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ABSTRACT: Structured  surface-enhanced  Raman  scattering
(SERS) substrates that  integrate  plasmonic  nanoparticles  with
tunable  localized  surface  plasmon  resonances  are  ideal  for
constructing  gap  nanostructures  with  hotspots.  However,  it
remains  challenging  to  create  controllable  nanogaps  between
plasmonic  nanoparticles.  In  this  work,  we  propose  a  hybrid
nanostructure  that  integrates  a  two-dimensional  periodic
nanopillar  array  (PNA)  with  metal  nanoparticle  assemblies  to
regulate  the  spatial  arrangement  of  hotspots  and
electromagnetic  field  coupling  modes.  Approximately  5-nm
nanogaps  were  fabricated  via  reactive  ion  etching  and
subsequent  Au  deposition  via  magnetron  sputtering.  At  the
same  time,  the  PNA  periodicity  was  controlled  by  dual-beam
interference  lithography  to  match  the  laser  excitation
wavelength  with  the  structure's  optical  resonance.  The  resulting  high-density  hotspots  reduce  molecular  adsorption
positional  sensitivity,  leading  to  enhanced  reproducibility  for  rhodamine  6G  with  a  relative  standard  deviation  of  11.6%.
Furthermore,  the  substrate  achieves  detection  limits  of  10,  1,  and  100  nM for  4-nitrobenzenethiol,  thiram and  melamine
molecules, respectively.
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 1    Introduction
Plasmonic  nanostructure  arrays  serve  as  a  powerful  platform  for
light–matter  interactions,  enabling  unique  and  rich  optical
properties  with  potential  applications  in  surface-enhanced  Raman
scattering  (SERS).  SERS can  amplify  molecular  fingerprint  Raman
signals  by  6–10 orders  of  magnitude [1],  facilitating ultra-sensitive
trace  detection  or  even  single-molecule  detection.  It  has  rapidly
developed  into  a  robust  trace  analysis  technique  with  broad
application  prospects  in  fields  such  as  biomedical  diagnosis  [2, 3],
environmental  pollutant  monitoring  [4],  and  food  safety

detection  [5, 6].  The  enhancement  mechanism  of  SERS  primarily
originates  from  the  localized  surface  plasmon  resonance  (LSPR)
effect,  where  the  collective  oscillation  of  free  electrons  on  metal
nanostructure surfaces significantly enhances the inelastic scattering
cross-section  of  target  molecules  [7−9].  An  ideal  SERS  substrate
requires  three  key  characteristics:  strong  localized  electromagnetic
fields  to  enhance  signal  intensity,  high  reproducibility  to  ensure
detection  reliability,  and  low-cost  fabrication  processes  that  enable
practical  applications.  Current  SERS  substrate  fabrication
predominantly  employs  chemical  synthesis  and  physical
preparation  methods.  Chemical  approaches  facilitate  the  rapid
synthesis  of  nanoparticles  in  solution,  generating  hotspots  at
particle  tips  and  interparticle  gaps  that  effectively  enhance  local
electromagnetic  fields.  However,  chemical  methods  are  limited  by
the  randomness  of  particle  size  and  distribution,  which  leads  to
significant  fluctuations  in  SERS  signal  intensity.  In  contrast,
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physical  methods  (such  as  focused  ion  beam  milling  and  electron
beam  lithography)  enable  precise  control  of  plasmonic
nanostructure  morphology,  thereby  controlling  hotspot  intensity
and  distribution  [10].  However,  their  high  preparation  cost,
protracted  fabrication  duration,  and  insufficient  hotspot  density
make  them  unsuitable  for  high-throughput  trace  detection
applications.  To  address  the  limitations,  previous  studies  have
attempted  to  improve  sensitivity  and  reproducibility  through
structural  optimization.  For  instance,  Shen  et  al.  [11]  proposed
combining  Au  nanoparticles  assembly  with  nanostructured
photonic  substrates  to  form  a  grating-integrated  gold  nanograss
(GIGN)  composite  structure.  These  enhance  the  electric  field  via
the coupling between surface plasmon polaritons (SPP) and LSPR,
and the diffraction behavior of the structured substrate is utilized to
regulate  the  spatial  distribution  of  hotspots,  demonstrating  good
reproducibility.  Subsequently,  this  team  further  selectively  coated
the  tips  of  the  GIGN  gold  nanograss  with  a  porous  zeolitic
imidazolate framework material (ZIF-8) [12], exhibiting a detection
limit  of  10−11 M  for  4-aminothiophenol （ 4-ATP)  with  a  relative
standard  deviation  of  5.59%  and  a  sigmoidal  fitting  curve  (R2 =
0.988) was achieved across a wide concentration range of 10−5–10−11

M, demonstrating robust sensitivity and quantitative capability.
Sub-10 nm gaps in plasmonic nanostructures play a decisive role

in  SERS  single  enhancement.  Gaps  between  adjacent
nanostructures  can  form  high-intensity  hotspots,  significantly
boosting  localized  electromagnetic  field  strength.  Although
experiments  have  confirmed  that  substrates  with  tunable
sub-20  nm  gaps  possess  enhancement  capabilities  [13],  theory
indicates that optimized SERS performance requires gaps controlled
at  even  lower  nanoscales  (1–10  nm),  where  plasmon  resonance
broadening  and  near-field  coupling  effects  reach  the  peak  [14].
When analytes reside in gaps smaller than 10 nm, the SERS single
enhancement  increases  exponentially  as  the  gap  decreases  [15].
Recently, researchers have explored large-scale fabrication methods
such  as  colloidal  nanoparticle  self-assembly  [15]  and  etching-
assisted templating [13], in an attempt to achieve batch fabrication
of  sub-10  nm  gaps  by  regulating  the  dynamic  aggregation  of
nanoparticles.  However,  their  poor  reproducibility  remains
insufficient  for  commercial  applications  (commercial  SERS
substrates require a relative standard deviation below 20%) [16−18].
Therefore,  nanogap  arrays  with  small  feature  sizes,  high  density,
and  uniform  distribution  play  a  critical  role  in  developing  SERS
substrates  that  exhibit  high  sensitivity  and  excellent  signal
reproducibility.

