
Applied Surface Science 540 (2021) 148397

Available online 8 November 2020
0169-4332/© 2020 Elsevier B.V. All rights reserved.

Tunable surface plasmon resonance of Al-Cu bimetallic nanoparticles thin 
films induced by pulsed-laser 

Jing Liao a, Yuhao Zhan 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: 
LSPR 
Bimetallic nanoparticles 
Laser irradiation 
SERS 
FDTD 

A B S T R A C T   

Al-Cu bimetallic nanoparticles (NPs) thin film was fabricated by Nd:YAG fiber pulsed-laser irradiation of Al/Cu 
bilayers at ambient conditions. The effects of laser irradiation on the morphology, structure, composition and 
optical properties of the samples were investigated. The tunability of both localized surface plasmon resonance 
(LSPR) wavelength and intensity were realized by varying the pulse shot or relative thickness of Al/Cu bilayers. 
The SEM analysis with EDS results further revealed that the obtained particles consisted of a mean diameter of 
36–80 nm bimetallic NPs system, being dependent on the Cu proportion. In addition, Surface-enhanced Raman 
spectroscopy (SERS) measurement and corresponding finite-difference time-domain (FDTD) simulation of before 
and after laser irradiation samples were discussed to verify the LSPR properties.   

1. Introduction 

Metal nanoparticles(NPs) have attracted lots of interests in many 
application areas such as electronic devices [1], solar cell [2], catalysis 
[3,4], bio-sensors [5,6], Surface-enhanced Raman spectroscopy (SERS) 
[7,8] and other fields, due to their unique physics-chemical properties 
and functionalities. Especially, the distinct localized surface plasmon 
resonance (LSPR) properties of metal NPs is the core of biosensing [9]. 
When the resonance frequency of the surface conduction electrons and 
electromagnetic radiation are matched, LSPR induced by the coherent 
oscillation of conduction electrons shows its high extinction coefficients 
and significant enhancement of near-field amplitude [10]. This near- 
field enhancement is also the basic mechanism of SERS and other 
surface-enhanced spectroscopic processes, which can be effectively used 
in medical diagnosis. The efficiency and intensity of these applications 
largely depend on the LSPR properties, especially, the LSPR wavelength, 
which is determined by the size, shape, local dielectric environment and 
composition of metal NPs [11]. Hence, by modifying these factors 
appropriately can achieve a strong tunable LSPR character. 

Based on previous research, surface plasmon resonance mainly focus 
on noble metals such as gold and silver with strong resonant oscillations. 
Many other metals (i.e., In, Cu, Al, Na and Li) also have this 

characteristic, and may support LSPR for at least part of the UV–vis-IR 
region, but little research has been done on these metals [12]. However, 
for a given shape, these metals have a fixed LSPR, which limits the po-
tential applications of each material [13]. Recently, more attention has 
turned to bimetallic nanoparticle systems. In addition to the usual size 
and shape manipulation, the composition change provides another 
dimension in tailoring metallic NPs properties [14]. The Al-Cu bime-
tallic system has been widely applied in catalysis and machining due to 
the improvement of material properties [15], but its optical properties 
have been rarely studied. The physical properties of Al and Cu vary 
greatly, and both have some advantages and drawbacks. Al has a 
broader tunable LSPR wavelength than noble metals, while Cu has 
stronger LSPR properties and lower optical loss [16,17]. Therefore, it is 
worth practicing to combine the advantages of Al and Cu with bimetallic 
NPs to study the optical properties. 

In this paper, we propose an alternative cost-effectively method to 
fabrication of Al-Cu bimetallic NPs by pulsed-laser irradiation at 
ambient conditions. The surface morphology, roughness and NPs dis-
tribution of the Al-Cu bimetallic NPs thin film are dependent on the 
thickness of Al layer and Cu layer. Both the surface plasmon resonance 
wavelength and intensity can be tuned effectively by varying either 
pulse shot or the relative thickness of each layer. The influence of 
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relative thickness and laser parameters on structure, composition, op-
tical absorption, Raman scattering properties of all samples were 
investigated. 

