinear absorption was measured by open aper

Fig. 1. Schemes of (a) MoS2, (b) Ag, (c) Ag/MoS2 composite thin films, and (d) Z-scan system.  
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ture Z-scan system with the excitation energy of 3.1 � 10� 3 GW/cm2 and 
the excitation wavelength is 1550 nm. The absorption of the sample 
under strong excitation can be described as:αðIÞ ¼ α0 þ βðIÞI, where 
α0 and β are the linear and nonlinear absorption coefficient, respec
tively. Based on the NLO theory, equation dI=dz’ ¼ � α0I � βI2can 
quantitatively describe the propagation process of laser in samples, 
where I and z’ represent the excitation intensity and propagation dis
tance, respectively. All the normalized transmittance curves can be 
fitted theoretically as follows: 

TðzÞ¼
ln½1þ q0ðzÞ�

q0ðzÞ
(1) 

Here, q0ðzÞ ¼ βðI0Leff Þ=ð1 þ z2 =z2
0Þ, Leff ¼ ½1 � e� α0L�= α0, z is the 

longitudinal distance between the focal point (z ¼ 0) and sample, z0 is 
the diffraction length of beam, I0 is the laser intensity at the waist, Leff 
and L represent sample’s effective path length and sample length, 

respectively. 
These films exhibit NLA response under picosecond laser excitation 

as shown in Fig. 4. The blank substrate was tested by Z-scan and found 
that there was no nonlinear phenomenon to eliminate the influence of 
the blank substrate on the nonlinear of these samples. MoS2 thin film 
exhibits slight reverse saturated absorption with the intensity of 0.27 �
10� 3 GW/cm2, while the Ag single layer shows obvious saturated ab
sorption in Z-scan system, and the maximum normalized transmittance 
is 1.15. When MoS2 buffer layer was applied, the transmittance exhibits 
a maximum at the focus (z ¼ 0) with a value of 1.25. In other words, the 
single layer Ag thin film and Ag/MoS2 composite thin films can inhibit 
the transmission of low-intensity light, but allow for the transmission of 
high-intensity light [31]. These results show that the saturated absorp
tion of Ag/MoS2 composite thin films is significantly higher than that of 
single Ag layer. According to the fitting results, the coefficient β is 
calculated as shown in Fig. 4(b). MoS2 thin film exhibits slight reverse 

Fig. 2. SEM images of (a) MoS2, (b) Ag, and (c) Ag/MoS2 composite thin films.  

Fig. 3. (a)The XRD patterns of MoS2, Ag, and Ag/MoS2 composite thin films, (b)UV-VIS-NIR absorption spectra of MoS2, Ag, and Ag/MoS2 composite thin films.  
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saturated absorption behavior and consequently positive sign for β. 
Conversely, Ag and Ag/MoS2 samples exhibit negative signs, and the 
value is � 1.14 � 108 cm/GW and � 8.6 � 107 cm/GW, respectively. 
Moreover, Ag/MoS2 sample exhibits a low saturable intensity (~1.4 �
10� 3 GW/cm2) compared with that of the Ag thin film (~1.6 � 10� 3 

GW/cm2). In short, the introduction of MoS2 buffer layer is effective to 
enhance the NLO properties of single layer Ag thin film. 

3.3. Nonlinear optical enhancement mechanism 

Single layer Ag thin film shows saturated absorption characteristics, 
and the NLA coefficient β is negative. When Ag particles are excited by 
the laser with the wavelength of 1550 nm, charge transfer may occur 
between the s-band in the conductive band and the p-band, and finally, 
the s-conduction band is bleached at a lower intensity. Therefore, 
electrons can’t move from the s-band to a higher level, and Ag particles 
show a high degree of transparency near the focal region [32]. For 
Ag/MoS2 composite thin films, the NLA enhancement is mainly due to 
the introduction of MoS2 buffer layer. The Ag film would be easier to be 
shrunk with higher strain energy on the MoS2 buffer layer, forming 
micro-particles. The size of Ag particles increases and leads to the strong 
SPR in the NIR range [33], and the 1550 nm excitation is located near 
the peak of the SPR band of the Ag particles. The observed SA can be 
attributed to ground state plasma bleaching. The z-scan data show that 
the increase of excitation flux leads to the bleaching of ground state 
plasma absorption as the Ag/MoS2 thin films move to the beam focus 
[34]. Concurrently, SPR with excellent light-trapping and electromag
netic field enhancement characteristics is propitious to the light ab
sorption around metal particles [33]. In other words, the electric field 
enhancement effect induced by SPR will produce large nonlinear ab
sorption at the SPR wavelength [35]. 

In order to explore the effect of the MoS2 buffer layer on the electric 
field intensity of single layer Ag thin film, the finite element method was 

used to simulate the electric field distribution as shown in Fig. 5. Here, 
Fig. 5(a) represents the electric field distribution of MoS2 continuous 
thin films, Fig. 5(b) and (c) represent the electric field distribution at the 
junction between Ag particle and the buffer layer (K9 substrate, MoS2), 
respectively. The maximum joint electric field intensity enhancement 
factors of the samples with and without MoS2 buffer layer are 3.1 and 
1.9, respectively, which indicates a relatively strong SPR mode about 
Ag/MoS2 composite thin films. The results of the simulation are 
consistent well with the NLA phenomena. 

4. Conclusion 

In summary, we investigated the effects of MoS2 buffer layer on the 
crystal quality, composition, morphology, and optical properties of the 
Ag thin film. SEM images show that Ag particles can converge better on 
the surface of MoS2 buffer layer and the size of the Ag particles in the 
Ag/MoS2 composite thin films is 2.5–4 times larger than that of Ag single 
layer. The linear absorption spectra indicate the SPR wavelength of Ag 
particles can be tuned by the addition of MoS2 layer. The NLA of MoS2, 
Ag, and Ag/MoS2 composite thin films were investigated, and the results 
show that MoS2 layer is beneficial to enhance the nonlinear saturated 
absorption of Ag thin films, which is attributed to the SPR induced near 
the excitation wavelength of 1550 nm. The FDTD results show that there 
is a relatively strong SPR mode about Ag/MoS2 composite thin films 
than that of single layer Ag thin film. This work provides a new idea for 
the engineering of NLA properties of metal-semiconductor structures, 
and can promote the development and application of nonlinear photonic 
devices based on plasmon. 
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