
P
l

Y
a

b

c

d

e

f

a

A
R
R
A
A

K
P
H
N
N
R

1

a
t
h
n
m
a
c
m

o
t
u
a
s
n
B

(

h
0

Sensors and Actuators A 297 (2019) 111493

Contents lists available at ScienceDirect

Sensors  and  Actuators  A:  Physical

j ourna l h o mepage: www.elsev ier .com/ locate /sna

hotonic  crystal  slab  biosensors  fabricated  with  helium  ion
ithography  (HIL)

ue  Zhuoa,b,c,1,  Huan  Hud,∗,1,  Yifei  Wange,  Thibault  Marinf, Meng  Lue

Department of Bioengineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
Micro and Nanotechnology Laboratory, 208 North Wright Street, Urbana, IL 61801, USA
Beckman Institute for Advanced Science & Technology, 405 N Mathews Ave, Urbana, IL 61801, USA
ZJU-UIUC Institute, International Campus, Zhejiang University, Haining, Zhejiang 314400, China
Department of Electrical and Computer Engineering, Iowa State University, Ames, IA 50011, USA
Atkins Building, University of Illinois Research Park, 1800 S. Oak St., Champaign, IL 61820, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 26 March 2019
eceived in revised form 13 June 2019
ccepted 9 July 2019
vailable online 26 July 2019

a  b  s  t  r  a  c  t

A  photonic  crystal  slab  is  a  periodic  arranged  dielectric  nanostructure  which  can  be  used  in many  appli-
cations,  such  as a label-free  optical  biosensor.  This  work  demonstrates  a  novel  nanofabrication  process
using  helium  ion  lithography  (HIL)  for the  rapid  prototyping  of  master  molds,  which  can  be  repeatedly
used  for  fabricating  photonic  crystal  slabs  by  nanoimprint  lithography.  To  prove  the  concept,  photonic
crystal  slabs  with  nano-grating  and  nano-hole  patterns  have  been  fabricated  and  the  results  show  that
eywords:
hotonic crystal biosensor
elium ion lithography
anoimprint lithography

the  photonic  crystal  slabs  fabricated  by the  HIL  in  conjunction  with  the  nanoimprint  lithography  demon-
strate  photonic  bandgaps.  The  functional  tests  demonstrate  that  the  fabricated  nano  structures  can  be
utilized  as  refractometric  sensors  to detect  changes  of the  refractive  index  caused  by adsorption  of  bio-
chemicals.  This  fabrication  approach  offers  a new  route  for mass-production  of  high-quality  photonic
crystal  biosensors  with  a variety  of  nano-patterns.
anofabrication

apid-prototyping

. Introduction

Photonic crystals (PCs) are nanostructures with periodic
rranged dielectric materials of the refractive indices. With pho-
onic bandgaps in the nanostructure, the PC surface demonstrates
igh reflection efficiency with narrow bandwidth when the reso-
ance condition is satisfied. Thanks to their ability to control and
anipulate the flow of light, PCs have been utilized in promising

pplications in lasers, solar cells, light emitting diodes (LED), opti-
al fibers, optical sensors and filters, mechanical stress sensing, and
ore [1–41].
To date, the economic mass-manufacturing of high-quality PCs

ver large surface remains challenging. Existing nanofabrication
echnology for PCs typically falls into two categories: bottom-
p and top-down. The bottom-up approach typically uses the
ssembly of nanoparticles for building the PCs [42] or uses the

elf-assembled structures as molds [43–45]. Bottom-up approaches
ormally have lower-cost and can scale up to fabricate in large-area.
ut the PCs formed by bottom-up approaches are very limited in
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type and cannot have precise control in dimension and location.
Top-down approaches, such as electron beam lithography (EBL)
[46], focused ion beam lithography [47], Deep Utra-Violet Light
Lithography (DUV) [48] and laser ablation [49], have better control
in the nanopattern shape, dimension, and location, but are gen-
erally more expensive and more difficult to scale up. Moreover,
these top-down methods generally have difficulty to mass-produce
three-dimensional (3D) nanostructures including 3D PCs due to the
limited penetration depth of the UV light.

