
Dynamic Article LinksC<Analyst

Cite this: Analyst, 2012, 137, 2791

www.rsc.org/analyst PAPER
The optimisation of facile substrates for surface enhanced Raman scattering
through galvanic replacement of silver onto copper†

Samuel Mabbott,a Iain A. Larmour,b Vladimir Vishnyakov,c Yun Xu,a Duncan Grahamb

and Royston Goodacre*a

Received 7th March 2012, Accepted 3rd April 2012

DOI: 10.1039/c2an35323g
A fast and cost-effective approach for the synthesis of substrates used in surface enhanced Raman

scattering (SERS) has been developed using galvanic displacement. Deposition of silver onto

commercially available Cu foil has resulted in the formation of multiple hierarchical structures, whose

morphology show dependence on deposition time and temperature. Analysis of the surface structure by

scanning electron microscopy revealed that the more complex silver structures correlated well with

increased deposition time and temperature. Using Rhodamine 6G (R6G) as a model Raman probe it

was also possible to relate the substrate morphology directly with subsequent SERS intensity from the

R6G analyte as well as the reproducibility across a total of 15 replicate Raman maps (20 � 20 pixels)

consisting of 400 spectra at a R6G concentration of 10�4 M. The substrate with the highest

reproducibility was then used to explore the limit of detection and this compared very favourably with

colloidal-based SERS assessments of the same analyte.
Introduction

An increasing amount of interest is being invested in the devel-

opment of metallic nanostructures due to their potential appli-

cations in catalysis, biomedicine, information storage and

sensing.1–5 Coinage metals such as copper, gold and silver have

shown a huge amount of potential and are useful in ultra-trace

biological and chemical sensing, surface plasmon resonance

(SPR) and surface enhanced Raman scattering (SERS).6–10 A

substantial amount of time and effort has also been centred on

the modification of synthetic strategies that provide the desired

control over nanostructure morphology. Commonly applied

methods of synthesis include photochemical reactions,11 use of

templates,12 seed-mediated growth,13 electrochemical deposi-

tion,14,15 ultrasonic-assisted template methods16,17 and surfactant/

organic molecule assisted reduction/stabilisation.18,19 Develop-

ment of these methodologies has allowed the creation of nano-

metallic rods,20,21 chains,22 cubes,23 wires,24 plates,25 spheres,26

stars27 and dendrites.28 However many of the synthetic
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techniques are either labour intensive and/or necessitate the use

of expensive instrumentation. Two highly desirable properties of

SERS substrates are the creation of areas of high enhancement

with the concomitant ability to tune the localised surface plas-

mon resonance of the nanostructures. A readily accessible tech-

nique that can achieve this is galvanic displacement (GD)29–31

which also offers the option of nanostructural growth on an

appropriate substance in an extremely efficient, facile and rapid

way. This electroless plating technique has been reported for Au

on Si, Cu on Si, Zn on Al and multiple other combinations.32–34

Our focus of galvanising Cu using Ag has very recently been

reported and the resultant structures from this readily accessible

synthesis have been suggested as an effective process for the

production of SERS substrates.35,36

As a result of the difference in electric potentials between the

silver solution and copper foil, deposition can occur very quickly,

which although promoting anisotopic growth is favourable in the

development of a SERS substrate because of increased particle

aggregation and hence, the formation of high enhancement

areas. Another aspect of GD which is favourable for SERS is the

ability to tune the nanostructures’ optical properties. The origin

of these properties is a phenomenon known as localised surface

plasmon resonance (LSPR). When these roughened metal

surfaces are irradiated with light delocalised electrons (plasmons)

collectively oscillate relative to the lattice of positive nuclei and

couple to the photon to create a new quasi-particle known as

a plasmon polariton.29 For the coupling to occur it is essential

that the plasmons oscillate at a frequency which is close to that of

the incident light. It has been demonstrated that shape and
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geometry controlled synthesis of these nanostructures is a versa-

tile route in the tuning of the LSPR peak position across the

visible and NIR spectral regions.29 In much of the earlier work on

silver or gold substrates, fabrication has involved the immobili-

sation of colloidal nanoparticles onto solid platforms such as

glass or quartz. These metals are often bound to the surface via

a functionalised silane linker or polymer.37,38 Apart from the

syntheses of these substrates being laborious, signals from the

organic molecules used in the linking or reduction/stabilisation

of the nanoparticles can repeatedly result in the existence of

background signal, making the spectral signature of the analyte

very difficult to resolve. Furthermore the coupling between the

particles (close vicinity) is important for the presence of a hot

spot, not their monodispersity. Here we have exploited the

difference in electrode potentials to fabricate substrates in which

the Ag+ ions have spontaneously replaced Cu atoms through

GD. For the reaction to proceed the metal with the higher

electrode potential must be in solution. In our case Ag+/Ag

possesses a potential of +0.799 V (SHE) where as Cu2+/Cu has

a potential of +0.337 V (SHE) so the AgNO3 is contained

in solution. The full and half equations for this reaction are

displayed in Scheme S1†.

