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ABSTRACT: Supercrystals, made of ordered plasmonic nano-
particles (NPs) in close contact, turn out as efficient SERS
substrates. However, the production of highly homogeneous
structures implies precise control over a multitude of parameters
including quality of the building blocks, solvent evaporation rate,
and surface chemistry interactions. To pursue this goal, different
approaches using templates to self-assembly NPs have been
developed in recent years. Here, we review the most common
procedures employing two different substrates, planar and
patterned templates. Several approaches and strategies are
described showing the optical properties of the resulted super-
crystals and their behavior as SERS substrates.

■ INTRODUCTION

The interest in the development of efficient surface-enhanced
Raman scattering (SERS) substrates has been growing in
recent years. The optical enhancing properties of individual
NPs considerably improves when the particles are in close
contact. Thus, the use of NPs as building blocks to fabricate
highly ordered close-packed assemblies, known as colloidal
crystals or supercrystals, has attracted the focus of interest of
many research groups. Besides the individual inherent behavior
of metallic NPs at the nanoscale, novel collective properties
also emerge from these large organized materials at the
macroscale. Regarding their use as SERS platforms, apart from
the enhanced optical efficiency achieved by these architectures,
the homogeneity in intensity along the crystals is crucial to
obtain uniform and reproducible SERS signal for quantitative
measurements. However, the achievement of efficient and
homogeneous structures is not trivial, since a wide range of NP
interactions (Coulombic, van der Waals, charge−dipole,
dipole−dipole, entropic, capillary, convective, or shear),
which guide the assembly process, are involved between the
NPs, and with the substrate.1 Further, external parameters like
temperature, solvent polarity, or evaporation rate also play a
key role. The successful formation of homogeneous super-
crystals takes place only if the attractive forces between the
NPs are large enough to overcome the entropy loss due to
ordering.
Many different strategies have been developed during the

past years in pursuit of the goal of homogeneous interactions
between nanoparticles,2 for instance, the assembly of colloidal
NPs in solution or the use of colloidal templates to aggregate

NPs at their surface.3 Remarkably, the organization of NPs in
macroscopic templates, allowing the formation of extended
areas with highly ordered close-packed assemblies, give rise to
easy manipulation, clean surfaces for direct SERS in solid,
liquid, and gas phases.4 Besides, it also allows the detection of
analytes with low affinity to the plasmonic surfaces by simply
casting them on the active templates or by functionalization of
the material supercrystals with the appropriate selective
molecules. In this regard, another approximation to create
similar structures is the physical evaporation of metals on
substrates.5 Notwithstanding, the produced structures consist
of heterogeneous polycrystalline islands with even gaps, thus
providing heterogeneous field enhancement from point to
point within the same sample. Thereby, bottom-up approaches
based on nanoparticle self-assembly remains as one of the most
useful alternatives. The production of large areas made of
ordered NPs is achieved by inducing a convective flow of the
NPs through the controlled evaporation of the solvent or the
use of gravitational forces. In addition, structured crystals can
be also formed using morphologically modified templates,6

which are mostly fabricated by lithographic methods.
In this review, we focus on the different strategies proposed,

to the present date, to produce homogeneous substrates made
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of plasmonic NPs organized at the surface of different
templates, also showing their optical properties and their
applicability in SERS sensing.

■ SPONTANEOUS ASSEMBLIES ON PLANAR
TEMPLATES

The most common way to produce supercrystals on substrates
is by the slow and controlled evaporation of highly
concentrated colloidal solutions. This process generates a
convective flow of the NPs inside the drop (Figure 1A).7 The

