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A two-step galvanic displacement reaction was employed to synthesize Ag-Au nanoparticles grafted on 

Ge wafer due to the different equilibrium potentials: the Ge wafer was employed to reduce silver ions and 

grow Ag nanoparticles first; and then it reduced gold ions and grew Au nanoparticles among the gaps of 

Ag nanoparticles. When they were employed as SERS substrates to detect 200 random spots, to the best 

of our knowledge, the lowest relative standard deviation (RSD) of less than 7% was obtained by using 10 

Rhodamine 6G (1 × 10-9 M) as probe molecules in the aqueous detection. Crystal violet solution (1 × 10-8 

M) was also detected with an ultra low RSD of less than 8%. The result of the electric field distribution 

by the finite difference time domain simulation further explained the distinguished sensitivity and 

uniformity of these substrates. The high uniformity and reproducibility of this SERS substrate may 

benefit SERS quantitative detection in biology field in the future. 15 

1. Introduction 

Due to its excellent ability to provide unique vibrational 

signatures associated with chemical and structural information of 

the analyzed object, surface-enhanced Raman scattering (SERS) 

is regarded as an ideal powerful analytical tool for detecting and 20 

identifying specific targets.1-4 

However, whether SERS can be applied as a practical 

application really depended on the SERS-active materials, the 

reproducibility of the fabrication of substrates and the uniformity 

of the SERS signals.5 The latter two ensured that the observed 25 

information by SERS was reliable and accurate.  

Although various techniques, such as electron beam 

lithography,6 focused ion beam,7,8 Langmuir-Blodgett assembly,9 

nanosphere lithography,10 block copolymer template,11 and 

oblique angle deposition,12 have been developed for fabricating 30 

the high-performance SERS-active substrates, some 

disadvantages still need to be overcome: (1) the fabrication 

process was often complex and time-consuming; (2) the used 

surfactants or polymers would unfavorably affect the SERS 

detection; (3) the fabrication of SERS substrates with a large area 35 

was difficult; (4) some complex and expensive instruments were 

required in the fabrication process, which would restrict the 

popularity of these substrates.  

Hence, it was highly desirable to prepare the high-performance 

SERS-active substrates by a green, time-saving and high-40 

throughput method. Galvanic displacement, without the need of 

reducing agents and external power sources,13,14 has been widely 

applied to fabricate SERS substrates. 

In this paper, a two-step galvanic replacement method was 

proposed to directly fabricate SERS substrates based on Ag-Au 45 

nanoparticles (NPs) grown on the Ge wafer. The method was 

green, time-saving and low-cost. Only three ingredients, AgNO3, 

germanium, and HAuCl4 were required in the fabrication process. 

The absence of organic surfactant molecules in the reaction 

solution provided a clean environment to grow Ag-Au NPs. 50 

Finite difference time domain (FDTD) method was employed to 

calculate the near-field distribution on the surface of our 

proposed structures. Except the remarkable SERS activity, the as-

prepared SERS substrates also showed the outstanding relative 

standard deviation (RSD) of less than 7% for Rhodamine 6G 55 

(R6G) (1 × 10-9 M) and less than 8% for crystal violet (CV) (1 × 

10-8 M) in the aqueous detection. To the best of our knowledge, 

the value of RSD is the lowest one, demonstrating the high 

uniformity, sensitivity and reproducibility of the SERS substrates. 

2. Experimental section 60 

2.1 Synthesis and characterization  

All chemical reagents were of analytical grade, which were 

purchased from Shanghai Chemical Company and used without 

further purification. The water used was doubly distilled water. 

Ge (100) wafers (n type, 0.01 Ω·cm) with a diameter of 50 mm 65 

and a thickness of 0.5 mm were purchased from Hefei Kejing 

Materials S2 Technology Co., Ltd (China).  