2. Experiment 

Al/Cu bilayer thin films were deposited on fused quartz substrates by 
electron beam evaporation using sintered Al (99.9%) and Cu (99.9%). 
The deposition chamber was evacuated to a base pressure less than 4.0 ×
10-4 Pa with the deposition rate of 1 Å/s. In this study, the total thickness 
of the bilayers was controlled at 10 nm monitored by an in situ quartz 
crystal microbalance. The investigated thickness combinations are Al 10 
nm, Al 7 nm/Cu 3 nm, Al 5 nm/Cu 5 nm, Al 3 nm/Cu 7 nm, Cu 10 nm, 
respectively. Those as-deposition Al/Cu bilayer samples were then 
irradiated by a Nd :YAG fiber pulsed-laser operating at 1064 nm 
wavelength with 100 ns pulse width and 55 kHz repetition rate. Here, 
the pulse energy represents the energy of a single pulse, and the pulse 
energy density refers to the pulse energy divided by the beam size. The 
laser output beam (231.5 mJ/cm2 energy density) of 0.01 mm diameter 
was made to irradiate the film directly. The large-area dewetting of Al/ 
Cu bilayers was performed by laser line scanning. By varying the laser 
scanning speed, the average number of laser pulses shot on the per po-
sition was controlled. In this experiment, the laser scanning speed 
increased from 100 to 500 mm/s result in the number of pulse shot of per 
position reduced from 5 to 1. The schematic diagram of this procedure 
was shown in Fig. 1. 

The surface morphology was analysis by scanning electron micro-
scope (SEM, S-500, ZEISS). The root-mean-square (RMS) roughness of 
samples was measured by atomic force microscopy (AFM, XE-100, Park 
System). Elemental analysis was performed by energy-dispersive X-ray 
spectroscopy (EDS). The optical absorption of the samples was measured 
by a UV–vis-NIR double beam spectrophotometer (Lambda 1050, Per-
kins Elmer). The component analysis of the samples was obtained by the 
Thermo Scientific K-Alpha þ X-ray photoelectron spectroscopy (XPS). 
Moreover, the Raman scattering spectra were measured with a confocal 
microprobe Raman system (inVia Raman Microscope, Renishaw) oper-
ating at 633 nm wavelength with the power of the laser setting to 3mW. 
All these measurements were performed at room temperature. 

3. Results and discussions 

3.1. Surface morphology 

Fig. 2(a-f) shows the representative SEM images of Al/Cu bilayer 
structures before and after laser irradiation. According to Fig. 2(a), as- 
deposited Al/Cu bilayer film consisted of disorder island-like grains 
with the range of 10–20 nm. After laser irradiation, Fig. 2(b-d) illustrates 
how the morphology of bilayers vary with a different structure. Being 
different from the single-layer structure, the bilayers was transformed 
into spheroidal or ellipsoidal structures with uneven size distribution, 
which was closely related to the relative thickness. For Al-rich structure 
in Fig. 2(c), the film was dewetted into large-sized particles with some 
smaller particles gathered around. The overall size of the particles 
increased with the proportion of Cu increasing, as shown in Fig. 2(d). 
However, for the Cu-rich structure in Fig. 2(e), pulsed-laser irradiation 
could completely dewetted it into uniform NPs size with the largest 
contact angle, which has the lowest dewetting threshold. Fig. 2(b) and 
(f) show the surface morphology of as-irradiated single-layer Al and Cu 
thin films, respectively. Instead of forming obvious particles, they pre-
sented the shape of hills and valleys with a few particles agglomerated, 
indicating that the films were still in a wet state [18]. 

Fig. 2(g) shows the particle size distributions of as-irradiated Al/Cu 
bilayer films measured from SEM images. For as-irradiated Al 7 nm/Cu 
3 nm and Al 5 nm/Cu 5 nm samples, the particle size presents a poly-
disperse distribution with the average particle sizes of 36.35 nm and 
77.64 nm, respectively. Both smaller particle and large-sized particle 
groups appear in the diameter distribution chart. However, in the Cu- 
rich sample, the particle size presents a monodisperse distribution 
with the average particle size of 80.82 nm. With the proportion of Cu 
increasing, the particle size gradually increases and the distribution 
concentrates. Fig. 2(h) shows the values of the root mean square (RMS) 
surface roughness of samples with Al thickness increased before and 
after laser irradiation. The RMS values of as-deposited samples and as- 
irradiated samples are 1.712, 1.480, 1.097, 1.375, 1.738 nm and 
3.503, 7.513, 5.657, 4.661, 10.558 nm, respectively. In bilayer struc-
tures, with the increase of Cu layer thickness, the size of particles 
increased correspondingly and the surface of bilayers become rougher, 
resulting in a higher value of RMS. Fig. 2(i) shows the relationship be-
tween RMS values and pulse shot number of per position. With the 
number of pulse shot increasing, it promoted the dewetting behavior, 

