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Abstract
Tuning the properties of optical metamaterials in real time is one of the grand challenges of photonics.  

Being able to do so will enable a class of adaptive photonic materials for use in applications such as surface 
enhanced Raman spectroscopy and reflectors/absorbers. One strategy to achieving this goal is based on 
the electrovariable self-assembly and disassembly of two-dimensional nanoparticle arrays at a metal 
liquid interface. As expected, the structure results in plasmonic coupling between NPs in the array but 
perhaps as importantly between the array and the metal surface.  In such a system the density of the 
nanoparticle array can be controlled by the variation of electrode potential. Due to the additive effect, we 
show that less than 1 V variation of electrode potential can give rise to a dramatic simultaneous change 
in optical reflectivity from ~93 % to ~1 % and the amplification of the SERS signal by up to 5 orders of 
magnitude. The process allows for reversible tunability. These concepts are demonstrated in this 
manuscript, using a platform based on the voltage-controlled assembly of 40 nm Au-nanoparticle arrays 
at a TiN/Ag electrode in contact with an aqueous electrolyte. We show that all the physics underpinning 
the behaviour of this platform works precisely as suggested by the proposed theory, setting the 
electrochemical nanoplasmonics as a promising direction in photonics research.

Keywords: electrotunable, metasurface, plasmonics, surface enhanced Raman spectroscopy, 
nanoparticles, self-assembly
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The plasmonic coupling of metallic nanostructures under the excitation of incident light has not only 
drawn substantial interest,1-3 but also looks promising for applications in optical sensing,4-6 solar energy,7 
biomedical therapy8, 9 and especially surface-enhanced Raman spectroscopy (SERS).10-16 The vibrational 
Raman fingerprints of target molecules can be enhanced several orders of magnitude, due to the 
synergistic coupling of localized surface plasmon resonances (LSPR) of nanoparticles (NPs)17, 18, surface 
modified planar substrates19 or a combination of both.3, 20, 21 Previous reports based on deposited NPs22 
or lithographic features10, 23 on dry substrates have beautifully demonstrated that the surrounding 
media,24 metal species,11 size,25 shape,26 interparticle distance24, 27 and the gap between the substrate and 
NPs3 are crucial for the resonance strength, frequency and the resultant SERS signals. The latter is caused 
by the local near-field enhancement (‘hot spots’) inside or around these nanostructures. 

Some of those structures may be fixed/nanofabricated,28 others – self assembled.29 One of the 
challenges is to adjust the structures in situ enabling the tuning of the intensity of the hot spots for 
maximizing SERS signals.30 Among many methods such as mechanically31 or thermally32-34 induced 
deformation of the nanostructures, or in the case of wet systems – changing pH35 or chemical 
concentrations36 of the solution can reconfigure the NP assemblies. Particularly interesting is voltage-
controlled tuning of the structure of adsorbed NP arrays at electrochemical interfaces.37, 38 This causes 
minimal disturbance to the system, when tuning the plasmonic coupling. By applying different static39 or 
dynamic40 potentials on the substrate electrodes, researchers can either control the adsorption of ions40, 

41 or,  for potentials outside of the electrochemical windows of such systems, the electron exchange39 
between NP and the electrodes. Both can affect SERS signals. Our group has previously demonstrated 
voltage controlled self-assembly of arrays of moderate-size (16 nm) NPs at both liquid-liquid (LLI)42 and 
solid-liquid (SLI)43 interfaces. 

In this work, we successfully self-assembled 40 nm NP two dimensional arrays onto a TiN-coated Ag 
electrode-substrate within an optical-electrochemical cell. By controlling the electrode potential, both the 
optical reflectance and SERS spectra can be tuned in real-time. Importantly, we show that the signal can 
be amplified due to the coupling of NP’s in an array and further amplified due to the coupling between 
NP array and Ag substrate. This is very much different to the literature based around the coupling of static 
individual NP’s to a metallic substrate as the collective coupling of the NP’s in the array in our case results 
in a red-shift in the coupled plasmon resonance and better matches the Raman excitation wavelength 
which in turn results in greater SERS intensities.  Furthermore, by using our effective media theory (EMT),44  
the optical reflectance spectra can be reproduced allowing us to reveal information about the structure 
and interparticle spacing of the NP array in situ. This could in turn be directly correlated to changes in the 
SERS intensity. Thus, the results that we present below demonstrate fine tuning of interparticle gaps and 
the significant amplification of SERS signal. Compared with previously demonstrated SERS active 
substrates based on NP aggregation, our electrovariable SERS system not only allows for real-time 
tailorable nanostructures that can be repeatedly used, but also facilitates the extra coupling between the 
metallic substrate and the NP array, further amplifying the SERS signal. 

