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Nanoimprint Lithography Facilitated Plasmonic-Photonic 
Coupling for Enhanced Photoconductivity  
and Photocatalysis

Vaibhav Gupta, Swagato Sarkar, Olha Aftenieva, Takuya Tsuda, Labeesh Kumar, 
Daniel Schletz, Johannes Schultz, Anton Kiriy, Andreas Fery, Nicolas Vogel,  
and Tobias A. F. König*

Imprint lithography has emerged as a reliable, reproducible, and rapid 
method for patterning colloidal nanostructures. As a promising alternative to 
top-down lithographic approaches, the fabrication of nanodevices has thus 
become effective and straightforward. In this study, a fusion of interference 
lithography (IL) and nanosphere imprint lithography on various target sub-
strates ranging from carbon film on transmission electron microscope grid 
to inorganic and dopable polymer semiconductor is reported. 1D plasmonic 
photonic crystals are printed with 75% yield on the centimeter scale using 
colloidal ink and an IL-produced polydimethylsiloxane stamp. Atomically 
smooth facet, single-crystalline, and monodisperse colloidal building blocks 
of gold (Au) nanoparticles are used to print 1D plasmonic grating on top of 
a titanium dioxide (TiO2) slab waveguide, producing waveguide-plasmon 
polariton modes with superior 10 nm spectral line-width. Plasmon-induced 
hot electrons are confirmed via two-terminal current measurements with 
increased photoresponsivity under guiding conditions. The fabricated hybrid 
structure with Au/TiO2 heterojunction enhances photocatalytic processes like 
degradation of methyl orange (MO) dye molecules using the generated hot 
electrons. This simple colloidal printing technique demonstrated on silicon, 
glass, Au film, and naphthalenediimide polymer thus marks an important 
milestone for large-scale implementation in optoelectronic devices.
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1. Introduction

Metal nanoparticles (NPs) are the vital 
constituents of nanotechnology. The inter-
action of NPs with light leads to striking 
electrical, optical magnetic properties with 
a plethora of applications.[1,2] Plasmonic 
NPs can trap the light into subwavelength 
volumes in the form of localized surface 
plasmon; this enhanced mode volume is 
important for photochemistry,[3] photo-
physics,[4] biosensing,[5] photocatalysis,[6] 
photonic devices,[7] plasmon-enhanced 
chirality,[8,9] nonlinear physics,[10] and so 
on. However, mitigating the Ohmic losses 
due to the high scattering rate of electrons 
and assembling the plasmonic building 
block with cost-effective methods on large 
scale, still, remains challenging. It is evi-
dent that high-end device fabrication and 
sophisticated device characteristics can 
be achieved with high-quality building 
blocks.[11] From the perspective of “top-
down” methods, electron beam lithog-
raphy (EBL) provides excellent fidelity but 
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the subsequent etching steps, along with the accumulation of 
metal through physical vapor deposition, cause polydispersity 
and nonuniformity due to the arbitrarily oriented nanoscale 
grains.[12,13] Other techniques such as scanning probe lithog-
raphy,[14] microcontact printing,[15] dip-pen lithography[16] 
either lack in terms of resolution or scalability. Recent reports 
revealed that post-fabrication thermal annealing of plasmonic 
NPs has the potential to reduce electron scattering and produce 
ultranarrow plasmonic resonances.[17] In contrast, colloids 
formed via wet chemical synthesis under “bottom-up” methods 
are superior in terms of monodispersity, crystallinity, and sur-
face functionalities.[18–21] Hence, this results in lowering the 
damping of plasmon energy from defects, elastic and inelastic 
collisions, and phonons. However, to this end, the challenge 
remains to assemble these colloids with nanometer precision 
on a large scale in a controlled manner.

A combination of “top-down” and “bottom-up” methods such 
as capillary assisted particle-assembly (CAPA),[22–24] DNA medi-
ated assembly,[25,26] electrophoretic deposition,[27] electrostatic 
assembly,[28] colloidal lithography[29–31] have a wide prospect.[32] 
However, there are still a variety of limitations in terms of cost-
effectiveness, complete access to the colloid surface due to their 
residing into the template trenches, constrained scalability, and 
limited selection of colloid and target substrate for printing. To 
mitigate some of the issues, a recent method of template disso-
lution interfacial patterning (TDIP) has been introduced.[33] Yet, 
this method is affected by various process parameters such as 
longer assembly duration, contact angle, humidity, temperature, 
dew point, and other environmental factors. On the other hand, 
nanoimprint lithography (NIL) has already shown its potential to 
overcome most of the contemporary challenges such as commer-
cialization of the technique, on-chip pattering, lower consump-
tion of stamp material with multiple usages of stamps.[34] This 
simple yet powerful embossing concept utilizes a pre-structured 
elastomeric stamp in the desired dimension for pattern transfer 
on a target substrate.[35] Predominantly, the use of micro and 
nano-imprint lithography has shown big potential in a multitude 
of applications, ranging from surface-enhanced Raman spectros-
copy substrates such as plasmonic superlattices,[36] designing 
bio-nano interfaces,[37] hierarchically organized plasmonic meso-
structures,[38] plasmonic back reflector solar cells,[39] nanobat-
teries,[40] and nanoelectronics.[41] A very recent article on NIL by 
Harshal et  al. has acknowledged the superiority of the method 
over diverse fronts, however, lacking the application aspects.[42] 
Thus it becomes important to demonstrate different possibili-
ties with such an adaptable technique, especially in the domain 
of plasmonically enhanced photoconductivity and photocatalysis.