Here,  we  present  a  strategy  combining  controllable  hotspot
construction  and  large-scale  fabrication.  It  involves  introducing  a
two-dimensional  (2D)  periodic  nanopillar  array  (PNA)  into  metal
nanoparticle  assemblies  to  regulate  the  spatial  arrangement  of
hotspots and electromagnetic field coupling modes. ~ 5 nm average
nanogaps  were  constructed  by  reactive  ion  etching  (RIE)  and
subsequent  Au  deposition  via  magnetron  sputtering.  While  the
period of PNA was tuned to match the pumping laser wavelength
with  the  structure’s  optical  response,  this  allowed  for  the
controllable construction of hotspot distribution and intensity. The
high-density  hotspots  provided  by  the  structured  substrate  reduce
molecular positional sensitivity, leading to an enhanced SERS signal
for rhodamine 6G (R6G) with a relative standard deviation (RSD)
of  11.6%.  The  achieved  detection  limits  for  4-nitrobenzenethiol
(4-NBT),  thiram and melamine  molecules  are  10,  1,  and 100  nM,
respectively.

 2    Results and discussion

 2.1    Design and preparation of PNA-Si@Au NG
A composite structure of periodic nanopillar arrays integrated with
gold-capped silicon nanograsses (PNA-Si@Au NG) was developed,
in  which  two-dimensional  Si  PNA  were  introduced  into  Si@Au
nanograss  assemblies,  as  shown  in  Fig.  S1  in  the  Electronic
Supplementary Material (ESM). The coupling between the in-plane
diffraction  excited  by  the  PNA  and  the  LSPR  in  the  Si@Au
nanograss aggregates enhances the localized electromagnetic field of
the  structure.  The  purposes  of  the  introduction  of  PNA  could  be
concluded as follows: Firstly, each Si nanopillar spatially isolates the
underlying Si@Au nanograss assemblies from the upper layer ones,
forming  a  bilayer-like  2D  metal  nanostructure  array  that  induces
inter-assembly coupling to enhance localized electromagnetic fields.
Secondly,  the  resonant  modes  of  this  structure  are  primarily
governed by the structural parameters of PNA, greatly reducing the
impact  of  randomness  in  optical  response  caused  by  variations  in
geometric factors (e.g., size, shape, and interparticle gap distance) of
metal nanoparticles. Figure 1(a) illustrates the schematic diagram of
the  PNA-Si@Au  NG  structure  and  its  key  structural  parameters.
The  period,  average  diameter,  and  average  height  of  the  PNA  are
denoted as a, D, and H, respectively. It is worth noting that due to
different  Si  etching  rates  at  the  bottom  and  top  of  the  PNA,  the
average height of the Si@Au nanograsses varies, denoted as l0 and l1.
d represents  the  average  diameter  of  the  Si@Au  nanograsses.  A
continuous  Au  film,  with  thickness t ≈  10  nm,  naturally  forms
during  Au  deposition.  Furthermore,  the  gap  between  adjacent
Si@Au  nanograsses  is  controlled  by  RIE  etching  time  and
subsequent  Au  deposition  via  magnetron  sputtering.  The  average
gap in the x- and z-axes is denoted as sx and sz.

The fabrication of the PNA-Si@Au NG structure employed large-
scale  fabrication  methods  including  dual-beam  interference
lithography,  RIE,  and  magnetron  sputtering. Figure  1(a) provides
the  fabrication  process,  primarily  consisting  of  three  steps:  (1)
preparation of the PNA photoresist  arrays mask; (2) fabrication of
periodic  nanopillar  arrays  integrated  silicon  nanograss  (PNA-Si
NG); (3) deposition of PNA-Si NG by Au to form the PNA-Si@Au
NG structure. First, a 2D periodic mushroom-like photoresist array
(inset  of Fig.  1(b))  was  fabricated  on  a  photoresist-coated  Si
substrate using two sequential exposures with the substrate rotation
of 90° round the sample surface normal,  as illustrated in Fig.  1(b).
The  structural  periodicity  was  modulated  by  adjusting  the  angle
between the incident direction of laser beams and the sample plane
normal  (Fig.  S2  in  the  ESM).  Subsequently,  the  exposed  substrate
was etched in an RIE system using an SF6/O2 gas mixture (the flow
rates  of  SF6 and  O2 were  13  and  10  sccm,  respectively)  at
8  mTorr  chamber  pressure  and  50  W  power  for  1–6  min.  After
etching, residual organics were removed via an ultrasonic cleaning
in  acetone,  yielding  the  PNA-Si  NG  nanostructure  shown  in
Fig. 1(c). It is worth noting that Si nanograsses formed at both the
base  and  top  of  the  PNA.  Although  the  top  of  PNA  was  initially
protected by photoresist, Si nanograsses were formed by etching Si
with SF6 after the photoresist was consumed by O2 within 40 s (Fig.
S3  in  the  ESM).  Finally,  Au  was  deposited  onto  the  PNA-Si  NG
structure  surface  via  magnetron  sputtering  under  the  following
conditions:  Ar  flow  rate  45  sccm,  current  35  mA,  and  deposition
time 150 s, with the voltage ~ 360 V and chamber pressure ~ 1.7 Pa
maintained  during  the  process.  The  resulting  PNA-Si@Au  NG  is
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presented in Fig. 1(d). More details are provided in Experimental. Si
nanograsses at both the top of the PNA and the non-PNA regions
(i.e.,  the bottom of the PNA) are coated with an Au layer to form
Si@Au nanograsses. Still, their morphologies differ significantly due
to variations in the nanogap size  between adjacent  Si  nanograsses.
As shown in the SEM insets of Fig. 1(d) and Fig. S4(b) in the ESM,
the Si@Au nanograsses at  the PNA base exhibit  a baseball  bat-like
shape,  with  thicker  upper  sections  and  narrower  bottoms.  This  is
because the Si nanograsses in this region have sub-20 nm gaps and
heights  >  100  nm  (Fig.  S4(a)  in  the  ESM).  During  initial  Au
sputtering, a thin gold film with a thickness of ~ 10 nm was formed
underneath due to limited Au atom deposition. Progressive coating
thickening  at  the  upper  regions  further  blocks  atomic  ingress  into
gaps,  resulting  in  the  baseball  bat  shape.  In  contrast,  the  Si
nanograsses  at  the  PNA  top  have  much  larger  gaps  (Fig.  S4(a)  in
the  ESM),  allowing  Au  atoms  to  migrate  freely  along  the  entire
surface  during  sputtering  and  resulting  in  a  uniform,  continuous
Au coating that fully encapsulates the Si nanograsses (Fig. 1(d) and
Fig. S4(b) in the ESM). Additionally, the sample optical photograph
in Fig. 1(e) shows relatively uniform structural diffraction light over
an area of ~ 5 cm2.

