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noble metal nanoparticles for surface-
enhanced Raman scattering
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The self-assembly of noble metal nanoparticles into periodic structures has been a theme of great
interest for surface-enhancedRaman scattering (SERS) and use in functional devices. However, small
nanoparticle self-assembly faces numerous challenges in tunability, referring to controlling their
structural properties like structure, gaps, and arrangement. These issues highlight the need for further
research and development to enhance the tunability and stability of self-assembled small
nanoparticles. Here, we report a general centimeter-scale superlattice assembly strategy for noble
metal nanoparticles less than 15 nm in size. Not only is thismonolayer superlattice assembly generally
applicable to different kinds and sizes of noblemetal nanoparticles, but also, the crystal plane spacing
can also be quickly and conveniently controlled by changing the ethanol concentration. SERS results
reveal that optimized superlattice membranes of noble metal nanoparticles possess high detection
sensitivity andordered hot spots. Therefore, our strategyoffers prospects for high-performanceSERS
substrates based on small noble metal nanoparticle superlattices.

The self-assembly of noblemetal nanoparticles is a process that involves the
spontaneous organization of these particles into ordered structures without
external intervention. Over the past few decades, surface-enhanced Raman
scattering (SERS)1,2 has attracted much attention due to its great potential
for ultrasensitive detection and has quickly emerged as a powerful analytical
technique for detection and identification3–10. Thus, the self-assembly of
noble metal nanoparticles has been extensively studied due to their highly
sensitive detection in SERS11–13. In recent years, many studies have used self-
assembly of nanoparticles (such as nanocubes14 and nanorods15) to create
nanofeatured plasmonic substrates that could generate regions of strongly
enhanced electromagnetic fields, known as hotspots. it occur at the
nanoscale gaps between noble metal nanoparticles, where the electro-
magnetic field is significantly enhanced due to localized surface plasmon
resonance (LSPR) effects16. The critical dimensions of interparticle spacings
in aggregates are typically in the range of a few nanometers, with smaller
gaps leading to stronger electromagnetic field enhancement and higher
SERS signal intensity and the enhancement factor of theRaman intensity for
molecules near hotspots can often exceed 106, resulting in giant
amplification17,18. However, quantitative SERS analysis in practical appli-
cations has been a major problem because of the random and disordered
distribution of hotspots on a SERS substrate. Therefore, periodic self-

assembly for realizing SERS substrates has been a theme that has attracted
much attention19,20. periodic self-assembly plays a key role in systematically
controlling these critical dimensions by enabling the precise arrangement of
nanoparticles into ordered structures with uniform interparticle spacings,
thereby optimizing and homogenizing the formation of hotspots. This
process is largely driven by van der Waals attraction and ligand repulsion,
resulting in stable packed structure with uniform interparticle spacings. In
addition, according to previous electromagnetic field simulation results21,22,
for gold nanoparticles (AuNPs), the enhancement factor first increaseswith
increasing particle size, reaches a maximum value at approximately 55 nm,
and thendecreases with increasing particle size23–25. Thus, small noblemetal
particles, which are often applied to catalysis, have not been widely studied
for SERS26,27.

A nanoparticle superlattice is a periodic array of nanoscale building
blocks that can exhibit enhanced optical, electronic, etc. properties28. Over
the past decade, superlattice self-assembly has been carried out by different
methods, and some studies have reported that attaching biomolecules such
as DNA, polymers and antibodies to nanoparticle surfaces offers a route to
control their superlattice assembly29–31. In addition, there are some non-
biological molecular assemblymethods, such as adjusting the proportion of
organic solution to assemble the superlattice32. Electrostatic self-assembly
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forms large 3D crystals by combining different types of countercharged,
nearly identical size metal nanoparticles with other types (magnetic or
photoluminescent) of nanoparticles33. Liquid–air interfacial assembly is a
good method for fabricating binary nanocrystal superlattice films, which
can be used to create multicomponent nanocrystals for magnetic
nanocrystal-based devices34. Generally, most of the adjustment of the
superlattice plane spacing depends on ligand exchange, which may lead to
excessively long adjustment times and the presence of residual molecules,
and thismethodmakes the preparation of SERS substrates complex and the
substrates less sensitive. Additionally, due to the weak enhancement of the
electromagnetic field by traditional small noble metal nanoparticles, there
has been limited research on the application of small noble metal nano-
particles in SERS.

