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Abstract We fabricated sub-wavelength patterned gold
plasmonic nanostructures on a quartz substrate through the
focused ion beam (FIB) technique. The perforated gold
film demonstrated optical transmission peaks in the visible
range, which therefore can be used as a plasmonic color fil-
ter. Furthermore, by integrating a layer of photoresponsive
liquid crystals (LCs) with the gold nanostructure to form
a hybrid system, we observed a red-shift of transmission
peak wavelength. More importantly, the peak intensity can
be further enhanced more than 10% in transmittance due
to the refractive index match of the media on both sides
of it. By optically pumping the hybrid system using a UV
light, nematic−isotropic phase transition of the LCs was
achieved, thus changing the effective refractive index expe-
rienced by the impinging light. Due to the refractive index
change, the transmission peak intensity was modulated ac-
cordingly. As a result, an optically tunable plasmonic color
filter was achieved. This kind of color filters could be poten-
tially applied to many applications, such as complementary
metal-oxide-semiconductor (CMOS) image sensors, liquid
crystal display devices, light emitting diodes, etc.
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1 Introduction

Nowadays, color filters are a crucial component for vari-
ous applications, such as digital cameras, complementary
metal-oxide-semiconductor (CMOS) image sensors, liquid
crystal displays, and light emitting diodes. Current research
on color filtering is focused on developing smaller, faster,
smarter, and lower-power designs. Plasmonic color filters
are promising to meet these challenges due to the nature of
surface plasmons (SPs). SPs are essentially charge density
waves generated by the coupling of light to the collective
oscillation of electrons at the metal/dielectric interface [1].
Colloidal gold and silver have been used to color glass of in-
tense shades of yellow, red, or mauve since ancient Roman
times, depending on the concentration of the two metals. An
excellent example is the famous Lycurgus Cup in the British
Museum, dated 4th century AD. Recently, by precisely engi-
neering plasmonic nanostructures, such as nanohole or nan-
odisk arrays, coupling between photons and plasmons can
be efficiently controlled at subwavelength scale [2–5], thus
opening a platform for many applications. Thus far, consid-
erable efforts have been made to explore different plasmonic
nanostructures to filter colors by tuning the resonant trans-
mission peak at the visible range, such as nanohole array
[6, 7] and nanoslits combined with period grooves [8]. In
addition, the metal-insulator-metal (MIM) structures have
[9–11] also shown color filtering effect. However, such fil-
ters usually have low transmission due to the high loss of
metals and relatively broad passing bands, which do not
satisfy the requirement for the multiband spectral imaging.
Therefore, it is highly desirable to improve the performance
of plasmonic color filters for their practical applications.

One strategy is to explore new structures to achieve both
high transmission and narrow passing band. In this paper, we
shall investigate new plasmonic nanostructures and explore
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their use for color filters. Furthermore, by applying a layer of
photoresponsive liquid crystals (LCs) onto the gold nanos-
tructure, the peak intensity can be further enhanced more
than 10% in transmittance. By optically pumping the hybrid
system, the transmittance can be efficiently modulated.

2 Experimental

2.1 Plasmonic nanostructures fabrication

In our experiment, the noble metal, Au, was selected for the
fabrication of plasmonic nanostructures. In brief, a Ti ad-
hesion layer (3 nm) and an Au layer (110 nm) were sub-
sequently deposited on a quartz substrate by electron-beam
evaporation (EDWARDS Auto 306 Turbo E-beam Evapo-
rator). Based on an improved focused ion beam (FIB) (FIB
200, FEI Company) patterning method, we then fabricated
dense plasmonic crystal arrays with varying lattices. To min-
imize redeposition effects, all patterns were milled in paral-
lel instead of serial. A probe current of 70 pA was applied
with a 30 kV acceleration voltage during the milling process.
Figure 1 shows the schematic drawing of a typical pattern
fabricated in this work using FIB lithography. Lattice shape
was controlled by varying ring gap apertures. By aligning
coaxial ring-like structures, one can remove the parts be-
tween coaxial structures simply, leaving dense arrays with
different lattice shapes. Such an improved FIB patterning
method provides easy fabrication of one-/two-dimensional
(1D/2D) metallic patterns with higher aspect ratios than the
standard electron beam lithography (EBL), since there is no
limitation of selectivity issues. Moreover, one can precisely
control the geometry and the overlapping areas by varying
inner and outer radii of individual nanorods and changing

Fig. 1 Schematic diagram of the FIB lithography method for 2-D plas-
monic crystal fabrication based on nanoring patterning. The inner and
outer radii of each individual nanorod are labeled as r1 and r2, respec-
tively

the distance between nanorods. Therefore, the entire process
is highly accurate and monolithic.