Differences in the structure of the silver surface can be

produced by modifying the concentration of the silver solution,

heating the solution or changing the deposition time. This can

also have a profound effect on the enhancement of the Raman

signal arising from the analyte. As concentration effects have

been extensively explored our focus is on how the alteration of

deposition time and temperature affects the reproducibility and

enhancement of R6G. The probe analyte Rhodamine 6G (R6G)

has been chosen because of its problematic fluorescence in the

absence of a SERS substrate and its widespread use in SERS as

a test analyte.39 Much of the past optimisation work has revolved

around the theorisation of synthetic strategies to produce

surfaces with the best SERS response, here optimisation is

carried out on the basis of spectroscopic results, which are

presented in an unbiased and raw manner.
Experimental

Materials

Silver nitrate (99.999%) and trisodium citrate were purchased

from Sigma Aldrich (Dorset, UK). Copper foil (1 mm thickness)

was obtained from a commercial retailer. All solvents used

throughout the synthesis were of analytical grade.
Synthesis of optimal silver on copper (SoC) surface

Copper foil was cut into 2.5 cm � 7.5 cm strips and fixed to

a standard microscope slide to generate a more rigid surface. The

Cu surface was then cleaned with copious amounts of methanol

followed by acetone. 10 mL of 0.1 M AgNO3 solution was then

spotted onto the surface and left to develop for a specified time.

Deposition of the nanoparticles was signified by the formation of

a grey target on the copper foil. Post deposition, further surface

cleaning was carried out using deionised water to remove any

residual silver nitrate reagent and copper nitrate product. The

substrate was then dried under a stream of nitrogen.
2792 | Analyst, 2012, 137, 2791–2798
Synthesis of silver nanoparticles

All glassware was cleaned using aqua regia [nitric acid :

hydrochloric acid (1 : 3, v/v)]. This was performed to remove any

trace metals, which may be residing in the glassware. After an

hour of treatment the flasks were then scrubbed with soap and

rinsed with deionised water (18.2 U). The flasks were then left to

dry in a 50 �C oven for 20 min. Silver nanoparticles were syn-

thesised using the Lee and Meisel method.40 Briefly, AgNO3 (90

mg) was dissolved in 500 mL of water and brought to the boil. A

solution of 1% trisodium citrate (10 mL) was added. The solution

was then left on a steady boil for 1 h. The reaction was deemed

to have reached its end point once the solution had a milky

green hue.
UV-visible (UV-vis) absorption/extinction nanoparticle

characterization

Silver nanoparticles synthesised by citrate reduction were char-

acterised using UV-visible spectroscopy to determine the surface

plasmon band lmax of the nanoparticles. In order for the

absorbance values to be less than 1 it was necessary to dilute the

sol 1 part in 9 parts water. 1 mL of the diluted nanoparticle

solution was then placed into a quartz cuvette and inserted into

the sample holder of a Thermo Biomate 5 (Thermo Fisher

Scientific Inc., Massachusetts, USA). An absorption/extinction

spectrum was collected over a range of 300 to 800 nm. The silver

sol was shown to have a surface plasmon band lmax of 421 nm,

which is characteristic of silver colloids synthesized using the Lee

and Meisel method.41
Scanning electron microscopic (SEM) and energy dispersive

X-ray analysis (EDX)