In this paper, we constructed a generalmonolayer superlatticefilm that
can be applied to multiple sizes and categories of noble metal nanoparticles
including AuNPs, AgNPs and Au@Ag NPs (in this study, Au@Ag NPs
refers to core-shell nanoparticles with gold as the core and silver as the shell,
with an overall diameter of approximately 15 nm) to achieve commonality
and versatility of SERS. Beyond this, we also designed a brief and effective
secondary transfer method that makes the crystal spacing tunable via
contraction of ligands of nanoparticles in polar solutions to achieve the best
state of the SERS substrate.We utilized grazing-incidence small-angleX-ray
scattering (GISAXS), dark-field microscopy, and atomic force microscopy
(AFM) to track the entire assembly process. Additionally, we simulated and
analyzed thepotential energy changes of nanoparticles during the formation
of superlattices. Compared with the disorder films of SERS detection using
small noble metal nanoparticles, the detection limit is decreased by 1-2
orders of magnitude, and an ordered monolayer nanoparticle superlattice
with high-density and uniformly distributed hotspots is obtained. This
opens up a new general method for SERS using small nanoparticles that
could be applied to different sizes and types, and themethod shows promise
for further application because of the high sensitivity, high repeatability and
high uniformity.

Results and discussions
Construction and assembly process of a monolayer ~13 nm
AuNP superlattice
We constructed a monolayer noble metal nanoparticle film via a liquid–air
interface to acquire a large-scale long-range-ordered film. Figure 1a shows a
diagram of the whole growth process of the monolayer superlattice (the
experimental flow chart of the superlattice assembly of AuNPs is shown in
Supplementary Fig. 1, and this process is introduced in detail in Supple-
mentary Note I). Figure 1b1-3 shows scanning electron microscopy (SEM)
images of three superlattice growth stages after the formation of isolated
rings, andwe also recorded thewhole process ofmonolayer superlatticefilm
formation in situ by dark-field reflection microscopy (Supplementary
Fig. 2). First, the nanoparticles present a dispersed state in toluene when
injected at the diethylene glycol (DEG) interface, and the nanoparticles
rapidly form numerous isolated circular rings to minimize the surface
energy of the small particles (Fig. 1a and Supplementary Fig. 2a3). Parts of
this process may be attributed to the formation of an emulsion due to the
residual small amount of water in the nanoparticles during the phase
transition35. Then, due to toluene evaporation, these isolated rings gradually
aggregate through theMarangoni effect36 (Fig. 1b1, Supplementary Fig. 2b3),
and these processes take only approximately 1minute.

From 1 to 60min, these aggregated rings gradually form a lamellar
instability quasicrystal lattice (Fig. 1a, b2), exhibiting several nanoscale plates
with lengths ranging from 1 to 2 μm, which are interconnected. The red
dashed lines in Fig. 1b2 represent the grain boundaries of the nanoscale
plates and display Moiré fringes with different orientations37. From 60 to
180min, the grain boundaries in the superlattice disappear, resulting in a
large-area, long-range-ordered monolayer film, as shown in Fig. 1b3, under
the driving force of toluene evaporation for a long time. Additionally, dark-
field images (Supplementary Fig. 2c3, d3) reveal that the film interior
becomes darker after the formation of the superlattice, indicating an

improvement in the crystallinity38. From the initial colloidal to final
superlattice state, the maximumUV peak of the AuNP film shifts from 527
to 623 nm, and the gradual redshift of the peak indicates a reduction in the
nanoparticle gap (Supplementary Fig. 12a1-2)

39.

In-plane structure analysis
Then, we discuss the in-plane structure analysis by GISAXS following the
AuNP self-assembly process. GISAXS patterns and 1D scattering profiles of
different stages were recorded (Fig. 1c1–c3, d1–d3), and three representative
scattering patterns were taken at 1, 60, and 180min to determine q‖ (the in-
plane scattering vector in the context of GISAXS analysis). In the initial
stage, there is only a weak scattering signal near the beam stop (Fig. 1c1, d1),
which implies that the aggregated rings do not form an ordered structure
(Fig. 1b1). After 60min, diffraction rods appear in the GISAXS pattern
(Fig. 1c2, d2). Fig. 1c2 shows that the main scattering peak starts to appear,
and X-ray diffraction peaks appear at q‖ values of ±0.038, ±0.067, ±0.076,
and ±0.099 Å−1 which can be calculated in Fig. 1d2. However, the full width
at half maximum (FWHM) is wide, indicating poor crystallinity of the
superlattice; at this time, many quasicrystalline islands are spliced together.
After long-termcontinuous growth, the area is fully occupied by theAuNPs,
and a stable 2D hexagonal close-packed (hcp) monolayer is formed, whose
X-ray diffraction peaks show q‖values of ±0.039, ±0.069, ±0.079, and
±0.0108 Å−1 at 180min (Fig. 1c3, d3, Supplementary Fig. 3c), which have
shifted toward the high region, indicating a smaller crystal plane spacing.
Then, according to the formula gap = 2π/q−D (where q is the scattering
vector andD is the diameter of AuNPs), the gap between two nanoparticles
from formation to the final state is calculated to be ~3.6 nm and ~3.1 nm.
This implies that oleylamine (OAM) is prone to deform and wind up,
resulting in significant crossing between molecules from neighboring
particles40 in the low-density surface coverage state and thus in an inter-
particle spacing of less than two molecular lengths, which is ~4 nm. Addi-
tionally, the superlattice structure tends to be stable due to the gradual
trapping of nanoparticles into potential wells (the specific details will be
discussed below: Interaction potential in superlattice formation). Based on
the Lorentz correction of Supplementary Fig. 3a–c, the shape of the final
stage peak becomes sharper, and the FWHM narrows, indicating the for-
mation of a more pronounced periodic structure. In addition, according to
the out-of-plane structure analysis in Supplementary Fig. 4, there are
obvious flat parts of the oscillation peaks and valleys in the 1D scattering
curves of qz (the out-of-plane scattering vector in the context of GISAXS
analysis) as time increases, indicating the gradual formation of a superlattice
and a nanoparticle transition from dispersion to aggregation. The char-
acteristic oscillation peaks of spherical particles aremaskedby the structural
signals between particles, which is in agreement with the integrated curve in
the q‖ direction. For X-ray scattering from a 2D superlattice structure
(Fig. 1c1–3, d1–3), we assignMiller indices of hkf g to the peaks measured for
theAumonolayer. The calculation assumes a hexagonal lattice,where a and
b are the bases of the unit cell, and α is the angle between a and b. In other
words, the 2D hexagonal lattice has a = b and α = 120°. The line is taken
along the q‖direction around0.039 Å

