Nanotechnology

ACCEPTED MANUSCRIPT

High-performance plasmonic refractive index sensors via synergy
between annealed nanoparticles and thin films

To cite this article before publication: Zhaowei Zhu et al 2020 Nanotechnology in press https://doi.org/10.1088/1361-6528/ab7531

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2020 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 128.83.214.19 on 17/02/2020 at 03:31



https://doi.org/10.1088/1361-6528/ab7531
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6528/ab7531

Page 1 of 19

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-123772.R2

High-performance plasmonic refractive index sensors via synergy between annealed
nanoparticles and thin films

Zhaowei Zhu, Yusheng Ding, Zixi Wang#, Chuantong Cheng+*, Decai Li, Hongda Chen

Dr. Zhaowei Zhu, Prof. Zixi Wang and Decai Li

State Key Laboratory of Tribology, Department of Mechanical Engineering, Tsinghua
University, Beijing 100084, PR China

E-mail: zxwang@tsinghua.edu.cn

Dr. Chuantong Cheng, Prof. Hongda Chen

State Key Laboratory on Integrated Optoelectronics, Institute of Semiconductors, Chinese
Academy of Sciences, Beijing, 100083, PR China

E-mail: chengchuantong@semi.ac.cn

Dr. Yusheng Ding o
Aerospace Institute of Advanced Materials & Processing Technology, Betjing 100074,
People’s Republic of China

Keywords: refractive index sensors, particle-on-film structure; transfer process, low cost, high
stability

Plasmonic nanostructure-based refractive index (R1)'sensors aie the core component of
biosensor systems and play an increasingly importantrole in the diagnosis of human disease.
However, the costs of traditional plasmonic RI.sensors are not acceptable to everyone due to
their expensive fabrication process. Here, a novel low-cost and high-performance visible-light
RI1 sensor with a particle-on-film:eonfiguration'was experimentally demonstrated. The sensor
was fabricated by transferring annealed Au nanoparticles (NPs) onto a thin gold film with
polymethyl methacrylate (PMMA) asiasupport. RI1 sensitivities of approximately 209
nm/RI1U and 369 nm/RIU were achieved by reflection and transmission spectrum
measurements, respectively. The high sensitivity is due to the strong plasmon-mediated
energy confinement within'the interface between the particles and the film. The possibility of
wafer-scale production and high working stability achieved by the transfer process, together
with the high sensitivity to the environmental RI, provides an extensive impact on the
realization of universal biosensors for biological applications.

1. Intreduction

The excitation of collective oscillations of the electronic charge density in metallic
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structures results in surface plasmon resonances (SPRs), which are electromagnetic
oscillations known as surface plasmon polaritons (SPPs) [1]. SPRs usually occurs in two
types: propagating SPRs (PSPRs), which exist along the metal—dielectric interface and
localized SPRs (LSPRs), which can be excited in metallic nanoparticles [1-3]. With- extremely
high sensitivity to the refractive index (RI) of the surrounding dielectric medium, PSPRs are
fully utilized in most of the commercially available plasmon resonance-based biosensors [4-
10]. However, the momentum match between photons and plasmons should be satisfied by
using additional fabrication steps or optical devices for the excitation ofSPPs, which leads to
a complicated fabrication process and high cost [11,12]. In addition, ewing to the relatively
weaker local electric field, PSPR-based biosensors always-have difficulty in achieving high
sensitivity for the detection of small analytes [13,14]. In contrast to PSPRs, on the one hand,
LSPRs in single metallic nanoparticle can be easily excited anél bring about strong
enhancement of the local electric field; on the other handyLSPR-based sensors often show
very high sensitivities to the concentration changes of small analytes due to the smaller
penetration depth of the evanescent electric:field [15-19]. However, LSPR-based sensors
often show relatively low sensitivity'to the RI of the surrounding dielectric medium because
of their small electromagnetic fiel\ds decay length [20-21].