Results and discussions
To achieve electrotunability, a planar 125 nm thick Ag substrate with a 5 nm TiN coating acts as the 

working electrode. A ring-shaped Pt counter electrode and an Ag/AgCl wire reference electrode 
completes the three-electrode electrochemical cell (Figure S1). The electrodes were embedded in a 
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solution containing an electrolyte composed of 4-Mercaptobenzoic acid (4-MBA) functionalized 40±3 nm 
NPs (Figure S2), 20 mM phosphate buffer (PB, pH 6.2) and 20 mM LiCl. A custom-built inverted Raman 
microscope45, 46 was used to focus a 632.8 nm He-Ne laser to a diffraction limited spot onto the solid-liquid 
interface and to collect the Raman spectra. A fibreoptic reflectivity probe47 was also integrated into the 
cell to simultaneously acquire reflectance spectra at the SLI. These spectra not only quantitatively 
demonstrate the dramatic colour changes during the electro-variable process as we show later, but also 
provide vital structural information about the nanoscale rearrangement of NPs when compared and 
‘decoded’ using our EMT.44 

The potential of zero charge (PZC) of the TiN/Ag substrate is an essential reference point which governs 
which potentials are needed to bring NPs to and from the SLI.42, 43  PZCs of semiconductor covered metals 
can be determined from their flatband potential, Efb. At the flatband potential, there is no band bending 
due to surface charges, so that this potential is also the potential of zero charge, namely, Efb = Epzc.48 By 
measuring the capacitance of the TiN/Ag as a function of applied electrochemical potential, we 
determined that the capacitance-potential variation (Figure S4) followed a Mott−Schottky law: CSC

−2 ∝ E − 
EPZC − kBT/e, where CSC is the capacitance of the space charge in TiN, E is the applied potential, EPZC is the 
potential of zero charge, kB is the Boltzmann constant, and T the absolute temperature. This linear 
relationship indicates that the space charge capacitance of the TiN layer dominates the overall 
capacitance. The PZC was calculated to be -0.8 V vs Ag/AgCl from the intercepts of a linear fit to the data, 
Figure S4. Henceforth, all potentials are referenced to the PZC, . In order to ensure that our 𝐸 = 𝐸 ― 𝐸PZC

results were not affected by side-reactions at the electrodes, the minimum and maximum electrochemical 
potential limits were set so as to ensure that the maximum current would not exceed 10 µA cm-2 over the 
potential range 0.1 – 0.7 V vs PZC, Figure S5.

When the potential applied to the substrate is low, an electrostatic energy barrier exists at the SLI, 
preventing NP assembly, Figure 1a left. As NPs do not assemble on the surface, there is no plasmonic 
coupling between the substrate and NPs, and hence the corresponding reflectance spectra are identical 
when compared to pristine TiN/Ag, Figure 1b-ii (black and yellow curves). In addition, no MBA signal could 
be observed in the Raman spectra, Figure 1c-ii (yellow curve). By switching the substrate to higher 
potential, 0.7 V vs PZC, the attractive electrostatic forces between the positively charged substrate and 
the negatively charged NPs construct an energy well in the vicinity of the SLI, and results in the self-
assembly of NPs into a two-dimensional array on the substrate, Figure 1a right. This structure results in 
plasmonic coupling: 1) between NPs within the self-assembled array and 2) between the TiN/Ag substrate 
and the NP array. 

