
Chemical Physics Letters 783 (2021) 139071

Available online 21 September 2021
0009-2614/© 2021 Elsevier B.V. All rights reserved.

Research paper 

Cuprous oxide induced the surface enhanced Raman scattering of silver 
thin films 

Tingting Liu a, Qingyou Liu b, Ruijin Hong a,*, Chunxian Tao a, Qi Wang a, Hui Lin a, 
Zhaoxia Han a, Dawei Zhang a 

a Engineering Research Center of Optical Instrument and System, Ministry of Education and Shanghai Key Lab of Modern Optical System, University of Shanghai for 
Science and Technology, No.516 Jungong Road, Shanghai 200093, China 
b Key Laboratory of High-temperature and High-pressure Study of the Earth’s Interior, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China   

A R T I C L E  I N F O   

Keywords: 
Cu2O-Ag composite films 
Localized surface plasmons 
Raman scattering intensity 
Various molecules 

A B S T R A C T   

In this work, silver thin films with various thicknesses deposited on cuprous oxide (Cu2O) buffer layer were 
obtained. XRD and AFM results show that the Cu2O buffer layer has the effect of improving the surface quality 
and crystallinity of the Cu2O-Ag composite films. The coupling between Cu2O and localized surface plasmons of 
the silver thin films was investigated by optical absorption and Raman scattering experiments. The absorption 
spectra showed that the intensity of Cu2O/Ag composite thin films was increased and shifted from the visible to 
the near-infrared region with an increase of the silver layer thickness. Compared with single-layer sample, the 
Raman scattering intensity of Cu2O/Ag composite was increased by 19.97 and 1.48 times, respectively. By the 
FDTD simulation of single layer and composite films, the electric field enhancement characteristics of the 
composite structure are confirmed. At the same time, the composite also exhibits good property as a SERS 
substrate for probing various molecules such as RhB, MB, and R6G.   

1. Introduction 

Surface Enhanced Raman Scattering (SERS) is widely used in bio
logical analysis and other fields because of its high sensitivity, good 
selectivity and high stability for adsorbates. Generally, there are two 
main mechanisms commonly used to explain SERS enhancement: elec
tromagnetic enhancement and chemical enhancement. The electro
magnetic enhancement is mainly caused by the local plasmon resonance 
of the sample, and its enhancement factor is as high as 1014 [1]. The 
chemical bond formed between the molecule and the SERS substrate or 
the charge transfer induced by the complex is usually the reason for the 
chemical enhancement, but its enhancement effect is weaker and the 
enhancement factor is only 103. Due to the strong electromagnetic 
enhancement of precious metals and the excellent chemical enhance
ment capabilities of semiconductors, researchers have turned their 
attention to SERS substrates where precious metals and semiconductors 
are compounded [2,3]. For example, flower-shaped molybdenum 
disulfide-Ag nanoparticles are used for the detection of tetramethylth
iuram disulfide (TMTD) through the SERS effect induced by charge 
transfer resonance [4]. The integrated SERS substrate of TiN plasma 

antenna and Si waveguide is used for electromagnetic resonance 
research [5]. 

