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Discrete gold nanoparticle crystals with tunable size and morphology are fabricated via a fast, inexpensive template-

assisted method. The highly precise hierarchical organization of the plasmonic building blocks yields superstructures with 

outstanding behaviour for surface-enhanced Raman scattering analysis. 

Introduction 

Surface structuration consists of organizing hierarchical 

structures where a unit cell with micro- or nano-scale 

dimensions is repeated over macroscopic length scales.
1
 Such 

structuration can lead to a broad range of functionalities that 

can be harnessed to introduce specific optical properties,
1-4

 

controlled wetting response,
5-7

 self-cleaning ability
8, 9

 or 

antireflective
10

 and catalytic features.
11, 12

 All these 

functionalities solely arise from the specific surface 

structuration. For this reason, the controlled production of 

macroscopic materials with micro- and nano-structured 

features is a focus of increasing interest in current 

multidisciplinary research. 

Usually, the fabrication of controlled structures requires the 

use of advanced top-down methods like electron- or ion-beam 

lithography.
13, 14

 Unfortunately, these techniques are 

expensive, time-consuming and cannot be scaled or 

parallelized. To overcome these issues, bottom-up approaches 

based on self-assembly of colloidal particles
15, 16

 were 

developed as a promising alternative for the formation of 

organized assemblies on large areas.
17-22

 Furthermore, the use 

of nanoparticles (NPs) as building blocks to form three-

dimensional superlattices (i.e. supercrystals) offers the 

possibility to implement in the material extra properties 

arising from the specific NP interactions. Such additional 

features can be rationally tuned by manipulating the size, 

shape and composition of the NPs. In particular, interparticle 

interactions can lead to collective properties which are 

significantly different from those of the isolated NPs.
23

 

Therefore, this type of supercrystals is emerging as a new and 

important class of nanostructured materials that are suited for 

a number of applications from photonics
3, 17, 19, 24-28

 to energy 

storage and production.
29, 30

 Despite many examples reported 

in the literature, most of fabrication methods rely on the 

production of continuous crystals
17, 31

 while only few describe 

the production of nanostructured surfaces from individual 

supercrystals.
32-35

 This is mainly due to the limited control that 

can be exercised on the self-assembly of colloidal NPs resulting 

from the broad set of different factors and driving forces (i.e. 

van der Waals, coulombic, dipolar, entropic, capillary, 

convective, shear etc.) involved in the particle-particle and 

particle-substrate interactions.
36

 As a result, the optical 

properties of these materials, and especially those formed of 

plasmonic NPs, are only partially characterized.  

Here we report a fast and inexpensive template-assisted 

method to form discrete colloidal crystals (i.e. supercrystals) 

over large areas, based on the confined sedimentation, and 

subsequent drying of colloidal particles. The obtained 

materials are characterized by means of surface-enhanced 

Raman scattering (SERS) mapping in order to define their 

optical enhancing properties. 

Experimental section 
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Materials and methods: Ammonia solution (25%, NH4OH), 

hydrogen peroxide (30%), and isopropanol (99.9%) were 

purchased from VWR. Gold(III) chloride trihydrate (99.9 %, 

HAuCl4∙3H2O), trisodium citrate dehydrated (≥99.5 %, 

C6H5Na3O7∙2H2O), 11-mercaptoundecanoic acid (≥95%, MUA), 

Ethanol absolute (≥99.9%, EtOH), and ascorbic acid (99.9%) 

were purchased from Sigma-Aldrich (Germany). N-cetyl-N,N,N-

trimethylammonium bromide (99.72%, CTAB) was acquired 

from Merck. Poly(dimethyl siloxane) (PDMS) silicon elastomer 

(Sylgard 184 base and curing agent) were obtained from Dow  

Corning. Heptadecafluoro-1,1,2,2-tetrahydrodecyl 

dimethylchlorosilane was purchased from ABCR GmbH & Co. 

KG. Syringe filters were bought from Millipore. Teflon-coated 

silicon masters 15x15 mm
2
) were purchased from HTS 

Resources. All reactants were used without further 

purification. Milli-Q water (18 MΩ cm
-1

) was used in all 

aqueous solutions, and all the glassware was cleaned with 

aqua regia before usage. 