In this article, we show a quick, versatile, and maskless two-
beam interference lithography technique in combination with 
soft molding with polydimethylsiloxane (PDMS) to produce 
efficient optoelectronic devices. Colloids of high optical quality 
arising from their homogeneous sizes, shapes, and defined crys-
tallinity obtained from seeded growth wet-chemical synthesis 
technique can be easily arranged on various target substrates. 
We have printed 1D pure colloidal grating on transmission elec-
tron microscope (TEM) grid, glass, and silicon wafer substrate, 
gold film, dopable polymer semiconductor (DPS) film as well as 
titanium dioxide (TiO2) slab waveguide on a centimeter scale. 
Overall, different periodicities of 1D gratings metallic photonic 

crystals have been realized on conductive, dielectric, organic-
inorganic semiconductor materials to showcase the versatility of 
the method. In our previous study, we used a prefabricated die-
lectric grating to assemble 1D colloid grating via CAPA toward 
achieving hybrid modes.[43–45] In contrast, here, to the best of 
our knowledge, we report waveguide-plasmon polaritons (WPP) 
excited for the first time by a purely colloidal 1D lattice printed 
on TiO2 slab waveguide via NIL on a centimeter scale. High-
quality optical modes are achieved with a narrow line-width of 
10 nm as compared to their EBL fabricated counterpart.[46–48] 
To broaden the applicability, the modes supporting WPP are 
excited to qualitatively understand the charge transfer capabili-
ties of the well-known Au/TiO2 heterojunction toward hot car-
rier injection.[49–51] Further, the enhanced light absorption due 
to WPP is utilized to harness light energy into chemical poten-
tial energy. Huang et al. recently proved that hybridized WPP 
modes can enhance hot electron generation, finally resulting 
in greatly accelerated reduction conversion at a low illumina-
tion intensity.[52] Contrary to previous studies,[44,51] we have 
excited the Au/TiO2 interface with an off-normal excitation of 
15° angle of incidence (AOI) since the plasmonic catalysis has 
a strong polarization dependency[49] showing enhanced pho-
tocatalytic activity when the polarization direction is perpen-
dicular to the Au/TiO2 interface.[49] Accordingly, we have used 
the MO dye oxidation as a probe reaction to study the hybrid 
WPP-induced catalysis. Thus, the technique can be employed in 
various fundamental studies of charge transfer, nanochemistry, 
and solid-state device fabrication. Study of plasmonic waveguide 
band formation on a TEM grid,[35] out-of-plane lattice resonance 
(OPLR) from colloidal building blocks on a glass substrate, the 
coupling of OPLR with NP on mirror configuration on a gold 
film substrate, etc. are just to name such aspects.[53,54]

2. Result and Discussions

The course of action to ensure a large-scale nanosphere imprint 
soft interference lithography is illustrated in Figure  1. The 
process begins with the fabrication of a master template (1D 
grating on a glass substrate (Figure  1a)) via laser interference 
lithography (LIL).[24] Being a low-cost and energy-efficient pro-
cedure, this can be recommended as a suitable candidate for 
large-scale integration, as compared to the e-beam techniques. 
This high-resolution maskless pattern-printing technique has 
the capability to produce numerous kinds of patterns with var-
ying duty-cycle, periodicity, depth, and pitch within a short span 
of time 2 to 3 min (for more details please refer to Figure S1,  
Supporting Information). Next, the replica of the master tem-
plate is created by casting an elastomer, known as PDMS, onto 
the master. Generally, PDMS is preferred as the material of 
choice in NIL[42] due to its elastic, yet inert nature and low sur-
face energy. Flexibility being one of the key factors, allows PDMS 
a firm, thorough, and complete contact with the target substrate 
and leads to a high-quality assembly. After curing and peeling 
off, the polymer with an inverse structure is obtained which is 
referred to as ‘PDMS stamps’ in further discussions (Figure 1b). 
The height profile of the PDMS stamp and macroscopic intense 
diffraction color underlining the order of 1D grating over large 
areas are shown in Figure S2, Supporting Information. In the 
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actual printing process, the target substrate onto which the pat-
tern has to be printed is first treated with oxygen plasma for 
surface activation, ensuring a uniform wetting behavior over 
the entire substrate. After the plasma treatment, an optimized 
concentration of 5 mg mL−1 and a volume of 5 µL colloidal ink 
is dispensed on top of the substrate, followed by the precise 
placement of the PDMS stamp. This colloidal ink consisting 
of defined crystallinity, monodisperse, atomically smooth gold 
nanospheres (as can be seen in Figure S3, Supporting Informa-
tion) dispersed in water is allowed to dry completely at room 
temperature. Finally, the PDMS stamp is removed, leaving 
behind the pattern printed on the target substrate. Excess gold 
nanospheres, stuck in or onto the stamp, can be brought back 
to the solvent by ultrasonication, leading to further re-usage of 
the stamp. There are some important factors to be considered 
during the process, such as retaining the uniform thickness 
of the PDMS stamp. This is the key to produce an even pres-
sure from its own weight, thus, ensuring the high-quality pat-
tering over the large area. Since we are not applying external 
force (pressure) onto the stamp, the weight of each stamp 
is kept constant to 2.74 gm. The non-patterned region of the 
PDMS stamp is cut out before stamping to avoid wastage due 
to the formation of the particles on the target substrate outside 
the patterned area. The technique does not require adhesion 
layers for printing and rather relies on adhesive forces between 
PDMS and target surfaces.[36] Due to the soft nature of PDMS, 
it can conform into contact with the substrate; however, due to 
low adhesion forces, it can be removed again after the printing 
without damaging the precise alignment. Hence, this facilitates 
the direct contact between the colloids and the targeted sub-
strate and also imparts precision in the printing process. Fur-
ther, the technique forbids the system to be influenced by the 
refractive index of the adhesive layer and provides full access 
to the colloid surface in contrast to the previous CAPA.[33] The 
sphere is a choice of shape because of its minimal surface con-
tact with the substrate. Once adapted for spherical morphology, 
other isotropic geometries (i.e., nanocubes) thus become more 