Nanoscale  interparticle  gaps  are  crucial  for  SERS  enhancement.
The  average  inter-nanograss  gap  distance  of  Si@Au  nanograsses
was controlled by tuning the RIE etching time and subsequent Au
deposition  via  magnetron  sputtering.  RIE  etching  directly
modulates  the  areal  density  of  Si  nanograsses.  Based  on  the
hypothesis  that  the  distribution  of  Si@Au  nanograsses  is  uniform,
the  average  gaps  width  (sx and sz)  in  the x- and z-directions  are
identical and calculated by

sx = sz =
1000
√nSi NG

−
(

4Aproj

πnSi NG

) 1
2

(1)

nSi NGwhere  represents  the  areal  density  of  Si  nanograsses  (i.e.  the
number  of  Si  nanograsses  per  1  µm2); Aproj/nSi  NG is  the  average
projected area of Si@Au nanograsses on the x–z plane,  statistically
determined from SEM images (Figs.  S5 and S6 in the ESM) using

nSi NG

nSi NG

nSi NG

ImageJ  software.  The  mechanism  for  controlling  the  areal  density
 of Si nanograsses stems from the lateral etching effect induced

by surface charge accumulation on the micro-mask during etching.
This  electric  field-driven  lateral  ion  etching  creates  trenches  and
fractures  at  the  Si  nanograss  bases,  reducing  from  899  µm−2

(1 min) to 176 µm−2 (6 min), as shown in Table S1 in the ESM. As
shown  in  Fig.  S5(a)  in  the  ESM,  a  continuous  Au  film  without
nanogaps  formed  after  1  min  etching.  After  2–3  min  etching,
nanoscale cracks and gullies emerged in the Au film, although the
structure  primarily  consisted  of  clustered  Si@Au  nanograss
aggregates (Figs. S5(b) and S5(c) in the ESM). At 4–6 min etching
(  is  from  352  to  176  µm−2),  individual  separated  Si@Au
nanograsses  appeared  (Figs.  S5(d)–S5(f)  in  the  ESM),  with  the
average  gap  width  (sx = sz)  increasing  from  4.8  ±  3.6  to  28.4  ±
9.8 nm. Furthermore, as shown in Fig. S6 and Table S2 in the ESM,
the  calculated  average  gap  width  between  adjacent  individual
Si@Au  nanograsses  remains  sub-10  nm  (at  approximately  5  nm)
for different periodicities of PNA at the etching time of 4 min.

 2.2    Optical properties of PNA-Si@Au NG
The core  of  the  optimization strategy  for  SERS substrates  requires
spectral  alignment of  the excitation wavelength (633 nm) with the
optical  response  characteristics  of  PNA-Si@Au  NG  to  achieve
maximum  electromagnetic  enhancement.  It  is  revealed  that
controlling the areal density of Si nanograsses and the PNA period
enables flexible tuning of periodic array-related plasmonic modes in
PNA-Si@Au NG. As shown in Figs. 2(a) and 2(b), PNA-Si@Au NG
exhibits two absorption peaks: a broad P1 peak at ~ 480 nm and a
period-dependent P2 peak. Figure 2(c) shows that at a fixed period
of 500 nm, increasing the areal density of Si nanograsses induces a
slight  redshift  in  the  P2  peak,  attributed  to  reduced  interparticle
gaps  between  adjacent  Si@Au  nanograsses.  Overall,  the  inter-
particle  gap  exhibits  limited  modulation  on  the  P2  peak  position.
However, at a fixed gap of ~ 5 nm, increasing the PNA period from
400 to 700 nm induces a  redshift  of  the P2 peak wavelength from
495 to 756 nm (Fig. 2(c)). When the PNA period is 600 nm and the
gap  is  ~  5  nm,  the  P2  peak  reaches  644  nm,  which  matches  the

 

Figure 1    (a) Schematic illustration of the fabrication scheme of PNA-Si@Au NG. (b) Tilt-view SEM image of periodic mushroom-like photoresist arrays. (c) Tilt-view
SEM image  of  periodic  nanopillar  arrays  integrated  with  silicon  nanograsses  (named as  PNA-Si  NG).  (d)  Tilt-view SEM image  of  PNA-Si@Au NG.  The  scale  bar  is
200 nm. (e) Optical photograph over a larger area.
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experimental  excitation  wavelength  (633  nm).  These  observations
confirm  that  the  absorption  peaks  in  PNA-Si@Au  NG  originate
from in-plane diffraction modes of the periodic array. By tuning the
PNA period, spectral alignment between the excitation wavelength
and  the  structure’s  optical  response  is  achieved,  which  maximizes
electromagnetic enhancement in the SERS substrate.

