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Abstract

Micro- and nanoscale patterned monolayers of plasmonic nanoparticles were fabricated by 

combining concepts from colloidal chemistry, self-assembly, and subtractive soft lithography. 
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Leveraging chemical interactions between the capping ligands of pre-synthesized gold colloids 

and a polydimethylsiloxane stamp, we demonstrated patterning gold nanoparticles over 

centimeter-scale areas with a variety of micro- and nanoscale geometries, including islands, lines, 

and chiral structures (e.g., square spirals). By successfully achieving nanoscale manipulation over 

a wide range of substrates and patterns, we establish a powerful and straightforward strategy, 

nanoparticle chemical lift-off lithography (NP-CLL), for the economical and scalable fabrication 

of functional plasmonic materials with colloidal nanoparticles as building blocks, offering a 

transformative solution for designing next-generation plasmonic technologies.

Graphical Abstract

Plasmon resonances confine light in sub-diffraction volumes, enhancing light-matter 

interactions and driving a variety of nanoscale phenomena, including amplification of 

linear1,2 and non-linear3,4 optical processes, photothermal conversion,5,6 hot-carrier 

generation,7 and strong-coupling interactions.8,9 These capabilities place plasmonics at the 

intersection of nanophotonics and nanoelectronics, offering solutions for ultra-small light 

sources, quantum-computing, and opto-electronic devices.10 Colloidal noble metal 

nanoparticles are one of the most versatile platforms for engineering plasmonic resonances 

given the remarkable control over their crystallographic structure and optical properties 

offered by wet-chemistry synthesis.11,12 Manipulation of their size, shape, composition, and 

surface chemistry is applied to tailor the resonant frequencies,13 polarity,14 chirality,15 and 

spatial localization16 of the plasmons. When plasmonic nanostructures are organized in 

periodic patterns (i.e., in one, two, or three dimensions), they generate lattice plasmon 

resonances17 delocalized over hundreds of microns, which are characterized by narrower 

absorption linewidths.18,19 The wavelength of the generated lattice resonance is a function of 

the particle composition, the lattice parameter, and the refractive index of the substrates. For 

this reason, such architectures have been used to improve the detection limits of plasmonic 

sensing as well as to support high harmonic generation and lasing.20,21 However, these types 

of substrates are usually fabricated using conventional lithographic processes together with 

thermal- or electro-deposition of metals, yielding polycrystalline structures with higher 

intrinsic optical loss.22 Recently, the combination of soft lithography and self-assembly were 

explored for fabricating large-area micro- and nanoscale hierarchical structures and periodic 
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arrays from colloidal nanoparticles.23–26 However, a generalized approach that could adapt 

to different plasmonic building-block sizes, shapes and compositions, and different substrate 

materials has not yet been realized.27 Moreover, accessing nanoscale features with high 

fidelity over large areas remains a challenge.28–30 Chemical lift-off lithography (CLL) is a 

subtractive patterning technique originally introduced for generating metal patterns via self-

assembly monolayer patterning and etching and recently extended to a wider array of 

materials.31–34 Unlike additive microcontact printing, CLL uses chemical interactions 

between the ink and the stamp to push the resolution limit down to tens of nanometers or 

lower.31,32,35 Here, we present a versatile approach, nanoparticle chemical lift-off 

lithography (NP-CLL), which combines colloidal nanochemistry and lithographic 

patterning. This technique takes advantage of condensation chemistry for organizing pre-

synthetized plasmonic nanoparticles into arbitrary micro- and nanoscale patterns, including 

islands, lines, and square spirals.

The advance at the core of our approach lies in the application of pre-synthetized 

mercaptoalkanol-capped gold nanoparticles (AuNPs), which are organized into monolayers 

and later undergo a condensation reaction with a patterned elastomeric stamp.

The AuNPs are first self-assembled into monolayers at a liquid-liquid interface, exploiting 

fine control over three effects:36,37 i) spontaneous migration of nanoparticles towards the 

interface to reduce the surface tension between two immiscible liquids; ii) colloidal 

instability triggered by high ionic strength resulting from the addition of 

tetrabutylammonium tetraphenylborate (TBA-TPB); and iii) nanoparticle resistance towards 

aggregation conferred by the thiol ligand. Gold nanoparticle monolayers are then transferred 

to desired substrates using a custom-built automated dip coater (Figure 1A and Figure S1, 

Supporting Information). This self-assembly approach has the benefit of being extremely 

versatile and straightforward to adapt for particles with different sizes, shapes, and 

compositions.36 Moreover, it is easily scalable to tens of centimeters, enabling the use of the 

described patterning technique for the preparation of wafer-scale devices. As for the thiol 

ligand, we used (11-mercaptoundecyl)hexa(ethylene glycol) (MUHEG), which is capable of 

stabilizing colloids up to 100 nm in aqueous media (See Figure S2 for details and 

characterization of the synthesized colloids).