−1, where the scattering ismost intense
(marked with red bars; others are marked with green bars in Fig. 1d). The
ratios of the Bragg diffraction peak positions are
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Interaction potential in superlattice formation
The long-term stability of the monolayer superlattice and its interplanar
spacing in the unit cell have been interesting issues41,42. Therefore, we delved
deeper into this topic by exploring the interaction potential of the super-
lattice for AuNPs and calculating the centroid distance and interparticle
potential energy for AuNPs as a function of time (the detailed model con-
struction and interaction are described in SupplementaryNote II, including
Supplementary Fig. 5). We performed molecular dynamics calculations
based on theNVT ensemble of GROMACS to obtain the distribution of the
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Fig. 1 | Characterization of themonolayer nanoparticle superlattice assembly and
GISAXS and SEM measurements. a Illustration of the monolayer nanoparticle
superlattice assembly. b1–b3 SEM images of the dried AuNPs (~13 nm) on silicon
substrates (all the scale bars are 1 μm), and the red dashed lines show the super-
lattices of different sheet types. High-magnification SEM image in the lower left
corner at 180 minb3; the scale bar is 100 nm. c1–c3GISAXSpatterns recorded during

the self-assembly of AuNPs at the air/DEG interface at 1, 60, and 180 min. d1–d3
GISAXS 1D scattering profiles extracted from the corresponding GISAXS patterns,
with schematic diagrams of the superlattice structures obtained from the theoretical
calculation in the upper right corner; the crystal plane spacing is disordered, ~3.6 nm
and ~3.1 nm.
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centroid distance and potential energy of AuNPs as a function of time to
achieve a better explanation of the factors that influence the stability of
superlattices. Figure2a illustrates the time-dependent change in the centroid
distance of ~13 nm AuNPs at an initial distance of 19 nm during the for-
mation of the superlattice and the interplay of ligands. In this model, we
employedGROMACS to separate the interparticle interactions into van der
Waals interactions and Coulombic interactions. van derWaals interactions
are short-range interactions, with the majority of the energy reflected in
EVdw-SR, while the long-range part is accounted for by dispersion cor-
rection, i.e., EDisper.-corr. Coulombic interactions refer to electrostatic
interactions and are long-range interactions43. This simulation process can
be divided into three stages with respect to superlattice assembly. In the sol
stage, AuNPs are driven closer to each other by the evaporation force of
toluene. This is evident in the decreasing distance between the nanoparticle
centers of mass, as shown in Fig. 2a, where the slope of the curve gradually
increases. At the same time, the rapid increase in the potential energy
(Fig. 2b) provides support for accelerated approach of the particles within
1700–2000 ps, primarily due to the influence of OAM-OAMandOAM-Au
van der Waals potentials. When the center of mass distance is reduced to

approximately 16.7 nm, the curve in Fig. 2a suddenly becomes flat, indi-
cating that the nanoparticles are about to collide. This result may be
attributed to the electrostatic repulsion generated by the intercrossing of the
outer OAM molecules on the AuNPs, which partially hinders further
approach. The depth of OAM intercrossing, as inferred from the schematic
representation in Fig. 2a, is estimated to be approximately 0.7 nmduring the
stage of the non/quasisuperlattice. Thus, in the superlattice stage, the
potential energy curve tends to be flat and stable at −2.429 × 107kJ/mol
(Fig. 2c). The curve of the centroid distance with respect to time finally
stabilizes at approximately 16 nm, so the gap for 13 nm AuNPs is ~3 nm.
This is almost consistent with the spacing calculated by GISAXS (~3.1 nm).
In addition, we also considered the interparticle potential energy and cen-
troid distance for AuNPs (~13 nm) as a function of time for different initial
distances and calculated the median of the final stabilized potential energy,
which can be seen in Fig. 2b. From 17 to 21 nm, the potential energy curves
are all roughly stable after 4000 ps.According to the potential energy surface
diagram in Fig. 2b, there is a region of maximum potential energy, which is
reflected in the red area for an initial distance of 19 nmfrom6000 to8000 ps.
Interestingly, when the initial distance exceeds 19 nm, the distance between