Prior research on PCs also manifested the dependence of PCs’
development on the fabrication technology. Although the con-
cept of PCs and photonic stop-bands has been studied since Lord
Rayleigh in 1887, mainly as Bragg mirrors in a form of a stack of
one-dimensional (1D) periodic arranged refractive index materials
[50], research for PCs is either theoretical only or in the microwave
regime (structure with period in centimeter scales) due to the dif-
ficulty to efficiently fabricate periodic structures in optical regime
(structure with period in sub-micrometer or nanometer scales) at
earlier stages [1–3]. The research on PCs regained the momentum
when the higher-dimensional PCs was proposed by Yablonovitch
and John in 1987, separately [4,5]. These higher-dimensional PCs

have 3D photonic bandgaps, critical for many applications [51], but
the fabrication process is quite challenging requiring strict align-
ments and precise control over positions and sizes [52–59] beyond

https://doi.org/10.1016/j.sna.2019.07.017
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he fabrication capability of any single existing nanofabrication
echnology for mass-production.

An alternative way is to use a PC slab, which is another type
f attractive structure since it is relatively easier to realize with
nown industry method at submicron scales. A PC slab can have
D or two-dimensional (2D) periodicity and utilize the index guid-

ng to confine the light in the 3rd dimension [7,60–66]. In 1996,
rauss et al. fabricated the first 2D PC slab in optical regime by
tilizing methods from semiconductor fabrication [67]. The inspir-

ng work enables the engineering of photonic dispersion in the
lab using techniques from the semiconductor industry and fast-
orwards the development of PC fabrication in optical regimes for

ass-production. In 2002, Cunningham et al. fabricated a 1D plastic
C slab using nanoimprint lithography and demonstrated the appli-
ation of such fabricated PC surface as a biosensor for label-free
etection of biochemical interactions [12,13]. This low-cost fabrica-
ion method enables the easy mass-production of PC slab with high
recision between chips and therefore has the potential to real-

ze single-use disposable chips in industry. Today, this method has
een utilized for many applications in biosensing and bioimaging
o detect nanoparticles, analytes interactions, or cellular functions
30,68–70].

In this work, we demonstrate a new way to fabricate PC
lab-based biosensors by combining helium ion lithography and
anoimprint lithography. Helium ion lithography (HIL) has recently
een introduced by utilizing scanning helium ion microscope with
igh-brightness helium ions source focused at a small spot size
nd used to scan the substrate for lithography [71,72]. Compar-
ng with EBL, HIL has two potential advantages: (1) HIL uses ions

hich are much heavier (∼7 × 103 times) charged-particles than
lectrons and the shorter de Broglie wavelength results in less
iffraction. The smaller apertures in HIL lead to the suppression
f the spherical aberration and the angular spread of the helium
on beam. Therefore, the beam spot size is smaller in HIL. (2)

ith similar energy, the helium ions have smaller surface inter-
ction volume and the energy loss has a smaller statistical spread
ince the higher momentum of helium ions resists space charge
ffects. Thus the smaller spot size and higher surface sensitivity
ignificantly reduced proximity effect in HIL [73], which can offer
igher-resolution lithography fabricating nanopatterns with better
delity and resolution.