Fig. 1. Schematic diagram of the formation of Al-Cu bimetallic NPs.  
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which also results in an increasing of RMS value [14]. 
Fig. 2(j) shows the SEM and mapping image of a typical particle 

group of as-irradiated Al 5 nm/Cu 5 nm bilayer to reveal the particle 
composition of the Al/Cu bilayers after laser irradiation, which is 
consistent with the particle structure in Fig. 2(d). Elemental analysis 
carried out by EDS revealed that pulsed-laser induced NPs are not a 
perfect mixture of the two elements, but Al-rich (white circle) and Cu- 
rich (yellow circle) NPs emerged. There is a large melting point differ-
ence between Al and Cu (Al = 660 ◦C, Cu = 1085 ◦C), and the lattice 
constants of Al and Cu are different to one another (Al = 4.05 Å, Cu =
3.61 Å). This makes it difficult for as-irradiated Al/Cu bilayers to form 
single-phase alloys. In addition, the processes of rapid heating and 
cooling were not sufficient for the diffusion of Al and Cu atoms, and the 
solubility of Cu in Al decreased sharply with the temperature decreasing 
[19]. This leads to the formation of Al-rich and Cu-rich particles con-
taining only a few per cent of the other metal, and the nature of these 
two particles are nearly pure Al and Cu particles. The composite nano-
structure of smaller Cu-rich NPs and large-sized Al-rich NPs constitutes 
the mixed bimetallic NPs system. 

In the process of laser irradiation, the main effect on the samples is 
the absorption of laser radiation in the material, which converts the 
electronic energy derived from incident laser beam into the heat and 
promotes atoms aggregation [20]. Al layer, as a buffer layer in the 
bilayer structure, can promotes the overall heat conduction and 
reshaping due to its low melting point, soft texture and good thermal 
conductivity [21]. Consequently, there is a lower pulsed energy 
threshold required for bilayer structure to be dewetted into NPs. Besides, 
pulsed-laser irradiation process has ablation effect of leading to the 
material loss, and simply increasing the laser energy to achieve dewet-
ting is not desirable. As a result, it is a feasible method to induce dew-
etting by using the low melting point characteristic of the Al/Cu bilayer 
layer structure. 

3.2. Composition and valence state 

Fig. 3 shows the XPS spectra of the samples before and after laser 
irradiation with evident signals of Al 2p and Cu 2p at 75.1, 933.6 and 
955.8 eV, respectively. These results are similar to those reported by 
others [22–24]. According to Fig. 3(a) of high-resolution Cu 2p spectra, 
two peaks appeared at 932.7 and 934.8 eV, which were corresponding to 
Cu2O and CuO respectively. For Cu 2p1/2, there also exist two peaks: 
one peak located at 952.5 eV was assigned to metallic Cu, the other band 
appearing at 954.4 eV belonged to CuO. A satellite peak at 942.9 eV for 
characteristic Cu2+ was also observed [25]. According to Fig. 3(a), both 
CuO and Cu2O were detected due to the surface oxidation of as- 
deposited Al/Cu bilayer in ambient conditions. Fig. 3(c) shows the Cu 
2p spectra of as-irradiated Al 5 nm/Cu 5 nm bilayers with pulse shot 
number of 1, 3 and 5 of per position, respectively. The results demon-
strated the coexistence of Cu, Cu2O and CuO in the Al/Cu bilayers, 
indicating that appreciable oxidation occurred during laser irradiation. 
The characteristic peaks of Cu 2p3/2 belonging to Cu2O exhibited higher 
in intensity and shift to a lower energy position from 932.71 eV to 
932.45 eV with the increase of pulse shot. The obvious change resulted 
from a charge imbalance which was induced by the oxidation reaction in 
the case of laser thermal effect [26]. Fig. 3(e) and (g) show the Cu 2p 
spectra of as-irradiated samples with different thickness combinations. 
The relative ratios of the corresponding Cu components were listed in 
Table 1. The Cu0 content of as-irradiated samples (19.1%) was higher 
than that of the deposited sample (10%). This may be caused by the 
strong reducibility of metal Al under high temperature conditions. The 
pulse shot number affects the valence state of Cu. The content of Cu2+