To  analyze  the  optical  properties  of  the  PNA-Si@Au  NG,  we
calculated  the  absorption  spectra  and  corresponding  electric  field
intensity  distributions  using  the  finite-difference  time-domain
(FDTD)  method.  The  penetration  depth dp of  light  in  silicon  is
given by

dp = λ/4πk (2)

where λ is  the light wavelength in vacuum, and k is  the extinction
coefficient of silicon. Based on the extinction coefficient k from the

Palik database [19], the penetration depth in silicon ranges from 80
to  9  μm  across  the  wavelengths  of  400–800  nm  (k between  0.387
and 0.007). This is over 50 times smaller than the 525 μm-thick Si
substrate. The transmitted light intensity decays to near-zero before
reaching  the  substrate  bottom.  Moreover,  the  rough  backsides  of
single-side-polished Si substrates suppress optical interference. The
absorption  spectrum  is  dominated  by  the  nanostructure’s
reflectance  properties  with  transmittance  effectively  negligible.
Absorption is defined as A = 1 − R in this work, and we obtained
the  absorption  spectra  through  simulation  or  measurement  of  the
corresponding  reflection  spectra.  Here,  to  explore  the  role  of  the
PNA  acting  on  the  optical  properties  of  the  PNA-Si@Au  NG,  we
simplified  the  structure  by  replacing  the  randomly  but  vertically
arranged  Si@Au  nanograss  array  (Fig.  S7(a)  in  the  ESM)  with  a
regular one along the x- and z-directions (Fig. S7(b) in the ESM). It

 

Figure 2    (a) Measured absorption spectra of PNA-Si@Au NG with a = 500 nm as a function of Si nanograss areal density; (b) measured absorption spectra of PNA-
Si@Au NG as a function of period with a fixed Si nanograss areal density of ~ 352 μm−2 (gap ≈ 5 nm); (c) wavelength and intensity of the P2 resonance peak as a function
of areal density and period. FDTD numerical simulated absorption spectra of (d) PNA-Si@Au NG and (g) NPNA-Si@Au NG; the electric field distribution and intensity
of ((e) and (f)) PNA-Si@Au NG and ((h) and (i)) NPNA-Si@Au NG at the wavelength of 500 and 658 nm on the x–y planes. a = 600 nm, sx = sz = 5 nm, D = 270 nm, H = 70 nm,
d = 50 nm, l0 = 190 nm, l1 = 275 nm, t = 10 nm
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is  worth  noting  that  we  statistically  analyzed  the  average  values  of
the  structural  geometric  parameters  in  the  SEM  images  using
ImageJ  software,  and  these  values  were  adopted  as  the  core
geometric  features  for  the  FDTD  simulation.  In  addition,  it  was
found that the average height of the Si@Au nanograsses at the PNA
top was greater than that at the bottom, l1 > l0,  which is due to the
higher  Si  etching  rate  related  to  a  large  gap  between  Si@Au
nanograsses at the PNA top (Figs. S7(c) and S7(d) in the ESM). The
advantage  of  this  modeling  approach  lies  in  eliminating  random
geometric  noise  to  clarify  the  physical  mechanism  underlying  the
role  of  PNA,  while  reducing  computational  complexity  to  enable
efficient and convergent calculations. This simplification is based on
the  fact  that  the  separations  between  the  nanorods  (~  5  nm)  are
much smaller than the wavelength of light used in the experiments,
so only average values of Si@Au nanograss assembly parameters are
important,  and  the  deviations  of  the  separations  between  the
nanorods  only  have  limited  influence  on  the  overall  optical
properties of an assembly of Si@Au nanograss [20, 21].

Figures  2(d)–2(i) present  a  side-by-side  comparison  of  the
absorption  spectra  and  electric  field  distributions  of  PNA-Si@Au
NG  and  NPNA-Si@Au  NG  (non-periodic  nanopillar  arrays
integrated  gold-capped  silicon  nanograsses)  structures  with
identical  sizes,  shapes,  and  gaps. Figures  2(d) and 2(g) show  the
absorption  spectra  under  a  normal  incident  plane  wave  with  the
direction of electric field E aligned parallel to the lattice of the PNA.
Both structures exhibit a peak around 500 nm (i.e., the P1 peak). As
shown  in Figs.  2(e) and 2(h),  at  the  P1  peak,  the  electric  field
localizes at the gaps between Si@Au nanograsses. Furthermore, Fig.
S8  in  the  ESM  displays  the  localized  electric  field  distributions  of
NPNA-Si@Au NG structure under the excitation field components
(Ex and Ey)  at  the  P1  peak.  The  results  indicate  that  the  P1  peak
corresponds  to  a  transverse  resonance  mode,  primarily  driven  by
LSPR  from  the  individual  Si@Au  nanograss  through  the  electric
field component Ex perpendicular to the long-axis of nanorods [11,
22]. Interestingly, instead of a flat curve with low absorption for the
NPNA-Si@Au  NG,  there  is  another  unexpected  peak  (marked  by
P2)  appears  in  the periodic  structure.  Strong electric  fields  emerge
at the gaps between Si@Au nanograsses both at the top and bottom
of the PNA (Figs. 2(f) and 2(i)), indicating that the absorption peak
results  from an in-plane diffraction in air  driven by the PNA (i.e.,
Wood’s  anomaly,  WA)  and  the  LSPR  from  the  individual  Si@Au
nanograss  [11, 23],  which  represent  a  lattice-period-dependent
coupling mode.