As a typical p-type semiconductor material with a band gap of about 
2.17 eV, Cu2O can be excited by the visible light in the wavelength range 
of 300–700 nm to generate electron-hole pair, so it has a broad appli
cation prospect in the fields of photocatalyzation [6], electrochemistry 
[7], SERS [8] and so on. In 1998, Kudelski and co-workers [9] reported 
for the first time that Cu2O can be used as a SERS substrate. In 2013, 
Jiang et al. [10] reported that Cu2O nanospheres enhanced the Raman 
signal of 4-mercaptobenzoic acid molecules. In recent years, Lin et al. 
[11] have studied the influence of Cu2O crystallites with different phases 
on SERS activity. Although the preparation of single-phase Cu2O semi
conductor with various morphologies is relatively simple, its role in 
enhancing SERS activity is weak, so it is usually modified by the depo
sition of precious metals (Au, Pt, Ag) [12–14]. Compared with Au and Pt, 
Ag is a relatively cheap precious metal. Therefore, it is very necessary to 
study the modification of nano-Cu2O SERS substrate by precious metal 
Ag. In 2014, Yang et al. prepared Ag NPs-modified cuprous oxide highly 
sensitive SERS substrates by a simple one-pot method with an 
enhancement factor of about 105 [15]. Subsequently, Ag@Cu2O 
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core–shell nanoparticles introduced a plasmon resonance mechanism to 
effectively improve the SERS effect of 4-MBA adsorbed on the particles 
[16]. Recently, Sheng et al. [17] prepared Ag NPs-attached cuprous 
oxide nanospheres by chemical reduction and confirmed that the strong 
electric field coupling and plasmon resonance effect are the reasons for 
the high SERS performance of Rhodamine 6G. At present, Cu2O/Ag 
SERS substrates are mainly prepared by chemical methods. The syn
thesis process requires special equipment and the nanoparticles are 
prone to agglomeration. At the same time, the probe molecule used for 
detection is relatively single, and it is necessary to improve the prepa
ration method of Cu2O/Ag active substrate and detect a variety of probe 
molecules to verify the SERS performance. 

In this paper, we report a simple and effective method for preparing 
Cu2O/Ag SERS active substrates. The cuprous oxide film was prepared 
by thermal oxidation, and Ag nanoparticles were deposited by electron 
beam evaporation. X-ray diffraction patterns and ultraviolet–visible 
absorption spectra were used to study the changes in the material 
composition and optical properties of Cu2O-Ag nanocomposites. By 
changing the thickness of the Ag layer, we explored the most suitable 
Cu2O-Ag heterojunction as the SERS substrate. In addition, Methylene 
Blue (MB), Rhodamine B and R6G were used as probe molecules to study 
the SERS activity and uniformity of Cu2O-Ag composite samples. 

2. Experimental 

The cuprous oxide film is obtained by first growing a Cu film from a 
copper target (99.99%) on a K9 glass substrate by electron beam evap
oration, and then placing it in a home-made tube furnace (200℃) for 
heat treatment for 2 h. The glass substrate was ultrasonically cleaned in 
acetone, ethanol, and deionized water for 15 min before deposition, and 
then dried in nitrogen. The thickness of the Cu2O film is 60 nm. Next, an 
Ag layer was deposited on the Cu2O film by electron beam evaporation, 
with thicknesses of 5, 10, and 15 nm, respectively. The specific prepa
ration process of the Cu2O-Ag composite samples are shown in Fig. 1. 
The thickness of all films is monitored by an in-situ quartz crystal mi
crobalance. At the same time, an Ag nano-film was deposited on the 
blank substrate as a contrast sheet. 

The structural properties and the crystallinity of the samples are 
characterized by X-ray diffraction (XRD) using a Bruker AXS/D8 
Advance system, with Cu Ka radiation (λ = 0.15408 nm). The surface 
morphology of the samples was characterized by atomic force micro
scope (AFM)(XE-100, Park System) with a 3 μm × 3 μm scanning area. 
The UV–VIS-NIR double beam spectrophotometer (Lambda1050, Per
kinElmer, USA) is used to measure the optical absorption spectrum of 

samples, with the scanning range of 250 ~ 1200 nm and a step length of 
2 nm. Raman scattering spectra are acquired from a confocal microprobe 
Raman system (inVia Raman Microscope, Renishaw) with 633 nm laser 
excitation. All samples are tested at room temperature. 

3. Results and discussion 

Fig. 2 shows the XRD patterns of as-annealed pure cuprous oxide, as- 
deposited silver and Cu2O-Ag composite film samples with different Ag 
layers. In pure cuprous oxide, only a diffraction peak appears near 37.4◦, 
corresponding to the (111) crystal plane of Cu2O crystal (JCPDS No. 
34–1354). No diffraction peaks are observed in the Ag film sample, 
which indicates that the film thickness is too thin and the atoms on the 
surface are randomly arranged, resulting in the amorphous state of the 
Ag film [18]. For the Cu2O-Ag composite sample, the Cu2O (111) peak 
and a new diffraction peak corresponding to the (111) plane of Ag 
(JCPDS No. 04–0783) around 39.1◦ coexist, confirming the successful 
synthesis of the Cu2O-Ag composite films. It is because the thickening of 
the Ag film effectively improves the surface quality of the film and 
modifies the underlying cuprous oxide [19,20]. 