Synthesis of spherical gold nanoparticles: CTAB-stabilized 

spherical gold nanoparticles of approx. 80 nm in diameter 

were produced according to a reported seed mediated 

procedure.
18

 Briefly, seed particles were prepared by adding 

sodium citrate and HAuCl4 to 20 mL of water to achieve a final 

concentration of 2.5 ×10
-4

 M for each reactant. Subsequently, 

NaBH4 (600 μL, 0.1 M) was quickly injected meanwhile the 

solution was energetically stirred, (1200 rpm). Stirring was 

continued for 1h at open atmosphere to allow the NaBH4 to 

decompose avoiding over pressure. Immediately after addition 

of NaBH4 the color of the solution changed from colorless to 

red indicating the formation of gold particles. Next, a growth 

solution was prepared by dissolving CTAB in Milli-Q water (f.c. 

0.1 M, 1000 mL). Followed by the addition of HAuCl4 (0.112 M, 

4216 µL), NaI (0.1 mM, 138 µL) and ascorbic acid (0.1 M, 

7350 µL). After each addition, the reaction vessel was 

vigorously shaken. Afterwards the solution was thermostated 

to 32 °C. Then 2300 μL of the as prepared seeds were carefully 

added in the foam of the grow solution, the mixture was 

vigorously shaken and the bottles were left undisturbed at 32 

°C for 48 h. After this time, sediment in the bottom of the flask 

is observed. In order to maximize nanoparticle monodispersity, 

the supernatant was carefully collected and the precipitate 

discarded. Based on SEM pictures, after sedimentation there is 

still remaining a small amount of bigger particles with different 

shapes, like rods and plates. With the aim to obtain a highly 

homogeneous system, the gold nanoparticles solution was 

then filtered (0.2 µm pore size). The used syringe filters have 

PP housings, which contain hydrophobic PTFE membranes. The 

hydrophobic membrane was turned hydrophilic by rinsing it 

with Milli-Q water. Afterwards, gold colloids were centrifuged 

three times at 6000 rpm for 15 minutes. After each 

centrifugation step, the nanoparticles were redispersed using a 

1 mM CTAB stock solution to assure that the final CTAB 

concentration was 1 mM. One last centrifugation step was 

necessary to adjust the concentration of the nanoparticles to 

20 mg/mL. Moreover, citrate- and MUA- stabilized spherical 

gold nanoparticles of approx. 80 nm in diameter were 

produced. To prepare citrate stabilized particles,
37

 1540 μL of 

an aqueous solution of HAuCl4 (0.081 M) was added to a 

boiling aqueous solution of sodium citrate (500 mL, 0.27 mM) 

under vigorous stirring. A condenser was use to prevent 

solvent evaporation. During this time (30 min), the color of the 

solution gradually changed from colorless to purple to finally 

become deep red. After that, the reaction was cooled down 

until the temperature of the solution reached 90 ºC. Then, a 

sequential addition of sodium citrate and HAuCl4 was perform 

as follows. First, 4.0 mL of sodium citrate (0.1 M) were 

injected, 5 min after, 2 mL of sodium citrate (0.1 M) and 808.5 

μL of HAuCl4 (0.1 M) were sequentially injected (time delay 

approx.. 2 min) and the reaction was left under stirring at 90 

ºC for 30 min. This process was repeated 3 times to finally 

obtain Au NPs of approx. 80 nm. MUA stabilized Au particles 

were obtained by functionalizing 250 mL of the as-produced 

citrate gold nanoparticles with MUA (4 molecules/nm
2
). To this 

end, a solution containing NH4OH (400 μL, 2.9% aqueous 

solution) and MUA (470 μL, 10
−3

 M in EtOH) was prepared and 

added under vigorous stirring to the gold nanoparticle 

 

Scheme 1. Outlines of the (A) micro-structured template fabrication via replica molding; and (B) discrete microcrystals fabrication via 

confinement strategy based on the generation of a wetting contrast at the substrate surface. 
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solution. Agitation was continued for 90 min to ensure MUA 

functionalization of the Au surface. Next, the Au particles were 

cleaned by centrifugation at 6000 rpm for 15 minutes and 

redispersed in Milli Q water. Afterwards, both gold colloids 

(stabilized with citrate and MUA respectively) were 

centrifuged several times (x3) at 6000 rpm for 15 minutes to 

reach a final Au concentration of 20 mg/mL. 