The localized electric field enhancement strongly depends on the
interparticle gaps, increasing significantly when gaps decrease below
10 nm [24−26]. To elucidate the role of the gap size, the absorption
spectra,  the  electric  field  distribution  and  the  intensity  were
simulated  for  PNA-Si@Au  NG  with  a  gap  of  25  nm  (sx = sz =
25 nm). As shown in Fig.  S9 in the ESM, PNA-Si@Au NG with a
25 nm gap also exhibits two absorption peaks, P1 (503 nm) and P2
(662  nm),  corresponding  to  the  LSPR  from  the  individual  Si@Au
nanograss  and  the  coupling  mode  between  WA  and  the  LSPR,
respectively.  In  addition,  at  a  gap  of  25  nm,  the  interaction  of  the
electric  field  between  adjacent  Si@Au  nanograsses  weakens
significantly,  resulting  in  a  substantially  lower  intensity  of  the
localized electric field compared to the gap of 5 nm.

 2.3    SERS measurement of PNA-Si@Au NG
To demonstrate the PNA-based modulation on SERS performance,
Rhodamine  6G  (R6G),  a  commonly  studied  probe  molecule  for

SERS  sensing  [27],  was  adsorbed  on  the  samples  involved  in
Figs. 2(a) and 2(b). To adsorb the target analytes, the surfaces of the
substrates were immersed in R6G ethanol solution (10−6 M) for 1 h,
then  washed  with  ethanol  solution  and  finally  dried  with  flowing
nitrogen.  SERS  sensitivity  measurements  were  performed  using  a
homemade Raman detection system with an iHR550 spectrometer
(Horiba).  The  excitation  laser  with  a  wavelength  of  633  nm  was
used. The laser power and signal acquisition time were 1.3 mW and
10 s, respectively (details can be found in the Experimental section).
We also measured the SERS spectra under 532 nm excitation, and it
was  found  that,  compared  to  NPNA-Si@Au  NG,  there  was  no
obvious  signal  amplification  effect  or  reduction  in  the  limit  of
detection (LOD) in PNA-Si@Au NG due to the absence of strong
coupling between LSPR and Wood’s anomaly near this wavelength
(Fig. S10 in the ESM). SERS intensity was measured across varying
areal densities of Si nanograss (directly governing Si@Au nanogaps)
and  PNA  lattice  periods,  identifying  the  optimal  structural
parameters for SERS performance, as shown in Figs. 3(a) and 3(b).
The SERS spectrum of R6G shows characteristic peaks at 1571 cm−1

corresponding  to  the  C–O–C  bond  stretching  vibration  of  R6G,
while  the  peaks  at  1313,  1359,  1512,  and 1648 cm−1 correspond to
the  C–C stretching  mode  of  R6G [27, 28].  As  shown in Fig.  3(a),
compared to the NPNA-Si@Au NG and pure gold film, the PNA-
Si@Au  NG  presents  a  remarkable  enhancement  in  Raman
intensity. Figures 3(a) and 3(c) illustrate the measured SERS spectra
taken  from  the  R6G-modified  PNA-Si@Au  NG,  all  with a =
500  nm,  but  with  the  varying  areal  density  of  Si  nanograss.  The
strongest Raman signal is obtained at the areal density of 352 μm−2,
corresponding  to  the  average  gap  of  ~  5  nm.  This  phenomenon
occurs because a high areal density results in a continuous Au film
or  Si@Au  nanograss  clusters  after  Au  deposition,  preventing  the
formation of  dense  but  isolated  Si@Au nanograsses.  In  contrast,  a
~ 5 nm gap forms at 352 µm−2, which generates strong hotspots and
significantly  enhancing  SERS  intensity.  Further  density  reduction
increases the gap, weakening the LSPR effect. Subsequently, with a
fixed ~ 5 nm gap, the SERS spectra taken from the R6G-modified
PNA-Si@Au  NG  with  various  PNA  periodicities  from  400  to
700  nm  were  studied.  As  shown  in Figs.  3(b) and 3(c),  the  peak
intensity  at  1359  cm−1 first  increases,  then  decreases  with  the
increasing  period.  The  highest  Raman  enhancement  occurs  at  the
periodicity of 600 nm. It is because the wavelength of the P2 mode
(644 nm, a period-dependent resonant mode) in the sample with a
= 600 nm is closer to the excitation wavelength (633 nm) than the
ones with other periodicities.

For practical purposes, a reproducible signal is critical for SERS-
related applications.  To demonstrate the reproducibility of  loading
a  periodic  nanopillar  array,  we  performed  the  SERS  intensity
measurement  of  10−6 M R6G at  64  random points  on a  10  mm ×
10 mm sample area for the PNA-Si@Au NG (a = 600 nm, sx = sz =
5  nm, D =  270  nm, H =  70  nm, d =  50  nm, l0 =  190  nm, l1 =
275 nm, t = 10 nm) and NPNA-Si@Au NG. As shown in Fig. 3(d),
the  NPNA-Si@Au  NG  exhibits  an  RSD  of  28.5%,  indicating
significant  signal  intensity  fluctuations,  which  arise  from  the  non-
uniform  distribution  of  hotspots  within  the  Si@Au  nanograss
aggregates  and  relative  positional  variations  between  analyte
molecules and hotspots. In contrast, the PNA-Si@Au NG structure
shows  significantly  improved  signal  consistency  with  the  RSD  of
11.6%  (Fig.  3(e)),  supporting  the  standard  requirement  for
commercial  SERS  substrates  (RSD  <  20%).  The  traditional  SERS-
active substrates,  such as random nanoparticle aggregates on a flat
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dielectric substrate (~ 30%) [29], the porous metamaterial structure
(~ 20%) [30] and commercial  Klarite substrate (~ 45%) [30],  have
high hotspot density but poor uniformity and fixed optical coupling
modes.  Compared  to  other  uniform  SERS  substrates  without
nanoparticle  assemblies,  such as  periodic gratings [31] or nanorod
arrays  [32],  have  RSD  <  15%  but  low  hotspot  density  leads  to
limited  SERS  enhancement  capabilities.  The  reproducibility
improvement  of  the  PNA-Si@Au  NG  structure  arises  primarily
from the synergistic coupling between the long-range periodicity of
the  PNA  and  the  local  Si@Au  nanograsses.  The  periodic
electromagnetic  field  distribution  of  the  PNA  (Wood’s  anomaly
mode) integrates the LSPR of the nanograsses, forming a regularly
distributed “macroscopic  hotspot  grid” across  the  substrate.
Although  randomly  arranged  Si@Au  nanograsses  generate  dense
but  spatially  uneven  local  hotspots,  the  periodic  constraint  of  the
PNA  homogenizes  these  hotspots  at  the  macroscopic  level,
significantly  reducing  spatial  fluctuations  in  the  SERS  signal.  In
contrast,  the  NPNA-Si@Au  NG  structure  lacks  such  periodicity,
leading  to  larger  variations  in  hotspot  intensity  and  a
correspondingly  higher  RSD  (Figs.  3(d) and 3(e)).  In  a  word,  the
introduction  of  PNA  means  that  hotspots  originate  from  strong
coupling  between  the  Si@Au  nanograss  assemblies  and
the periodic nanostructure,  rather than from randomly distributed
individual  nanorods,  effectively  eliminating  the  effect  of  random
fluctuations  in  the  morphology  and  arrangement  of  the
nanoparticle assemblies [11].