The plasmonic performance of particle-on-film configurations has received increasing
attention, and many theoretical and experimental works have been performed to study the
plasmonic effects in particle film geometries [22-31]. The direct excitation of SPPs by
incident lightds achieved with the help of nanoparticles, which means that the configurations
can support:PSPRs and LSPRs simultaneously. Moreover, the strong coupling of PSPRs and
LSPRs results in'a notable enhancement in the electric field and prominent sensitivity to the
Rl'change [32-38]. However, except for a small number of applications in surface plasmon
enhanced light scattering, these excellent properties have not been fully utilized until now

[39-45]. The main obstacle to the mass production of highly sensitive plasmonic sensors is the
2
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requirement of costly equipment and long times to define large areas of well-proportioned
NPs on a metal film. To decrease the cost of the fabrication of NPs on metal films, some
groups have tried to span commercial NPs on a metal film. However, the uniformity and
stability of the spun NPs do not meet the consistency and repeatability requirements of a
sensor. Another cost-effective method used to obtain uniformity NPs on metal films is called
colloidal lithography and with this technology Antohe et al. proposed a high‘performance
reflection-type fiber-optic sensors [46].

Annealed Au NPs with crystallization structure are good choice for optical sensing
applications due to the high stability, low extinction loss and scalable fabrication [47-50].
Uniform Au NPs can be obtained easily by putting a quartz.substrate with a nanometer-thick
metal film into a high-temperature annealing furnace. AVith optimization annealing
technology, annealed Au NPs-dielectric-Au film based.sensors may be achieved. However,
the Au film properties may be affected by the relative high annealing temperature. What’s
more, the working stablity of the sensor can not be guaranteed as the adhesion between
annelaed Au NPs and dielectric layer is very.weak. Hence, fixing annealed metal NPs on
metal films with a low temperature procrss is a problem that urgently needs to be solved.

In this work, we fabricated par&cle-on-film configurations just by transferring large areas
of annealed Au NPs onto Au films with the previous reported polymethyl methacrylate
(PMMA)-assisted transfer,process [51, 52]. And the the annealed Au NPs are successfully
fixed on the Au film firmly with help of the PMMA material inside the gap between Au NPs
and Au film. Hence, we report the first high-stablity visible-light Rl sensor based on annealed
Au particle=on-Au film configurations. Because of the high sensitivity of the plasmonic
modes supported in the particle-on-film configurations to changes in the RI, ultrasensitive RI
sensitivities of approximately 209 nm/RIU and 369 nm/RIU are obtained through the
reflection and transmission spectrum measurements, respectively. Compared with annealed

Au NPs, the particle-on-film configurations have achieved a more than approximately 2-fold
3



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-123772.R2 Page 4 of 19

RI sensitivity enhancement. This transfer process makes the wafer-scale production of
particle-on-film configurations a reality, which provides an extensive impact on the
realization of low-cost and high-performance biological sensors due to the high sensitivityto
the environmental RI and high working stability of the systems.

2. Materials and methods

The schematic fabrication process of visible-light RI sensors with a particle-on-film structure
is shown in Fig. 1. Commercial quartzs (from Wuxi JingHe Optical Instrument CO., LTD.)
with an area of 2020 mm? are used as the substrate of the sensors| as shown in Fig. la.
Actually, the size of the quartz substrate is unlimited, and large-scale,production is
achievable. The Si substrate is not suitable for the transfer.of AuNPs.as the interaction
between Au NPs and Si substrate is very strong. Quartz.with high'transparency and low cost
is very suitable material for optical sensor substrate. Hence, we chose quartz as the substrate
in this work. Electron beam evaporation is utilized to obtain Au films with different
thicknesses. The Au films on the surface of the 20 nm Ti adhesion layer shown in Fig. 1b
have a thickness of 90 nm (for the reflection-type RI sensor) or 30 nm (for the transmission-
type Rl sensor) and function as the metal film in the particle-on-film configurations, while the
Au film with a thickness of 14 nm\shown in Fig. 1c is used to acquire the Au NPs in the
particle-on-film configurations<Thefwell-proportioned annealed Au NPs shown in Fig. 1d are
obtained just by heating the 14 nm Au film at 600 <C for 2 hours in an annealing furnace in an
air atmosphere. A PMMA layer is then spun onto the annealed Au NP layer at a speed of 2000
r/min for 60 s{and then 180 <C heating on a hotplate for 10 min is needed to fully wrap the Au
NPs insidesthe PMMA support layer (Fig. 1e). A NaOH solution with a concentration of 2
mol/L isused to etch the quartz to obtain a free-standing PMMA/NP thin film, as shown in
Fig. 1f. The PMMA/NP thin film is rinsed with deionized water several times to remove the
oxide etch residues and then fished by a prefabricated Au film (Fig. 1 g). Another heating step

at 180<C for 15 min is carried out to achieve full contact between the PMMA layer and the
4
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Au film. Finally, ultrasonic cleaning in acetone, ethanol and deionized water with a power of
50% for 10 min each is used to remove all the PMMA on the surface of the Au particles and
Au film (Fig. 1h). Excitingly, the PMMA layer between the Au NPs and Au film may not
dissolved away completely, which will result in firm bonding between the Au particles and
Au film and ultimately high working stability of the sensors. As the fabrication precess canbe
achieved on a quartz substrate of arbitrary size, we can obtain large numbers of sensors in one
procedure by a wafer saw, which shows the low cost of the sensors.