Fig. 2 | Calculated centroid distance and interparticle potential energy forAuNPs
(~13 nm) as a function of time during the formation of the superlattice.
aCalculated centroid distance for AuNPs with a diameter of ~13 nm as a function of
time; the initial centroid distance was set to 19 nm. b Interparticle potential energy
for AuNPs with a diameter of ~13 nm as a function of time for different initial
centroid distances. The initial centroid distances set from the bottom to the top are

17 nm, 18 nm, 19 nm, 20 nm and 21 nm. c Final potential energy in the stability
range (6000–8000 ps) and median boxplots for different initial centroid distances.
The initial centroid distance ranges from 17 nm to 21 nm, the stable potential energy
is divided into �2:4279× 107kJ=mol,�2:4277× 107kJ=mol,�2:4290× 107kJ=mol,
�2:4275× 107kJ=mol, and �2:4273× 107kJ=mol, and there is a minimum at an
initial distance of 19 nm (yellow column).
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AuNPs exceeds the range of their interaction potential, resulting in the
nanoparticles undergoing free Brownian motion. As shown in Fig. 2c, a
minimum value of −2.4290 × 107kJ/mol is observed for an initial centroid
distance of 19 nm (yellow bar), which indicates that the nanoparticle
potential energy simulation is most stable under this condition. In contrast,
when the initial distances are 20 and21 nm, thedistance between the centers
of the nanoparticles continuously increases, which can be seen in Supple-
mentary Fig. 6. Although the potential energy can remain stable after a
certain period of motion, it is not the maximum van der Waals interaction
potential. Therefore, considering the maximum potential energy and
avoiding Brownian motion of nanoparticles, we chose an initial distance of
19 nm as the main analysis object. In summary, we determined that a
distance between AuNPs of 16 nm exhibits the maximum total potential
energywith an approximate gap of ~3 nm, indicating their optimal stability.
This finding partially explains the tunability and stability of superlattice
films, providing support for their diverse and homogeneous application
in SERS.

Superlattice assembly for AuNPs of multiple sizes
To obtain the best SERS, we developed a rapid secondary film transfer
method to adjust the interplanar spacing of the film and remove surface
residues of DEG andOAM, thereby achieving the optimal state of the SERS
substrate. Figure 3 shows the difference in the characteristics of optimized
and normal AuNP (~13 nm) superlattices (the details of the experimental
optimizationmethod are shown in Supplementary Fig. 7 and this process is
introduced in detail in Supplementary Note III).

Figure 3a1, b1 shows the permutation of the nanoparticles from opti-
mized to normal, and through fast Fourier transform (FFT), hcp patterns
can be obtained, indicating that this method does not destroy the structure
of the superlattice. Then, we utilized the FFT pattern to obtain a schematic
diagram of the superlattice, calculate the intercrystalline plane spacing, and
further calculate the gaps between AuNPs (Fig. 3a2, b2). The gaps between
AuNPs (~13 nm) before and after optimization are approximately 3.1 nm
and 1.6 nm, respectively, and this trend of a decreased gap can also be
proven by the inverse FFT (Fig. 3a3, b3). Additionally, the peak of plasmon

Fig. 3 | Characterization of optimized and normal
AuNP (~13 nm) superlattices. a1, b1 SEM images of
the optimized and normal monolayer Au nano-
particle superlattices (MSN-Au), the inset of which
shows the Fourier pattern; the bars are 150 nm. a2,b2
Schematic diagrams (left) of the optimized and
normal superlattice structures. The 10-plane spa-
cings (10 d) are ~146 nm and ~161 nm, respectively,
and the gaps of the optimized and normal structures
are ~1.6 nm and ~3.1 nm, respectively. a3, b3 Inverse
FFT images of MSN-Au with optimization and
without optimization. a4, b4 PRRS for the optimized
and normal superlattices.
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resonance Rayleigh scattering (PRRS) is at 663 nm, and with ethyl alcohol
optimization, the maximum absorption peak redshifts to 671 nm (Fig. 3a4,
b4), indicating a smaller gap, which is consistent with the data analysis of the
gap calculation after FFT. Accordingly, this phenomenonmay be due to the
ethanol dissolving part of theOAMon the nanoparticle surface or changing
its chain length44,45, indicating that optimization has reduced the distance
between hotspots and that DEG and OAM have been washed away, pro-
viding space for the entry of target molecules. This results in a great
enhancement of the hotspot intensity per unit area, and the number of
hotspots also increases. As shown in Supplementary Fig. 8, the electro-
magnetic field enhancement after optimization is 2 to 3 times that before
optimization. Therefore, the optimized signal is significantly higher than the
preoptimized signal for the 10−7M CV SERS detection in Supplementary
Fig. 9. Therefore, we prepared ordered and stable structures of small noble
metal nanoparticles, generating numerous uniformly spaced hotspots, by
using general superlattice assembly and further enhanced and purified the
hotspots through optimization to improve the uniformity and reproduci-
bility of detection. In addition, the details of the gap calculation of the
optimized superlattice film for ~5 nm and ~7 nm AuNPs are shown in
Supplementary Fig. 10, and the representations and SERS detection pre-
sented later are all the results of optimization.