To transfer the nanopatterns from the mold to a target chip,
 high-throughput and low-cost fabrication method is desired.
anoimprint lithography (NIL), also named nanoreplica molding,
ses a template to control the transformed patterns. NIL fabricates
atterns in nanometer scales based on mechanical deformation of
he curable polymer by heat or UV light and can achieve molecular-
cale resolution [74–76]. Therefore, combining HIL and NIL to
abricate the PC slab can lead to high resolution, high through-
ut and low-cost lithography. To prove the concept, we utilized a
anofabrication process that directly uses a nanoscale poly(methyl
ethacrylate) (PMMA) nanograting mold patterned by HIL for

he construction of a functional PC slab biosensor. With a sim-
le replica molding step by NIL, the PMMA  molds can repeatedly
e used for constructing PCs made of UV-curable epoxy poly-
er  (ZIPCONETM UA PP1-ZPUA, Gelest, Inc.). We  demonstrated

C slab surface nanopatterns with a period of ∼400 nm and area
f 600 �m × 600 �m showing good resonance peaks. The repel
aline (PlusOne Repel-Silane ES, GE Healthcare) was applied on the
urface of PMMA  mold promote anti-adhesion and hexamethyld-
silazane (HDMS) was applied on the substrate before nano-replica

olding procedure to promote adhesion. With this fabrication

pproach, the PC slab biosensor can be potentially produced using
IL and NIL in a mass-scale production manner in the future.
tors A 297 (2019) 111493

2. Results and discussions

2.1. HIL dose test for PMMA Mold

To seek the optimal lithography condition, a helium ion dose test
for PMMA  mold was performed. Several circles with 400 nm diame-
ter were exposed with different amount of He+ ion doses. Dwelling
time is chosen from 0.1 �s up to 800 �s covering a dose range from
0.1 to 80 ion/nm2. Fig. 1(a) shows the Scanning Electron Micro-
scope (SEM) images of PMMA  nanostructures after developing.
SEM images also show that above the thresholding dose (around 1
ion/nm2), PMMA  exhibits negative resist properties resulting into
a center exposed region remaining rather than dissolved agreeing
with reported work [73]. Fig. 1(b) plots the diameter of the hole
at each dose. The dose-response can be fitted to an exponential
curve (y = a · ebx + c) with parameters of a = -175.62, b = -0.92,
c = 626.04. The diameter of the developed hole increases linearly
with dose in the beginning, and then gradually saturates at larger
doses. Based on the dose test, 0.2 ions/nm2 is chosen for all the
device fabrication in this work. Exposing a 400 nm diameter hole
leads to a PMMA  hole with ∼500 nm diameter at this dose level,
which means that the actual dimension is ∼100 nm larger than the
desired pattern size and this is mainly due to forward scattering
of the helium ions and secondary electrons exposures as pointed
out by [77]. Although using thinner PMMA  resist can lead to bet-
ter lithography resolution, ∼100 nm thick PMMA  resist is chosen
here to achieve the goal of directly adopting as the nanoimprint
mold with the desired PC nanograting height. Such choice allows
the elimination of the etching step and therefore speeds up the
whole fabrication process.

Fig. 2 shows SEM images of the resulting PMMA  mold fabri-
cated with HIL (Fig. 2 Left column) and the final PC slab biosensors
fabricated with NIL (Fig. 2 Right column). Fig. 2 (a, c) shows two
types of 1D PMMA  nanogratings with the same pitch (period)
of 400 nm but with different duty-cycles (or grating-widths).
These cross-sectional views also demostrate that the HIL-fabricated
nanogratings exhibit a sharp edge in the corner of the struc-
tures with a grating-thickness of ∼100 nm.  Fig. 2(b) and (d) are
the top-views of the corresponding replicated UV-Epoxy nanos-
tructures. Fig. 2(e) and (f) show a PMMA  mold and a UV-Epoxy
structure of the 2D PC slab, respectively. It is important to note that
helium ions beams typically have improved sensitivity than elec-
tron beams. Therefore, the dose requirement for helium is ∼100
times smaller than electron beams [77]. This can potentially lead
to much faster lithography during the mold fabrication procedure
[73]. The focused helium ions have 30 kV energy and the current
of the beam is 0.2 pA. A 10 �m diameter aperture is used with a
spot size of 5. The spot of the focused ion beam has a diameter set
by default as 0.5 nm by the equipment Zeiss OrionFab. The spac-
ing between each spot is set as by 6 nm,  and the exposure time for
each spot is 1.2 �s. Therefore, the line scan speed is around 5 mm/s.
Peforming HIL on a 600 × 600 �m2 size area to produce line grating
with 50% duty cycle takes around 1.67 h.