flow transports the particles from the drop edges to the bulk
solution. This induces a nematic liquid crystalline phase above
a critical NP concentration due to solvent evaporation leading
to their organized sedimentation.8 An alternative approach
relies on the suppression of the evaporation of the solvent
allowing slow gravitational sedimentation of the NPs on the
template surface. This process is followed by the slow solvent
evaporation as in the previous case.9 By comparing both
approaches, gradual sedimentation appears to provide a gentler
driving force than solvent evaporation. Therefore, inducing
more homogeneous large-scale assemblies. However, sedimen-
tation requires the use of particles large enough to sediment
with time. To form a crystal with the appropriate quality, the
interplaying forces need to be considered. Thus, the
organization of the particles within the crystal will depend
on the following: (i) the quality of the building blocks; (ii) the
solvent polarity; (iii) evaporation rate; (iv) substrate surface
chemistry; and (v) surface chemistry of the NPs. It is clear that
to achieve a homogeneous structure, the initial particles should
be as homogeneous in size and shape as possible, with the
threshold being a polydispersity below 10%.7 Regarding the
solvents, supercrystals can be produced in either polar or
nonpolar solvents. Although nonpolar solvents induce better
packing,10 the restricted small NP size obtained during this
type of synthesis produce less efficient hotspots and, thus, are
not very common in SERS applications. In fact, the most
popular methods for the fabrication of colloidal crystals usually
employ water or water-miscible solvents. The evaporation rate
is also a very important parameter. To induce the effective
convective flow, which generates a vortex within the fluid for

NP circulation, solvent evaporation must be slow. Thus, with
slow evaporation, the thermocapillary Marangoni flow due to
the temperature gradient between the droplet surface and the
bulk is significantly increased. The substrate surface chemistry
is also an important parameter to consider. For instance, the
substrate charge should not be repulsive to the NPs.
Additionally, the substrate wetting properties should be
favorable to the solvent in order to achieve the proper contact
angle between the NP drop and the substrate. Therefore, it is
important to use hydrophilic substrates for aqueous base NPs
solutions. Besides all these parameters, since the synthetic
routes to produce NPs imply the use of surfactants, the NP
surface chemistry is of special relevance. This fact is also
directly related to the solvent surface tension and substrate
wettability due to the presence of free surfactant molecules in
solution. Therefore, NP solutions should be carefully cleaned
from the excess of surfactants to avoid unwanted effects, such
as the increase in hydrophobicity or substrate coating with
charged surfactant molecules that may induce repulsions with
the substrate. In addition, after solvent drying, the free
surfactant in solution will form a compact thin film onto the
crystal surface, thus hindering the interaction between the
analyte molecules and the plasmonic surface. Therefore,
plasma cleaning of the supercrystal once prepared is generally
required.
The interaction between molecules at the surface of adjacent

NPs is of relevant importance. In this regard, different
surfactants behave differently. For instance, cetyltrimethylam-
monium bromide (CTAB), which is the most used surfactant
for the synthesis of plasmonic NPs, induces a close packing
assembly of the NPs. This effect is ascribed to the bilayer of
CTAB formed around the NPs. Thus, when the NPs became
closer to each other while drying, interdigitation of CTAB
molecules between neighboring NPs occurs, inducing their
assembly already in solution.11 Therefore, CTAB concen-
tration in the NP solutions should be as low as possible but still
high enough to stabilize the colloids. This assembly approach
is effective independently of the morphology of the NPs.
However, the building block morphology strongly influences
the final packing lattice of the supercrystal. For instance,
spheres or octahedra assemble in hexagonal lattices, meanwhile
cubes organize in a square lattice (Figure 1B−D).12−16
Optical properties and SERS efficiency of these structures

are both strongly dependent on the NP size and shape. The
interparticle gap distances between CTAB stabilized NPs have
been reported to be around 3−5 nm.15,17 Therefore, a strong
plasmonic coupling between the NPs is generated exhibiting an
electric field accumulation on the top layer of the super-
lattice.15,17 This can be clearly observed in Figure 2A for the
case of spherical NPs by comparing the UV−vis-NIR spectra of
Au NPs of different sizes either in solution or by forming
supercrystals. The SERS performance of these crystals was also
studied based on the NP size using benzenethiol (BT) in the
gas phase (Figure 2B). Notably, the optical enhancing ability of
the superlattices increases with the size of nanoparticles to a
maximum of 214 nm, and then, the intensity abruptly
decreases with size (Figure 2C). Selected SERS intensity
maps of these structures (Figure 2D) demonstrate the SERS
intensity uniformity within the samples.15