After fabricating a monolayer nanoparticle superlattice, we demon-
strated the generality of this method by assembling monolayer AuNP
superlattices with different size nanoparticles. As shown in Fig. 4a1, c1, the
resulting films for ~13 nm, ~7 nm and ~5 nm AuNPs (the UV absorption
spectra for AuNPs of different sizes in the sol and superlattice states are
shown in Supplementary Fig. 12 and material synthesis in detail in Sup-
plementaryNote IV). are all devoid of cracks andmultilayers over an area of
at least 4μm2, and theydisplayMoiré patterns implying that theAuNPs self-
assembled into an ordered array37,46. The insets in Fig. 4a1, c1 show the FFT
patterns of the selected area in the SEM images, in which the points show a
clear hexagonal-like array. Fig. 4a2, c2 shows the monolayer superlattices
composed of AuNPs with diameters of ~13 nm, ~7 nm and ~5 nm under
high magnification, exhibiting long-range periodicity and regularity. The
insets in Fig. 4a2, c2 show transmission electronmicroscopy (TEM) images,
and they further reveal hcp arrangements for different particle sizes, con-
sistent with the positions of the GISAXS scattering peaks. Through image
analysis, we determined the unit cell structures of the superlattices for the
three different particle sizes, all of which possess a two-dimensional hex-
agonal superlattice structure. Specifically, a = b, and α = 120°. As shown in
Fig. 4a3, c3, after optimization with the same ethanol concentration, the gap
size increases with the nanoparticle diameter, and the ~13 nm, ~7 nm and
~5 nm nanoparticles (the particle distributions of AuNPs of different sizes
are shown in Supplementary Fig. 11a–c) have superlattice gaps of ~1.6 nm,
~1.0 nm and ~0.9 nm, respectively. This may be due to the larger radius of
curvature of the larger particles leading to more OAMmolecules and more
obvious interactions, whichmakes the long-rangeCoulomb interaction and
repulsion stronger, leading to a shift of the potential well position to a large
spacing40,47. In addition, Fig. 4a4, c4 shows that the thicknesses of the
superlattice films composed of particles of different particle sizes are
~13 nm, ~7 nm and ~5 nm, which are similar to the diameters of a single
particle, proving that the films are monolayers by AFM.

After the assembly of small particles into a superlattice and optimi-
zation, the detection limits for crystal violet (CV) are 10−8 M, 10−9M and
10−10 M, as shown in Fig. 4a5, c5. Here, Considering the instability of SERS
under low-concentration detection conditions, we adopts the characteristic
peak probability detection method to determine the detection limit. Sup-
plementary Fig. 13a–c shows the probabilitymapping of the SERS detection
limit of different sizes ofMSN-Au and the corresponding probability are all
above 85%, ensuring the reliability of thedetection limit. Comparedwith the
SERS detectionmethod with disorder films, the detection limit is decreased
by 2–3 orders of magnitude with this monolayer superlattice (Supple-
mentary Fig. 14). Additionally, as shown in Fig. 4a6-c6, the SERS intensities
for CV at 1617 cm−1 show a relative standard deviation (RSD) of 9.01%,
9.51% and 14.86% across the whole region of 18 μm× 20 μm for ~13 nm,

~7 nm and ~5 nm AuNPs, respectively. We also compared studies on self-
assembly or array assembly in SERS uniformity detection. Specifically, self-
assembly mainly includes liquid-liquid48,49, liquid-air50,51, and drop-casting
self-assembly52. These thin films on fixed substrates or siliconwafers exhibit
a RSDof SERS for commonprobemolecules such as crystal violet (CV) and
rhodamine (R6G) in the range of 5~13%. Therefore, compared with other
studies, the SERS uniformity of superlattice films in our study shows a
moderately lowRSD, though it is not exceptionally low.Themain reason for
this phenomenon may be the inhomogeneity of the molecules on the
superlattice surface caused by the method of drop-based detection. These
results demonstrate that the as-prepared monolayer Au nanoparticle
superlattices (MSN-Au) for different size NPs as SERS substrates can be
used for the detection of analytes due to the high uniformity of their SERS
signals. Notably, due to the high surface energy of ~5 nm particles, there
may be partial multilayers in the spot field of view, resulting in signal
enhancement.