feasible because of their enhanced surface contact area with the 
target substrate. The technique is less prone to environmental 
factors, highly reproducible, does not require an extra adhesive 
or sacrificial layer, can be directly employed on surfaces with 
varying topography and hydrophobicity, and also not limited by 
the material choice, shape, or size of the colloid and the target 
substrate. Above all, it provides complete access to the gold NP 
surface through the production of free-standing layers.

We apply the technique to transfer the gold NP grating onto 
a range of different target substrates, which vary in terms of 
topography, conductivity, and wettability. Figure  2a shows the 
successful assembly on different target substrates ranging from 
small dimensions (3.05 mm) of a TEM grid to ‘1.5 cm by 1.5 cm’ 
(patterned areas) on glass substrates, gold mirrors, and semi-
conducting polymer thin films. The method has the potential 
to transfer the patterns on large scale as well by using wrinkles 
as a stamp.[55] By combining the LIL with NIL, various types of 
patterns can be achieved. Figure 2b shows microscopy images 
for each target substrate with two different illumination con-
figurations. In the first configuration (top images), the incident 
electric field (e-field) is parallel to the particle lines, whereas, 
in the second configuration (bottom images), the e-field is con-
sidered perpendicular to the same particle lines. The different 
observed colors reflect the different absorption and scattering 
of the particles depending on whether they are excited along the 
lines or perpendicular to them.[56] Well-defined placement of 
the colloids and large-scale assembly on a TEM grid and glass 
substrate can be seen in Figures S4 and S5, Supporting Infor-
mation. Figure 2c shows scanning electron microscope (SEM) 
and TEM images of the fabricated nanopatterns on various 
target substrates. Drying of the ligand shell inherently leads to 
slight shrinkage of the particles, which causes the printed lines 
to break up into oligomeric chains. We use image analysis to 
investigate the yield (as can be seen in Figure S6, Supporting 
Information), which shows that 75% of the lines are covered 
with particles with an average particle chain length of around 
8 particles. The assembly process is dependent on substrate 

Figure 1. Schematic of the gold nanosphere imprint soft interference lithography process. a) Preparation of the solid master template by LIL, b) PDMS 
molding toward flexible inverse template formation, and c) arrangement of particles in 1D-lines on substrates using the flexible PDMS mold. Scale 
bars in photographs correspond to 1 cm.
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Figure 2. a) Schematic of the 1D gold nanosphere imprint soft interference lithography on various substrates. Inset shows photographs of actual fab-
ricated samples. b) Optical micrographs of the assemblies with polarized light illumination parallel (denoted as ||) and perpendicular (denoted as ⊥)  
to particle chains respectively. The blue arrow denotes the electric field (e-field) direction. c) SEM and TEM images of the particle lines on the cor-
responding target substrate. The Scale bars in SEM images are 1 µm.
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roughness. The assembly yield on commercial substrates such 
as silicon wafer, TEM grid, and microscope glass slide is better 
(in the range of 70%) as compared to the electron-beam depos-
ited materials such as TiO2, and gold film. The polymer film 
was coated with spin coating method and hence possesses 
more surface roughness as compared to the commercial sub-
strate. In order to reveal the 2D aspect of the technique, a 2D 
square pattern is printed on glass using a nanopillar template 
as a stamp as shown in Figure S7, Supporting Information. To 
extend further application-oriented features of the assembly  
method, colloids are printed on naphthalenediimide (NDI)-
based pi-conjugated polycations. Structure of an NDI-based 
pi-conjugated polycations used in this work as an n-doped 

semiconducting polymeric interlayer is shown in Figure S8, 
Supporting Information. These solution-casted NDI polymer 
films can be doped with electrons, thus falling into the category 
of DPS. In this regard, the combination of the optical structures  
(1D colloidal grating) and the NDI polyelectrolytes are prom-
ising for an air-stable hot electron extraction system.

