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deposition parameters to maximise the long-range ordering of the NSs. Figure�2a displays the behaviour of � 
calculated by the colour maps as a function of the rotational speed. For values in the range 1250 � � � 3500 rpm, 
the obtained curve presents a monotonic decreasing trend with increasing spinning speed. For � � 1250 rpm � 
reaches its maximum value 1084 nm and it drops to 339 nm for � � 3500 rpm. �e error bars are calculated as the 
standard deviation among � values extracted from different images for each substrate. The decrease of � to 
1000 rpm can be associated to the presence of a second layer of NSs, as evident from Fig.�1a.

Every break in the periodicity of the matrix of NSs, due to the formation of domains, introduces a defective 
point in the triangulation. We counted the number of defects in the HCP con�guration and we evaluated their 
total percentage. �e graph in Fig.�2b marks that the percentage of defects in the monolayer follows a complemen-
tary trend as a function of � with respect to �. For � � 3500 rpm the number of defects reaches 55%; for smaller 
values of � it decreases and presents a minimum value at the speed corresponding to the largest �. �e value of � 
constitutes an indication of the ordering process and it can be considered representative of the whole sample. �e 
e�ect of various dynamic conditions of spin coating on the ordering of NSs can be better understood through the 
comparison to a di�erent SA system, such as the diblock copolymers (DBC). �e ordering of DBC is in�uenced 
by the thermodynamic conditions during the thermal annealing process, i.e. time of annealing, temperature, 
heating and cooling ramp35,36. It has been observed that raising the temperature during the annealing process and 
tuning other parameters leads to a process of reorganisation of adjacent domains with the annihilation of defects37 
to form larger and larger defect-free areas. Analogously, the e�ect of the rotational speed and acceleration during 
spin coating to which the NSs are subjected can be isolated by our analysis. By matching the graphs reported in 
Fig.�2, we are able to point out that a slow spin coating deposition contributes to trigger the evaporation of the 
solvent at a proper rate to activate the surface tension among NSs, resulting in the most correlated monolayer in 
our experimental conditions. On the contrary, at higher speeds the centrifugal force prevails on other physical 
interactions, spreading the nanoparticles on the substrate in random positions. �e optimal dynamic conditions 

Figure 1. (a�f) SEM micrographs of the monolayer of polystyrene (PS) NSs on �at substrates achieved by spin 
coating at di�erent speeds ranging from 1000 rpm to 3500 rpm. (g�l) �e corresponding colour maps are shown 
under each SEM image.

Figure 2. (a) �e graph reports the monotonic decreasing trend of � at di�erent rotational speed values. �e 
maximum of � is found at 1250 rpm. (b) �e graph shows the number of defects in the six-fold coordination 
of NSs in a monolayer on the substrate: the scatter plot refers to the sum of less and more the six nearest 
neighbours to each particle.
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Figure 4. (a) Normal Raman spectrum of the probe molecule 7-mercapto-4-methylcoumarin (MMC). �e 
Raman shi�s are indicated above the main peaks in the spectrum and the corresponding assignments are 
reported in Table�1. �e average SERS spectra of MMC acquired on the substrates (b) NW1, (c) NW2, (d) NW3 
and (e) NW4 are shown. �e chemical maps at 1593 cm�1 are reported for each tested substrate (the scale bars 
correspond to 0.5 mm).

Raman shi� (cm�1 ) Assignment

438 Skeletal vibration

570 Ring vibration

685 Skeletal vibration

1057 Characteristic ring vibration

1102 Characteristic ring vibration

1169 -C-O- str

1318 -C-O- str.

1366 Conjugated -C�C- str. asym

1384 -C-H3 def.

1544 -C-C- str. and -C-H(ring) in-plane deformation

1593 Conjugated -C�C- str. sym

Table 1. Band assignments to the Raman �ngerprint of the MMC shown in Fig.�4a.

Figure 5. (a) Scatter plot of the average intensity of the SERS signal at 1593 cm�1 from the four characterised 
substrates as a function of the correlation length � of the nanostructures. (b�e) SEM micrographs representing 
the disposition of the nanowires a�er the probe molecule deposition.
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�ve nanowires produces a greater enhancement of the electromagnetic �eld in proximity to the hot spot and this 
con�guration is prevalent in the substrate NW1. �e NWs bending con�guration in substrates NW2 and NW3 is 
dominated by the formation of larger and irregular bundles leading to a lower enhancement of the SERS intensity. 
�e bending con�guration of the NWs is strongly conditioned by the degree of order on the substrate. A further 
evidence of the relevance of the degree of order � is given by the graph in Supplementary Fig.�S2. �e percentage 
reduction of the SERS signal, � and the NWs density are plotted for each sample and a strong agreement between 
the data sets for the SERS signal and � is evident. �us the correlation length can be identi�ed as a substantial and 
easily-measured parameter in�uencing both the density and the NWs bending arrangement playing a key role in 
the SERS signal enhancement.