The testing system for the reflection and transmission spectra measurement is a self-built
system based on Ocean Optics QE65000 spectrometer. The numerical aperture of the 50x
OLYMPUS objective is 0.5. The simulation was performed.with finite-difference time-
domain (FDTD) solutions from Lumerical.

3. Results and discussion v

Fig. 2a and 2b display the surface and cross-sectional scanning electron microscopy (SEM)
images of the fabricated RI sensors, respectively. In order to show the Au NPs clearly,
conductive silicon substrate was utilized taxreplace quartz substrate. The average diameter and
height of the annealed Au NPs on the surface of the Au film are 100-200 nm and 40-70 nm,
respectively. The SEM images of\Au NPs before and afterthe PMMA-assisted transfer
process is shown in Fig. S1(b) and (¢). Compared with that of the original annealed Au NPs,
the distribution of the transferred Au NPs did not change substantially, which means that this
method can be used to transfer arbitrary nanostructures onto arbitrary substrates without any
performance degradation of the nanostructures. The Au NPs are firmly fixed on the gold film
with the assistance of‘the nanometer-thick PMMA layer at the interface. The SEM images and
related EDS elemental distribution maps are displayed in Fig. S2. And C and O elementals
can be discovered easily at the interface of Au NPs and Au film, which means the existence of
the PMMA at the interface. To test the stability of the Au-based particle-on-film

configurations, the chip was placed in an ultrasonic machine under 100% power for 30 min,
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and no degradation was found. Fig. S1(c) and (d) show the SEM images before and after the
sonication process. It is can be discovered form the images that almost no Au NPs were
separated from the Au film during the sonication process. Hence, this kind of sensor can be
reused for many times with easily sonication cleaning processes, resulting in low cest and a
massive potential market.

Fig. 3a shows the measured normalized reflection spectra at normal incidence with air,
water, ethanol and glycol on the surface of the particle-on-film configurations. The RI values
of the medium materials we used here are 1, 1.333, 1.373, and 1.434, respectively. The
position of minimum reflectivity is obviously changed as the RI of the system is changed. In
addition, Fig. 3b shows the relationship between the minimum wavelength and the
environmental RI. A linear relation can be observed, and an R1 sensitivity of approximately
209 nm/RIU is achieved. The “error” bars were obtained with® measurements from 3
samples. Without the Au films, the peak position and thesmedium RI also obey a linear
principle, and the RI sensitivity of the. Au NPs is.only-approximately 100 nm/RIU [53, 54].
Hence, the introduction of the Au film leads.to a more than 2-fold enhancement in the RI
sensitivity of the Au NPs. To measure the RI sensitivity of the transmission spectra, the
thickness of the Au film is decreaied to 30 nm. Fig. 3c shows the measured normalized
transmission spectra at normal incidence. Two peaks can be discovered: one peak at
approximately 500 nm remains unchanged, and the other redshifts with increasing R1. And
Fig. 3d shows the relationship between the changed peak wavelength and the environmental
RI. A linear relation can be observed, and an RI sensitivity of approximately 369 nm/RIU is
achieved. Hence, with the particle-on-film configurations, the RI sensitivity can be enhanced
by approximately 300% for transmission spectra. In order to make a comparison in sensitivity
for Au NPs'on Au film configuration, uniform Au film configuration and Au NPs
configuration, we have measured the reflection and transmission spectra at different RI for the

3 configurations. Figure S3 shows the reflection and transmission spectra at different R1 for
6
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14 nm Au film and annealed Au NPs. The RI sensitivity of annealed Au NPs is smaller than
100 nm/RIU, and the RI sensitivity of the 14 nm Au film is not obvious. Hence, particle on
film configuration is suitable for high performance RI sensor. Au NPs often show a relatively
low bulk RI sensitivity [55], however, a limit of detection of 0.01 ng/mL model antigen
named bovine serum albumin under the optimized conditions has been achieved easily [56]:
In our work, the RI sensitivity of Au NPs is enhanced by introducing the Aufilm. Hence, a
better limit of detection than the former reported work will be achieved in the near future [56].
On the other hand, the resolution of spectrometer is about 10 pm, Whichdmeans that the bulk
RI resolution of our transmission-type RI sensor is estimated to be 2:71x10° RIU.