Characteristic reflectance and SERS spectra arise from the formation of NP arrays at the SLI. First, the 
plasmonically active NP array on the substrate almost totally quenched the reflectance at ~580 nm as 
shown in Figure 1b-iii (red curve). Compared with previous studies using smaller, 16 nm NPs,43 the 
reflectance dip here can be redshifted to 580 nm and deepened to -90 %. More importantly, SERS “hot 
spots” are formed not only among the NP array but also between the substrate and the array, where the 
Raman signals of 4-MBA are significantly enhanced. As shown in Figure 1c-iii, the red curve, when 0.7 V vs 
PZC potential is applied the two characteristic Raman peaks49 for 4-MBA at 1078 cm-1 and 1589 cm-1 
significantly increase in intensity.
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Figure 1 Working principles of electrovariable surface enhanced Raman spectroscopy. (a) Scheme of the 
experimental setup of the optical-electrochemical cell and the switchable assembly of 40 nm NPs, 
functionalized by negatively charged 4-MBA ligands, on TiN/Ag substrate under low (left) and high (right) 
applied voltage. The working electrode of the potentiostat is connected to the substrate, and a Raman 
microscope is vertically focusing through an optically transparent electrochemical cell. When the applied 
positive potential of the substrate is low, few NPs are assembled, inducing weak Raman signal (left). 
Higher positive potential at the interface electrosorbs a monolayer array of NPs which generates Raman 
hot spots and delivers stronger SERS signals (right), the denser the NP monolayer is. (b-c) The 
experimental reflectance spectra (b) and SERS spectra (c) of NPs on TiN/glass at 0.1 and 0.7 V vs PZC (i), 
NPs on TiN/Ag at 0.1 V vs PZC (ii) and NPs on TiN/Ag at 0.7 V vs PZC (iii). The inset of panel c-ii shows the 
original intensity multiplied by 50 for better visibility. Comparison of these curves highlights the effect of 
complex plasmonic coupling between the nanoparticles and the metallic substrate. The coupling 
strengthens with the increase of positive electrode potential that promotes electrosorption of NPs and 
makes the NP array denser. The significantly enhanced characteristic peaks of 4-MBA at 1078 cm-1 and 
1589 cm-1 indicate the effect of increase and intensification of Raman hot spots in the system.

The plasmonic coupling between metallic NPs has been studied extensively, but the coupling between 
a metallic substrate and an electro-variable 2D NP array is still intriguing from both experimental and 
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theoretical viewpoints.  In Figures 1b and c, comparisons of optical reflectivity and SERS signals are made 
between the Au NP array on TiN/glass substrate [Panels (i)] and on TiN/Ag substrate [Panels (ii) and (iii)]. 
It is easy to see a peak in the reflectance spectra of the NPs/TiN/glass at 0.7 V vs PZC (Figure 1b-i), which 
is very much like that of an array of NPs at the liquid | liquid interface42, 47 showing the enhancement of 
reflectance near the wavelength of the plasmon resonance in the array of gold NPs. On TiN/Ag substrate, 
the NP array formed under 0.7 V vs PZC, however, quenches the reflectivity of the substrate to such an 
extent that the reflectance around 580 nm is even lower than for the lone NP array. Both effects are in 
accordance with our previous studies.42-44 

This phenomenon of quenching of reflection on the NPs/TiN/Ag sample demonstrates the efficient 
coupling between the array of electrosorbed large, 40-nm NPs and the metallic substrate, which also gives 
rise to the enhancement of Raman signal. When the array of 4-MBA functionalized NPs is self-assembled 
on the TiN/glass substrate under 0.7 V vs PZC, the sample gives a distinguishable Raman signal (~3000 
counts at 1078 cm-1) due to the coupling among the NPs (Figure 1c-i, red curve). By comparison, once 
those NPs are assembled on the TiN/Ag substrate (under 0.7 V vs PZC), the intensity of the Raman peak 
increases by ~8.3 fold (Figure 1c-iii), highlighting the synergistic effect between the NP array and the 
TiN/Ag substrate. Unlike NP aggregates, the interparticle distance could be uniformly controlled bringing 
about good uniformity and reproducibility of the Raman signal, as shown in Figure S6. Noteworthy, the 
pH has a significant influence on the stability of the NPs and the density of the NP array assembled at the 
SLI. As previously reported,43, 50 a lower pH reduces the negative charge on the carboxylic acid 
functionalized NPs, resulting in a greater propensity for NP aggregation, Figure S7 and Figure S8. As shown 
in Figure S8, a higher pH induces weaker plasmonic coupling: shallower reflectance dip, larger interparticle 
gap, and lower SERS signal. This is consistent with an increased negative charge and hence increased 
electrostatic repulsion between the NPs. This in turn results in the formation of less densely packed NP 
arrays at the SLI. Therefore, to maintain the stability of the NP solution while achieving a good SERS signal, 
a pH of 6.2 was used for normal operational conditions.