The assembly of anisotropic NPs introduces extra complex-
ity in the structures. For instance, when nanorods (NRs) are
used to produce supercrystals, they can self-organize into close-
packed layers either parallel or vertically aligned (Figure

Figure 1. (A) Schematic representation of the convective flow
assembly process. Representative scanning electron microscope
(SEM) images of supercrystals formed with CTAB stabilized Au
NPs of different morphologies: (B) spheres, (C) octahedra, and (D)
cubes. (B) Adapted with permission from ref 25. Copyright 2011
American Chemical Society. (C,D) Adapted with permission from ref
16. Copyright 2011 John Wiley & Sons Ltd.

ACS Omega http://pubs.acs.org/journal/acsodf Mini-Review

https://dx.doi.org/10.1021/acsomega.0c03412
ACS Omega 2020, 5, 25485−25492

25486

https://pubs.acs.org/doi/10.1021/acsomega.0c03412?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03412?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03412?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03412?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03412?ref=pdf


3A,B)18 generating, in both cases, surfaces with active hot
spots. Note that the surface plasmon resonance becomes
complex as compared with that of the initial rods in solution
(Figure 3C). SERS detection limits for parallel (side-to-side)
configuration have been reported to produce lower enhance-
ment factors than vertical (tip-to-tip) assemblies due to the
field localization at the NR tips (Figure 3D, E). In the same
way, Au NRs coated with Ag have been also used to produce
similar assemblies, exhibiting around 2.5-fold higher enhance-
ment than AuNRs. In this case, the vertically aligned crystals
also give rise to larger intensities (4-fold when excited with a
633 nm laser line) than the parallel structures.
The driving forces inducing the NRs to selective assembly

parallel or vertically to the substrates are not completely
understood. However, it has been reported that higher NRs
concentration promotes standing up configuration.19 In
addition, other surfactants like (11-mercaptoundecyl)hexa-
(ethylene glycol) (MUDOL) or the cationic gemini surfactant
(oligooxa)alkanediyla, w-bis(dimethyldodecylammonium bro-
mide) have been reported to favor the formation of vertically
aligned NRs through chains’ interdigitation.
The fabrication of supercrystals of silver nanoparticles is

more restricted in terms of size and shape. However, using the
polyol method, different particle morphologies, including
cubes, truncated cubes, cuboctahedra, truncated octahedra
and octahedra, have been produced. This approach requires
the use of dimethylformamide (DMF) and polyvinylpyrroli-
done (PVP) as stabilizer.9 Here, the NPs are coated with a

thick layer of polymer. When the polymer layers of two NPs
come into contact, the strong van der Waals attraction results
in a polymer restructuration with a reported interparticle gap
of approximately 6 nm.20Figure 4 shows supercrystals made of
Ag NPs with different packing lattices depending on the
building blocks’ morphology. Regarding their use as SERS
platforms, EFs of these types of crystals have been reported to
be around 106. It is worth noting that crystals made of silver
are susceptible to oxidation, and thus, conventional oxygen
plasma cleaning cannot be applied.
Finally, an intrinsic issue of the droplet evaporation process

in the supercrystal formation is the well-known coffee-ring
effect which disturbs its homogeneous formation when drying.
This issue has been addressed by modifying the wetting
properties between the solution and the substrate using, for
instance, MUDOL to stabilize the NPs. In fact, this surfactant
decreases the contact angle between the drop and the

Figure 2. (A) Experimental UV−vis-NIR spectra of spherical Au NPs
of different sizes, from 50 to 885 nm, in solution and forming
supercrystals. (B) SERS spectra of BT obtained from a supercrystal.
(C) SERS intensity of the crystals as a function of the NP size. (D)
SERS intensity maps (21 × 21 μm2) from four selected NPs sizes
supercrystals. (λex: 785 nm) Adapted with permission from ref 15.
Copyright 2012 American Chemical Society. Figure 3. (A,B) Representative SEM images of supercrystals formed