Replica molding: Replicas from silicon masters with periodic 

patterns etched on its surfaces were produced with PDMS. In 

order to replicate three dimensional structures, fluid PDMS is 

poured over the silicon masters. Before the masters were 

casted with PDMS (25 g Sylgard 184 Base and 2.5 g Sylgard 184 

curing agent, mixing ratio of 10: 1),
38, 39

 the two PDMS 

components were mixed by stirring for 15 minutes. The 

substrates were cleaned with water, ethanol and toluene, 

from the polar solvent to the nonpolar solvent and then dried 

with N2 stream. Shortly after pouring the masters with PDMS, 

the substrates were degassed in a desiccator for 2 h to remove  

any gas. After that, the PDMS was cured for another 2 h in the 

oven at 80°C under vacuum. Upon cooling the solid 

elastomeric PDMS were peeled off obtaining the first 

replication. Then the PDMS stamps were treated with O2 

plasma for 60 s to render them hydrophilic.
40

 After that, the 

elastomeric stamps were silanized via gas phase deposition of 

heptadecafluoro 1,1,2,2 tetrahydrodecyl dimethylchlorosilane 

in a desiccator overnight. To clean the stamps from any excess 

of silane, they were cleaned again with toluene, ethanol, Milli-

Q water and dried with N2. Subsequently, the first replicas 

were used as masters for the next replica molding step. The 

second replicas were manufactured following the replication 

steps previously reported for the first replica. 

Colloidal crystals: All the crystal were produced using PDMS 

replicas of the silicon masters. The first step of the droplet 

confinement process is the preparation of a 1 cm x 1 cm 

square of PDMS with a hole in the middle (3 mm diameter). 

The PDMS square with the hole, was placed on the structured 

PDMS replica as a mask to produce the hydrophilic 

confinement area. Subsequently the sample was treated with 

O2 plasma for 180 s. Afterward, the PDMS square with the hole 

was removed. Then a 10 μL droplet of the concentrated GNP 

solution ([Au] = 20 mg/mL, [CTAB] 1 mM) was drop casted on 

the hydrophilic area of the plasma treated substrate. The 

whole setup was put in a humidity chamber to avoid 

evaporation of the solvent, enabling the particles to sediment. 

After the particles were sediment (24 h), the residual water 

was removed via spin coating at 2500 rpm for 100 s. Two 

additional cleaning steps were performed spin coating each 

time 60 μL of water at the same conditions. The system was 

dried with N2 and the dried crystal was transferred to a glass 

substrate utilizing adhesive tape. 

Characterization: UV-VIS spectroscopy was recorded with a 

PerkinElmer, Lambda 19. Size, shape and topographical 

characterization of the nanoparticles and their macroscale 

assemblies were characterized with transmission and scanning 

electron microscopy (TEM, LEO 922 EFTEM operating at 200 kV 

and LEO 1530 FE-SEM, Zeiss), and atomic force microscopy 

(AFM, NanoScope Dimension IIIm NanoScope V, Veeco 

Metrology Group). 

SERS spectroscopy: SERS spectra were collected in 

backscattering geometry with a Renishaw Invia Reflex system 

equipped with a 2D-CCD detector and a Leica confocal 

microscope. The spectrograph used a high resolution grating 

(1200 g cm
-1

) with additional band pass filter optics. Excitation 

of the sample was carried out with a 785 nm diode laser line, 

with acquisition times of 10
-1

 s (depending on Raman Intensity 

saturation) and power at the sample of about 300 mW, using 

the Renishaw StreamLine accessory. The laser was focused 

onto the sample with a 100× objective (N.A. 0.9) providing a 

spatial resolution of ca. 0.5 µm and a laser penetration depth 

of ca. 0.3 µm (for gold materials of refractive index equals to 

0.27049).
41, 42

  

Results and discussion  

Successful NP assembly into densely packed and well-ordered 

three dimensional supercrystals requires the simultaneous 

control of different experimental parameters. First of all, 

colloidal nanoparticles must possess a narrow size distribution 

(<10% standard deviation).
36

 Secondly, an external force such 

as gravity, magnetic or electric fields should be applied to the 

system to properly direct the particle assembly
43

 since 

interparticle forces determining the colloidal equilibrium (i.e. 

van der Waals, Coulombic, dipolar etc.) cannot be exploited to 

dictate the self-assembly pathway. For nanoparticles made of 

high density materials such as gold, sedimentation then 

becomes an effective method for engineering NP assembly. 