�e enhancement factor (EF) was calculated for the most ordered and e�cient substrate NW1 according to 
the method proposed in refs5,11,42. Brie�y, using the MMC mode at 1593 cm�1, we calculated the SERS EF of the 
gold-coated silicon NWs substrate at the excitation wavelength of 780 nm by applying the Eq.�1, where ISERS and 
IRef are the intensities of the vibrational peak in SERS and normal Raman (NR) measurements, respectively, while 
NRef and NSERS are the number of probe molecules in NR and SERS measurements.

EF
I N

I N (1)

SERS Ref

Ref SERS
�

Since no Raman signal of the MMC was collected on a gold �at substrate (data not shown) due to the low 
sensitivity of the normal Raman in the detection of an organic monolayer, to establish the value for IRef, a 0.01 M 
ethanol solution of MMC was measured. A detailed description on the method and the calculation of the EF is 
reported in the Supplementary Information for a more comprehensive clari�cation. An enhancement factor of 
1.6 • 106 was obtained. �is value is in the same order of magnitude of the one reported in ref.11 on silver coated 
silicon nanopillars substrate.

�e uniformity of SERS response over an active substrate is a crucial aspect in view of real application; in order 
to evaluate it we took into account the variability of the signal across the substrate through the relative standard 
deviation (RSD). �e RSD is widely adopted in the SERS community to assess the spatial homogeneity of a sub-
strate. Lower RSD values show remarkable homogeneity43,44 and values as low as 3% have been recently reported45 
pushing the homogeneity to outstanding levels. Even though these �gures are quite appealing for the application 
to analytical chemistry, it is worth considering that a detailed comparison is hindered by the fact that the practical 
calculation does not result from a standard protocol and every group reports its own methodology. Sometimes 
the RSD is calculated by considering the mean among tens to thousands punctual spectra7,46, while in other cases 
it is obtained from multiple scanning areas within a larger area on the substrate10,47. In some papers the scanning 
area onto which the analysis has been carried out is unclear48,49 leading to ambiguity in the results. For the pur-
pose of de�ning the SERS substrates homogeneity for analytical and bioanalytical applications over large area, 
we suggest to extend the analysis to greater portions of the substrate and declare the analysed area unequivocally.

One interesting parameter to be considered is the intra-map homogeneity, which is well described by the RSD 
calculated on all the spectra composing the Raman map. In other words it represents the variability from pixel 
to pixel within one single map. As long as the scanned area is enlarged, the response variability of di�erent sites 
increases, leading to a higher RSD value.

However, satisfactory repeatability of the measurements can be obtained by increasing the spot-size of analy-
sis, in this way local di�erences are averaged. In punctual confocal Raman, the spot size is constant and it depends 
on the section of the focalised laser on the investigated surface (2.7 �m for 780 �m laser and 10x objective), how-
ever a spot-size enlargement can be practically obtained collecting spectra on a wider area and averaging all of 
them. In this way, the point-to-point intensity di�erences due to local defects can be overcome. �e resulting 
mean spectrum is representative for the whole mapped area. In this concern, a relevant information is to de�ne 
the minimum area that guarantees adequate repeatability. �e RSD of repeated measurement of equal areas on the 
same SERS substrate, i.e. the inter-maps RSD, is considered to evaluate this. A similar approach is used by Novara 
et al.50 and Fu et al.10. For this scope, the calculation of the RSDs was performed by elaborating the SERS spectra 
acquired over progressively increasing areas from 150 � 150 �m2 to 2000 � 2000 �m2; the chemical map, shown 
in Fig.�6, is built over the maximum area of analysis around the band at 1593 cm�1. For each map dimension, four 
di�erent regions of the substrate were scanned; the number of spectra included in the analysis is reported as well 
as the intra-map and inter-maps RSDs. �e results and details of this analysis are speci�ed in Table�2.

We found that the value of the intra-map RSD is 12.1% over the smallest scanning area and we registered a 
growth up to 20% for the maximum area of investigation. It is commonly accepted that RSD values around 20% 
indicate a fair grade of homogeneity in SERS detection47,48,51. On the other hand, the particularly interesting 
aspect is that the values of the inter-maps RSD decrease when the scanning area is enlarged. �e inter-maps 
RSD remains around 13% for small areas, while it reaches values lower than 10% when the analysis is carried out 
over 500 � 500 �m2. Our result of about 13% for the intra-map and inter-maps RSD over 150 � 150 �m2 revealed 
an appreciable homogeneity level of the SERS substrate and the repeatability expressed by the inter-maps RSD 
values is a remarkable result. Moreover, our result constitutes an encouraging step forward in comparison to the 
homogeneity levels of 20% for substrates with leaning nanowires as declared by Lin et al.45 over a scanning area 
of 100 �m2.

In conclusion the application of SERS substrates to analytical chemistry requires the de�nition of a tailored 
and controlled fabrication protocol to ensure desirable enhancement together with homogeneity and reproduc-
ibility. �e use of NSL and MACE for the fabrication of HCP-ordered matrix of �exible nanowires gave encour-
aging results. Matching the fabrication with a quantitative analysis o�ered an important understanding of the 
ordering process in NSL and the possibility to maximise � of the nanostructures up to 1100 nm. �e increase 
of the correlation length led to growing enhancement, coherently with an ordered and dense distribution of 
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