 2.4    Potential application of PNA-Si@Au NG in SERS
To further  demonstrate  the  versatility  and  sensitivity  of  the  PNA-
Si@Au NG (a = 600 nm, sx = sz = 5 nm, D = 270 nm, H = 70 nm,
d = 50 nm, l0 = 190 nm, l1 = 275 nm, t = 10 nm),  4-NBT, thiram
and  melamine  were  also  used.  4-NBT  (C6H5NO2S)  is  an  aromatic
molecule  with  a  thiol  group.  The  H  atom  on  the –SH  group  is
readily  replaced  by  Au,  forming  Au–S  bond  [33]. Figure  4(a)
depicts the SERS spectra of a sample treated by a series of diluted 4-
NBT  ethanol  solutions  with  varying  concentrations.  Vibrational
peaks of 4-NBT appear at 1335 cm−1 (N‒O vibration [33, 34]) and
1572 cm−1 (ring C‒C stretching [35, 36]). Raman signal intensity at
1335 cm−1 decreases with reduced 4-NBT concentration. As shown
in Fig.  S11(a)  in  the  ESM, the  experimental  data  were  fitted  to  an
exponential  function,  resulting  in R2 =  0.96  at  1335  cm−1.  At  the
concentration  of  10−8 M,  the  single  intensity  is  very  weak  but  still
observable.  The  detection  limit  of  PNA-Si@Au  NG  for  4-NBT  is
approximately 10 nM.

Thiram  (C6H12N2S4),  a  broad-spectrum  agricultural  fungicide,  is
extensively applied for soil disinfection, seed treatment and disease
control  in  fruits  and  vegetables  [37].  Its  use  for  foliar  applications
was  banned  by  the  European  Union  in  2019  due  to  proven
oncogenic  risks  [5].  Notably,  driven  by  economic  interests,  illegal
thiram  use  persists.  Establishing  sensitive  and  accurate  detection
methods for thiram is crucial for ensuring the safety of agricultural
products and protecting public health. Figure 4(b) depicts the SERS
spectra of solid thiram powder and the PNA-Si@Au NG treated by

 

Figure 3    R6G detection. SERS spectra of 10−6 M R6G with different (a) areal  densities of Si  nanograss and (b) periods of PNA on the PNA-Si@Au NG substrate;  (c)
variation of the peak intensity at 1359 cm−1 as a function of Si nanograss areal density and PNA period. Reproducibility test on (d) NPNA-Si@Au NG and (e) PNA-Si@Au
NG at 1359 cm−1 under the concentration of 10−6 M.
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a  series  of  diluted  thiram  ethanol  solutions  with  varying
concentrations.  It  can be  seen that  the  Raman characteristic  peaks
of  thiram  molecules  adsorbed  on  PNA-Si@Au  NG  differ
significantly from the solid powder:  The 558 cm−1 peak (S–S bond
and  C–S–S  bond  stretching  vibration  [5, 37])  intensity  weakens,
whereas the 1380 cm−1 peak (CH3 bending vibration [5]) enhances.
Thiram molecules undergo S–S bond cleavage on the gold surface,
generating  thiourea  species  [5],  which  enables  the  efficient
adsorption  of  residual  groups  via  Au–S  bonds.  As  illustrated  in
Fig. 4(b), Au acts as an electrophile that binds to the two central S
atoms  (electron  donors)  of  thiram,  leading  to  S–S  bond  cleavage
and  the  generation  of  two  dimethyl  residues.  These  residues  can
adsorb  onto  the  Au  surface  via  monodentate  coordination  (one  S
atom  per  residue)  or  bidentate  coordination  (two  S  atoms  per
residue) [38], consequently attenuating the 558 cm−1 peak intensity.
While,  the  1380  cm−1 peak  intensity  decreases  with  lower  thiram
concentration.  As  shown  in  Fig.  S11(b)  in  the  ESM,  the
experimental  data were fitted to an exponential  function,  resulting
in R2 =  0.98 at  1380 cm−1.  The detection limit  of  PNA-Si@Au NG
for thiram is approximately 1 nM, significantly improved compared
to  traditional  detection  approaches  (liquid  chromatography)  and
other  SERS-active  substrates  based  on  Au  nanoparticles  (Table  S3
in the ESM).