SEM allows for the accurate determination of nanoparticles size

and shape distributions in a sol and also helps in the tracking of

morphological changes at the copper–silver interface created

using GD. For the imaging of nanoparticles synthesized in

solution, 10 mL of the sol was spotted onto a silicon slide and left

to dry for 24 h. Microscopic analysis of the SoC slides was

carried out on the silver targets deposited as described in the

synthesis. SEM analysis of the SoC substrates was carried out

using a Zeiss Supra 40 VP field-emission gun scanning electron

microscope (FEG-SEM; Carl Zeiss SMT GmBH, Oberkochen,

Germany) operating at a voltage of 3 kV, imaging of the silver sol

was carried out at a voltage of 1 kV. The SEM is also equipped

with an EDX instrument (EDAX Inc., New Jersey, USA) which

was used to identify the elemental composition of selected

substrates. Here EDX was used to verify that silver had been

deposited onto the copper surface.
Preparation of SoC substrates for Raman mapping

For the exploration of temporal effects on the silver deposition

and relative analyte signal, the length at which the silver solution

was applied to the surface for was altered. Effects of deposition

time where examined at 10 s, 20 s and 30 s. Once the optimum

deposition period had been identified it was then used to explore

temperature effects. Silver nitrate was spotted onto the copper

surface at room temperature (RT¼�23 �C), 30 �C, 40 �C, 50 �C,
This journal is ª The Royal Society of Chemistry 2012



60 �C, 70 �C, 80 �C, 90 �C and 100 �C. For the Raman optimi-

sation of the substrates 1 mL of a 10�4 M methanolic R6G

solution was spotted onto the silver deposition site and left to air

dry. Once the most reproducible substrate had been identified it

was used to establish the limit of detection of R6G.

Raman mapping

Raman analyses were undertaken using a WITec Alpha 300R

confocal Raman instrument (WITecGmbH,UlmGermany) fitted

with a piezo-drivenXYZ scan stage.All sampleswere probedusing

a laser wavelength of 632.8 nm. The grating was 600 g mm�1 and

coupled to a thermoelectrically cooled charge-coupled device

(CCD). A spectral resolution of 2.7 cm�1 was achieved over

a spectral width consisting of 1024 pixels spanning from 130–

2900 cm�1. The unfocussed laser power at the samplewasmeasured

at �1.0 mW. Spectra were acquired across an area measuring

20 mm� 20 mm using an Olympus 50�/0.5 objective. 20 points per

line and20 lines per imagewere recorded togive a spatial resolution

of 1 mm. Each spectrum had an integration time of 0.08 s. Five

replicatemaps were taken on each of the three substrates, resulting

in 15 maps being obtained at each optimization parameter. Back-

ground spectra of all the synthesized silver targets were acquired

beforemapswere collectedon theR6Gdeposited surfaces.All data

used in the analysis were collected from in and around the silver

targets centre to avoid any data discrepancies that could occur

frommapping at the areas at the target edges. In order to show that

the enhancement was purely obtained from the silver target one

exemplar map has been generated at silver deposition area and

copper interface (see discussion below).

Colloidal-based SERS in solution

Spectra were collected using a DeltaNu Advantage benchtop

Raman spectrometer (Intevac inc, California, USA). The instru-

ment is equipped with a 632.8 nm HeNe laser with a power out-

put of 3 mW. Spectra were collected for 5 s over a range of 200–

3400 cm�1 at a spectral resolution of 10 cm�1. Solution samples

were placed in an 8 mm diameter glass vial and subjected to laser

irradiation once loaded into the sample cell attachment. The

instrumentwas calibrated to determine the ideal distance from the

laser to the glass vial using toluene and polystyrene. In a typical

SERS interrogation 200 mL of aqueous R6Gwas added to 200 mL

of silver sol along with 50 mL of 0.5 M KNO3 aggregating agent.

The vial was then vortexed for 5 s and inserted into the sample cell

attachment where a spectrum was acquired immediately.

Results and discussion

Characterisation of substrates

During galvanic displacement it was observed that the silver

nanocrystals deposited on the surface of the copper display an

array of morphologies that appeared to be dependent on depo-

sition time and temperature. In Fig. 1, the representative SEM

images show a selection of these deposits where it can be

observed that when the silver nitrate solution was left to develop

for longer time periods on the surface of the copper the more

elaborate the deposition morphologies became. The blank

copper surface can be seen to be fairly smooth with only a few
This journal is ª The Royal Society of Chemistry 2012
sites on the surface displaying indentations or roughness. The