from organized Au nanorods oriented either (A) vertically or (B)
parallel to the substrate. (C) Optical image of a vertically assembled
NRs supercrystal and the corresponding dark-field localized surface
plasmon resonance bands at the edges (black) and at the center (red)
together with the spectra of the individual NRs in solution (gray).
Dotted arrows indicate the excitation laser lines used for SERS. (D)
Representative SERS spectra of benzenethiol and (E) its correspond-
ing SERS intensities at 1072 cm−1 for the two different crystal
configurations and for three different laser lines as compared with
nanorods in solution. (A,C,D,E) Adapted with permission from ref
17. Copyright 2011 National Academy of Sciences USA. (B) Adapted
with permission from ref 18. Copyright 2012 American Chemical
Society.
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substrate. Therefore, due to a smaller contact between them, a
smaller and thicker concentrated crystal is formed suppressing
the coffee-ring effect.

■ IMPRINTED ASSEMBLIES WITH PATTERNED
MASTERS

The production of structured arrays of NPs has also been
addressed by similar approaches as for planar templates, with
the most common ones being the convective controlled
evaporation and gravitational sedimentation. The main differ-
ence is that to achieve structured assemblies, templates with
concrete topographic features are required. In this regard, the
most common way to produce these templates is by
lithographic methods. For example, Au NP dimers were
fabricated using a lithographic pattern silicon wafer with
periodically arrange nanoholes of 120 nm in diameter. The

process consists of dip coating the substrate in an aqueous NPs
solution under controlled evaporation. During this evapo-
ration, the meniscus moves back concentrating the particles in
the three-phase contact point (template, air, solvent) and
capillary forces coerce the particles to enter into the holes. The
SERS enhancement factor of these assemblies was reported to
be 109 when using benzenethiol as reporter and incident light
polarization parallel to the dimer axis (Figure 5A).21 In a

similar fashion, lines of Au NPs were produced by using a silica
substrate with nanochannels where a drop of NPs was placed
between the lithographic template and a glass substrate. During
the drying process, the aqueous surface line moves backward,
inducing the assembly of the NPs into the channels.
Depending on the width of the channels, lines composed of
different NPs (single, double, or more) can be produced. This
approach has also been modified by controlling the motion of
the template using a motorized translation stage to physically
recede the contact line between the template and the glass
slide parallel to the channels. As for nonspherical NPs, 1D
ordered structures of gold nanorods have also been produced
using a patterned silicon template with nanochannels. In this
case, the template was inclined and covered with a glass slide,
to further cast the NRs solution onto the elevated edge. Due to
capillarity, the solution flows down through the channels
inducing a chain-like alignment of the NRs during the
evaporation process (Figure 5B).22

Although lithographic methods have been proven to be an
effective way to produce morphological directed assemblies of
NPs, these protocols present several drawbacks related to their
complex manufacturing with an elevated production cost and
the brittleness of the templates. Therefore, to avoid the use of

Figure 4. Representative SEM images and their corresponding lattice
packing diagrams of supercrystals formed with different Ag NP
shapes: (A) cubes, (B) truncated cubes, (C) cuboctahedra, (D)
truncated octahedra, and (E) octahedra. Colors in D and E indicate
different layers of the crystal that do not lie in the same plane. Scale
bars are 500 nm. Adapted with permission from ref 14. Copyright
2012 Macmillan Publishers Limited.

Figure 5. (A) Fabrication of a periodic array of Au NP dimers
produced when capillary forces coerce the NPs to enter the holes of a
template as the meniscus moves back when drying. SEM image
(inset) and SERS spectra benzenethiol adsorbed onto single gold
dimer where incident light is parallel (red) and perpendicular (blue)
to the dimer axis. (B) Assembly approach where a patterned template
with nanochannels is positioned at an angle to promote the NP flow
from a droplet cast to the nanochannels. SEM image of linear arrays of
Au NRs produced by this approach. (A) Adapted with permission
from ref 21. Copyright 2009 John Wiley & Sons Ltd. (B) Adapted
with permission from ref 22. Copyright 2017 American Chemical
Society.
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these expensive platforms, different alternatives have been
proposed. Among all of them, the most popular is the use of
elastomers like polydimethylsiloxane (PDMS) to replicate the
morphological features of lithographic templates. This process,
known as replica molding, has the advantages of providing
flexibility, reusability, and tunable hydrophobicity to the
templates. Therefore, they are easy to handle; meanwhile,
their production is also easier and cheaper. In addition, the use
of PDMS as a template allows the selective hydrophilization of
concrete areas through O2 plasma oxidation in order to confine
the NPs drop. Using this approach, NPs can sediment in a
humidity chamber to avoid solvent evaporation and
autoassemble during sedimentation driven by capillary and
gravitational forces. After solvent drying, the satisfactory
structured organization of the supercrystals can be easily
transferred to any surface employing adhesive double tape.23