increased with higher pulse shot number, while the content of Cu+ and 
Cu0 decreased slightly. 

Fig. 3(b-h) show the Al 2p spectra of Al/Cu bilayers before and after 
laser irradiation. The shape of those spectra was featured by a strong 

Fig. 2. SEM images of as-deposited (a) Al 5 nm/Cu 5 nm sample; as-irradiated (b) Al 10 nm, (c) Al 7 nm/Cu 3 nm, (d) Al 5 nm/Cu 5 nm, (e) Al 3 nm/Cu 7 nm and (f) 
Cu 10 nm samples with single pulse shot of per position. (g) Particle size distributions charts of as-irradiated Al 7 nm/Cu 3 nm (upper chart), Al 5 nm/Cu 5 nm 
(middle chart) and Al 3 nm/Cu 7 nm (lower chart) samples. (h) the RMS value of samples with Al thickness increased; (i) the RMS value of Al 5 nm/Cu 5 nm bilayer 
with the number of pulse shot increased. (j) SEM and mapping image of as-irradiated Al 5 nm/Cu 5 nm bilayer. 
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Fig. 3. The XPS spectra for Cu 2p and Al 2p region of (a-b) as-deposited Al 5 nm/Cu 5 nm bilayer, (c-d) as-irradiated Al 5 nm/Cu 5 nm samples with increased 
number of pulse shot, (e-f) as-irradiated Al 7 nm/Cu 3 nm and (g-h) as-irradiated Al 7 nm/Cu 3 nm samples with single pulse shot. 
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peak at about 75 eV and a weak peak at about 78 eV, which was marked 
as, respectively. By means of Gaussian fitting, the strong peak can be 
divided into two peaks. According to Fig. 3(b), the fitting XPS Al 2p 
spectra show three peaks located at 74.6, 75.6 and 77.6 eV that are 
assigned to γ-Al2O3, Al(OH)3 and anhydride Al2O3, respectively [24]. As 
can be seen, the detected Al on the surface of the samples was 
completely activated to form Al-O-related chemical bonds. Both the 
relative thickness of Al/Cu bilayers and pulse shot number have the 
effect on the elemental chemical state of Al. The binding energies of Al in 
the fitted XPS spectra of Al/Cu bilayers varied with the pulse shot 
number of per position, and all the peaks showed the shift to the higher 
binding energy, as shown in Fig. 3(d). 

Fig. 3. (continued). 

Table 1 
Relative ratio of Cu components with different thickness combination and laser 
pulse shot calculated from the XPS of Cu 2p Spectra.  

Samples Cu2+(%) Cu+(%) Cu0(%) 

Al 5 nm/Cu 5 nm (0 shot) 43.7% 46.3% 10% 
Al 5 nm/Cu 5 nm (1 shot) 38.4% 42.5% 19.1% 
Al 5 nm/Cu 5 nm (3 shots) 40.2% 41.2% 18.6% 
Al 5 nm/Cu 5 nm (5 shots) 48.8% 36.9% 14.3% 
Al 7 nm/Cu 3 nm (1 shot) 50.1% 33.5% 16.4% 
Al 3 nm/Cu 7 nm (1 shot) 60.2% 26.7% 13.1%  

Fig. 4. Absorption spectra of as-irradiated (a) Al/Cu bilayers with various structural thickness; as-irradiated (b) Al 7 nm/Cu 3 nm, (c) Al 5 nm/Cu 5 nm and (d) Al 3 
nm/Cu 7 nm samples with the increasing of pulse shot number. 
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3.3. Optical characterization 