Melamine  (C3H6N6),  an  industrial  compound  with  a  nitrogen
content of 66.7%, has been illicitly added to food to inflate protein
detection values artificially. However, it exhibits high nephrotoxicity
that may lead to renal failure and death [39]. Currently, China sets a
limit  of  1  mg/L  (8  ×  10−6 M)  for  melamine  in  infant  formula  and
2.5 mg/L (2 × 10−5 M) in other foods. Boisen et al.  discovered that
melamine molecules cannot effectively adsorb onto Au surfaces in
neutral solutions, resulting in poor SERS performance of Au-coated
nanostructured  substrates  [6].  However,  melamine  molecules
undergo  protonation  in  solution  when  pH  <  5,  acquiring  positive
charges  [6].  Based  on  this,  the  PNA-Si@Au  NG  substrate  was
subjected  to  oxygen  plasma  etching  before  molecular  adsorption.
On  the  one  hand,  oxygen-etched  substrates  exhibit  significantly
increased wettability, enhancing the contact area between molecules
and  nanostructures.  On  the  other  hand,  it  generates  abundant
hydroxyl  groups  (–OH)  on  the  substrate  surface  after  oxygen
etching,  rendering it  negatively charged in solution.  This facilitates
electrostatic  adsorption  with  positively  charged  melamine
molecules,  as  illustrated  in Fig.  4(c). Figure  4(c) depicts  the  SERS
spectra  of  a  sample  treated  by  a  series  of  diluted  melamine  acid
solutions  (pH  =  3)  with  varying  concentrations.  A  characteristic
peak  appears  at  691  cm−1,  attributed  to  the  in-plane  deformation
vibration mode of the triazine ring in melamine [40]. Raman signal
intensity  at  691  cm−1 decreases  with  reduced  melamine

 

Figure 4    Adsorption mechanism and concentration-dependent SERS spectra recorded for different molecules adsorbed on the PNA-Si@Au NG. (a) 4-NBT, (b) thriam
and (c) melamine under different concentrations. The size of PNA-Si@Au NG: a = 600 nm, sx = sz = 5 nm, D = 270 nm, H = 70 nm, d = 50 nm, l0 = 190 nm, l1 = 275 nm,
t = 10 nm
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concentration. As shown in Fig. S11(c) in the ESM, the relationship
between SERS intensity and concentration is linear, with R2 = 0.98
at 691 cm−1. Notably, the drop coating-air drying method may cause
uneven  molecular  adsorption  and  coffee  ring  formation,  resulting
in relatively large fluctuations in SERS signals and thus larger error
bars.  The  detection  limit  of  PNA-Si@Au  NG  for  melamine  is
approximately  100  nM,  significantly  improved  compared  to
traditional  substrates  based on single  Au/Ag nanoclusters  [41, 42].
In addition, as shown in Table S3 in the ESM, the PNA-Si@Au NG
substrate  exhibits  a  lower  LOD  than  other  detection  approaches,
such  as  liquid  chromatography  and  mid- and  near-infrared
spectroscopy.  Notably,  this  detection  limit  is  lower  than  the
thresholds  required  by  food  safety  standards  of  China,  indicating
the potential of the PNA-Si@Au NG substrate for screening illegal
additives in food products.

 3    Conclusions
In summary, based on the concept of enhancing SERS performance
through controllable hotspot construction on structured substrates,
we  proposed  a  strategy  involving  the  introduction  of  a  two-
dimensional  periodic  nanopillar  array  into  metal  nanoparticle
aggregates  to  regulate  hotspot  spatial  arrangement  and
electromagnetic  field  coupling  modes.  Adjacent  Si@Au  nanograss
gaps  of  approximately  5  nm  were  achieved  via  RIE  etching  and
subsequent  Au  deposition  via  magnetron  sputtering.  At  the  same
time,  dual-beam  interference  lithography  was  used  to  control  the
structural  period  to  match  the  excitation  wavelength  with  the
structure's  optical  response.  The  study  revealed  the  coupling
mechanism  between  lattice  diffraction  and  localized  surface
plasmon  resonance  in  Si@Au  nanograss  assemblies.  High  SERS
signal  reproducibility  with  RSD  =  11.6%  was  achieved  by  tuning
resonant  modes  through  periodic  array  parameters,  which
minimizes  random  morphological  variations,  and  reducing
molecular  positional  sensitivity  via  high-density  hotspot
distribution. The substrate demonstrated detection limits of 10 nM
for  4-NBT,  1  nM  for  thiram,  and 100  nM  for  melamine.  These
results  elucidate  the  interaction  mechanisms  between  distinct
molecular  species  and  the  SERS  substrate,  further  demonstrating
the  development  of  a  versatile  substrate  with  broad  applicability.
These  advantages  indicate  that  our  approach  facilitates  reliable,
sensitive, and low-cost SERS detection technology, promising broad
applications  in  analytical  chemistry,  environmental  monitoring,
food safety, and biomedicine.

 4    Experimental

 4.1    Chemicals
Polymethyl  methacrylate  (PMMA, MW:  350,000)  was  purchased
from Sigma-Aldrich. The positive photoresist (AR-P 3740) and the
diluent (AR 300-12) were purchased from Allresist. Rhodamine 6G
(R6G,  95%)  and  melamine  (99%)  were  purchased  from  Sigma-
Aldrich.  4-NBT  (95%)  and  thiram  (≥  97%)  were  purchased  from
Aldrich.

 4.2    Fabrication of PNA-Si@Au NG
First,  a  silicon  wafer  (thickness  525  ±  10  μm,  orientation  (100),
single-side polished) was cleaved into 2.5 cm × 2.5 cm Si substrates.
Before use, the substrates were cleaned by sequential ultrasonication
in acetone, ethanol, and deionized (DI) water for 20 min each, dried
with  nitrogen  gas,  and  baked  on  a  hotplate  at  120  °C  to  remove