Superlattice assembly for multiple categories of nanoparticles
In addition to the previously described superlattice assembly of small
nanoparticles of different sizes, themethod can be applied to different types
of small nanoparticles (material synthesis in detail in Supplementary
Note IV). After evaporation of the toluene phase, the interfacial self-
assembly results in a large-area film with a homogeneous color across the
entire surface of the DEG phase. Figure 5a1, c1 shows digital photos of
monolayer Au nanoparticle superlattices (MSN-Au), monolayer Ag
nanoparticle superlattices (MSN-Ag), andmonolayer Au@Ag nanoparticle
superlattices (MSN-Au@Ag) onDEG surfaces with an area of up to 20 cm2,
which show navy blue, magenta, and light violet colors, respectively, and
1 cm*1 cmmonolayer films were successfully transferred through a silicon
wafer (Supplementary Fig. 15a2, c2) and the particle distributions of the
various types are shown in Supplementary Fig. 11a, d, e. The different colors
are due to the differences in the absorption peaks of the various categories of
nanoparticle superlattice films, and from the sol state to the superlattice,
their absorption peaks all redshift closer to the excitation wavelength
(633 nm), which can be seen in Supplementary Fig. 15. According to the
energy-dispersive X-ray spectroscopy (EDS) analysis of the core-shell
nanoparticles (Supplementary Fig. 16), both gold and silver are present.
However, only the absorption peak of silver is observed in the UV
absorption spectrum of the core-shell nanoparticle sol, indicating the
synthesis of Au@Ag NPs. As shown in Fig. 5a2, c2, the resulting films for
AuNPs,AgNPs andAu@AgNPs also displayMoiré patternswith an area of
at least 4 μm2 under low-magnification SEM imaging, and the FFT patterns
of the SEM areas in the insets show a hexagonal-like array similar to the
superlattices of multiple sizes. Furthermore, Fig. 5a3, c3 shows that the
superlattices composed of AuNPs, AgNPs, and Au@Ag NPs also exhibit
long-range periodicity and regularity under high magnification. The insets
in Fig. 5a3, c3 show TEM images, and they further reveal hcp arrangements
of the different types.

As shown in Fig. 5a4, c4, after the assembly of small particles into a
superlattice and optimization, the CV detection limits of MSN-Au, MSN-
Ag, and MSN-Au@Ag are 10−8M, 10−9M, and 10−11 M, respectively. Sup-
plementary Fig. 13c–e shows the probabilitymapping of the SERS detection
limit of different types of superlattice films and the corresponding prob-
ability are all above 90%. In addition, there is a charge transfer effect between
the gold core and the silver shell of gold-silver core-shell particles, where
electrons transfer from the gold core to the silver shell. This charge transfer
enhances the SERS signal and improves the detection sensitivity. Therefore,
MSN-Au@Ag is better than the other categories of nanoparticles in SERS
detection. Compared with the SERS detection method with disorder films,
the detection limit is decreased by 2–3 orders of magnitude with this
monolayer superlattice (Supplementary Fig. 17), and its uniformity is
improved. As shown in Fig. 5a5, c5, the RSD in the intensity of the CV
characteristic peak at 1617 cm−1 is 9.01%, 15.90% and 14.37% across the
whole region of 18 μm× 20 μm forMSN-Au,MSN-Ag, andMSN-Au@Ag,
respectively.
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Conclusions
We successfully designed a strategy for the self-assembly of noble metal
nanoparticles less than 15 nm in size into monolayer superlattices, and the
potential energy changes between the nanoparticles were studied using
molecular dynamics simulations. Furthermore, this method is applicable to
the assembly of small noble metal nanoparticles of various sizes (~5 nm,

~7 nm,~13 nm)and types (Au,Ag,Au@AgNPs), showcasing its generality.
Compared to SERSdetection of disorderfilms, the detection limit is reduced
by 2 or 3 orders of magnitude for superlattices. Moreover, our study pro-
vides a new way to prepare SERS substrates with higher sensitivity, repro-
ducibility, and uniformity by our rapid optimization method, and the
minimum RSD is as low as ~9%. This general method provides a new

Fig. 4 | Characterization of monolayer super-
lattices for AuNPs of different sizes. a1, b1, c1 Low-
magnification SEM images of the monolayer
superlattices of ~13 nm, ~7 nm, and ~5 nm AuNPs
(all the scale bars are 1 μm). Digital FFT patterns of a
selected area are shown in the upper right corner,
displaying the typical features of an hcp arrange-
ment. a2, b2, c2 High-magnification SEM images of
the monolayer superlattices of ~13 nm, ~7 nm, and
~5 nm AuNPs (all the scale bars are 200 nm) and
TEM images in the upper right corner; the scale bars
are 20 nm, 20 nm, and 10 nm, respectively. a3, b3, c3
Schematic diagrams of the superlattice structures of
~13 nm, ~7 nm, and ~5 nm AuNPs, which have
gaps of ~1.6 nm, ~1.0 nm and ~0.9 nm, and all the
superlattice films have been optimized. a4, b4, c4
AFM images and corresponding height profiles for
AuNPs of different sizes. a5, b5, c5 SERS spectra for
monolayer superlattices of ~13 nm, ~7 nm, and
~5 nmAuNPs for the detection of CV solutions with
concentrations ranging from 10–6 to 10–8 M, 10–7 to
10–9 M, and 10–8 to 10–10 M, respectively. The
wavelength and power of the laser were 633 nm and
1.94 mW, respectively, and the acquisition time was
5 s. Three pale yellow rectangles indicate the three
main characteristic peaks of the CV, which are
913 cm−1,1172 cm−1, and 1617 cm−1. a6, b6, c6 3D
SERS mappings of the signal intensity of the peak at
1617 cm–1 for 10−7 M CV obtained from ~13 nm,
~7 nmand~5 nmAuNPs. Allmaps are 20*18 μm in
size with 360 points. The wavelength and power of
the laser were 633 nm and 0.972 mW, respectively,
and the acquisition time is 1 s.
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approach for highly sensitive and uniform SERS with all kinds of small
nanoparticles.