For these reasons, we selected highly symmetric spherical gold 

NP of relatively large size (and weight) to fabricate our micro-

structured crystals.  

 

Fig. 1. (A) UV- vis spectra corresponding to Au NPs before and 

after filtration (black and blue curve, respectively) and after 

CTAB removal (red). (B) SEM images from the filtrated Au NPs. 
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The synthesis of these colloids was performed by a 

cetyltrimethylammonium bromide (CTAB) assisted seeding 

growth process,
18

 followed by a filtration step to eliminate 

potential aggregates. This protocol yields particles of ca. 80 nm 

diameter with a localized surface plasmon resonance (LSPR) 

centered at 548 nm (Fig. 1A).  

Nanoparticles spontaneously order into superlattices when 

their concentration exceeds a critical value.
18

 Usually this is 

achieved by solvent evaporation during the crystal 

formation.
19

 However, this procedure results in a continuous 

crystal film. To form discrete superlattices, pre-concentration 

of colloidal solutions is necessary. Thus, the initial colloidal NPs 

were repeatedly centrifuged to increase their final 

concentration up to 20 mg of gold per mL. Importantly, during 

these centrifugation cycles the CTAB concentration was 

progressively reduced from 0.1 M to 1 mM (i.e. the critical 

micellar concentration)
44

 in order to remove the excess of 

surfactant in solution. This avoids the CTAB crystallization 

within the micro-structures, which leads to their disruption, 

while preserving the nanoparticle colloidal stability (i.e. no 

aggregation, Fig. 1B). It is worthy to note, that CTAB stabilized 

Au particles were selected because of their homogeneity and 

monodispersity. However, the presented method can also be 

successfully applied to nanoparticles with different surface 

stabilizers, such as citrate and 11-mercaptoundecanoic acid 

(MUA). In this regard, Figure 1S shows the UV-vis and TEM 

characterization of the Au particles in solution stabilized either 

with citrate or MUA, while Figure 2S shows their 

corresponding supercrystals.  

Scheme 1 depicts the entire procedure for the fabrication of 

discrete colloidal crystals. In the first step, the appropriate 

micro-structured template is prepared via replica molding 

(Scheme 1A). It is possible to assemble NPs directly on 

topographically patterned silicon masters
19

 but such masters 

are very expensive to produce and their reutilization capacity 

is limited. Besides, their use encompasses severe difficulties, 

especially regarding of their handling during crystal formation 

and deposition. To overcome these problems, replica molding 

(REM) was used as an efficient alternative to replicate surface 

topography.
45-49

 This technique enables the replication of 

three dimensional structures in a single step,
39, 46

 allowing the 

use of expensive silicon masters, manufactured by 

conventional optical or electron beam lithography, as 

templates for molding elastomeric substrates with curable 

polymers without damaging the original masters. These molds 

can be reused multiple times to produce colloidal crystals. An 

important issue during the REM process is the fidelity of the 

replicas to the original template.
45

 This is influenced by many 

factors like van der Waals-forces or the wetting properties at 

the template/polymer interface.
39, 46

 Keeping this in mind, 

polydimethylsiloxane (PDMS) was selected as the elastomer 

because of its low interfacial free energy (21.6 dyn/cm),
39

 and 

its good chemical and thermal stability (up to 186 °C).
39

 In 

addition, surface wetting properties of PDMS can be easily 

tuned from hydrophobic to hydrophilic.
32

 This is particularly 

important for the crystal formation process since a good 

wettability is required so that NPs can fill the template grooves 

as described by the so-called Wenzel state.
17, 50

 

 

Fig. 3. SEM images of some representative supercrystals: (A) 

cubes, (B) square-like grids, (C) rings and (D) cubes linearly 

connected between them through their edges. (E) and (F) 

illustrates some structures were no spin-coating was performed, 

showing the presence of an evident continuous layer of particles 

underneath the microstructures. 