moisture. To enhance the adhesion between the photoresist and the
Si  substrate,  a  layer  of  PMMA  film  was  spin-coated  onto  the
substrate  surface.  A  1.25  wt.%  PMMA/chlorobenzene  solution
(molecular  weight:  350,000)  was  prepared.  Using  a  spin  coater,  a
PMMA/chlorobenzene film was spin-coated onto the Si substrate at
3000 rpm for 33 s.  The substrate was then placed on a hotplate at
180 °C for 5 min to remove the chlorobenzene solvent,  forming a
PMMA  film  approximately  45  nm  thick.  Subsequently,  a  layer  of
photoresist  film  (AR-P  3740  photoresist  diluted  with  AR  300-12
diluent  at  a  mass  ratio  of  1:2.5)  was  spin-coated  onto  the  PMMA
film  surface  at  5000  rpm  for  33  s.  The  substrate  was  baked  on  a
hotplate at 95 °C for 90 s to remove solvent and enhance adhesion
to the PMMA. The Si substrate coated with photoresist was placed
on the sample stage of a dual-beam interference lithography system
(Fig. S2 in the ESM). The shutter was opened for 22 s to complete
one exposure. The substrate plane was then rotated by 90°, followed
by a second 22 s exposure. The exposed substrate was immersed in
developer solution (0.5 wt.% NaOH aqueous solution) for 11 s and
then rinsed in DI water for 20 s.

Next,  the exposed substrate was placed in a reactive ion etching
(RIE, PlasmaPro System 100RIE, Wavetest) system for etching. The
etching chamber pressure was set to 8 mTorr, power to 50 W, and
etching time varied between 1  and 6  min.  Etching was  performed
using  an  SF6/O2 gas  mixture.  After  RIE  etching,  the  sample  was
cleaned in acetone for 20 min to remove residual photoresist mask
and PMMA.

Finally,  the  etched  sample  was  placed  on  the  sample  stage  of  a
magnetron  sputtering  system  (VTC300,  Shenyang  Maikenuo  Co.,
Ltd.).  A layer of Au was deposited onto the surface of the PNA-Si
NG  structure.  The  argon  (Ar)  gas  flow  rate  was  set  to  45  sccm,
current  to  35  mA,  and  the  sputtering  time  to  150  s.  During
sputtering, the voltage was approximately 360 V, and the chamber
pressure was approximately 1.7 Pa.

 4.3    Numerical simulations
The  simulations  were  performed  using  FDTD  to  generate  the
absorption  spectra  and  electric  field  distributions.  Bloch  boundary
conditions were applied in both x- and z-axes. A mesh size of 2 nm
for the metal region was utilized. The dielectric permittivity of gold
was taken from Johnson and Christy, and that of Si was taken from
the  Palik.  The  PNA-Si@Au  NG  structure  was  excited  by  a  plane
wave  incident  normally  along  the y-axis,  with  the  electric  field
polarized along the x-axis. A mesh size of 2 nm for the metal region
was  utilized.  The  FDTD  model  is  shown  in  Fig.  S5  in  the  ESM.
Model  parameters  were  set  based  on  the  average  values  of
experimentally  fabricated  PNA-Si@Au  NG  structures,  with
structural parameters defined as follows: a = 600 nm, sx = sz = 5 nm,
D = 270 nm, H = 70 nm, d = 50 nm, l0 = 190 nm, l1 = 275 nm, t =
10 nm.

 4.4    Characterizations
The  surface  morphologies  of  all  the  samples  were  characterized
with  scanning  electron  microscopy  (AURIGA,  Zeiss)  working  at
3–5  kV.  All  samples’ reflection  and  transmission  spectra  were
carried  out  using  a  UV–visible  spectrophotometry  (Lambda  950,
PerkinElmer).

 4.5    SERS measurements
Different  molecular  adsorption  methods  and  testing  conditions
were  employed  for  different  target  molecules.  The  prepared  SERS
substrates  were  cut  into  multiple  samples.  For  R6G,  samples  with
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varying  Si  nanograss  densities  (i.e.,  different  gap  sizes)  and  PNA
periods  were  immersed  in  10−6 M  R6G  ethanol  solution  for  1  h.
After removal, the samples were rinsed extensively with ethanol to
eliminate residual R6G and then dried under a nitrogen flow. For 4-
NBT  and  thiram,  samples  were  immersed  in  ethanol  solutions  of
varying  concentrations  for  4  h,  followed  by  extensive  ethanol
rinsing  and  nitrogen  drying.  For  melamine,  acidic  aqueous
solutions  (pH  =  3)  at  different  concentrations  were  prepared.
Substrates  underwent  30  s  oxygen  plasma  etching  (TS-SY05,
Tonson  Tech  Automation  Equipment  Co.  Ltd.,  120  W  power,
20 mL/min oxygen flow rate) to enhance surface hydrophilicity and
electronegativity.  Subsequently,  a  5  μL  test  solution  was  deposited
on samples and air-dried. Within 60 min after etching, the contact
angle  of  a  3  μL  DI  droplet  remains  as  low  as  20°  (Fig.  S12  in  the
ESM),  confirming  excellent  hydrophilicity  of  the  substrate  before
melamine molecule adsorption on the surface of  PNA-Si@Au NG
structure.

Raman  measurements  were  performed  using  a  homemade
Raman detection system with a spectrometer (iHR550, Horiba).  A
633 nm pump laser (08-NLD, Cobolt) was focused onto the sample
surface. The reflected light (including Raman signals) was collected
by an objective (100×, NA = 0.9) and a polarizer, ensuring that the
incident  electric  field  paralleled  the  PNA  lattice  vector  to  excite
LSPR in  Si@Au nanograss  effectively.  The  laser  power  focused  on
the sample surface was 1.3 mW. Signal acquisition times were set to
10  s  for  R6G/4-NBT  and  30  s  for  thiram/melamine.  The  SERS
sensitivity  test  was  measured  at  5  random points  on  each  sample.
And the  SERS uniformity  test  was  measured at  64  random points
on each sample.

 Electronic  Supplementary  Material: Supplementary  material
(detailed  methodology,  statistics  of  structural  parameter  data,
additional SEM image, and additional FDTD simulation analysis) is
available  in  the  online  version  of  this  article  at https://doi.org/
10.26599/NR.2026.94908563.
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