The Ge wafer was cleaned following the previously reported 

process.15 After dried with nitrogen, the Ge wafer was 

immediately immersed in 300 mL 1 × 10-4 M AgNO3 solution 70 

and HAuCl4 solution for 10 and 1 min, respectively. Between 

each immersion process, the Ge wafer was taken out and rinsed 

with doubly distilled water and methanol sequentially and dried 

with nitrogen gas. Finally, the Ge wafer grown with Ag-Au NPs 

was obtained. 75 

The morphologies of Ag-Au NPs formed on the Ge wafer were 

performed on a FEI-quanta 200F SEM with acceleration voltage 
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of 30 kV. TEM and elemental mapping by Energy-dispersive X-

ray spectrometry (EDS) analysis were performed by a FEI Tecnai 

F20 transmission electron microscope with an accelerating 

voltage of 200 kV. The ultraviolet-visible (UV-vis) absorption 

spectrum was recorded by a Thermo Scientific Evolution 220 5 

Diode Array Spectrophotometer. 

2.2 Theoretical calculations 

In order to model theoretically the uniform plasmon coupling in 

the two systems, 3D-FDTD simulations were performed with 

FDTD Solutions from Lumerical Solutions, Inc. (Vancouver, 10 

Canada). A frequency-domain field profile monitor was used to 

record the electromagnetic field over the simulation region. 

Figure S1 clearly shows the FDTD simulation conditions. The 

simulated SERS substrates were constructed of Ag or Ag-Au NP 

array with cubic arrangement in the x-y plane (Figure S1 left) and 15 

the metal NP array was placed on the top of Ge wafer in the x-z 

plane. The diameter of Ag NPs was 50 nm with the interparticle 

distance of 25 nm. The Au NPs with diameter of 10 nm were 

located in the free area among the Ag NPs with interparticle 

distance of 7.5 nm, as shown in Figure S1 (right).  20 

Periodic boundary conditions were applied to the x- and y-

directions to describe an infinite array, and perfectly matched 

layers (PML) were set to the z-boundaries as a boundary 

condition. A p-polarized 633 nm plane wave was placed above 

the system and polarized to the x-axis. The experimental value of 25 

Palik16 was used for the dielectric constant of Ag, Au and Ge. 

The mesh size used in the calculations was 0.5 nm × 0.5 nm × 

0.5 nm. The simulation time was set at 500 fs, ensuring the fields 

to decay completely before termination of the simulation. The 

electric field intensity distribution was reported as the square of 30 

the electric field (|E/E0|
2).  

2.3 Raman microscopy  

An HR 800 Raman spectroscopy (J Y, France) equipped with a 

synapse CCD detector and a confocal Olympus microscope was 

used to collect Raman spectra. SERS experiments were 35 

conducted in the line-mapping mode and 1 µm increment using 

R6G aqueous solution as model molecules. The spectrograph 

used 600 g/mm gratings. SERS spectra were collected at 

LMPlanFl 50 × objective Lens (lens with the long focal length) 

with a numerical aperture of 0.50 and the accumulation time of 1 40 

s.  

In order to reduce the influence of surface-enhanced resonance 

Raman scattering, a 633 nm He-Ne laser was employed in all the 

Raman detections. 

3. Results and discussion 45 

3.1 Characterization of Ag-Au NPs on Ge wafer 

The morphology of the products at different steps was 

investigated by scanning electron microscope (SEM). Figure 1a is 

the low magnification image that reveals a large scale Ag NPs on 

a Ge wafer, which is the product after silver ions were reduced by 50 

Ge wafer. And the high magnification one (Figure 1b) shows that 

the average diameter of Ag NPs is 50 nm. After the second step 

of reduction, the gold ions were reduced and grown on Ge wafer. 