galvanic displacement reaction takes place extremely quickly, so

when the silver nitrate solution was applied onto the surface for

only 10 s there was an appreciable deposition and growth of

silver nanocrystals across the copper. A maximum deposition

time of 30 s was chosen because of the difficulty in washing off

any excess silver nitrate or newly formed copper nitrate solution

without stripping the silver crystals from the copper surface. At

30 s the size of the silver deposits increases rapidly and the

morphologies differ greatly. Crystalline deposits with diameters

of �2 mm were observed at 30 s deposition time as well as

dendritic deposits and nanoparticle clusters. Spotting of the

AgNO3 solution on the copper surface at differing temperatures

also yielded varying effects. As the temperature was increased so

did the complexity of the silver deposits. When the silver was

applied at RT only single and clustered nanoparticles were

formed. At a mid-range temperature of 60 �C bigger crystalline

deposits could be observed along with the initial formation of

dendrites as observed when the deposition was carried out at RT

for 30 s. By contrast, at the maximum deposition temperature of

100 �C the surface was completely covered in the silver dendritic

structures. It can be concluded from these SEM images that the

growth of silver deposits at the copper interface is anisotropic

with extremes of temperature or time inducing the growth of

much more heterogeneous and complex structures. The forma-

tion of Ag dendrites has previously been observed in galvanic

displacement-type reactions and the diffusion limited aggrega-

tion model justifies their synthesis.42 Previously it has also been

shown that trunks and branches grow along the h211i direction
and the leaves grow along h111i direction of the cubic Fm3m

structure, leading to the formation of dendrites.43

To investigate the coverage of silver on the surface at a variety

of experimental temperatures and times, energy dispersive X-ray

analysis was carried out. The results of the EDX analyses are

summarised in Table S1†. Although it is not possible to derive

clear compositional data from EDX analysis it can be revealed

that the particles, plates and dendritic structures which appear at

the target sites are indeed composed of silver. No great variation

in the elemental composition of the substrate was observed. The

surface that was synthesised for 30 s at RT shows a slight drop in

the %Ag and an increase in % Cu but as previously discussed this

could be due to silver mass lost through the washing cycle. The

low % O weight at the surface is also promising as oxidation of

the silver nanostructures has been shown to hinder SERS.44
Proof of SERS activity

To demonstrate that the SERS effect was only arising from the

silver surface R6G (1 � 10�4 M) was spotted across the silver–

copper interface and mapped. The mapping parameters used

were as described previously except the area mapped was

extended to 80 mm � 80 mm. The optical image, heat map and

Raman spectra representative of signals arising from the silver

and copper surface are shown in Fig. 2. The optical image clearly

defines the interface between the silver deposition site (red dot)

and copper surface (blue dot). The heat map was generated using

the baseline corrected peak area of the R6G peak at 1368 cm�1,

which is characteristic of the combined C–C and C–N stretches

(see Table in Fig. 2). The signal at 1368 cm�1 is only visible on the
Analyst, 2012, 137, 2791–2798 | 2793



Fig. 1 SEM images taken of the silver on copper (SoC) substrate at a range of deposition times and temperatures. The top row of images show the blank

copper surface and the surface after silver nitrate deposition times of 10 s and 30 s at room temperature (RT z 23 �C). The temporal evolution of the

substrate shows more complex structure formation occurs when the silver nitrate is left to mature on the surface for longer time periods. The image taken

after 30 s of GD time show the formation of large nanoparticles, nanoplates and dendrites. The bottom row of SEM images display the effect of

deposition temperature on the morphology of silver on the surface of the copper. At RT silver nanocrystals are formed on the copper surface and show

a great affinity for clustering. At 60 �C the clustering of the silver particles is still present however, there is also evidence for the formation of nanoplates

and dendrites. By contrast at 100 �C the surface solely consists of dendritic silver structures. The white scale bar in the bottom right hand corner of each

image corresponds to a distance of 1 mm.
surface where the silver has been deposited and not on the

copper, thus proving that the GD of silver is SERS active, and

that smooth Cu is not generating any SERS effect. The spectra

shown were generated by averaging 10 random spectra taken

from in and around the areas represented by the red and blue

dots, these reinforce the fact that signal only arises from the R6G

which is present on the silver target whilst the spectra acquired

from sites on the copper display background noise only.