Having established the interference lithography-based NIL 
method, we demonstrate functional optical properties arising 
from such colloidal grating assemblies. We focus on hybrid WPP 
structures, which we produce by printing colloidal plasmonic 
gratings onto a TiO2 semiconductor thin film. Figure 3a shows 
a schematic illustration of the targeted structure with assembled 
NP chains over a thin film of semiconducting TiO2 layer, coated 

Figure 3. Optical properties of hybrid WPP structures prepared by NIL assembly of colloidal chains on a semiconductor thin film. a) Schematic of 
the 1D gold nanosphere imprint soft interference lithography on TiO2 waveguide, deposited on a glass substrate. b) SEM image of the particle lines 
printed onto the TiO2 surface. c) The optical scheme to establish hybrid-waveguide plasmon polariton formation using the principles of guided-mode 
resonance. Plasmonic grating crafted out of the gold nanoparticle lines diffracts the incoming plane-wave where polarization-specific waveguide modes 
can be confined to the semiconductor waveguide. Electric field orientation conveys excitation of the transverse magnetic (TM) modes. d) Optical trans-
mittance spectra of the fabricated hybrid structure under TM polarized incidence. Avoided-crossing is observed between the plasmonic LSPR and the 
photonic GMR-1 mode upon variation of the angle of incidence (AOI). e) Experimental vs. simulated (FDTD) optical band diagram for TM polarized 
incidence. f) Energy dispersion curves with dots corresponding to the Eigen−energies of the polariton states (P− and P+) calculated from experimental 
as well as simulated transmittances. g) Spectral line widths for the upper and lower (P+ and P−) energy branches calculated from experimental data.
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on a glass substrate. Such hybrid chains on a semiconductor 
waveguide have been recently explored by Sarkar et al.,[43,44] 
where the particle chains were arranged within additional photo-
resist grating channels, patterned on the TiO2 layer through 
interference lithography.[43] While the structure could be achieved 
in a straightforward assembly technique, it had a major draw-
back of the presence of additional photoresist layers as a barrier 
to the charge transfer processes.[55] In the present case, we have 
successfully eliminated the chances of hindrances being caused 
by any residual photoresist layer by directly transferring the 
NP chains. Importantly, to ensure that the plasmonic particles 
directly interface with the semiconductor, samples were treated 
with oxygen plasma to remove the ligand shell around the par-
ticle. Thus, the plasmonic chains become an active component 
of the hybrid system, taking part in diffraction and guided mode-
resonance effects. Interestingly, the guided-mode resonance 
(GMR) condition is satisfied for the first time using a purely col-
loidal grating from the template onto the TiO2 waveguide.

Figure 3b provides an SEM image of such successful transfer 
of the NP chains on the TiO2 surface. We investigate the optical 
properties of the hybrid resonating structure both by experiment 
and simulation. Figure 3c shows the geometry used for finite dif-
ference time domain (FDTD) based simulations. A transverse-
magnetic (TM) polarized plane wave is diffracted by the NP chain 
grating, resulting in the formation of guided modes within the 
high-indexed semiconductor layer. Figure S9a-iii, Supporting 
Information further provides direct proof of meeting the GMR 
condition through the electric field distribution ( E

��
| | = E EX Y

2 2+ ) 
similar to conventional GMR cases under TM polarization. Note, 
that unlike the previous demonstration of hybridization[43,44] using 
longitudinal plasmonic chain modes,[56] the novelty of the present 
work lies in introducing transverse plasmonic chain modes into 
the hybridization picture. Figures S9 and S10, Supporting Infor-
mation show these two dominant resonances of localized sur-
face plasmon resonance (LSPR) and GMR under different cross-
sections of the 3D electromagnetic simulation. The choice of the 
periodicity of 360 nm with a 200 nm waveguide thickness allows 
excitation of uncoupled plasmonic and photonic resonances 
under normal TM incidence. The dispersive nature of GMR is 
utilized to interact with LSPR, resulting in spectral doublets with 
anti-crossing behavior: a coherent superposition of the plasmonic 
and the TM0 waveguide modes. However, as the AOI is increased, 
as shown in transmittance plots in Figure 3d, the photonic GMR 
mode becomes non-degenerate, resulting in splitting into GMR-1 
and GMR+1 modes.[57] Anticrossing behavior between the reso-
nant plasmonic and photonic channels reveals the hybridization 
signatures as an interplay between the LSPR and GMR-1 mode at 
around 15-degree incidence. Figure 3e shows an agreement of the 
optical band diagrams corresponding to the experimental as well 
as simulated TM transmittances, arranged in intensity contour 
plots. The energies of excited hybrid states, P+ and P- are meas-
ured from the dip positions of the transmittances (both experi-
mental and simulated) and plotted as a function of momenta 
(related to incidence angle) in Figure  3f. However, a Rabi split-
ting of 130 meV is observed. The spectral characteristics of these 
hybrid states are further evaluated in Figure  3g in terms of the 
resonant line-widths. The measured extinction curve is shown in 
Figure S11, Supporting Information where a narrow FWHM of 
10 nm is determined via curve fitting for the hybrid case with an 
AOI of 15°.