2.2. Simulation and characterization for photonic crystal slab
surface

To demonstrate the function of the fabricated PC biosensor, we
characterized a few examples of 1D (Figs. 3 and 4) and 2D (Fig. 5)
PC slabs. Fig. 3(a,b) show the simulation (blue curve) and exper-
imental (red curve) results for a 1D nanograting PC slab surface.
The PC is nanoreplicated from a HIL-fabricated nanomold with a

period of ∼400 nm and grating-width of ∼240 nm.  The simulation
is carried out (with a commercial software (FDTD Solutions, Lumer-
ical, Inc.) using the Finite-Difference Time-Domain (FDTD) method
(FDTD Solutions, Lumerical, Inc.). The simulation is performed with
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ig. 1. Helium Ion Lithography Dose Response for PMMA  Mold. (a) SEM images o
f  He+ doses. (b) Measured diameter of circles exposed at different He+ does. The 

aturate around 650 nm diameter.

he light source polarized as Transverse Magnetic (TM) mode and
he parameters of the nanostructure are as follows: the refractive
ndex of the UVCP nanograting structure is 1.46, the grating depth
s ∼100 nm,  the grating period is ∼400 nm,  and the duty cycle is
40%. The refractive index of the TiO2 slab (on the top of the UVCP)

s 2.4 and the slab thickness is chosen as ∼86 nm to support the
esonance modes at the desired peak wavelength. The simulated
nd measured spectra of the PC surface is plotted in Fig. 3 (a, b) for
ifferent resonance conditions: (a) in air (environment refractive

ndex is 1) and (b) in water (environment refractive index is 1.333),
espectively. The characterization experiment is performed in a
inear optical transmission/reflection setup with an illuminating
ource from collimiated white light. The FDTD simulation results
redicted a narrowband reflectance on the proposed 1D nanograt-

ng PC structure, which is verified by the experimental results. The
uality factor (Q-factor) is a dimensionless characterization param-
ter to describe the damping properties of a resonator and is defined
s a resonator’s bandwidth relative to its center wavelength in this
ork. The Q-factor of the fabricated 1D PC slab surface is measured

s QTM = ∼194.2, QTE = ∼90.7 in water. This Q-factor is slightly higher
han the 1D PC slab surface that we fabricated using E-beam lithog-
aphy and NIL previously in our lab (QTM = ∼160 and QTE = ∼72 in
ater).

One example spectra of the PC (in a water environment) with a
M polarized light source can be seen in Fig. 3(b). The blue curve

emonstrates that the PC structure has a peak wavelength value
PWV) of ∼631.82 nm in simulation, and the red curve shows that
he PWV  is ∼632 nm in the experimental measurement. This peak
esonance can also be observed in the simulation results in the near-
loped PMMA  resists exposed with ∼400 nm diameter circle with different amount
ters of the circles initially increase linearly with increasing doses, then gradually

field of electromagnetic field distributions. Fig. 3 (c, d) show the
evanescent-field calculated as 2D simulation maps at two different
wavelengths (on/off resonances wavelengths are ∼632/637 nm).
The figure clearly shows that the highest intensity of the evanes-
cent field at the on-resonance wavelength of ∼632 nm (Fig. 3 (c)) is
much higher than that of the off-resonance wavelength of ∼637 nm
(Fig. 3 (d)) in air.

The resonance wavelength of the PC can be tuned by vary-
ing the refractive indices of the background materials (exposed
within the evanescent field region) at different light incident angles.
As shown in the dispersion relation maps in Fig. 4, a photonic
bandgap is predicted in simulation (Fig. 4 (a)) and observed in
experiments (Fig. 4(b)) for TM polarization in air environment. A
similar phenomenon can be found in the measured spectra maps
in TE polarization as shown in a 3D plot in Fig. 4(c).