Optimisation of deposition time

To generate substantial and comparable datasets three replicate

SoC substrates were produced at each time point (9 targets in

total). Once synthesised R6G was applied immediately to each of

the surfaces; generally the time between the substrate being

synthesised and the conclusion of the Raman mapping was

around 1 h. The intensity values for each of the 400 spectra and

the Raman shift values present in each map were extracted using

the WITec software. The 45 maps were then individually

imported into Matlab (MathWorks, Cambridge, UK) and

reshaped to represent a data matrix whose rows and columns

consisted of data points and Raman intensity respectively. Plots

of the raw R6G spectra were visualised and six characteristic

R6G peaks were selected at 619 cm�1, 778 cm�1, 1324 cm�1,

1368 cm�1, 1513 cm�1 and 1650 cm�1 for further scrutiny. Fig. 2

details the peaks and their archetypal vibrations and Fig. 2D

demonstrates an example of a R6G SERS spectrum collected

from a SoC surface with the individual peaks annotated. It is also

important to mention that data pre-processing was kept to

a minimum in order to preserve as much raw nature of the

spectra as possible; this also means that similar data analysis

methods could easily be applied to alternative substrates.

Each of the peaks were manually assigned a start and end point

(Fig. 2). These points were used to extract peak data from each

map. Extracted peaks were baseline corrected making sure that

the peak minima had a y value of zero in order to eliminate any
2794 | Analyst, 2012, 137, 2791–2798
background signal that could affect any subsequent analysis.

There are two common ways of measuring a peak: one method

requires only the intensity at the peak maxima to be procured,

whilst the second approach involves the calculation of the peak

area. Although both methodologies have been used here to

produce comparable correlation data, peak area is preferred as the

estimated value relates not only to the intensity of the peak but

also the peak morphology. Peak area was calculated using

a trapezoidal integration method available within Matlab. An

average of the peak area values and percentage relative standard

deviation (%RSD) was taken for the six peaks on each of the 45

maps.A global average of themean and%RSDwas calculated for

each time variable (15maps). The global values were then used for

optimisation purposes. The data in Table 1 show that for peaks 1

and 6 there is a negative correlation between the average peak area

of Raman signal observed on the surface and the increase in

deposition time.However, for peaks 2, 3, 4 and 5 a deposition time

of 20 s produces around a 14% average increase in Raman

intensity when compared to the second best deposition of 10 s. An

increased deposition time of 30 s results in a dramatic decrease in

the Raman signal with peaks at 1399 cm�1 and 1554 cm�1 dis-

playing a negative mean peak area value showing they were not

observed at all. Again the reducedRaman enhancement effect and

subsequent high %RSDs observed at 30 s could be due to the loss

of silver during the washing cycle. Different washing methods

were used to try to reduce the loss of silver at the surface but they

produced similar results to the ones observed in Table 1 (data not

shown). Analysis of the %RSD values clearly shows that a 20 s

deposition time favours reproducibility of signal across the

surface, therefore this deposition time was used to explore the

optimisation of deposition temperature.

Optimisation of deposition temperature

The collection and analysis of Raman data for the 6 selected

peaks was carried out in exactly the same way as for the
This journal is ª The Royal Society of Chemistry 2012



Fig. 2 (A) Optical image showing the area on the border of the silver deposition area (red dot) and copper that was mapped (blue dot). (B) Corre-

sponding heat map generated by integrating under the R6G peak present at 1368 cm�1. The spectrum displayed in (D) is representative of Rhodamine 6G

spectra acquired on the silver surface, whilst spectrum (C) represents spectra acquired on the background copper surface. Both (D) and (C) are the direct

result of averaging 10 spectra taken from the areas highlighted by the red and blue dots. The table displays the six peaks used for data analysis.
optimisation of deposition time (Fig. 3). However, there were 9

variables (RT, 30–100 �C in 10 �C steps). It was observed that the

average mean peak area generally increases with an increase in

temperature. However the %RSD is at its lowest for all peaks
This journal is ª The Royal Society of Chemistry 2012
except peak 6 when the deposition of silver at the surface is

carried out at RT. To demonstrate the trends shown by the mean

and %RSD with increasing temperature a correlation coefficient

(r) was calculated (Table 2). The correlation coefficient is
Analyst, 2012, 137, 2791–2798 | 2795



Table 1 Global averages for R6G peak intensities from Raman maps (20 � 20 pixels) including all 400 spectra with corresponding %RSDs for each
peak at the three deposition times investigated

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6

Deposition
time (s)