The NP-CLL patterning process consists of conformally contacting an activated, patterned 

polydimethylsiloxane (PDMS) stamp directly onto the AuNP monolayer donor substrate 

(Figure 1B) at 60 °C for 3 h in an oven. During this time, the hydroxyl termini on both the 

activated PDMS and the mercaptoalkanol-coated AuNPs undergo condensation reactions 

yielding strong covalent bonds in the contact regions. Figure 1C illustrates the three main 

interactions in the system: i) the covalent ether bonds formed between the mercaptoalkanol 

ligand and the PDMS; ii) the sulfur-gold bonds between the thiols and the AuNP surface; 

and iii) the AuNP-AuNP and AuNP-substrate van der Waals (VdW) interactions. The 

interplay of these forces was exploited to generate patterned monolayers of AuNPs, i.e., 
when the PDMS stamp is removed, the weak VdW interactions are more readily broken. 

Therefore, the AuNPs in contact with the patterned regions of the stamp are “lifted-off” with 

the PDMS, leaving a complementary negative image of the pattern on the donor substrate 

(Figure 1B). Figure 1 shows optical and scanning electron microscopy (SEM) images of 

Chiang et al. Page 3

ACS Mater Lett. Author manuscript; available in PMC 2021 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patterned substrates obtained by lifting-off 50 ± 3 nm MUHEG-capped AuNPs (Figure S2) 

using a stamp with 10–100 μm features (Figure S3). Continuous smooth curved lines and 

straight edges were both reproduced with high fidelity using NP-CLL (Figure S4). However, 

particle vacancies and clusters can be observed in the lifted-off regions. We believe that 

these imperfections are largely originated in the original gold nanoparticle monolayer. The 

application of a positive pressure before lift-off would help improve the uniformity of 

contact with the PDMS stamp but would induce deformation of the stamp itself. Another 

possible approach would be to accelerate the condensation reaction by performing the CLL 

process at higher temperature, although the range would be limited by gold colloid and 

PDMS stability. The described NP-CLL mechanism was validated further in a control 

experiment where the same procedure was repeated without activation of the patterned 

PDMS. In this case, no particles were observed to be transferred from the donor substrate to 

the stamp (Figure S5), consistent with the condensation reaction being the driving 

mechanism for lift-off.

During the preparation of the initial nanoparticle monolayers, an increment in the 

concentration of Au NPs in the aqueous phase during assembly of the liquid-liquid interface 

can result in nanoparticle multilayers. However, this result does not affect lift-off and still 

yields patterned monolayers on the PDMS stamp, because the AuNP-AuNP and AuNP-

substrate interactions are governed by similar VdW interactions. Based on this observation, 

we noted the possibility for engineering interparticle and substrate-particle interactions to 

fabricate patterned stacks of plasmonic nanostructures via NP-CLL.38 This strategy will be 

the subject of future implementations of the technique.

One of the advantages of NP-CLL is the simultaneous production of two patterned 

plasmonic substrates: the PDMS stamp with the lifted-off nanoparticles and the 

complementary negative image remaining on the AuNP monolayer. To this end, we 

demonstrated both consecutive NP-CLL as well as nanoparticle transfer printing using the 

prepared PDMS substrates (Scheme 1). In the former case, the complementary negative 

image is reused for secondary NP-CLL using an activated flat PDMS stamp and repeating 

the same procedure (Figure 2). In the latter case, the patterned AuNP monolayer is released 

from the PDMS stamp and transferred onto a receiving surface (Figure 3). For this 

procedure, we exploited the thermoplastic behavior of dry hydroxypropyl cellulose (HPC) 

films.39 Additionally, HPC is water soluble and thus can be used as a sacrificial layer, 

potentially expanding the versatility of this approach for integrating plasmonic building 

blocks with a variety of different substrate materials such as graphene, transition metal 

dichalcogenides, and semiconducting materials.39 The procedure is straightforward. In brief, 

a thin layer (~50 nm) of HPC is spin coated on a clean glass slide and placed in contact with 

the patterned stamp. Transfer of the nanoparticle layer is achieved by raising the temperature 

to 80 °C for 3 min. From electron microscopy inspection of the receiving substrate, we 

confirmed that patterned features are maintained. Moreover, we did not observe signs of 

coalescence of neighboring nanoparticles. It is important to note that the transferred pattern 

presents more vacancies, indicating that the transfer is only semi-quantitative (Figure 3B–E). 