The high performance of the RI sensor results from the electramagnetic modes supported in
the small gap between the Au NPs and the Au film. Fig.4a shows the cross-sectional SEM,
and gaps with heights of approximately 5 nm were clearly observed. The PMMA space layer
in the gap works as a connection layer. Fig. 4b:displays the electromagnetic mode in our
designed structure (5 nm gap filled with PMMA material). The ultrahigh mode field intensity
(more than 10-fold enhancement) in the gap.can be easily observed, resulting in enhanced RI
sensitivity of the particle-on-film configurations. We have also performed control simulations
of the mode distribution of the plémons for two structures: Au NP/5 nm air gap/Au film and
Au NP/Au film (no gap). And the simulation results indicate that the mode field intensity of
Au NP/5 nm air gap/Au film structure is much higher (43.2 vs 5.66, about 8 times) than that
of Au NP/Au film structure (Fig. S4 (a) and (c)). Hence, air gap is better than PMMA gap,
and PMMA gap is better than no gap. During the fabrication process, the PMMA located at
the center.ofithe NPs/film interface is probably remained (Figure S2), and much of the
interface region may be air. Therefore, the mode field intensity of our fabricated sensor may
be higher than the simulated results shown in Fig. 4b. In order to show the relationship
between RI sensitivity and mode field intensity, a brief simulation of the reflectance spectrum

as a function of the bulk refractive index of the surrounding medium has been performed (Fig.
7
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S4 (b) and (d)). The simulation results tell that higher mode field intensity means higher RI
sensitivity. In the simulation, the periodic boundary condition is utilized. The filed intensity in
Fig. S4 (a) is obtained at wavelength of 605 nm and the Fig. S4 (c) is obtained at wavelength
of 641 nm. As the size and distribution of the annealed Au NPs obtained in this wark are not
quite uniform, the simulation results are not completely consistent with the experiment resuits
in quantitative analysis. Hence, further improvements are still possible while‘using the
PMMA-assisted transfer process, with additional investigations in the achievement of more
uniform annealed Au NP arrays and more suitable gap values [46, 57]. <"

Finally, we discuss the importance of the novel plasmonic RI sensers/qroposed in this work
and the potential advantages of introducing the transfer process into the fabrication of
plasmonic nanostructure-based sensor devices.

(1) Low-cost and high-stability plasmonic RI sensor v

Plasmonic sensors have been used in many commercial:biosensor systems due to their small
sample sizes and ability to achieve real-time dynamic monitoring [58, 59]. However, there is a
positive correlation between the cost and stability of commercial plasmonic sensors. An Rl
sensor with high stability means a high cost, and the advantages of plasmonic sensors are not
fully demonstrated. Developing a\low-cost and high-stability plasmonic RI sensor is
energetically great and imperative. This work prepared a novel RI sensor with a particle-on-
film structure and a low-gost fabrication process and successfully achieved high device
stability. Hence, the proposed RI1 sensor will find a large market in biosensor applications in
the near future.

(2) Novel plasmonic.nanostructure-based sensors

Different plasmonic nanostructures can support different plasmon modes and may show
different sensing performances. Integrating different plasmonic nanostructures together may
display new plasmon modes and enhanced sensing functions. In this work, we integrated Au

NPs and Au films with a novel PMMA-assisted transfer process and obtained high-
8
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performance and low-cost plasmonic RI sensors. Actually, with the proposed transfer process,
arbitrary plasmonic nanostructures can be arranged together for enhanced sensing
performance. Additionally, the gap between two different nanostructures can be as small as
approximately 5 nm.

4. Conclusion

In conclusion, we developed a novel and cost-effective method for the fabrication of high-
performance RI sensors with a Au NP-on-film structure. RI sensitivities of 209 nm/RIU and
369 nm/RIU were achieved by reflection and transmission spectrum measurements,
respectively. This work not only proposes a successful strategy to ebtaina low-cost metal NP-
on-film structure for RI sensors but also establishes promising prospects in the domain of

plasmonics-based SERS and biosensor applications.
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