For example, 3D pyramidal crystals arrays were fabricated
using Au nanospheres as building blocks. They were produced
either via convective flow (confining the NPs between the
structured PDMS and a glass slide)24 or by confinement
gravitational sedimentation6 (Figure 6A,B). The main differ-
ence between both approaches is that the first one produces
discrete pyramids on the template while the second approach
gives rise to pyramids connected underneath with a continuous
crystal. Detection of CV up to 10−12 M was shown (Figure 6C)
ascribed to a significant signal concentration at the pyramid tip
(Figure 6D) due to the antenna effect, in a similar way as for
other supercrystals. This effect was confirmed by high-
resolution confocal SERS measurements on a single pyramid
with a spatial resolution of 500 nm (Figure 6E).6 Besides, the
second approach (gravitational sedimentation) can also be
used to create discrete supercrystals. To do that, after NP
sedimentation, instead of letting the drop evaporate, a cleaning
step using spin coating with water can be applied to remove
the excess NPs from the template surface (Figure 6F).23 Figure
6G shows different supercrystal morphologies obtained with
this methodology such as cubes (i), toroids (ii), or cubes
connected among them (iii).23

The SERS enhancing properties of crystals with different
morphological features were tested and compared by
depositing a monolayer of BT in the gas phase using a near-
infrared (785 nm) laser. For this comparison, the height of the
crystals was maintained constant, while the side dimensions for
different morphologies were varied. A regular continuous
nanoparticle film was also analyzed for comparison. The SERS
intensity for crystals with different sizes and morphologies is
shown in Figure 6H. After observing those results, two main
conclusions can be stated. The first one is that topographic
patterned crystals provide a consistently larger SERS intensity
than flat continuous crystals. The second observation is that
the SERS intensity is similar independent of the crystal
geometry, which is directly related to the crystals’ side
dimensions, becoming more intense for larger crystals.23 This
strategy has been commonly used to regularly organize NPs in
2D and 3D arrays.24

Although replica molding is an easy and low-cost method to
produce morphological templates, it still requires the use of
generally lithographic substrates to use as molds, considerably
restricting their applicability. Therefore, different approaches
to avoid the use of lithographic templates have been studied.
One proposed alternative to lithographic templates is the
anodization of an aluminum template to produce a periodic
linear parallel array nanostructure. Due to the narrow width of

the produced grooves (36 nm), this template forces the
organization of NRs into tip-to-tip configuration via spin-
coating. The as-produced NRs assembly presents an inherent
hydrophobicity. Therefore, aqueous phase analytes concentrate

Figure 6. (A) Fabrication of nanopyramids composed of gold spheres.
(B) High-resolution SEM images of a pyramidal supercrystal (side
length of 4.4 μm and a height of 3.0 μm). (C) SERS detection of
crystal violet (CV) on the pyramids. Green spectrum represents the
resembled SERS signal of CV; meanwhile, blue and red spectra are
the corresponding signals obtained at two different spots of the array
using a minute amount of CV (0.06 molecules/μm2). (D) Optical
image and SERS mapping of the ring stretching band of 1-
naphthalenethiol (1368 cm−1), showing how higher intensities are
localized at the top of the pyramids. (E) Optical image of one
pyramidal structure and SERS intensities provided by different areas
of the structure. (F) Fabrication of supercrystals arrays with multiple
geometries. (G) SEM images of supercrystals with different
morphologies. (H) Comparison of the SERS intensities for different
supercrystal morphologies as a function of the crystals width. (A)
Adapted with permission from ref 24. Copyright 2017 American
Chemical Society. (B−E) Adapted with permission from ref 6.
Copyright 2013 John Wiley & Sons Ltd. (F−H) Adapted with
permission from ref 23. Copyright 2016 The Royal Society of
Chemistry.
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on a small spatial region of the substrate resulting in an
improvement of the SERS efficiency. Comparison between
these substrates and commercial Klarite results in a 40-fold
higher SERS intensity when using 2-naphthoic acid in aqueous
phase.6