Fig. 4 shows the optical absorption spectra of Al/Cu bilayers with 
different relative thicknesses and laser parameters. According to Fig. 4 
(a), for the single layer structure, a weak broad peak was observed in as- 
irradiated Cu thin film, while no obvious absorption peak was detected 
in the as-irradiated Al thin film. However, for the bilayer structure 
samples, unique LSPR characteristics appeared after laser irradiation. In 
the as-irradiated Al 7 nm/Cu 3 nm and Al 5 nm/Cu 5 nm samples with 
mixed bimetallic NPs system, two distinct absorption peaks located at 
around 330 nm and 610 nm were detected in absorption spectra, cor-
responding to Al and Cu NPs [27–29], respectively. It is to mention that 
the Al-rich and Cu-rich NPs do not exhibit obviously interparticle 
coupling in the mixed system. The LSPR peaks show slight shift with the 
proportion variation, and their intensity is positively correlated to the 
proportion of mixing [30]. In this composite bimetallic NPs system, the 
particles does not affect the LSPR peak of each other, and hence their 
absorption spectra are the simple addition of the spectra of their indi-
vidual monometals i.e. pure Al or pure Cu NPs. The relative thickness of 
the Al/Cu bilayers determines the composition of the mixed bimetallic 
NPs system and LSPR peak intensity. The two peaks structures in the 
absorption spectra also indicate the formation of the mixed system. 
However, for the absorption spectra of Cu-rich sample, the particle size 
distribution was monodisperse and did not form a composite bimetallic 
NPs system like Al-rich sample, only a single LSPR peak of Cu NPs was 
detected with sharp peak while the characteristic of Al NPs was 

significantly suppressed. 
The optical absorption spectra as shown in Fig. 4(b-d) reveal the 

influence of the number of laser pulse shot on samples. No obvious ab-
sorption peaks are observed in the as-deposited samples due to the 
continuous film structure[8]. During the laser irradiation, the number of 
laser pulse shot determined the heating cycle of per position and influ-
ence the dewetting behavior of the irradiated area, which directly affects 
the LSPR characteristic of the samples. For the Al-rich structure (as 
shown in Fig. 4(b)), the LSPR characteristic of Al NPs is much stronger 
than that of Cu NPs. The increase in the number of pulse shot would 
promote the aggregation of the metal atoms, resulting in larger particle 
spacing and form more regular NPs with slight increase in size. For Cu- 
rich particles, with increasing number of pulse, which has higher ab-
sorption cross-sections, the slight red shift and the enhancement of LSPR 
peak were observed [31]. The oxidation of Cu does not significantly 
affect its LSPR characteristics. For the Al-rich particles, there is Al 
oxidation on the surface. With the pulse number increasing, the LSPR 
characteristic was suppressed by the oxidation of Al [32]. Hence, the 
intensity of the Al LSPR peak decreased correspondingly. This phe-
nomenon appeared in the Al 5 nm/Cu 5 nm and Al 3 nm/Cu 7 nm bi-
layers (Fig. 4(c-d)), which realizes the transfer and the tuning of LSPR 
characteristics between Al and Cu NPs. It is obvious that the LSPR 
characteristic of Al-Cu bimetallic NPs thin film is affected by laser pro-
cessing parameters and structural thickness, which essentially changes 
the particle composition and diameter distribution. Therefore, the 
tunable LSPR properties can be achieved by controlling the structural 

Fig. 5. Raman scattering spectra of R6G on the (a) as-deposited and (b) as-irradiated Al/Cu bilayers with different thickness combinations and (c) as-irradiated Al 5 
nm/Cu 5 nm bilayer with increased number of pulse shot; FDTD simulated electric field amplitude patterns for (d) as-deposited Al/Cu bilayers and (e) Al-Cu 
bimetallic NPs with the thickness of Cu layer increasing. 
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thickness of Al/Cu bilayers and manipulating laser irradiation parame-
ters [33]. 