Fig. 2. SEM images of representative silicon masters used for 

replica molding (A, B, and C); 1st PDMS replicas (D, E, and F); 

and 2nd PDMS replicas (G). (H and I) are optical microscopy 

images of the 2nd PDMS replicas. 
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To exactly replicate the silicon masters, two different replica 

moldings are necessary. The first one provides the negative 

structure of the silicon stamp, and is prepared by casting 

(PDMS is cured onto the silanized silicon masters). The second 

molding is obtained by using the same fabrication protocol but 

in this case the polymer is cured onto the negative PDMS 

pattern, thus  yielding the equivalent positive pattern of the 

initial silicon master (Scheme 1A). Importantly, the negative 

PDMS master is previously treated with heptadecafluoro-

1,1,2,2-tetrahydrodecyl dimethylchlorosilane to avoid the 

cross-linking of the master silanol groups with those of the 

new PDMS.
51-53

 This treatment also facilitates a long–lasting 

hydrophobization of the surface.
32

 The silicon masters used in 

this work and their corresponding negative and positive PDMS 

replicas are shown in Fig. 2 (A,B,C are silicon masters; D,E,F are 

1
st

 PDMS replicas; and G, H, I are 2
nd

 PDMS replicas). 

In addition to the right substrate wettability (hydrophilic) and a 

high particle concentration, a third requirement for 

supercrystals formation is the confinement of the NPs into the 

structure of the master. Although the use of physical barriers is 

suitable to avoid the dispersion of the NPs over the whole 

surface,
19

 this physical entrapment does not allow the removal 

of the excess neither of particles nor of the surfactant. In 

particular, CTAB can sediment and crystalize on the template, 

inhibiting the organization of the NPs into individual 

microstructures. Thus, for the fabrication of discrete 

microcrystals we developed a new confinement strategy based 

on the generation of a wetting contrast at the substrate 

surface. The wetting properties of the PDMS surface can be 

changed from hydrophobic to hydrophilic via plasma 

treatment. Thus, as illustrated in Scheme 1B, hydrophilization 

of a defined area of the templating substrate was carried out 

by depositing a mask with a circular hole (3 mm in diameter) 

on the PDMS master. A subsequent oxygen plasma treatment 

selectively generates a local area of temporal hydrophilicity, 

corresponding to the exposed surface of the PDMS mask. Such 

induced wetting contrast between the confined hydrophilic 

area and the surrounding hydrophobic surface allows to 

selectively confine the aqueous NP droplet in the hydrophilic 

region.  

Slow organization of the nanoparticles into the supercrystal is 

then achieved via a sedimentation process driven by 

gravitational and capillary forces.
18, 19

 To avoid solvent 

evaporation and, thus, surfactant crystallization within the 

solution, the samples were placed in a humidity chamber (95% 

humidity) with controlled temperature (27 °C) during the 

sedimentation step. Once the nanoparticle deposition is 

completed, the excess of NP is removed from the structured 

surface via spin-coating (Scheme 1B), which also contributes in 

lowering the overall surfactant concentration (i.e. CTAB is 

eliminated with the residual water). Finally, after the drying 

process is terminated, the crystals form a superlattice in which 

they are held together by strong cohesive interactions 

between neighbouring ligands and nanocrystals.
19

 The crystals 

can then be transferred to any surface (e.g. glass slides) by 

simply using adhesive tape. Fig. 3 A-D illustrates some 

examples of well-controlled assemblies of discrete colloidal 

crystals on glass slides including cubes, holes, toroids or 

connected cubes. The figure also illustrates some structures 

were no spin-coating was performed, showing the presence of 

an evident continuous layer of particles underneath the 

microstructures (Fig. 3E and F). 

 

Fig. 4. (A) SERS spectrum of benzenthiol (BT) on gold in the 840-1200 cm
-1

 spectral region. (B-G) SERS intensity of the 1075 cm
-1

 BT band 

on supercrystals with different geometries (B) cubic, (C) cylindrical, (D) rod-like, (E) holes, (F) toroidal and (G) film) and with different 

dimensions. 
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The reusability of the PDMS templates was also investigated. 

We observed that Millipore water rinsing in combination with 

ultrasound for 5 minutes is sufficient to regenerate cleaned 

PDMS templates. However, a more intense treatment might 

be recommended to guarantee a perfect cleaning. For 

instance, we used a combination of different rinsing steps with 

toluene, ethanol and water in combination with ultrasound. In 

any case, special care should be taken during such cleaning 

cycles, since organic solvents are known to induce PDMS 

swelling. Additional short cleaning steps with aqua regia 

rapidly followed by thorough rinsing with Millipore water can 

be also included. 