The AFM images with the scanning area of 3 μm × 3 μm for all 
samples are shown as Fig. 3(a-e). The as-deposited Ag film is relatively 
uniform, dense and orderly, and its surface roughness root mean square 
(RMS) value is only 1.49. The surface roughness of as-annealed cuprous 
oxide increases to 5.13 due to the aggregation of heat-affected particles. 
Fig. 3(c-e) show the AFM images of Cu2O-Ag composite samples with Ag 
thicknesses of 5, 10, and 15 nm. Because of the influence of the Cu2O 
base film and the inter-doping of atoms on the heterojunction interface 
into the lattice [21], the surface roughness of the composite film 
increased to 12.23, 7.52, and 4.98, respectively. At the same time, the 
surface quality of the composite film increases as the thickness of the Ag 
layer increases, which is attributed to the fact that the deposited Ag 
particles are smaller than Cu2O and the surface is smoother [22]. 

Fig. 4 shows the absorption spectra of single layer Ag, Cu2O and 
composite thin films. The absorption spectrum of as-annealed Cu2O is 
characterized by two absorption peaks near 348 and 450 nm, which are 
caused by the scattering and inter-band transition in Cu2O [23,24]. The 
10 nm thick Ag film has a wide absorption band at 550 nm corre
sponding to the local surface plasmon resonance (LSPR) effect of Ag 
nanoparticles, which is similar to that reported in other literature [25]. 
The Cu2O-Ag composite film effectively enhances the absorption in
tensity in the visible light region of 400–800 nm and enhances the ab
sorption in the near-infrared region. The reason for this trend of change 
is the synergistic enhancement of the absorption of Cu2O and Ag 

Fig. 1. The Schematic diagram of the fabrication process of Cu2O-Ag nano-film.  
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Fig. 2. The XRD patterns of (a) nano-Cu2O, Ag thin film and (b) Cu2O-Ag composite film samples with different Ag layer thicknesses.  

Fig. 3. AFM images of (a) Ag, Cu2O thin film and (b) Cu2O-Ag composite film samples with different Ag layer thicknesses.  

Fig. 4. The absorption spectrum of (a) Ag, Cu2O thin film and (b) Cu2O-Ag composite films with different Ag layer thicknesses.  
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particles and the plasma absorption characteristics of space-limited 
electrons in Ag nanoparticles [26,27]. With the thickness of the Ag 
layer increasing, the absorption peaks of the sample increased and 
shifted from the visible to the near-infrared region, and when the Ag 
thickness reaches 15 nm, a new diffraction peak appears near 900 nm. 

In order to study the synergistic enhancement of Cu2O and Ag par
ticles, we chose 10-4 mol/L RhB as the probe molecule to explore the 
Raman spectra of Cu2O, Ag and Cu2O-Ag heterojunctions. According to 
Fig. 5(a), both as-annealed Cu2O and as-deposited Ag films have 
observed obvious Raman signals, indicating that these two substances 
have the ability to detect SERS as substrates. Moreover, after Cu2O and 
Ag composite, they showed a more significant Raman enhancement ef
fect, which was 19.97 and 1.48 times that of single-layer Cu2O and Ag 
films, respectively. For Cu2O-Ag composite films with different Ag layer 
thicknesses, the SERS performance of the samples increases as the 
thickness of the silver layer increases, as shown in Fig. 5(b). It is because 
the increase in the thickness of the Ag layer enhances the coupling be
tween Cu2O and Ag [15], and at the same time improves the light ab
sorption capacity and LSPR characteristics of the composite samples 
[28,29]. In addition, it can be observed that there are four distinct 
Raman peaks at 620, 1361, 1506 and 1648 cm− 1 in the RhB molecule, 
corresponding to the aromatic bending vibration and the C-C stretching 
vibration mode [19,30,31], respectively. In order to study the unifor
mity of the SERS signal obtained from the Cu2O-Ag sample as the sub
strate, when detecting the 10-5 mol/L RhB dye solution, 20 points were 
randomly selected from the substrate to obtain the Raman spectrum, as 
shown in Fig. 5(c-d) . It is found that the 20 points obtained are rela
tively uniform, and the relative standard deviations of the Raman signal 
intensity at 620 cm− 1 and 1648 cm− 1 are 12.8% and 13.9%, respec
tively. The relative standard deviation of all calculations is less than 