2.3. Functional test for photonic crystal biosensor

As shown in Fig. 2 (e, f), our HIL-NIL approach can fabricate
not only 1D nanograting patterns but also 2D nanohole patterns.
An example of PC slab (2D nanohole) biosensor is fabricated using
the HIL-NIL approach with ∼400 nm pitch and used to investigate
the sensing performance. The PC slab biosensor is characterized
for the TE polarization mode with a mixture of Dimethyl sulfoxide
(DMSO) and water solutions exposed on the surface. As shown in

Fig. 5(a), the reflectance spectra are measured on the PC surface
with different concentrations (0%, 1%, 2%, 4%, 6%, 8%, 10%) of DMSO
solutions (different effective refractive indices). Fig. 5 (b) represents
the peak intensity value (PIV) sensitivity curve linearly fitted from
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ig. 2. SEM images of PMMA  nanograting molds of three different PCs as well a
anograting (b, d) for different duty cycles of 1D nanogratings photonic crystal s
anoholes photonic crystal slab surfaces.

he experimental measurement. It shows that the PIV can success-
ully distinguish the different concentrations of DMSO solutions.
ot only the peak intensity but also the peak wavelength of the

eflection spectra measured on PC surface can be used as a label-free
ensing signal. Fig. 5 (c, d) shows the extracted peak wavelength
alue (PWV) sensitivity curve linearly-fitted from the simulation
nd experimental results. Both the simulation and experimental
esults demonstrate that the PWV  measured on the PC surface fol-
ows the variation of effective refractive index, and therefore the

abricated PC slab surface successfully functions as a label-free opti-
al biosensor.
licated UV-Epoxy structures. PMMA  mold (a,c) and replicated UV-Epoxy polymer
rfaces. PMMA  mold (e) and replicated UV-Epoxy polymer nanograting (f) for 2D

2.4. Advantages of HIL-NIL fabrication strategy

There are two major challenges during the PC fabrication pro-
cess: (1) within chip (the same nanostructure needs to be preserved
between periods): this requires enough fabrication precision to
prevent optical scattering losses blurring the crystal properties of
the PC. In fact, this is challenging for any periodic nanostructure
fabrication, including PC, since each period has to be identical to
preserve the narrow bandwidth and quality factor. (2) Between

chips (the same nanostructure needs to be preserved between
chips): the PC fabrication process requires high precision so that the
designed nanopatterns can be robustly mass-produced to guaran-
tee that each PC chip shares the same nanophotonics function. The
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ig. 3. Reflectance and E-field Intensity of 1D nanograting PC under different res
xperimental results for the following conditions: (a) Air-TM; (b) Water-TM. Cross
d)  of Water-TM. (For interpretation of the references to colour in this figure legend

rst challenge can be overcome by HIL due to its small beam spot
∼0.5 nm)  and minimum proximity effect. The second challenge can
e solved by using NIL due to its excellent reliability, repeatability
nd resolution. The fabriation errors within a chip originate from
he ion beam current fluctuations, the stage stability, the environ-

ent noise, and the sensitivity of resist to exposure. The fabriation
rror between chips fabricated by NIL can be attributed to the
radual mechanical wear of the mold, the uniformity of the epoxy
aterials, the UV light intensity, and the thickness of the epoxy. The

between chips error” has been reported to be 0.1% [78] for epoxy
old fabricated with NIL and the “within chip error” in our work

s measured to be 0.68% for a matrix of 324 circular nano-partterns
as shown in Supplementary Figure 1). Moreover, our strategy of
ombining HIL and NIL also allows other components such as an
ptical waveguide and electronic circuits to be fabricated on the
ame chip as the PCs to achieve integration of photonic processing
ith electronic processing and improve the optical processing effi-

iency and optical communications efficiency both within a chip
nd between chips. Recently, HIL has demonstrated the cability of
D nanopattern generation and can be promising in constructing
ven 3D photonic crystals fabrications [73].