A two terminal[58,59] hybrid GMR device supporting WPP 
modes under a hot-electron detection scheme is shown in 
Figure 4a. Two gold electrodes with a thickness of 60 nm are 
deposited on top of the devices through a shadow mask to yield 
a 220 µm wide strip. The photoconductivity was measured in 
between the source and drain under a bias voltage of 1 V.

More information regarding the two-terminal device is pro-
vided in Figure S12, Supporting Information. Note that the 
1D lines continue for a few micrometers on both electrodes to 
ensure that the current is already injected into the strongly cou-
pled system before reaching the active channel.[60] The active 
channel is the distance between the source and drain, which in 
the present case is 350 µm. It is known that plasmons predomi-
nantly exhibit radiatively damped oscillations (re-emission of a 
photon).[61] Thus, by use of WPP-supported hybrid- GMR struc-
ture, the strong suppression in radiative losses (exhibited via 
narrow line-width) promotes nonradiative relaxation (Landau 
damping), a process that is argued to generate hot-electrons.[61] 
Hence, the mode at 545 nm with the sharpest spectral line 
width of 10 nm under AOI 15° is selected. In theory, direct con-
tact between metal and semiconductor form a Schottky junc-
tion, as shown in Figure  4b. Nonradiative decay of plasmons  
inside the metal constituent of the hybrid GMR device can take 
place in the time frame of 1–100 fs,[47] followed by the excita-
tion of the WPP modes. This results in electron-hole pairs  
(hot-carriers) formation in the metal. With subsequent electron-
electron collision processes, the generated hot carriers can 
cross the Schottky barrier, provided that their energy exceeds  
the Schottky barrier height and the momentum lies inside the 
escape cone.[62] Taking all this into account, the sample is illu-
minated with several LEDs. The intensity and bandwidth data 
for LEDs are shown in Figure S13, Supporting Information. 
Since the 565 nm LED has the best overlap with the extinction  
spectra which is relatively near at 15° AOI, maximum photo-
current was detected as shown in Figure  4c. The setup to 
measure the photocurrent is shown in Figure S14, Supporting 
Information. In the case of the TiO2 layer, oxygen vacancies  
can produce a defect/trap state just below the conduction band 
of the TiO2.[51] Electrons from the top of the valance band can 
jump into these states and with possibilities of contribution 
in the photocurrent generation.[51] Aiming to rule out this pos-
sible effect, we deposited the electrodes on bare TiO2 film and 
illuminated it with the same LEDs. The resulting photocurrent 
and responsivity results (see Figures S15 and S16, Supporting 
Information) demonstrate that the TiO2 is almost free of defect-
states or interfacial oxide layers. The crystallinity of the depos-
ited TiO2 thin film is crosschecked to be in anatase phase, as 
provided in Figure S17, Supporting Information. It is necessary 
to consider that the so-called “photocurrent” is different from 
that in photovoltaic devices where all electrons in the collected 
current are fully induced by the absorbed photons. Here the 
current is generated by the voltage bias (1 V) at the two sides of 
the TiO2 slab and its magnitude is modulated by light absorp-
tion due to change in the conductivity of the TiO2 slab. The 
important mechanism to cause the “photocurrent” modula-
tion is the injection of the plasmon-induced hot electrons over 
the Schottky barrier from Au into the TiO2 conduction band to 
become free electrons. A similar device could also be used for 
light addressable potentiometric sensors and photodetectors. To 
compare the presently observed hybrid device photoresponse, 
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Figure 4. Plasmon-induced charge transfer and photocatalysis mechanism in nanodevice: a) A GMR device is depicted which constitutes a 200 nm 
thin film of TiO2 deposited and a pure colloidal grating with a periodicity of 360 nm. Various wavelengths are incident on the device with an AOI close 
to 15°. Generated hot electrons are shown as the symbol e− and measured with the bias voltage of 1 V through gold electrodes. b) The charge transfer 
mechanism and band diagram of an Au/TiO2 Schottky junction is shown. c) Photoresponse recorded with different LEDs launching light at an AOI 
≈15°. Gray stripes show the duration for which the light source was on whereas the white area depicts the off duration for the different wavelengths. 
d) A drop of MO dye solution is placed on top of the GMR device to investigate the photocatalytic properties. e) Energy band diagram and reaction 
mechanism of decomposition of the MO dye. f) Time-evolved absorbance spectrum of dye in solution. g) Change in MO concentration as a function 
of time (shown in logarithmic scale).
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Table  1 displays some recently reported architectures oper-
ating under various plasmonic excitation schemes. Apart from 
NP chain based plasmonic excitation, Sarkar et al. also dis-
cussed the hot electron generation due to LSPR excitation on 
randomly distributed particles over TiO2 thin film (200 nm)/
glass substrate.[44] In such randomly distributed non-hybrid par-
ticle system, similarly measured photocurrent was found to be 
in the range of 0.5 nA cm−2. In contrast, the photocurrent for 
GMR hybrid mode at a lower wavelength of 565 nm is seven-
fold enhanced and lies in the range of 3.5 nA cm−2 as shown in 
Figure 4c. The plasmonic-photonic coupling via the generation 
of WPP highlights the benefits of admixing colloidal chemistry 
with NIL, thus making up to this list.