Another interesting alternative to lithographic templates is
the production of wrinkled templates. This approach consists
of the use of elastomeric materials like PDMS that are
submitted to a single-axial strain while the surface is oxidized
producing a harder layer on top. After releasing the strength,
periodic linear arrays are produced. Using this approach, NPs
can be assembled into the grooves in a similar fashion as
explained before, the most common way being the direct
stamping of a drop of NPs with the structured PDMS on a
substrate25 or by spin coating the NPs on the PDMS template.
In addition, by modifying the wrinkle wavelength and the NPs
size, single, double, or more densely packed line assemblies can
be obtained. The use of PDMS substrates for direct assembly
has the advantage of allowing the transfer of the NP arrays to a
target substrate by the stamping approach using a water
droplet after the assembly. Parallel lines of single and double
66 nm Au nanospheres were tested as uniform and efficient
SERS substrates.25 Figure 7A shows the schematic representa-
tion of the stamping process and the corresponding SEM
images of the assembled NPs. Figure 7B shows the white light,
dark field, and SERS images (normalized at 1072 cm−1)
obtained for single and double line arrays after testing
benzenethiol as the molecular probe. The average SERS

intensity shown in Figure 7B shows a slightly higher intensity
for double lines; however, when calculating the SERS intensity
per particle, it shows that the ordering into single NP lines is
more efficient than for double lines, with 155 counts for the
single line and 99 counts for the double line. The wrinkle
template method has also been applied to organize NRs and
stars in lines. Interestingly, by applying strain forces in different
axes to the elastomeric material, other patterns based on linear
interferences can be achieved. Nevertheless, although the
wrinkling method is very simple and low cost, its
morphological versatility is very limited. Therefore, to produce
periodic complex geometries, the use of PDMS for replica
molding is still required.

■ CONCLUSIONS AND OUTLOOK

In summary, significant advances have been achieved to
produce template supported supercrystals. In this regard,
different parameters like the surfactants used or solvent
evaporation features considerably influence the homogeneity
and precise control over the resulted structures. The most
successful approach is the use of cationic amphiphilic
surfactants like CTAB or MUDOL together with a controlled
low evaporation rate of the solvent. Among the different
strategies to construct patterned templates, replica molding is
presented as a more suitable procedure in comparison with
lithographic methods. Even if both give rise to a multitude of
continuous and discrete supercrystals of different shapes and
sizes, replication allows an easy-handling and low-cost
production. Regarding the SERS enhancing properties,
patterned crystals result in a better SERS performance versus
planar structures.
Despite the great advances achieved, further understanding

of the forces which guide the NP self-assembly is required in
order to refine the fabrication of the desired supercrystals. In
addition, to boost the SERS optical activity of the crystals,
better control over the synthesis of Ag NPs with protocols to
protect them against oxidation will be desired. Moreover, easy
procedures as an alternative to replica molding (which still
requires the initial use of lithographic templates) that allow a
cheap and mass production of patterned templates are still
required.
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Figure 7. (A) Fabrication of parallel arrays of Au NPs through the
stamping of a PDMS wrinkle template and the corresponding SEM
images of single (left) and double (right) lines. (B) Optical, dark field,
and SERS images of single (up) and double (down) lines, together
with the representative SERS spectrum of BT and the comparison of
the corresponding SERS intensities at 1072 cm−1 between single and
double lines. (A,B) Adapted with permission from ref 25. Copyright
2010 The Royal Society of Chemistry.
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