Figures 1c and 1d show the low and large magnification images 

of Ag-Au NPs on a Ge wafer. The distribution of Au and Ag NPs 55 

is still uniform. It is clearly shown in Figure 1d that Au NPs are 

much smaller than Ag NPs with an average diameter of 10 nm 

and grow among the gaps of Ag NPs. TEM image and the 

corresponding EDS mapping of Ag and Au nanoparticles grown 

on the Ge wafer are shown in Figures 1e and 1f. It is noted that 60 

small particles around the large one are Au, and the large particle 

is composed of Ag and Au elements, confirming that the Ag 

nanoparticles reacted with HAuCl4 to form AgAu alloy during 

the reaction process. 

Due to the short reaction time, the morphology change of Ag 65 

nanoparticles is very small. Through the EDS spectra analysis of 

the large nanoparticle (Figure S2), the content of Au is about 

13.66 At%. The large particles are simplified to be Ag 

nanoparticles in the FDTD simulation. 

 70 

Figure 1. The SEM images of Ag NPs grown on Ge wafer in (a) 

low magnification and (b) high magnification; the Ag-Au NPs 

grown on Ge wafer in (c) low magnification and (d) high 

magnification; (e) TEM image and (f) EDS mapping of Ag and 

Au nanoparticles on the Ge wafer. 75 

 

The formation of Ag-Au NPs on Ge wafer is illustrated in 

Figure 2: contacting the Ge wafer with AgNO3 solution, Ag+ ions 

were immediately reduced, resulting in the formation of small Ag 

nanocrystals. Once the nuclei are formed and the surface 80 

electrons are expended, Ag+ ions continue to be reduced by 

electrons from Ge because the equilibrium potential of Ag+/Ag 

couple (>4.885 eV for AgNO3 solutions with concentrations 

higher than 1 × 10-7 M) is lower than the valence band of Ge 

(with band edge of 4.0 eV) (Figure 2a) and make Ag nuclei grow 85 

larger. The Ge with loss of electrons react with water to form 

GeO2 (Figure 2b). This galvanic replacement resulted in the Ge 

wafer grown with Ag NPs.  
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Figure 2. Schematic of the formation process of Ag-Au NPs 

grown on the Ge wafer. 

 

When the Ge wafer grown with Ag NPs is immersed in 5 

HAuCl4 solution, the potential of AuCl4
-/Au couple (>5.364 eV 

for HAuCl4
- solution with concentrations higher than 1 × 10-7 M) 

is lower than the valence band of Ge as mentioned above, 

resulting in the formation of Au NPs. It should be pointed out that 

the potential of AuCl4
-/Au couple is lower than that of Ag+/Ag, 10 

which means that AuCl4
- ions may also be reduced by Ag, 

although its reducing rate is slower than that by Ge. Therefore, 

the reaction time is an important parameter. If we controlled the 

reaction time properly in the second step, Au NPs might grow on 

Ge wafers prior to on Ag NPs (Figure 2c).  15 

A red shift of the peak from about 385 to 435 nm has been 

observed from the UV-vis spectrum of the nanoparticles (Figure 

S3) due to the formation of AgAu alloy. There is no obvious peak 

of Au nanoparticles, which may on account of the low content. 

The result is consistent with the EDS analysis. 20 

 

3.2 SERS of Ag-Au NPs on Ge wafer 

In order to get a clear prospect, FDTD was employed to simulate 

the SERS intensity. FDTD is a powerful numerical analysis 

technique for modeling computational electrodynamics.17,18  25 

 
 

Figure 3. Electric field intensity (
2

E〈 〉 ) distributions of (a) Ag 

NPs and (b) Ag-Au NPs grown on Ge wafer obtained from 3D 

FDTD calculations at wavelength of 633nm at z = 5 nm. 30 

 

The square of the electric field (|E/E0|
2) in x-y plane monitor 

with fixed z value of 5 nm was reported: Figure 3a is for Ag NP 

array and Figure 3b for Ag-Au NP one. The detailed simulation 

model and theoretical calculations are in experimental section and 35 

Supporting Materials. The electric field in Figure 3a was only 

focused on the nearby of the Ag NP and nearly zero in the rest 

area, while that in Figure 3b was distributed between Ag and Au 

NPs, as well as the vicinages of Ag and Ag NPs. Therefore, the 

well-distributed electric field (|E/E0|
2) of Ag-Au NP array makes 40 

it a better choice to exhibit uniform SERS activity. 