Further, we demonstrate the enhanced photocatalytic activity 
of the hybrid device by studying the decomposition of the 
organic dye MO. A solution of MO dye is placed on top of the 
hybrid GMR device, as shown in Figure  4d. The sample was 
illuminated by the broadband halogen lamp (0.25 mW, normal 
incidence) together with the LED source (2.7  mW, oblique 
illumination at ≈15°) at 565 nm. MO being an azo dye, is con-
sidered to be stable and difficult to be oxidized at room tem-
perature, in dark.[63] For illumination with energies higher than 
the band-gap energy (ultraviolet (UV) illumination) of TiO2, 
the reduction of the dye is a well-known process via direct 
hole transfer from TiO2.[63] Here, we show the decomposition 
of the dye with the visible light photon energies, which is well 
below the band-gap of TiO2. The work-function of Au, conduc-
tion and valance band of bulk TiO2,[65] the redox potential of 
MO in solution,[66] and the reaction mechanisms are shown 
in Figure  4e. To measure the oxidation rate of the dye, we 
avoided exposure to the ambient light, while the sample was 
illuminated by the broadband halogen lamp together with the 
LED sources at fixed angles. The rate of oxidation was esti-
mated from the time-resolved absorption spectra. Without the 
LED, the change in absorption intensity (0.1%) within a similar 
period was considered negligible (as shown in Figure S18b,  
Supporting Information) due to ≈ten times lower power of the 
broadband light source. The reference absorption spectrum of 

dye with only a TiO2 layer is also shown in Figure S18a, Sup-
porting Information under similar conditions (broadband illu-
mination combined with the LED at 565 nm). The possibilities 
of direct photo-decomposition of dye in very unlikely, since 
the dye shows an extremely low absorption of 565 nm wave-
length.[67] This also eliminates the chance of a possible decom-
position pathway where photoexcited MO transfers the charge 
to Au or TiO2.

[68] We, therefore, propose the following mecha-
nism for photodegradation. At first the photons with energies 
exceeding the height of the Schottky barrier can excite the WPP. 
During the decay process, these collective excitations may pos-
sibly transport a charged electron (e−) into the semiconductor, 
leaving behind a ‘hot-hole’ in the metal. Being a photochemical 
process, the photo-generated electrons and holes react with 
H2O and O2 in the MO aqueous solution to produce highly 
active oxidizing species, which in turn results in the photode-
composition of MO. Hence both hot holes and hot electrons 
take part in the catalysis process.

Thus, the decrease in the concentration of MO is monitored 
through the absorption spectrum. The whole spectra of the GMR 
device + MO are shown in Figure 4f for this wavelength range of 
interest (430 to 490 nm). During this measurement, both LED  
(2.7 mW) and tungsten-halogen light sources (0.25 mW) were illu-
minated; however, due to the ten times lower power of tungsten 
halogen source, the decomposition of MO can only be only consid-
ered for LEDs. Figure 4g has been obtained by simply taking the 
logarithmic of the absorption values shown in Figure 4f for clear 
distinguishability of the dye decomposition rate for both the cases 
of the GMR device and the bare TiO2. Hence, it is evident that the 
WPP supported structures can tackle the essentials of photocatal-
ysis in terms of enhancing the visible light absorption via device 
engineering, improving the charge separation lifetime by adjusting 
the Schottky barrier height via prudent material selection,[69] and 
providing very large energy densities at the near field with strong 
light confinement. Apart from this, the WPP excitation under TM 
polarization also provides a component of the electric field vector 
perpendicular to the Au/TiO2 interface which, being the exact 
active catalysis site, leads to the more enhanced catalytic activity.[49]

Table 1. Comparison of current (/density) data under a similar range of bias voltages.

Year Material Fabrication Mechanism Wave-length Current  
(/density)

Bias 
voltage

Ref.

2015 PDI2EH-CN2 organic 
semiconductor

Spin coated thin films on FIB 
milled hexagonal array of Ag

Strongly coupled plasmon modes 745 nm 50 nA 1 V [59]

2016 Core-shell Au-TiO2 Wet chemical synthesis LSPR excited electrons 400–800 nm  
(1 sun illumination)

200 nA 0.2 V [60]

2018 3D tandem plasmonic  
Au/TiO2 nanodiodes

Sol-gel coated and e-beam 
deposited thin films

LSPR excited hot electrons 563 nm  
(9 mW cm−2)

150 nA 1 V [63]

2019 MaPbI3-modified plasmonic 
Au/TiO2 nanodiodes

Spin coated thin film LSPR excited hot electrons 563 nm  
(9 mW cm−2)

500 nA 1 V [64]

2020 p-type organic  
semiconductor (rr-P3HT)

Spin coated thin films on FIB 
milled hexagonal array of Ag

Strong coupling between surface 
plasmon and organic semi-conductor

610 nm 10 nA 1 V [58]

2020 ITO-TiO2-Au TDIP and soft lithography  
using e-beam made master

LSPR generated hot-electrons >450 nm 20 nA cm−2 – [65]

2021 Glass-TiO2-AuNP chains Nano imprint lithography Waveguide-plasmon polariton under 
strong coupling

565 nm 4.0 nA cm−2 1 V Current 
work
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3. Conclusion