Methods
Materials
Hydrogen tetrachloroaurate(III) tetrahydrate (HAuCl4 ∙ 4H2O), Trisodium
citrate dihydrate (Na3C6H5O7 ∙ 2H2O, 99 %), ascorbic acid (AA, 99.7%),
ammonia water (NH3 ∙H2O, 25%～28%), toluene (C7H8), and ethanol
absolute (C2H6O, 99.7 %), crystal violet (C25H30N3Cl), Silver nitrate
(AgNO3, 99.995%),were purchased fromSinopharmChemicalReagentCo.
Ltd. potassium carbonate (≥99%) and tannic acid (MW1701, ACS reagent)
werepurchased fromSigma-Aldrich.Oleylamine (C18H37N) anddiethylene
glycol (C4H10O3, 98%)werepurchased fromAladdin IndustrialCo. Ltdand
Shanghai Titan Scientific Co. Ltd, respectively. chemicals were used as
received without further purification. The Milli-Q water was used in all
experiments (18.25MΩcm, Millipore).

Synthesis of Au nanoparticles for ~5 nm
TheAu sols were synthesized following themethod of (citation). Basically, a
reducing solution of sodium citrate (SC, 2.2 mM)with 0.1 mL of tannic acid
(TA, 2.5mM) and 1mL of potassium carbonate (K2CO3, 150mM) was
heated in a 250mL three-necked round-bottom flask with a heatingmantle
and stirred vigorously. When the temperature reached 70 °C, 1mL of tetra
chloroauric acid (HAuCl3, 25mM) was added53.

Synthesis of Au nanoparticles for ~7 nm and ~13 nm
The ~5 nm Au NPs were prepared using the same protocol as above. Right
after the synthesis andwithout changing the reaction vessel, the sample was
diluted by taking out 55mL and adding 55mL of SC (2.2mM). When the
temperature reached 70 °C again, two doses of 0.5mL of HAuCl4 (25mM)
were added with a 10min gap between them. This growth step of sample
dilution and 2 doses of HAuCl4 was repeated until the particles reached
~7 nm and ~13 nm. Detailed methods are given in Victor Puntes53.

Fig. 5 | Characterization of monolayer super-
lattices for different noble metal nanoparticles
(~13 nm). a1, b1, c1 Photos of the monolayer
superlattices of AuNPs, AgNPs and Au@AgNPs (all
the scale bars are 1 cm). a2, b2, c2 Low-magnification
SEM images of the monolayer superlattices of
AuNPs, AgNPs and Au@Ag NPs (all the scale bars
are 1 μm). Digital FFT patterns of a selected area are
shown in the upper right corner, exhibiting the
typical features of an hcp arrangement. a3, b3, c3
High-magnification SEM images of the monolayer
superlattices of AuNPs, AgNPs and Au@AgNPs (all
the scale bars are 200 nm) and TEM images in the
upper right corner (all the scale bars are 20 nm). a4,
b4, c4 SERS spectra for the monolayer superlattices
of AuNPs, AgNPs andAu@AgNPs for the detection
of CV solutions with concentrations ranging from
10–6 to 10–8 M, 10–7 to 10–9 M, and 10–8 to 10–11 M,
respectively. The wavelength and power of the laser
were 633 nm and 1.94 mW, respectively, and the
acquisition time was 5 s. Three pale yellow rec-
tangles indicate the three main characteristic peaks
of the CV, which are 913 cm−1, 1172 cm−1, and
1617 cm−1. a5, b5, c5 3D SERSmappings of the signal
intensity of the peak at 1617 cm–1 for 10−7 M CV
obtained from AuNPs, AgNPs and Au@AgNPs. All
maps are 20*18 μm in size with 360 points. The
wavelength and power of the laser were 633 nm and
0.972 mW, respectively, and the acquisition time
is 1 s.
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Synthesis of Ag nanoparticles for ~13 nm
The aqueous synthesis of Ag NPs is based on a reported improved seeded-
growth strategy. A similar growth strategy for Au nanoparticles was
employed to produce ~13 nm Ag particles stabilized by sodium citrate54.