The detailed electrotunable behaviours of this system were examined through reflectance and SERS at 
varying potentials. A qualitative view of the effect on NP assembly as a function of potential is shown in 
the SEM’s in Figure 2a. However, it should be noted that the drying process for SEM sample preparation 
can potentially disturb the arrangement of the wet NPs on the substrates. Nevertheless, an increase in 
potential results in an increase in NP density. This increased population and its resultant enhanced 
plasmonic coupling can be visualized by the dramatic changes in the macroscale colours of the wet 
samples (inset of Figure 2a). Starting from the original silver colour of the pristine substrate, higher 
potential delivers redder and darker appearance and ultimately a purplish black colour for the 0.7 V vs 
PZC sample. 

Reflectance measurements and theoretical calculations provide more quantitative insight for this 
electro-variable phenomenon. With the increase of the applied potential, a distinctive reflectance dip gets 
deeper and red-shifted, as can be seen from excellently matched experimental and theoretical fitted 
spectra (Figures 2b and c). Within the lower potential region (<0.4 V vs PZC), both the dip depth (Figure 
S9) and dip wavelength (Figure 2d) change slowly. Theoretical calculation (Figure 2d) indicates that the 
interparticle distances in these cases are too large to generate effective plasmonic coupling. Further 
increase in potential induces dramatic optical changes: the dip wavelength red-shifts from 530 nm to 580 
nm while the dip depth changes from almost zero to -92 %. This can be explained by the strong plasmonic 
coupling when NPs are getting closer to each other. The reason why they are getting closer was described 
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by us already.43 At positive electrode potentials, negatively charged NPs get electrosorbed at the electrode, 
but as they electrostatically repel each other, they prefer not to come close to each other. With further 
increase of the positive potential, the driving force for each NPs to be adsorbed at the interface gets 
stronger, and more NPs adsorb at the electrode, tolerating interparticle repulsion, and hence the NP-array 
gets denser.51 Theoretical calculation (Figure 2d) indicates that the interparticle distance, starting from 
several hundreds of nm at 0.1 V vs PZC, quickly reduces to 20 nm at 0.7 V vs PZC. 

Figure 2 Assembly of nanoparticles by changing the interfacial potentials. (a) SEM of dried samples after 
NP assembling under indicated potentials; scale bar 200 nm; the white dots represent the adsorbed NPs, 
shown against the dark background of bare TiN/Ag substrate. Digital camera photos (insets) of wet 
samples after NP assembly on TiN/Ag under indicated potentials. (b) Experimental reflectance spectra of 
assembling NPs on TiN/Ag under 0.1 – 0.7 V vs PZC. (c) Theoretically fitted reflectance spectra of 
assembling NPs on TiN/Ag under 0.1 – 0.7 V vs PZC. (d) The experimental (solid) and theoretically fitted 
(empty) dip wavelength (orange squares) and the theoretically calculated interparticle gap (blue dots) 
under 0.1 – 0.7 V vs PZC. (e) Experimental Raman spectra of MBA from the NP array on TiN/Ag under 0.1 
– 0.7 V vs PZC. (f) The intensity of characteristic Raman peaks of 4-MBA at 1078 cm-1 (orange) and 1589 
cm-1 (blue) under 0.1 – 0.7 V vs PZC. Inset shows the Raman peak intensity (I) vs the inverse of the square 
of the interparticle distance (a-2), extracted from fitting the reflectance data to the theory (c.f. panel d), in 
the interval of 0.1 V between 0.1 - 0.4 V vs PZC (g) Experimental (orange squares) and theoretically 
calculated (blue dots) SERS enhancement factor (EF) under 0.1 – 0.7 V vs PZC. The theoretical EF is not 
calculated below 0.3 V vs PZC because the gaps are too large to return converging results.
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Based on the electromagnetic mechanism of SERS, the variation of the plasmonic coupling due to the 
change of the interfacial potential also offers a unique and convenient way to enhance the Raman signals. 
When the potential is low, the two characteristic peaks at 1078 cm-1 and 1589 cm-1 are almost 
indistinguishable from the base lines (Figure 2e). The intensity of these peaks climbs gradually (in an 
almost linear fashion) when the potential is less than 0.4 V vs PZC, but more instructive is the linear 
dependence on the density of the NP array, which is inversely proportional to the square of interparticle 
separation, shown in the inset in Figure 2f. Such linear dependence shows that the increase in the SERS 
intensity here is just due to the increase of the population of NPs and the associated 4-MBA at the 
interface.  As the interparticle gap is large within this potential range (Figure 2d), the coupling between 
NPs is negligible and so is the increase of the corresponding experimental enhancement factor (Figure 2g), 