Average
mean

Average
%RSD

Average
mean

Average
%RSD

Average
mean

Average
%RSD

Average
mean

Average %
RSD

Average
mean

Average %
RSD

Average
mean

Average
%RSD

10 2426.6 145.3 1472.3 151.5 1464.8 173.9 4956.9 150.7 4799.8 165.9 5028.8 152.1
20 2311.0 55.0 1675.7 54.4 2055.8 58.3 5129.9 56.60 5550.3 61.8 4134.5 57.7
30 111.8 131.2 246.5 305.4 471.2 104.8 �1361.7 �142.4 �1623.3 �218.8 3290.3 97.8
a measure of the strength of the linear relationship of two vari-

ables in this case temperature and relative peak area means and

%RSDs. If the r value is close to either 1 or�1 then a relationship

between the experimental and calculated variables is demon-

strated, however a value close to 0 means that there is no linear

relationship present. The majority of peaks show a %RSD

correlation value of >0.79 except for peak 6 which has a %RSD

of 0.38 meaning that an increase in temperature mainly results in

an increase in %RSD. It is believed that the %RSD and mean

show excellent correlation with the structural morphology of

silver deposited on the copper surface. Images acquired on the

SEM show a relatively non-complex homogeneous deposition of

silver nanocrystals at 23 �C, because of the homogeneity, the

signal arising from the R6G is much less variable when compared

to the increased RSDs when silver is deposited at a higher

temperature. At 100 �C we see that the substrate consists of only

dendritic silver, whose complex structural morphology produced

by anisotropic growth has been reported before albeit syn-

thesised using different reaction conditions.45,46 The morphology

and SERS response of the dendrites fit the model proposed by

Garcia-Vidal and Pendry,47 which explains that more compact

particles have a much stronger SERS effect than isolated parti-

cles. However the increased SERS effect of silver deposited at

a higher temperature as shown in Fig. 4 via the positive corre-

lation coefficients is not without its caveat of increased %RSD

values. Overall the substrates synthesised at RT demonstrated
Fig. 3 The global averages calculated for the peaks 1–6 (A–F) at each optim

underneath each of the bars represents the temperatures whilst the maximum

20 000 and (F) 25 000. The bottom row of plots represent the %RSDs of each p

(G) 90, (H) 80, (I) 100, (J) 120 and (K) 70.
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a lower %RSD because of their less complex, more homogeneous

structural morphology. The SoC substrate synthesised at 90 �C
demonstrated the greatest SERS enhancement effects. Analysis

of the averaged means of each peak and respective %RSDs was

also carried (Table 2) out using the intensity recorded at the peak

maxima instead of peak area. Comparison of peak intensity and

peak area data shows no major differences in correlation coef-

ficient values meaning neither method of spectral analysis in this

case can be preferred over the other.
Establishing the LOD of R6G on the SoC substrates

A methanolic solution of Rhodamine 6G was applied to the

SoC substrates at serial dilutions varying from 1� 10�4 M to 1�
10�8 M. Three 20 � 20 mm Raman maps were collected on three

replicate SoC substrates at each concentration resulting in the

generation of 3600 spectra in total. Limit of detection (LOD)

analysis was carried out on the raw data, baseline corrected data,

6-peak spectra (consisting only of the recombined extracted

peaks) and on the individual peaks. Morphological scores (MS)

were used to filter out any non-R6G spectra. MS is a multivariate

extension of the signal-to-noise ratio and is designed to separate

a relatively smooth sequence of signals with structural informa-

tion (e.g., a Raman spectrum with multiple bands) from the

signals full of random variations (i.e., noise). A high MS implies

a smooth sequence with the major variance in the low frequency
isation temperature (23–100 �C) are displayed on the top row. The x axes

height for peaks 1–6 are: (A) 9000, (B) 7000, (C) 8000, (D) 18 000, (E)

eak. The maximum height of each of the respective peaks 1–6 are: (F) 80,

This journal is ª The Royal Society of Chemistry 2012



Table 2 Correlation coefficients for the mean and %RSD for each peak
in the R6G spectra with respect to temperature. Two datasets were
generated and are compared from both peak areas and intensities

Peak area Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6

R (mean) 0.82 0.65 0.89 0.86 0.80 0.85
R (%RSD) 0.88 0.87 0.79 0.94 0.81 0.38

Intensity Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6

R (mean) 0.87 0.73 0.89 0.88 0.87 0.86
R (%RSD) 0.90 0.83 0.78 0.96 0.86 0.54

Fig. 4 Plot showing the average number of R6G spectra observed on the

optimised SoC substrate at each of the concentrations (1� 10�4 M to 1�
10�8 M) when a MS > 2 threshold is applied. The concentrations are

displayed as log10 values.
domain which normally is what a chemical spectrum represents.