. Materials and methods
Fig. 6 shows the two major phases to fabricate the PC slab
iosensors: Phase (I) consists of generating the nanopatterns on
he mold using HIL (Fig. 6 (a–c)). The procedure in this phase can
ce conditions. The blue curves are the simulation results and the red curves are the
n view of the simulated E-field intensities for on-resonance (c) and off-resonance
eader is referred to the web version of this article).

be further decomposed into three sub-steps. First, 495 PMMA  A2
resist is spin-coated at 1000 RPM for preparing a ∼100 nm thin film
and prebaked on a 180 ◦C hotplate for 90 s (step (a)). Second, 30 kV
focused helium ion beams are used to expose nanopatterns within
a 600 �m × 600 �m area using a helium ion microscope (OrionFab,
Zeiss). The exposed patterns are 1500 identical rectangles 600 �m
long with specified widths (step (b)). The helium ion current is 0.2
pA (a 10 �m diameter aperture is used with a spot size of 5). The
dwelling time and the dose can be chosen as needed during the
exposure experiment (e.g., dwelling time of 1.2 �s and dose of 0.18
ions/nm2 is selected in this work). After helium ion exposure, the
sample is dipped into a 50 mL  mixture of IPA:DI Water (Isopropyl
alcohol: deionized water) with 7:3 vol ratio at room temperature
for 5 min  to dissolve exposed PMMA  and render PMMA  nanograting
structures (step (c)).

Phase (II) is the nanoreplica molding process (NIL) to transform
the structures from the nanopatterned mold to chips (Fig. 6 (d–f)).
In this phase, the PMMA  nanograting surface is used as a mold to
replicate a UV-curable epoxy material (step (d)). The liquid UV-
curable epoxy polymer is applied on top of the mold and exposed
to UV light. Once cross-linked by the UV radiation, the UV-cured
epoxy polymer is solidified with a negative-patterned nanograting
structure and detached from the mold (step (e)). Finally, a ∼86 nm
thick TiO film is sputtered onto the UV epoxy to serve as the light
2
wave confinement layer on the photonic crystal slab (step (f)). This
process is relatively simple for making a photonic crystal device as
it eliminates the etching processes.
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Fig. 4. Dispersion relation maps of 1D nanograting PC under different resonance conditions. (a) Simulation-TM; (b) Experiment-TM; (c) 3D plot the spectra of Experiment-
TE.

Fig. 5. Reflectance spectra, peak intensity values (PIVs), and peak wavelength values (PWVs). The spectra are measured on a 2D nanohole PC slab surface with
different concentrations of DMSO solutions (0%, 1%, 2%, 4%, 6%, 8%, 10%). (a) Reflectance spectra measured in experiment. (b) PIV Sensitivity curve linearly fitted from
the  experimental results. (c) PWVs sensitivity curve linearly fitted from the simulation results. (d) PWVs sensitivity curve linearly fitted from the experimental results.
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ig. 6. Photonic Crystal Biosensor Major Fabrication Steps. (a) Spincoat PMMA r
he  liquid UV-curable Epoxy polymer with the patterned PMMA  resist as the mold; (

. Conclusions

This work has demonstrated a novel fabrication method of pho-
onic crystal slab surface by combining both helium ion lithography
nd nanoimprint lithography. The basic properties and the func-
ion of the photonic crystal biosensors have been predicted in
he simulation and demonstrated in the experimental results to
rove the concept. The 1D nanograting and 2D nanohole patterned
hotonic crystal slab surface have been fabricated and verified as
unctional label-free biosensors. As such, the framework presented
ere provides a technological potential for mass-production fab-
ication of nanostructured surface biosensors and we believe that
his approach can also be applied to many other nanotechnology
pplications in the future.
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