  (where ISERS and IRS denote the intensity of SERS and Raman signals, NSERS and NRS are the 𝐸𝐹 =  
𝐼SERS/𝑁SERS

𝐼RS/𝑁RS

numbers of molecules generating SERS and Raman signals, respectively). In this potential range, each 
electrosorbed NP individually delivers a hot spot between it and the substrate. But the hotter ones emerge 
only at closer approach of NPs due to the coupling of the localised plasmon excitations between the NPs, 
presumably amplified by the proximity to the metallic substrate.

As the potential increases beyond 0.4 V vs PZC, the intensities of the peaks rocket to ~25000 counts at 
0.7 V vs PZC; both the experimental and theoretical (c.f. Methods) EFs surge quickly to reach beyond 105 
level at 0.7 V vs PZC. This means that the amplification of the SERS signal benefits majorly not only from 
the increased number of NPs and 4-MBA molecules, but from the ever-growing plasmonic coupling with 
gradual red-shift of LSPR towards the excitation laser wavelength.52 

We notice that the experimental EFs are slightly larger than the theoretical ones, where perfectly 
spherical NPs in a uniform hexagonal lattice is considered for modelling. Considering the existence of 
edges/spikes on our fabricated NPs and the fact that interparticle gaps may have some dispersion and 
spatial non-uniformity, a small population of NPs with narrow local interparticle gaps could generate much 
stronger SERS signals that would contribute to larger experimental values of EF.26, 36 

The time evolution of the optical response and SERS signals were also monitored during the potential 
controlled assembly of NPs on the substrates. Figures 3a and b demonstrate the experimental and 
theoretically fitted reflectance spectra over 10 h when both the dip wavelength (Figure 3c) and dip depth 
(Figure S10) first experience a fast evolution stage before reaching the equilibrium plateau at the 580 nm 
wavelength and -92 % intensity. A similar trend in plateauing can be found in the theoretically calculated 
interparticle gaps. Compared to similar systems with smaller NPs, the time of reaching the equilibrium for 
our 40 nm NPs is longer, due to their larger diameter and correspondingly smaller diffusion coefficient 
(usually following the Stokes–Einstein equation).53 Nevertheless, higher NP concentrations and shorter 
diffusion lengths in miniaturized setups could accelerate this process for practical applications. 
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Figure 3 Kinetics of nanoparticle assembly. (a) The time-dependent reflectance spectra of NPs 
electrosorbed on TiN/Ag in 20 mM PB, 20 mM LiCl NP solution, under 0.7 V vs PZC, starting from pristine 
TiN/Ag. (b) The theoretically fitted time-dependent reflectance spectra of NPs assembling on TiN/Ag. (c) 
The time-dependent experimental (solid), theoretically fitted (empty) dip wavelength (orange squares) 
and the theoretically calculated interparticle gap (blue dots).  (d) The time-dependent SERS spectra of 4-
MBA attached to NPs assembling on TiN/Ag in 20 mM PB 20 mM LiCl NP solution under 0.7 V vs PZC, 
starting from pristine TiN/Ag. (e) The corresponding experimental time-dependent intensity of 
characteristic SERS peaks of 4-MBA at 1078 cm-1 (orange) and 1589 cm-1 (blue). (f) The time-dependent 
experimental (orange squares) and theoretically calculated (blue dots) SERS enhancement factors (EF) 
under 0.7 V vs PZC, starting from pristine TiN/Ag.

It should be emphasized again, that as we have seen first in Figure 1b, Figures 2b and 3a demonstrate 
the counter-intuitive effect of quenching of reflection from an array of large NPs on metallic substrates at 
the wavelength of the coupled plasmon resonance, the signatures of which have been predicted earlier 
theoretically.44, 54, 55  The change in SERS signal follows a slightly different pattern after the abrupt 
application of the positive bias (Figure 3d). Unlike the fast quenching process of the reflectivity in the 
initial stage, the intensities of the Raman peaks grow relatively slow (Figure 3e). Generally speaking, the 
plasmonic coupling and the resultant Raman enhancement prevail only when the gaps between NPs are 
below the NP diameter.56 Considering the interparticle gaps in the first 14 ks is still larger than this value 
(Figure 3c), the Raman hot spots in these gaps are still too weak to generate a noticeable enhanced Raman 
signals than the individual NPs. However, this hot spot effect becomes more dominant after 14 ks when 
the gap falls below 40 nm. The calculated experimental and theoretical EFs in Figure 3f support this 
observation. 