In order to test the optical enhancing properties through SERS, 

the colloidal crystals were exposed to an O2 plasma to remove 

all residual organics from the metallic surfaces, including 

CTAB.
17

 Then a monolayer of benzenethiol (BT), selected as the 

Raman probe, was deposited in gas phase on the substrates. 

Fig. 4A shows the characteristic SERS fingerprint of BT on gold 

surfaces in the 840-1200 cm
-1

 spectral region. SERS 

characterization of crystals with different morphological 

features was carried out using a near infrared (785 nm) laser 

and the intense BT band at 1075 cm
-1

 was selected as the 

spectral marker to map the SERS intensity (Fig. 4B). It is worthy 

to note that although the side dimensions of the crystal were 

varied, the height (y) was maintained constant at 4 μm. For 

comparison, spectra were also recorded on the surface of a 

regular continuous nanoparticle film (0.3 μm height, Fig. 4B). 

Since the film height is much larger than the laser penetration 

depth (estimated at 0.3 μm
41

), the differences in absolute SERS 

intensity represented in Fig. 4 can be directly ascribed to the 

collective properties of the supercrystals (i.e. the overall SERS 

signals are generated by approximately the same number of 

nanoparticles and, thus, of Raman molecules). Several 

remarkable features arise from the analysis of the SERS 

mapping. First, all the patterned substrates provide a 

consistent larger intensity than that sustained by the 

continuous film.  Second, independently of the material 

geometry, the absolute intensity increases as the side x of the 

supercrystal increases, giving rise to similar enhancements for 

similar x values (see, for example cubes and toroids of 5 or 10 

μm).  

Intrigued by these observations, we further designed two new 

experiments. In the first one, SERS signals derived from rod-

like organized supercrystals separated by gaps in between 2 

and 4 µm (Fig. S3) were compared with closely spaced similar 

structures (Fig. 5A). Notably, the SERS response was similar 

both in distribution and in intensity (Fig. 4E and 5A). This 

experiment suggests that supercrystal field intercoupling is 

negligible due to the much larger interaction within the 

individual complex structure. In the second experiment, a new 

geometrically complex supercrystal obtained by combining 

cubes of 25 μm side interconnected by 2 μm side lines, was 

investigated to study the optical signals under the exactly 

same circumstances. Once more, the height of the whole 

construct was kept constant at 4 μm (Fig. 5B). The SERS image 

of the xz plane displays a gradient of intensities that decreases 

from the center to the edges of the crystal. The connecting 

lines in between the cubes show a considerably smaller 

intensity as compared with the large crystal. Such result 

contrasts with what it is expected from pure plasmonic 

interacting nanostructures. In that case, generation of hot 

spots of analogous geometry and particle number would yield 

similar SERS enhancements.  

Due to the dimensions of the supercrystals and considering 

that the wavelength of the incident light is approximately one 

order of magnitude larger than the size of the nanoparticle 

building block, we cannot assume a generation of strong cavity 

modes. However, a possible explanation for the outcome of 

the SERS map can be related to generation of some kind of 

Fig. 5. (A) SEM, white light and SERS images of rod-like supercrytals in close proximity. (B) Representative 3D AFM image of a complex 

supercrystal and their optical and SERS images in the xz plane. 
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standing waves that co-add enhancement to the canonical hot 

spots.
54

 

 

In fact, this situation, has been theoretically demonstrated 

before for closely-packed planar metallic nanoparticle arrays 

which host strongly-bound transverse electric surface waves 

that are more confined than surface plasmon polaritons with 

the subsequent increase in the surface electric field and, thus, 

in the SERS intensity by over one order of magnitude.  

Conclusions 

In summary, we have developed a new method for the 

massive fabrication of discrete nanoparticle supercrystals with 

complex geometries. These plasmonic supercrystals generate 

and additional electric response, upon illumination with NIR 

light, that generate an extra optical enhancement additive to 

that of the LSPRs typical of plasmonic clusters of nanoparticles. 

All these features have a deep impact in the surface electric 

field generated by the optical substrates and, thus, in their 

optimal design for real applications such as SERS substrates. 
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