In summary, we present an inexpensive, fast, facile, and repro-
ducible technique that has the potential to print the desired 
structure with high resolution over large areas, using colloidal 
ink as imprint resist. The technique, as a combination of IL 
and NIL, is applied to fabricate 1D metallic photonic crystals 
on various target substrates with varied topography, conduc-
tivity, and hydrophobicity. Fundamentally, the method is non-
destructive, flexible in terms of the target substrate, provides 
full access to the colloid/substrate interface and the colloid 
itself. It also facilitates multiple uses of the PDMS stamp, clean 
printing of patterns, and broadening of the scope in terms of 
size, shape, and choice of material. Above all, it possesses the 
capability for roll-to-roll integration and commercialization. 
In this article, we have shown a high-quality factor (Q-factor) 
WPP modes, achieved via arranging pure colloidal grating into 
appropriate design geometry. A narrow line-width, down to  
10 nm, is achieved which is superior to their top-down coun-
terparts.[46] Despite high-quality optical modes, the high photo-
current efficiency remains a challenge in the case of colloids 
where an inescapable ligand shell is required to make them 
stable in the colloidal suspension. In a recent article, similar 
issues have been raised in a different way.[33] There can be sev-
eral strategies to tackle this issue; one such solution may be to 
directly synthesize photoconductive polymer coatings around 
the plasmonic building block.[70] Further, in heterogeneous col-
loidal engineering,[71] conductive ligands can also be used as an 
anchor group to attach organic ligands.[72] With a view toward 
the applicability of the method, we have shown a clear corre-
lation between excitation of WPP in pure gold nanosphere 
grating supported on TiO2 waveguide, and the decomposition 
of MO dye as a consequence of hot-electron transfer from 1D 
colloidal Au grating into TiO2 under visible light illumina-
tion. We envisage that the method is a stepping stone for the 
printing of various colloidal geometries and holds potential in 
applications in colloidal nanobiophotonics, nanochemistry, and 
nanosensing.

4. Experimental Section
Template Fabrication: To produce a structured polymer stamp, a 

soft lithography technique was employed. First, the master template 
was fabricated by the means of LIL on a glass substrate. For this, 
microscopy glass slides were divided into individual pieces (2 × 2 cm) 
and cleaned with isopropyl alcohol and ultrapure water in a 1:1 ratio by 
sonication for 20 min at 80 kHz. Positive photoresist (mr-P 1202LIL, 
micro resist technology GmbH, Germany), diluted with a thinner 
solution (ma-T 1050, micro resist technology GmbH, Germany) to a 1:1 
ratio, was spin-coated onto the substrate. Optimized spin parameters 
of 3000 rpm, acceleration of 1000 rpm s−1, and total spin time of 33 s 
produced a thin film of 80 nm thickness, as confirmed by spectroscopic 
ellipsometry (RC2-DI, J.A. Woollam Co., Inc.). The coated substrates 
were baked at 95 °C for 60 s and further exposed to the 325 nm laser 
with a dose of 12 mJ cm−2. The backside of the substrate was covered 
with black adhesive tape to avoid unnecessary reflections. To develop 
the exposed photoresist, the sample was submerged into the developer 
(mr-D 374/S, micro resist technology GmbH, Germany) for 40 s, rinsed 
with ultrapure water, and dried under a stream of nitrogen. The total 
patterned area was in the shape of a circle with a diameter of 1.5 cm. The 
resulting periodic structure was modified via gas-phase deposition with 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane (448931, Sigma Aldrich) at 
60 °C for 3 h, and then molded with SYLGARD 184 Silicone Elastomer 
(The Dow Chemical Company, USA) in a 10:1 mixing ratio with the 
curing agent and cured for 3 h at 60 °C. After that, the PDMS stamp 
was peeled off from the master template and examined by the atomic 
force microscopy technique, revealing a 1D grating with a periodicity of 
360 and 80 nm depth (the details can be found in Figure S2, Supporting 
Information).

Nanosphere Synthesis: The synthesis of spherical gold NPs was 
carried out through a seed-mediated growth process.[55] As a result, 
gold NPs with a diameter of 76.9 ± 1.5 nm (averaged over 100 particles) 
covered with hexadecyltrimethylammonium chloride were obtained. In 
summary, the NPs stabilized with polyethylene glycol (PEG) in water 
were synthesized in three main steps. First, Wulff seeds were produced 
by reducing tetrachloroauric acid (HAuCl4) with sodium borohydride 
(NaBH4) in the presence of hexadecyltrimethyl-ammonium bromide 
(CtaB). This process results in large 2 nm monocrystalline NPs. Next, 
these particles were enlarged with the aid of two further successive 
synthesis steps until they reached the desired particle diameter. 
During the growth process, HAuCl4, ascorbic acid, and CtaC serve as 
Au precursors, reducing agents, and stabilizing agents, respectively. 
To achieve kinetic control over the reaction and thus to modulate the 
particle shape, a syringe pump system was used for the last growth 
step. In the last step, the particles were washed and cleaned by a 
centrifugation process and fixed to a surfactant concentration of 2 mm. 
In order to give the NPs in the colloidal suspension of water long-term 
colloidal stability, a ligand exchange from CtaC to PEG-6k-SH[36] was 
carried out.