The electro-tunability and reversibility of SERS signal is always desirable for reusable sensors, for lasers 
with different working frequencies or sensing different analytes. Though larger NPs provide stronger SERS 
amplifications, it is harder to achieve reversibility with larger NPs as compared to smaller ones, due to the 
reduced diffusion speed of the former.57 Here by alternatively applying ± 0.7 V vs PZC to the substrate, we 
partially achieved turning the system on and off for multiple times. As shown in Figure 4a, under the ‘off 
state’ at -0.7 V vs PZC, the plain substrate has a pink tint and the red letter ‘IC’ (standing for Imperial 
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9

College) above the substrate is reflected distinctively. In contrast to that, the substrate becomes almost 
black and the ‘IC’ is overwhelmed by the dark background under the ‘on state’ at 0.7 V vs PZC. 

Figure 4 Reversible switching of the nanoparticles at the solid liquid interface. To switch off the system, 
a low potential (-0.7 V vs PZC) is applied to the substrate and maintained for 5 min. (a) The digital camera 
photos of the ‘off’ and ‘on’ states of the system in solution with plain (upper), and “IC” reflected (lower) 
images. The letters are drawn on A4 paper in red and are illuminated by white light. (b) Reflectance 
spectra of NP array on TiN/Ag substrate during multiple on/off cycles. (c) Raman spectra of 4-MBA from 
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10

NP array on TiN/Ag substrate during multiple on/off cycles. (d) The Raman intensity (orange) and the 
calculated interparticle gaps (blue) for multiple on/off cycles. 

The cycling of the reflectance spectra as shown in Figure 4b and Figure S11 demonstrate that the ‘on 
state’ is always reversible. However, in the electrode potential range that we have studied under the ‘off 
state’, there are always a few NPs stuck at the interface. This results in a small reflection dip and small 
Raman peaks.  Fitting the theory of the optical spectra to the measured reflectance data provides 
evidence (Figure 4d) that the ‘off state’ corresponds to an 80 nm interparticle gap. To summarise, at -0.7 
V the majority of NPs desorb from the solid interface to the bulk; however, some remain behind. Had we 
been able to apply more negative potentials, we would have expected to have no NPs left at the interface. 
It cannot be excluded, however, that for more negative potentials,  there could be some metastable well, 
which could kinetically trap NPs at the interface [c.f. kinetics of collective desorption of NPs].43

 Importantly much like conventional SERS substrates, the platform could be used to simultaneously 
detect and distinguish multiple analytes. This was shown for NPs functionalized with 2-mercapto-5-
nitrobenzimidazole (MNBI), malachite green isothiocyanate (MG) and MBA, Figure S12. In addition, we 
also examined the influence of serum to the Raman signal of the assembled MBA functionalized NPs. As 
shown in Figure S13, no additional peaks could be observed after the addition of serum, though the 
intensity of MBA peaks are slightly reduced likely due to scattering of the suspension. Nevertheless, this 
platform opens the door to the possibility of using such systems for biosensing applications.

Conclusions
We investigated the optical response of electrotunably assembling a two-dimensional array of Au NPs 

on a TiN/Ag electrode under different electrode potentials. Increasing positive polarization of the 
electrode stimulates adsorption of negatively charged nanoparticles, decreasing interparticle separations 
in the array.  The narrowing of the interparticle gaps strengthens the plasmonic coupling between NPs. 
As a consequence, it produces three related effects: 1) The emergence of the dip in reflection spectrum, 
which gets deeper and its wavelength shifts to the longer wavelength with densification of the NP array. 
2) The emergence and further intensification of ‘hot spots’ (for electric field of electromagnetic radiation) 
between NPs, in addition to the hots spots between individual NPs and the substrate. 3) The red-shifting 
of the coupled plasmon resonance of the thus assembled NPs towards the wavelength of Raman 
excitation laser further amplifies SERS signal from analytes attached to NPs. 