Synthesis of Au@Ag NPs for ~13 nm
The followingmethodwasused to synthesizeAuNPswith an average size of
7 nm. The preparation process of Au@Ag NPs was as follows55: First, a
silver–ammonia complex solution was obtained bymixing 1mL of AgNO3

solution (10mM) with 0.17mL of ammonia water (25–28%). Next, 200 μL
of the AuNP seed solution with an average size of 5.5 nm was added to the
solution.

Synthesis of OAM-Au/Ag/Au@Ag NPs for ~13 nm
The OAM-AuNPs were prepared by using the conventional phase transfer
technologymethod reported in the literature and thismethod is also suitable
for other kinds of nanoparticles40. Specifically, the citrate-stabilized AuNPs
prepared above were dispersed into the toluene phase (OAM, 1mM) by
shaking vigorously. Then, the OAM-AuNPs in the toluene phase were
collected for further use.

Apparatus
An inverted microscope (eclipse Ti−U, Nikon, Japan) equipped with a
dark-field condenser (0.8 <NA< 0.95) and a 40× objective lens (NA = 0.8)
was used.(USTC, He Fei), for the real-time monitoring of the forming of
superlattice film. Raman spectra were performed on a Lab-RAM
HR800 spectrometer with a 633 nm laser excitation source. The instru-
ment model used for grazing-incidence small-angle X-ray scattering
(GISAXS) testing is Xeuss 2.0, which from xenos Inc, France.

SERS measurements
In this study, all superlattice SERS substrates underwent optimization
(regulating the gap with ethanol solution) prior to their detection. For the
sensitivity detection of SERS, 5 μl of ethanol solution containing the target
wasdroppedonto the surface of the superlattice substrate, andSERS spectral
signals were immediately collected until the solvent completely evaporated.
The entire process lasted for 1–1.5 min, with focus maintained throughout.
For the detection of SERSuniformity, 5 μl of ethanol solution containing the
target material was dropped onto the surface of the superlattice substrate.
After waiting for 2–3min for the solvent to evaporate completely, the col-
lection of SERSmappingwas initiated. For the sensitivity detection of SERS,
a laserwith awavelengthof 633 nmand a power of 1.94mWwas employed,
utilizing a magnification of ×50 and an accumulation time of 5 s. For the
detection of SERS uniformity, a laser with a wavelength of 633 nm and a
power of 0.92mW was used, along with a magnification of ×50 and an
accumulation time of 1 s.

Grazing-incidence small-angle X-ray scattering (GISAXS)
measurements
GISAXS is a special technique widely used to measure the scattering of
nanosized objects at surfaces. The scattering vector q is the difference
between the incoming and outgoingwavevectors, q≡kf-ki, which in the case
of cylinder symmetry is most conveniently decomposed into in-plane and
out-of-plane components q‖ and qz. The ordinate of the data is the intensity
I, and the abscissa is the scattering vector q (Å

�1
), which can be converted

into 2θ coordinates by the formula: q ¼ 4π sin θ
λ . Since GISAXS measure-

ments are carried out in the small-angle regime, Lorentz and polarization
corrections are negligible. The experimental conditions for GISAXS mea-
surements made at silicon wafer include the following: Sample detector
distance(SDD) is 2480mm, The phototube power of the copper target was
30W, the wavelength was 1.54189 Å, the detector used was Pilatus 3 R
300 K, and the single pixel size was 172 μm. The experiment was conducted
at the University of Science and Technology of China.

Dark-field measurements
Dark-field measurements were conducted using an inverted microscope
(eclipse Ti-U, Nikon, Japan) equipped with a dark-field condenser
(0.8 <NA < 0.95) and a 40x objective lens (NA = 0.8). A 100-W halogen
lampprovidedwhite light to excite theNPsandgenerateplasmonresonance
scattering light.Thedark-field color imageswere acquiredusing a true-color
digital camera (Nikon DS-fi).

SEMmeasurements
SEMmeasurements The scanning electronmicroscopy (SEM) images were
taken by an Auriga focused ion-beam scanning electron microscopy (FIB-
SEM), equipped with X-ray energy dispersive spectroscopy (EDS) cap-
abilities, operated at an acceleration voltage of 15 kV.

UV–Vis absorption spectrummeasurements
Ultraviolet–visible (UV–vis) spectrum were performed on a VIS miniature
optical fiber spectrometer (Insion, Germany), corrected against the back-
ground spectrum, and normalized to zero absorbance at 800 nm.

Electromagnetic simulations
The electromagnetic simulations were carried out by the finite-element
method based on the commercial software of COMSOL Multiphysics.
Periodic conditionswere employed to simulate theAuNPs superlattice. The
permittivity for Au, Si, SiO2 were taken from refs. 56–58, respectively.
Oleylaminewas treated as a thin layer wraps the particlefilmswas refractive
index of 1.46. The transmittance T was obtained directly through port and
absorbance was calculated through lgð1=TÞ.

Data availability
The data that support the findings of this study are presented in the
manuscript and supplementary information file. Source data are available
from the corresponding author upon request.
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