In order to evaluate the SERS performance of the substrate, 

Raman spectra were collected using R6G as the probe molecule 

for its well-established vibrational features. 

 45 

 

Figure 4. The Raman spectrum of R6G aqueous solution (1 × 10-9 

M) on the as-prepared Ag-Au NPs/Ge substrate (upper part), and 

the SERS contour (lower part). 

 50 

SERS measurements were conducted as follows. The Ge wafer 

grown with Ag-Au NPs was cut into small pieces with the size of 

0.5 × 0.5 cm2, and then placed in a quartz cell of 150 µL with a 

quartz window. The cell was filled up with 1 × 10-9 M R6G 

aqueous solution, and the distance between the Ge wafer and this 55 

quartz window is about 0.5 mm. In the process of Raman 

detection, the laser was focused on the Ag-Au NPs through the 

quartz window.  

From the upper part of Figure 4, the remarkable SERS activity 

of the Ag-Au NP substrate was exhibited. The main peaks of 60 

R6G’s characteristic vibrations in SERS, the strongest bands of 

carbon skeleton stretching modes at 1360, 1509, 1570, 1648 cm-1, 

are similar to the normal solution Raman spectrum of R6G in 

Figure S4. 

Another critical point shown in the lower part of Figure 4 is the 65 

exceptional uniformity of the substrate. The SERS contour was 

plotted after the line mapping which was measured spot-to-spot at 

1 × 10-9 M R6G aqueous solution. In all the 200 spots, each spot 

exhibited a powerful capability of enhancing Raman signals of 

the R6G molecules.  70 

To further semi-quantitatively evaluate the uniformity of these 

SERS signals, the RSD of the dominant characteristic peaks’ 

intensity was calculated. The values of RSD of vibrations at 

1307, 1360, 1509, and 1648 cm-1 (Figure 5) are 6.86%, 6.48%, 

6.36%, and 6.54%, respectively. All the RSD values of the four 75 

characteristic peaks are less than 7%, which further demonstrated 

that the as-prepared substrate was high uniformity and suitable 

for a highly sensitive SERS substrate.19,20 The log-normal 

distribution of R6G Raman intensities indicated that there is a 

large coverage of SERS hotspots in the scanned area (Figure 80 

Page 3 of 6 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

S5).21 Moreover, the narrow distribution of peaks further 

confirmed the uniformity of SERS substrate. To quantitatively 

demonstrate the enhancement, the peak at 1509 cm-1 was used to 

calculate the enhancement factor (EF) using equation:22  

SERS 0

0 SERS

EF=
I N

I N

 5 

where N0 and I0 are the number of R6G molecules and intensity 

for regular Raman measurement with 0.01M R6G solution, 

respectively; and NSERS and ISERS are the number of R6G 

molecules and peak intensity for the SERS measurement, 

respectively. EF was calculated as 3.8 × 107. The detailed 10 

calculation is shown in Supporting Materials. 

 

  
 

Figure 5. The intensities of the main Raman vibrations of R6G 15 

aqueous solution (1 × 10-9 M) in 200 spots SERS line-scan 

spectra collected on the as-prepared Ag-Au NPs/Ge substrate. 