The theory of reflection signal from such systems allows us to quantify the values of interparticle gaps 
at any applied potential and use this information to estimate the SERS enhancement factor. The SERS data 
appear to be in full harmony with the reflectivity data. The experimental results show the earlier 
theoretically predicted counter-intuitive phenomenon — complete quenching of reflection from an array 
of large NPs on metallic substrates at the wavelength of the coupled plasmon resonance.

  An outlook of this system is to miniaturize it into microscale chips. This will not only hasten the 
switching speed, but also provide an opportunity to be coupled with microfluids feeding different kinds 
of NPs targeting/reporting different analytes, which offers a promising approach of high-throughput 
optical sensing with electro-tunability and reusability.
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Methods

Materials and experimental setup
4-MBA capped 40 nm gold nanoparticles.  First, 16 nm NPs were synthesised according to the Frens58 

method: A solution of 500 ml 0.01 wt% HAuCl4 was heated to boil with magnetic stirring, followed by the 
injection of 10 ml of 1 wt% sodium citrate, which was kept for 30 min to allow the reaction to finish. The 
resultant red NP solution was then cooled to room temperature. Then 40 nm NPs was synthesised 
according to the Brown method.59 Namely, 540 ml water was mixed into 60 ml previously obtained 16 nm 
NP solution. Followed by the addition of 6 ml 0.2 M NH2OH·HCl, 5 ml 1 wt% HAuCl4 was quickly injected 
with vigorous stirring. After the reaction finished, 612 µl 10 mM solution of 80% 4-mercaptobenzoic acid 
(MBA), 20% 12-mercaptododecanoic acid (MDDA) was added into the solution which was allowed 12 h 
for functionalization. Centrifugation of the NPs were performed at 3000 rpm for 1 h and refilled with DI 
water. We checked the diameter of NPs (Figures S2a) by transmission electron microscope (TEM, JEOL 
2100 PLUS), the absorption spectra (Figure S2c) of NPs by a UV-vis spectrometer (Nanodrop 2000, Thermo 
Scientific), and the presence of NPs on substrates by scanning electron microscope (SEM, LEO Gemini 
1525 FEGSEM).

Functionalization with 2-mercapto-5-nitrobenzimidazole (MNBI) and malachite green 
isothiocyanate (MG). MNBI and MG functionalized NPs were prepared as follows: 612 µl 10 mM solution 
of 80% MBNI, 20% MDDA or 612 µl 1 mM MG and 10 mM MDDA solution was added into the 40 nm 
citrate functionalized NP solution respectively and allowed 12 h for functionalization. The dual 
functionalized MBA-MBNI or MBA-MG NPs were prepared by adding 100 nM MBNI or MG into the above-
mentioned MBA NP solutions respectively and allowed to rest for 12 h prior to centrifugation.

TiN/Ag substrates. Similar with previous plasma-enhanced atomic layer deposition (PEALD) method,43 
silicon substrates were first stripped of their native oxide layer in a hydrofluoric acid bath. A 2 nm Ti 
adhesion layer was then evaporated onto the substrate, followed by a 125 nm Ag layer. The sample was 
then immediately placed in a PEALD system (Veeco Fiji system), where 5 nm of TiN was deposited at a 
temperature of 270°C. The sample was left to cool in the chamber before exposing it to atmosphere in 
order to avoid excessive oxidation. Before use, the TiN/Ag substrates were intensively rinsed by acetone, 
ethanol, and DI water.