2.2 Liquid crystal infiltration

To apply a LC layer on the plasmonic nanostructure, a
cell was formed by assembling two substrates: one is a
quartz substrate with plasmonic nanostructures and the other
one was an indium-tin-oxide (ITO) glass substrate coated
a rubbed polyimide (PI) alignment layer. The cell thick-
ness was controlled to be ∼7 µm using the polystyrene mi-
crobeads. The LC material used in our experiments con-
sisted of 87.3 wt% nematic LC, E7 (Merck), and 12.7 wt%
photochromic LC, 4-butyl-4-methyoxyazobenzene (BMAB),
which were mechanically mixed at an elevated tempera-
ture of 70°C to form a homogenous mixture. The LC E7
serves as a host material, which has an ordinary refractive
index of no = 1.521 and an extraordinary refractive index
of ne = 1.746, giving a birefringence of �n = 0.225 (all
at λ = 589 nm). BMAB is an azobenzene derivative, and
it possesses an alkoxy substituent and a butyl group at the
para positions of the azobenzene. BMAB has a liquid crys-
talline behavior with a nematic–isotropic (N–I) phase transi-
tion temperature at TNI(BMAB) = 45°C. The homogeneous
mixture was infiltrated into the LC cell by a capillary action.
After infiltration of LCs, a roughly homogeneous alignment
of LCs was expected, i.e., LC molecules aligned parallel to
the substrates, due to the fact that the alignment layer on the
ITO glass substrate caused a preferred alignment across the
cell through the van der Waals force between LC molecules.

2.3 Spectra measurement

Optical transmission spectra were measured with an unpo-
larized probe light beam using a UV-Vis-NIR microspec-
trophotometer (CRAIC QDI 2010™). Figure 2 shows the
schematic drawing of the experimental setup for character-
ization of the hybrid system. The probe light beam was fo-
cused to have a detecting area of 7.1 × 7.1 µm2 using a
36× objective lens combined with a variable aperture. The
dynamic spectral change was achieved when the hybrid sys-
tem was subject to a flood exposure using a UV light source
(ELC-410).

3 Results and discussion

A set of field emission scanning electron microscope (FE-
SEM) images of the fabricated Au plasmonic nanostructures
array are shown in Fig. 3 with varied inner and outer radii.
The whole working area of each pattern is 10 × 10 µm2.
From Fig. 3, kaleidoscopic patterns can be generated by
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Fig. 2 Schematic of the
experimental setup for
characterization of the hybrid
system. The enlarged part shows
the reversible N–I phase
transition induced by the
trans-cis photoisomerization of
the photochromic LCs

Fig. 3 SEM images showing
the Au plasmonic
nanostructures with varied inner
and outer radii:
(a) r1 = 0.45 µm, r2 = 0.46 µm;
(b) r1 = 0.55 µm, r2 = 0.56 µm;
(c) r1 = 0.70 µm, r2 = 0.71 µm;
(d) r1 = 0.90 µm, r2 = 0.92 µm

varying the inner and outer radii, thus causing a signifi-
cant effect on the optical transmission of these nanostruc-
tures due to the nanostructure geometry-induced photon-
plasmon-photon conversion process.

By integrating a layer of photoresponsive LCs with the
Au plasmonic nanostructures, a hybrid system was formed.
Meanwhile, an optically active functionality was incorpo-
rated in this hybrid system. As known, a distinct advantage
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Fig. 4 The trans-cis isomerization of BMAB under the UV flood ex-
posure. The inset shows the chemical structure of a BMAB molecule
and its reversible trans-cis isomerization

of azobenzene and azobenzene derivatives is that they can
undergo a reversible photoisomerization between the trans
(rodlike shape) and the cis (bent shape) molecular forms
upon irradiation with UV or visible light [12, 13]. Figure 4
shows the measured absorption spectra of the trans and the
cis forms of the BMAB molecules. The trans-isomer has
a main absorption band in the UV around 350 nm (π–π∗
molecular transition), whereas the cis-isomer has an absorp-
tion peak in the visible around 450 nm (n–π∗ molecular
transition). The trans-isomer, which is the thermally sta-
ble ground state, can transform into the cis-isomer by ab-
sorbing UV light. Under visible light irradiation or thermal
isomerisation, the cis-isomer can return to the trans-isomer
form [14], making the hybrid system highly reversible and
reproducible.