3.4. SERS performance 

As a demonstration of the potential application of tunable LSPR 
absorption, the Al-Cu bimetallic NPs thin film was used as SERS sub-
strates for probing the Rhodamine 6G (R6G) molecule with the con-
centration of 10-4 mol/L, as shown in Fig. 5(a-c). To reduce the 
fluorescence effect, excitation light with a wavelength of 633 nm was 
used to operate the Raman scattering measurement, which is also close 
to the LSPR peak of Cu NPs. There are three strongest Raman peaks of 
R6G located at about 1645, 1599 and 1360 cm− 1 are observed, corre-
sponding to the stretching vibration mode of aromatic C-C [11]. For the 
as-deposited samples in Fig. 5(a), no obvious Raman signal was detec-
ted. While in as-irradiated samples showed obvious enhancement in 
Raman intensity, as shown in Fig. 5(b). Especially for the Al/Cu bilayer 
structure, with the proportion of Cu increasing, the Raman scattering 
signal intensity of the R6G molecule significantly was enhanced. Fig. 5 
(c) illustrates the influence of the pulse shot number on the intensity of 
Raman signals. With the number of pulse shot increasing, the Raman 
signal intensity of the samples show a decrease trend. 

The basic of enhancement theory of Raman scattering signal from a 
SERS substrate includes two parts: electromagnetic theory and chemical 
theory [34]. The SERS activity of metal material is derived from both 
electromagnetic and chemical enhancement [35]. Therefore, the ab-
sorption spectra of the samples could be discussed together with SERS 
[36]. According to Fig. 4(a), with the proportion of Cu increasing, the 
absorption intensity of the LSPR peak increases and shows a shift to-
wards short wavelength which is closed to the excitation wavelength, 
resulting in a better SERS performance. While with the decrease of the 
number of pulse shot of per position which can suppresses the dewetting 
behavior of the bilayers, resulting in a slight decrease in particle size but 
a denser distribution, and causes more “hot spot” to excite the local 
electrical fields [16]. On the other hand, laser irradiation can induce the 
formation of oxygen vacancies and generate parts of Cu2O component 
on the particle surface. With the number of pulse shot decreasing, the 
content of Cu2O also increases which is consistent with the results in 
Table 1. Cu2O will recombine with the detection molecule to generate 
charge-transfer and interact with the detection laser to cause the 
enhancement of the SERS signal [37]. Although the LSPR characteristics 
in Fig. 4(c) was enhanced with the increase of pulse shot number, the 
SERS performance was still reduced. 

To further verify those points above, the FDTD method was used to 
calculate the electromagnetic field distribution of Al/Cu bilayer thin 
films before and after laser irradiation, as shown in Fig. 5(d-e). In this 
simulation, a 633 nm laser irradiated perpendicularly to the x-y plane of 
the samples with the polarization along the y-axis direction, the diam-
eter of Al-Cu bimetallic NPs is based on the average particle diameter 
calculated by SEM images. According to Fig. 5(d), the electric field 
distribution is uniform, and the intensity is weak for the as-deposited 
samples due to the smooth surface. while the as-irradiated samples ex-
hibits enhancements in electric field intensity, which is consistent with 
the SERS performance, as shown in Fig. 5(e). The “hot spots” formed on 
the localized surface between the spacing of NPs lead to the enhanced 
electric field. Moreover, the electric field intensity increases signifi-
cantly with the larger diameter of NPs and the increased Cu content. 
These simulation results are consistent well with the experimental re-
sults above, proving that the Al-Cu bimetallic NPs thin film features 
significant LSPR performance improvement. 

4. Conclusion 

In this study, we investigated the structure and optical properties of 
Al/Cu bilayer films modified by laser irradiation. The results showed 
that the Al/Cu bilayer structure significantly could reduce the dewetting 

threshold compared that of the single-layer Al or Cu film, forming a 
mixed bimetallic NPs system. In particular, the LSPR properties can be 
modulated by varying either the relative thickness or the pulse shot 
number to achieve the wavelength shift and the intensity variation of 
surface plasmon in the Al-Cu bimetallic NPs thin film. Additionally, the 
SERS performance was demonstrated by and FDTD simulation. In 
summary, this study provides a simple and cost-effective method to 
fabricate bimetallic NPs with tunable LSPR properties. 
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[28] Y. Ekinci, H.H. Solak, J.F. Löffler, Plasmon resonances of aluminum nanoparticles 
and nanorods, Journal of Applied Physics 104 (2008). 
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