15%, indicating that the prepared Cu2O-Ag Raman substrate has good 
reproducibility. 

Fig. 6 shows as-prepared Cu2O-Ag composite film used as a SERS 
substrate to detect a variety of probe molecules (such as RhB, MB, and 
R6G). In the SERS band of MB, significant Raman enhancements were 
observed at approximately 448, 1396, and 1624 cm− 1. These peaks 
correspond to the C-N-C and C-C vibration modes in the MB molecule 
[14,32]. In addition, the Raman peaks at 1357, 1504, and 1645 cm− 1 

corresponding to R6G molecules [17,33,34] can also be observed in 
Fig. 6. The above results confirm that the synthesized Cu2O-Ag com
posite sample can be used as a Raman substrate to detect a variety of 
substances. 

The metal/semiconductor SERS enhancement mechanism usually 
consists of two parts: electromagnetic enhancement and chemical 
enhancement. We use Fig. 6(b) to illustrate the enhancement mecha
nism of Cu2O-Ag heterostructure in detail. In the composite structure, 
the Fermi levels of Cu2O and Ag are not consistent, so the charge transfer 
from Ag to Cu2O makes the Fermi levels of the two systems consistent. 
When we use 633 nm laser excitation, the Ag NPs in the sample absorb 
the incident light to generate LSPR and excite a strong electric field. This 
process belongs to electromagnetic enhancement. At the same time, the 
electrons in Ag quickly transfer to the conduction band of Cu2O, which is 
a chemical enhancement. In addition, due to the interface lattice defects 
of the Cu2O-Ag sample, a defect level is formed near the bottom of the 
Cu2O conduction band, which can accelerate the charge transfer of the 
composite sample. In order to verify the electric field enhancement of 
the Cu2O-Ag composite sample, we used the finite element analysis 
method to simulate the electric field distribution of the composite film 
when excited by the excitation light with a wavelength of 633 nm, as 
shown in Fig. 7. The surface of the single-layer cuprous oxide and silver 

Fig. 5. Raman spectra of 10-4 mol/L RhB adsorbed on (a) Cu2O, Ag and (b) Cu2O-Ag composite films with different Ag layer thicknesses. (c) The reproducibility of 3D 
Raman spectra of 10-5 M RhB molecules at 20 different sites on Cu2O-Ag substrate. (d) The intensity change of the peak at 620 and 1648 cm− 1 in (c). 
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film is relatively uniform, and the electric field intensity is only 0.5–0.9. 
The surface roughness of Cu2O and Ag increases after the combination of 
the two, Ag NPs aggregates, and the local electric field intensity of Cu2O- 
Ag samples increases to 2.1. The FDTD results show that the synergistic 
effect of Cu2O and Ag can effectively enhance the local electric field of 
the sample. 

4. Conclusion 

In conclusion, Cu2O-Ag composite thin films were fabricated and 
used as Raman substrates to detect rhodamine B, methylene blue (MB) 
and R6G probe molecules. Compared with single-layer Cu2O and Ag 
films, Cu2O-Ag samples have good surface morphology, crystalline 
quality and excellent linear absorption performance. Moreover, the 
Cu2O-Ag composite film exhibits a significant Raman enhancement as 
the result of the coupling of the electric field enhancement induced by 
the LSPR effect of Ag NPs and the accelerated charge transfer at the 
interface between Cu2O and Ag. The FDTD simulation results of the 
samples and the detection of multi-probe molecules confirmed the 
Raman enhancement mechanism of the composite film. 
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