Coupled electrochemical-optical setup and measurements. A TiN/Ag substrate acting as the working 
electrode was inserted into a polytetrafluoroethylene (PTFE) holder which connects the substrate with a 
platinum wire leading to the potentiostat. Two other holes on the holder accommodated the Ag/AgCl 
reference electrode and platinum counter electrode, to constitute a three-electrode system. A Gamry ref-
600 potentiostat was used to control cell polarisation. A purpose-built Raman microscope is based on an 
optical inverted microscope (IX71, Olympus), to which a spectrograph (Shamrock SR-303i, Andor) and an 
electron-multiplying charge-coupled device camera (EMCCD, Newton DU970BV, Andor) were connected. 
An Olympus 20x, NA 0.45 objective (LCPLFLN-LCD) was mounted on the microscope to focus 0.81 mW 
power from a 632.8 nm laser beam emitted from a HeNe laser (HRP170, Thorlabs, 21 mW). The reflectance 
spectra were measured using an Ocean Optics reflection probe with a focal length of 2 mm which was 
placed above the substrate normal to the TiN/Ag substrate. The white light emitted by a tungsten halogen 
lamp (Ocean Optics) was transmitted through a multimode fibre in the probe, hit the substrate and was 
collected by an Andor 163 spectrograph fitted with an iDus charge-coupled device. All the optical 
references are derived from a Thorlabs silver mirror. During the measurements, NP solution with 20 mM 
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phosphate buffer (pH 6.2) and 20 mM LiCl electrolyte was poured into the cell. The use of phosphate 
buffer was used to keep the pH stable during the experiments and the LiCl was used to adjust the 
electrolyte concentration and to provide Cl- ions for Ag/AgCl reference electrode. NPs were found to be 
more stable in LiCl than in standard NaCl solution (Figure S3). The Gamry potentiostat applied potential 
to the substrate while the synchronised Andor spectrometer collected the reflected signals from the 
substrate simultaneously.

Theoretical Methods
Theoretical calculation of optical reflectance spectra. A five-layer stack model, based on our effective 

medium theory and multi-layer Fresnel reflection scheme, was deployed to theoretically calculate the 
optical reflectance spectra. The detail of the theoretical model is provided.44 The following parameters, 
conditions and entities were used for the calculations based on that theoretical model: NP radius R = 20 
nm; normal incidence angle (as the data were obtained at such angle); , representing an aqueous 𝜀1 = 1.78
solution as the NP surrounding medium; , denoting a fictitious film emulating the Au NP monolayer, 𝜀2(𝜔)
calculated using Eq.(5) in Ref.44;   for the spacer layer of thickness  nm between the NPs 𝜀3 = 1.78 ℎ𝑠 = 1
and the TiN/Ag substrate;  representing a thin TiN coating, of thickness  nm, on top of 𝜀4(𝜔) = 𝜀TiN ℎ𝑓 = 5
a 125-nm-thick Ag film substrate characterised by  . Note that the Ag substrate is thick enough 𝜀5(𝜔) = 𝜀Ag

not to allow any transmittance through it, and hence, it was safe to be modelled as a semi-infinite layer. 
The parameters of the Drude–Lorentz model44 used to describe optical response of Au (eventually used 
to obtain ), TiN, and Ag – are provided in the table below:𝜀2(𝜔)

Table 1.  Parameters of the Drude-Lorentz model for Au, TiN, and Ag: 

Materi
al

 Dp,
(eV)

D
(eV)

1s Lp1,
(eV)

L1,
(eV)

2s (eV)Lp2, L2,
(eV)

Au 5.975
2

8.8667 0.0379
9

1.76 3.6 1.3 0.95
2

2.8 0.737

TiN# 2.667 10.707 0.195 0.195 2.264 0.722 5.31
2

4.894 3.875

Ag 3.718 9.2093 0.02 0.4242 4.284 0.737 - - -

#The parameters for TiN coating are slightly different to that of the bulk TiN, as these are fitted to match 
the measured optical reflectance from a bare 5 nm TiN coating on top of an Ag substrate.  

Calculation of theoretical SERS EFs. Numerical simulation of the near-field distribution patterns of the 
Au NP assembly on TiN/Ag substrate provided theoretical estimates of the SERS EFs, calculated as max

 , where  is the local electric field enhancement factor at the wavelength of the reflectance (|𝑬 𝑬0|4) 𝑬 𝑬0

dip. The full-wave simulations were conducted using the RF module of the COMSOL Multiphysics®, a 
commercially available finite-element-method software. In the simulation model perfectly spherical Au 
nanospheres were arranged in a hexagonal lattice on top of a TiN/Ag-substrate film of the thicknesses 
specified in the experiments. A unit cell was designed, which extended in both lateral dimensions using 
periodic boundary conditions to emulate a NP monolayer assembled on the TiN/Ag substrate with large 
lateral dimensions. Frequency domain solver was deployed for the simulation studies with extremely 
small meshing, where the maximum and the minimum mesh element size was chosen to be λ/10 (where 
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λ is the wavelength of light in that medium) and 1.5 nm, respectively. Such dense meshing incorporates 
fine structural details of the system in the numerical simulations and hence, allows to make a good 
estimation of the SERS EFs.
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