By contrast, a low MS implies a sequence with its major varia-

tions in the high frequency domain which normally means

noise.48 Although it is appreciated that the molecules of R6G

may adopt different orientations on the surface of the silver thus

causing a variation in signal, MS allows the large datasets to be

quickly filtered. After applying a threshold of 2 to all the dataset
Fig. 5 The PCA scores plot to the left shows how the different concentration

meaning. The LOD was established as 10�7 M as it clusters separately from th

representative of separation across PC1 is displayed on the right. The spectru

values seen in the loadings, whilst (C) is a SERS spectrum of R6G and is acc
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variants it was decided that the 6 peak plot best represented the

R6G signal at the surface and that at this threshold any

unwanted noise was removed; an example of the filtering is

shown in Fig. S1†. Using the applied threshold the number of

spectra relating to R6G Raman vibrations was calculated for

each map. The values for each map were then averaged to obtain

a global average for each concentration, the plot shown in Fig. 4

displays this relationship and shows that the LOD is 10�7 M.
SoC substrate vs. silver colloid in solution

To compare the detection limit of R6G on the SoC substrate with

solution-based colloidal SERS, silver citrate colloids were

produced using the well documented and characterised Lee and

Meisel methodology. SEM images of the colloids (data not

shown) revealed nanoparticles with aspect ratios differing

between 1 : 1 to 1 : 5 with the average particle size being between

50 and 100 nm. For LOD analysis an aqueous solution of R6G at

a concentration of 1 � 10�4 M was serial diluted down to 1 �
10�9 M. Three replicate spectra were generated at each concen-

tration. Univariate and multivariate methods were used to

establish the limit of detection. For univariate analysis the six

peaks relating to R6G vibrations outlined earlier were extracted

and baseline corrected. The peak area for each replicate was

calculated and the mean peak area and standard deviation (SD)

was established for each concentration. Fig. S2A† shows the

mean spectra at each concentration and also displays the

aggregated silver nanoparticle blank. The overlaid spectra in

Fig. S2B† shows the mean spectra at 10�4 M, 10�5 M, 10�6 M and

10�7 M R6G concentrations and Fig. S2C† shows an example

peak extraction and baseline correction. The limit of detection is

defined as 3 � SD and based on peaks 1, 5 and 6 the LOD was

established as 10�7 M, a summary of the results can be seen in

Table S2†. Principal components analysis (PCA)49 was also

carried out on the dataset to see if multivariate methods revealed

a similar LOD. Fig. 5 shows the PCA scores plot with PC1

identifying 95.7% of the total explained variance in the dataset.

The separation across PC1 is relative to concentration with
s of R6G cluster; the ellipses are shown as a guide and have no statistical

e blanks whilst 10�8 M overlaps with the blank spectra. The loading plot

m in (A) is that of a silver colloidal blank and accounts for the positive

ountable for the negative values in PC1.
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10�4 M being represented on the far left and 10�8 M, 10�9 M and

blanks on the far right. It is also evident that whilst 10�7 M is to

the right of the PCA plot it is separate from the lower concen-

trations and the blanks so this was taken as the LOD. Hence, it

can be deduced that both univariate and multivariate method-

ologies show corroborative results and the LOD for R6G is

10�7 M. Analysis of the PC1 loadings plot (Fig. 5) shows how the

positive values are representative of the silver colloidal blanks

whilst the negative values represent the SERS spectrum of

Rhodamine 6G. Thus the LOD for colloidal SERS and SoC

surfaces is in agreement at 10�7 M for R6G.
Concluding remarks

The synthesis of SERS active silver substrates via galvanic

displacement is quick and facile allowing the technique of SERS

to be exploited in groups with little experience of nanoparticle

production. We have successfully shown that even heterogeneous

silver structures give rise to huge Raman enhancement and

suppression of fluorescence effects otherwise present in Rhoda-

mine 6G Raman spectra. It has also been shown that by

manipulating temperature and temporal variables it is possible to

optimise the surface with regards to analyte signal intensity and

%RSDs, both of these values have also been represented here as

an average of all spectra taken without any filtering so they truly

reflect the performance of the substrates over the whole map area

generated (20 � 20 pixels). Using the ‘optimised’ substrate it was

then possible to establish the limit of detection of Rhodamine 6G

as being 1 � 10�7 M from these surfaces which was comparable

to the detection of R6G in solution using a standard colloidal

preparation.
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