The yield of the transfer could be improved by exposing the patterned AuNP stamp to a UV-

ozone treatment prior to the microcontact printing step. This treatment breaks the thiol-Au 

bonds that anchor the particles to the PDMS stamp,40 facilitating the transfer upon contact 
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with the receiving substrate. However, this procedure can damage AuNPs if non-spherical 

structures are used, due to removal of the capping ligands and consequent reshaping that 

minimizes the surface energy of the nanocrystals.41

We have achieved high-fidelity micron-sized patterns with feature dimensions 300 times 

larger than single particles. However, NP-CLL offers the opportunity to push the resolution 

further by including features similar in size even to single particles. To demonstrate this 

capability, we used PDMS stamps comprised of pyramidal features with contact areas of 

~200 nm × ~200 nm (Figure 4 and Figure S3) and compared lift-off from monolayers of two 

different particle sizes (Figure S8): 50 ± 3 nm, and 100 ± 9 nm (Figure S2). Successful NP-

CLL was confirmed by optical and electron microscopy (Figure 4). As expected, the 

combination of pyramidal stamps with particles >50 nm led to lower numbers of lifted-off 

objects per contact area. In particular, SEM analysis confirms that small clusters of AuNPs 

can be lifted-off onto the tips of each pyramid feature over 5 mm × 5 mm areas (Figure 4D–

F), giving lift-off yields of 79%, calculated as “occupied” over ~300 pyramids. Interestingly, 

the use of larger particles results in a higher fidelity reproduction of the pattern compared to 

smaller ones. We hypothesize that the presence of defects in the original monolayer has little 

effect on the fidelity when fewer particles are lifted-off. Moreover, pressure applied onto the 

PDMS stamp could be used as another way to modulate the contact area, and thus the 

quantity of AuNPs per pyramid, through stamp deformation, as in our prior work.35

Overall, these results suggest the possibility for NP-CLL to reach single-particle 

manipulation. In fact, when attention was taken to apply only minimum pressure over the 

stamp, we occasionally observed the lift-off of either a few and/or single building blocks in 

small regions of the patterned PDMS (Figure S9). We note that applying weight evenly over 

large-scale stamps is challenging without specialized equipment.42 However, this limitation 

could be addressed using polymers with higher elastic moduli.43 Finally, we applied NP-

CLL for the fabrication of AuNP patterns capable of long-range plasmon energy transfer. 

We prepared substrates with continuous lines of ~500 nm linewidth (Figure S3), 

corresponding to an average of 10 nanoparticles placed side-to-side. As reported by Fery and 

coworkers, these substrates are expected to sustain long-range plasmon propagation.44

Moreover, NP-CLL can be extended to patterns presenting corners and turns. This capability 

was demonstrated using square spiral patterns in both clockwise and counterclockwise 

orientations (Figure S3). Both the patterned PDMS and the complementary negative image 

imprinted on the nanoparticle monolayer were reproduced with high-fidelity and yield 

(Figure S10). The optical extinction of spiral structures was characterized in the entire 

visible-near-infrared (vis-NIR) range with randomized polarization. We measured a single 

broad plasmon band centered at ca. 800 nm (Figure 5A) that resembles the optical properties 

of the close-packed AuNP monolayer. The observed extinction spectrum suggests that the 

particle assembly is continuous along the dimensions of the spirals and thus eneables long-

range plasmon propagation.45 Despite the intense scattering contribution from the micron-

scale design of the pattern to the overall optical response, we attempt to characterize the 

chiral activity of the prepared patterns using a custom-built far-field circular dichroism setup 

in order to test the near-field plasmon propagation along the spirals. First, patterned 

nanoparticles were transferred on a glass slide using the HPC-mediated transfer strategy 
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described in Figure 3. Scanning electron microscopy confirmed that the transfer maintained 

the structures intact and the AuNPs closely packed over the entire spiral structure (Figure 

5B). Then, circular dichroism (CD) was measured in the vis-NIR region. The high fidelity of 

the spiral pattern enabled us to interrogate different regions of interest for each sample, as 

shown by optical images recorded from the CD setup (field of view ~ 0.07 mm2, Figure 5C). 

Extinction spectra of an L spiral sample, recorded with linearly, and left and right circularly 

polarized light are shown in Figure 5D. Differences between left and right circular 

polarization can be appreciated in the NIR region of the extinction spectra without need for 

further data processing. The CD was measured as the difference between the two extinction 

spectra, showing mirrored activity for the clockwise (L sample, in red) and the 

counterclockwise (R sample, in blue) square spirals (Figure 5E; see Instrumentation section 

in the Supporting Information for more details regarding data acquisition and processing).

We interpret the relatively weak CD signal and small signal-to-noise ratio by the 

micrometer-scale dimensions of the prepared chiral patterns. Specifically, the broad 

excitation band formed by the sub-radiant propagating plasmon modes46 are dominated by 

the far-field scattering.45 We hypothesize that by reducing the dimensions of the spirals to 

submicron scales, and/or with the implementation of near-field techniques,47 the scattering 

could be decreased. As a result, the detectable optical activity could be significantly 

enhanced to target a broader range of applications. Overall, the reported data support the 

possibility of engineering chiral plasmonic assemblies using NP-CLL with colloidal 

nanoparticles, and we are currently pursuing studies in this direction.