The transmission spectra of the Au plasmonic nanostruc-
tures before and after infiltration of the photoresponsive LCs
were recorded with normally incident light, respectively, as
shown in Figs. 5(a) and 5(b). From Fig. 5(a), it is clear
that all the Au nanostructures show a transmission peak
near 500 nm, which is coincident with transmission peak at
∼500 nm for the continuous Au film. As known, for continu-
ous Au films, the transmission peak arises from the electrons
transition and recombination between the filled d-bands and
the Fermi level in conduction band [15–17] and the trans-
mittance is strongly dependent on the film thickness. For the
continuous Au film with the thickness of 110 nm in our ex-
periments, the peak transmittance was less than 10%. How-
ever, for all the Au plasmonic nanostructures, the peak trans-
mittance is larger than 30%, which could be attributed to SP-
enhanced transmission as well as the reduction of the metal
quantity. After the infiltration, the transmission peak has a
red-shift. More importantly, much more pronounced trans-

Fig. 5 Transmission spectra of the Au plasmonic nanostructures be-
fore (a) and after (b) infiltration of the photoresponsive LCs for nor-
mally incident unpolarized light

mission peaks appear for all the Au plasmonic nanostruc-
tures and their peak intensities are significantly enhanced
compared to the bare Au nanostructures. The large enhance-
ment can be attributed to the application of the photore-
sponsive LC layer to the plasmonic nanostructures, which
leads to an index matching of the media on both sides of
it, thus further boosting the optical transmission [18]. Ta-
ble 1 summarizes the measured peak position and transmit-
tance of each plasmonic nanostructure before and after in-
filtration of the photoresponsive LCs. From Table 1, struc-
ture (c) gives the largest red-shift (103 nm), while structure
(b) provides the largest enhancement of peak transmittance
(13.4%). We believe that the interaction between the LC
alignment and the plasmonic nanostructure’s geometry and
topography have a determinative role on the LCs’ alignment
at the LC/nanostructure interface, thus affecting the effec-
tive refractive index experienced by the impinging light and
the subsequent peak shift and enhancement.
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Table 1 The measured peak
position and transmittance of
each plasmonic nanostructure
before and after infiltration of
the photoresponsive LCs

Before infiltration After infiltration

Peak position Peak transmittance Peak position Peak transmittance

Structure (a) 494 nm 34.7% 569 nm 45.1%

Structure (b) 502 nm 41% 556 nm 54.4%

Structure (c) 476 nm 40.2% 579 nm 46%

Structure (d) 487 nm 46.7% 555 nm 51.6%

Fig. 6 The evolution of the transmission spectra as a function of time
under the UV pump for the Au nanostructures (b)

Figure 6 shows the evolution of the transmission spectra
as a function of time under the UV pump for the Au nanos-
tructures (b). We can see that the transmission peak inten-
sity decreases with the increase of the pump time. When
the BMAB absorbs UV light, the trans-isomer transforms
into the cis-isomer. The cis-isomer affects the host nematic
as an impurity, disrupting the local order and forming an
isotropic phase. This order change generates a photoinduced
refractive index modulation. At the homogenous alignment,
the photoresponsive LCs demonstrate a nematic state, as
shown in Fig. 2. Although the LC domains are parallel
to the substrate, they may rotate within the plane. Statis-
tically, an unpolarized incoming beam will see an average
of the ordinary and extraordinary indices. Therefore, the ef-
fective refractive index at the nematic state can be written
as nnem ∼= √

(n2
o + n2

e)/2 = 1.637. As discussed, the tans-
cis photoisomerization results in the N–I phase transition
of LCs. As pump time increases, more and more BMAB
trans-isomers transform into cis-isomers. The LCs become
less and less nematic due to the disruption of long-range
order. Ultimately, the LCs approach the isotropic state. At
the isotropic state, the effective refractive index becomes
niso ∼= (2no + ne)/3 = 1.596, a 0.041 decrease in refractive
index compared to nnem. As a result, we observed a ∼15%
decrease in the peak transmission intensity due to photoin-
duced refractive index modulation. It is worth mentioning

that only the LC molecular layer that is near (generally
<100 nm) to the Au nanostructures affects the plasmonic
properties strongly [4], i.e., the coupling between photons
and plasmons. From our experiments, only a slight decrease
of refractive index resulted in a significant modulation of
transmission intensity. It is therefore expected that the mod-
ulation depth could be further enhanced by using a LC with a
larger birefringence. We also note that such a hybrid system
shows a slow response speed under the UV flood exposure,
which may limit its applications. However, in some previ-
ous reports, the azo-dye-doped material systems can have
a very fast optical response ranging from microseconds to
femtoseconds [19, 20]. We believe a faster response speed
could be achieved with further optimization of our material
formulation.

4 Conclusion

We have fabricated sub-wavelength patterned gold nanos-
tructures on a quartz substrate using FIB technique. By
overlaying a photoresponsive LC layer to the gold plas-
monic nanostructures, the optical transmission can be fur-
ther enhanced by more than 10% due to index match-
ing. This hybrid system demonstrates an all-optical mod-
ulation of the transmission intensity due to the trans-cis
photoisomerization-induced N–I phase transition of the
LCs. In addition, the all-optical tuning behavior is highly
reversible and reproducible. Such a hybrid system can be
used for optically switchable color filters.
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