 

The fabulous enhancement of this SERS substrate may be the 

result of co-actions of the following effects: first, the surface of 20 

Ag-Au NPs was clean, which increases the surface area to adsorb 

more target molecules. Meanwhile, the flat Ge wafer is beneficial 

to the uniformity of Raman signals. Secondly, large 

electromagnetic field coupling at the junctions of the NPs is 

beneficial to excellent activity of SERS substrate. There were 25 

about 360 Ag-Au NPs in a square micrometer area, calculated 

from the SEM image in Figure 1c. The diameter of the laser was 

calculated to be 1.55 µm, according to the formula:23  

D = 1.22 λ/ NA 

where λ is the wavelength of laser used and NA is the numerical 30 

aperture of the objective. Finally, the laser spot covered more 

than 678 Ag-Au NPs (π × (1.55/2)2 × 360 = 678), which ensured 

the large electromagnetic field coupling. 

The substrate was also used to detect 1 × 10-8 M CV aqueous 

solution. The SERS spectrum from the CV (Figure 6, upper part) 35 

is in good agreement with literature.24 The SERS contour (Figure 

7, lower part) was obtained from the line mapping conducted 

spot-to-spot on the substrate in the 1 × 10-8 M CV aqueous 

solution. For all the 200 spots, each spot exhibits strong SERS 

signals. The values of RSD of vibrations at 1181, 1398, 1544, and 40 

1628 cm-1 (Figure 7) are 7.50%, 7.60%, 6.97%, and 7.43%, 

respectively, only slightly higher than that of R6G, further 

demonstrating the excellent enhancement effect and high 

uniformity of the substrate. As is shown in Figure S6, the Raman 

intensities of CV also show a log-normal distribution, further 45 

indicating that there is a large coverage of SERS hotspots in the 

scanned area. In addition, the width of their distribution is almost 

identical to that in the Raman spectra of R6G, demonstrating the 

good reproducibility of the SERS substrate.  

 50 

 
 

Figure 6. The Raman spectrum of CV aqueous solution (at 1 × 

10-8 M) on the as-prepared Ag-Au NPs/Ge substrate (upper part), 

and the SERS contour (lower part). 55 

 

 
 

Figure 7. The intensities of the main Raman vibrations of CV 

aqueous solution (at 1 × 10-8 M) in the 200 spots SERS line-scan 60 

spectra collected on the as-prepared Ag-Au NPs/Ge substrate. 

 

It is worth mention that all the measurements of Raman spectra 

were conducted in the aqueous solution. It helps to obtain high 

uniformity and reproducibility of signals and get the real structure 65 

information of molecular in solution. This is very beneficial to 

the research on the reaction mechanism in situ in solution through 

the Raman measurement. The as-grown Ag-Au structures have 

chemically clean surfaces due to the absence of surfactants or 

coordinating molecules involved in the synthesis, which is 70 

beneficial to attachment of interesting molecules on their surfaces 

for various applications, such as plasmonic enhanced 

photophysical/photochemical processes and surface enhanced 
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spectroscopies.25 Although the Ag-Au NPs substrate exhibits no 

more excellent enhancement effect than Ag/Ge substrate in the 

SERS measurement, it shows higher uniformity (RSD is less than 

7%) than the Ag/Ge substrate, in which the values of RSD are 

less than 11%.26  5 

4. Conclusions 

In summary, a large-area SERS substrate with high-performance 

has been fabricated via two-step galvanic displacement. The 

preparation process is green, time-saving and low-cost, in which 

only silver nitrate, germanium and HAuCl4 are required. The 10 

SERS signals collected on the substrate in the dilute R6G and CV 

solution showed large enhancement and high sensitivity for 

Raman detection, which also confirmed by the electric field 

distribution through FDTD simulation. The spot-to-spot Raman 

collections of 200 spots in R6G and CV solution showed 15 

excellent detection reproducibility and the values of RSD are less 

than 7% and 8% of the major vibrations, respectively. We believe 

that this large-area SERS substrate with high sensitivity and 

excellent reproducibility is promising in chemical and biological 

detections and the researches on the mechanisms of reactions in 20 

situ or in solutions. 
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Ag-Au nanoparticles grafted on Ge wafer were fabricated as SERS substrates to detect 200 random 

spots and obtained the lowest relative standard deviation of less than 7%. 
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