In conclusion, we report the use of NP-CLL for the organization of plasmonic nanoparticles 

into micro- and nanoscale patterns as an alternative approach for the fabrication of 

functional photonic materials. The capability of NP-CLL to work with arbitrary patterns, 

including pyramids, lines, and square spirals was demonstrated, achieving, in the last case, 

chiral activity in the visible and near-infrared range. The potential to access nanoscale 

patterns using NP-CLL paves the way for targeting plasmonic arrays with lattice parameters 

compatible with sharp lattice plasmonic resonances in the vis-NIR region. Moreover, our 

results suggest the possibility of achieving single plasmonic object manipulation in two 

dimensions. Reaching this goal would enable preparation of plasmonic arrays similar to 

those prepared by standard lithographic methodologies but characterized by improved 

quality factors.19 Future pattern designs can be optimized to match the symmetry of the 

underlying AuNP assembly better in order to favor single particle lift-off. We anticipate that 

interparticle interactions can also be tuned via surface chemistry, adding another level of 

control over the lift-off process.48 Another possible advance with NP-CLL would be the 

implementation of anisotropic colloids. Although their self-assembly at the liquid-liquid 

interface has already been demonstrated,36 the use of anisotropic shapes would require a 

certain degree of control over their orientations in the original monolayer. Overall, NP-CLL 

could lead to the rational application of both in- and out-of-plane plasmonic modes, the 

exploitation of polarized resonances, and the introduction of chiral properties for the 

fabrication of meta-materials. Moreover, in combination with control over the surface 

chemistry of the plasmonic building blocks, our method opens opportunities for the 

construction of more complex, dynamic/reversible three-dimensional nanoscale 

architectures.49
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Figure 1: 
(A,B) Schematic of gold nanoparticle (AuNP) self-assembly at the liquid-liquid interface 

(A), and the chemical lift-off lithography (CLL) process on the assembled AuNP monolayer 

(B). (C) Schematic of the interactions that occur during CLL. (D-I) Optical images (D, E, 
F), and scanning electron microscopy (G, H, I) of a polydimethylsiloxane (PDMS) 

patterned stamp after lift-off (left) and the corresponding complementary negative image 

imprinted in the AuNP monolayer donor substrate (right). Additional images can be found 

in Figure S4.
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Figure 2: Consecutive nanoparticle chemical lift-off lithography (NP-CLL).
(A) Schematic illustration and (B-E) scanning electron microscopy images at different 

magnifications of the lift-off of a complementary negative image imprinted into the original 

gold nanoparticle (Au NPs) monolayer using a flat PDMS stamp. Additional images are 

provided in Figure S6.
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Figure 3: Microcontact printing.
(A) Schematic illustration and (B-G) scanning electron microscopy at different 

magnifications of the patterns of gold nanoparticles (AuNPs) transferred from a patterned 

stamp to a clean glass substrate via contact printing mediated by hydroxypropyl cellulose. 

Additional images are shown in Figure S7.
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Figure 4: 
(A,B) Bright-field micrographs of the complementary negative image with the imprinted 

pyramid pattern into the nanoparticle monolayer (A) and the patterned polydimethylsiloxane 

(PDMS) after lift-off (B). (C) Scanning electron microscopy (SEM) analysis of the 

complementary negative image. Inset: higher magnification image of one circled area. (D-F) 
SEM of the patterned PDMS after lift-off using different nanoparticle dimensions: 50 ± 3 

nm (D), and 100 ± 9 nm (E). SEM images of the patterned PDMS after lift-off applying low 

pressures are provided in Figure S9.
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Figure 5: 
(A) Extinction spectra measured in the visible-near infrared (vis-NIR) range showing a 

single broad plasmonic band. (B,C) Scanning electron microscopy (B) and optical bright 

field (C) images of both clockwise (left) and counterclockwise (right) spirals, confirm that 

the close-packed particles form continuous structures. (D) Extinction spectra obtained 

illuminating a clockwise (L) sample with left circularly polarized light (red line), linearly 

polarized (black line), and right circularly polarized light (blue line). (E) Circular dichroism 

of a clockwise (L sample, red) and counterclockwise (R sample, blue) spiral structure. 

Savitky-Golay filtered signals (solid traces) are superimposed over the raw data (scattered 

dots). The inset drawings show the pattern orientation for the plotted spectra.
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Scheme 1: 
Overview of the three lithographic procedures: nanoparticle chemical lift-off lithography 

(NP-CLL, red), microcontact printing (green), and consecutive NP-CLL (blue). AuNPs: Au 

nanoparticles.
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