NDI Polymer Synthesis and Thin Film Preparation: NDI polymer was 
synthesized according to the literature.[73] The film was formed on an 
unpatterned ITO substrate (S111, Ossila), the substrate was washed 
with acetone and isopropanol in an ultrasonic bath beforehand. After 
the UV treatment of the substrates, the polymer film was formed from 
a trifluoroethanol solution (10 gm L−1) by spin coating. The formed film 
thickness was 100 nm.

Thin Film Deposition: The e-beam deposition was achieved using a 
Hex-L modular thin film deposition system (Korvus Technology) teamed 
with a Telemark e-beam source. Stage rotation was applied during 
the deposition. The Telemark e-beam source was equipped with four 
rotatable pocket sources. A 5 nm Ti layer was deposited, followed by 
a 50 nm Au layer. The films were deposited at a constant deposition 
rate of 1 Å s−1 and a chamber pressure of 1.5 × 10−6 mbar. The thin film 
thickness was monitored using a calibrated quartz crystal thickness 
monitor (QCM); for better accuracy, the tooling factor was optimized for 
each layered material. Similarly, a 200 nm TiO2 film was deposited on a 
glass substrate at a constant deposition rate of 1 Å s−1 and a chamber 
pressure of 1.5 × 10−6 mbar.

Catalysis Measurement via Bright Field Spectra and LED Excitation: For 
the spectroscopic measurement of the catalytic activity, a Nikon Ti-U 
inverted microscope in transmission mode was used. The sample was 
illuminated by a tungsten-halogen light source through a bright-field 
condenser (LWD, NA 0.52, Nikon, Japan), avoiding the ambient light. 
The data were collected through a 60× air objective (CFI S Plan Fluor 
ELWD, NA 0.7, Nikon, Japan) by an IsoPlane-160 spectrometer and a 
PIXIS 256 charge-coupled device camera (Princeton Instruments). A 
water-dispersed solution of MO dye (1.53 × 10−4 mol L−1, 500 µL) was 
drop-casted on the sample surface, covering the entire active area. To 
initiate catalytic activity, the sample was additionally illuminated by a 565 
nm LED light source (2.7 mW power). The spectra were collected every 
5 s until 30 s, then in 15 s steps until 1 min, and then after 2, 4, 8, and  
16 min after the moment of switching on the LED light and the start 
of the reaction. The measured spectra were corrected by subtracting 
the dark current at the detector and normalizing against the reference 
spectra collected from a sample, where MO dye was replaced by water, 
at the corresponding time steps.

Optical Band Diagram: The UV–vis-NIR Spectrophotometer (Cary 
5000, Agilent Technologies) was used to record the transmission 
spectra.[74] Further, the sample was rotated in both positive and negative 
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directions with a mechanized stage and the detector was kept constant 
to record the dispersion relation. A polarizer was used to investigate the 
effect of both the polarization (pol), s-pol (transverse electric, TE), or 
p-pol (TM) where the electric fields were out of the plane and in-plane to 
the plane of incidence, respectively.

Photoresponse Measurement: Metal (Au) electrodes (Au, Layer thickness: 
60 nm, channel length: 350 µm, width: 4500 µm) were deposited by 
e-beam evaporation applying a shadow mask. The electrodes were placed 
parallel to the 1D particle chains structure. The photoresponse was 
measured and recorded by a Keithley source meter (2612B, Keithley). LED 
lights from Thorlabs, with a wavelength of 365, 505, 565, 590, 660, 780 
(M780L3), and 1050 nm (M1050L4) were used as light sources. All the 
LEDs were operated via a controlling unit (DC4100). Light was irradiated 
at an angle from the top of the device, and the distance between LEDs and 
devices was kept at 2 cm. The power of the LED sources was measured 
by a silicon photodetector connected to an optical power meter. For 
photocurrent detection, DC bias (1 V) was applied between electrodes. All 
the measurements were conducted under ambient conditions.

SEM/TEM: A NEON 40 FIB-SEM workstation (Carl Zeiss Microscopy 
GmbH, Oberkochen, Germany) was used in order to capture the 
scanning electron micrographs. The TEM data were acquired using an 
FEI Tecnai T20 microscope at 200 kV acceleration voltage.

FDTD Simulations: A commercial-grade simulator based on the 
FDTD method was used to perform all the calculations (FDTD: 3D 
Electromagnetic Simulator).[75] For the simulation of the optical 
response, a plane wave source was used and the frequency points were 
set equal to that of the wavelength range. Monitor boxes (transmission 
monitors normally maintained on the substrate) were used to obtain 
the optical responses of the systems. For the dielectric function of gold, 
the Palik[76] data were fitted using six coefficients with an RMS error of 
0.2. For the TiO2 layer and the glass substrate, optical constants were 
used from Sarkar et al.[43] The mesh size in the FDTD region was set to 
auto non-uniform with an additional 2 nm mesh overlay applied to the 
arranged particle geometry. Periodic boundary conditions were applied 
for the X and Z directions with perfectly matched layers along the Y 
direction. All simulations reached an automatic stop of at least 10−7 
before reaching a simulation time of 300 fs.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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