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Imaging-based quantification of sub-25
nmcoking layer onAubydielectric-loaded
plasmonic azimuthally chirped gratings
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Noble metals are commonly used in heterogeneous catalysis due to their active catalytic sites.
However, carbon layer deposition, or coking, can block these sites and reduce performance, even at
thicknesses below 25 nm. Rapid monitoring of ultrathin coking layers is therefore essential for timely
surface renewal and sustained catalytic efficiency. Conventional analysis methods are expensive,
destructive, requirebulky instruments, and lack in-situ, real-timecapabilities. In thiswork,wepresent a
simple, image-based optical method for non-destructive monitoring of sub-25 nm coking layers. This
approach uses direct imaging of dielectric-loaded plasmonic azimuthally chirped gratings (DL-
pACGs) on the cokedgold surface,where reflection images reveal azimuthal dark bands fromplasmon
coupling. The position of thesebandscorrelateswith carbon thickness, enabling quantitative analysis.
Ellipsometry data from thin carbon films were incorporated into simulations, showing strong
agreement with experimental results. This method is simple, effective, and non-destructive for
quantifying thin coke films.

Noble metal catalysts are widely used in heterogeneous catalysis, including
organic synthesis1–3, carbon dioxide reduction4–6, catalytic converters7–9, and
fuel cells10–12.However, these catalytic reactions often suffer from issues such
as poisoning, aging, coking or fouling on the metal surface, which sig-
nificantly impair catalytic activity and stability13,14. The presence of coke, for
instance, can block active sites and impede heat transfer, leading to
decreased catalyst performance and requiring replacement or reactivation13.
The typical thickness of the coking layer formed on noble metal electrodes
during catalytic chemical reactions can vary depending on factors such as
reaction conditions, catalyst material, the type of coke formed, and oper-
ating time. Carbon deposits onmetal catalyst surfaces can range from a few
nanometers to several micrometers, depending on the extent of coking and
the reaction environment. Studies have shown that even an ultra-thin coke
layer with a thickness of less than 25 nm is sufficient to block active sites,
thereby reducing catalytic efficiency15–17.

To overcome these issues, it is beneficial to monitor the coke load on
the surface of the metal catalysts in real time during deactivation and
regeneration processes. This approach enables a comprehensive evaluation
of catalyst availability and offers valuable insights into deactivation and

regenerationmechanisms. Suchknowledge canbeused todevelop strategies
to optimize catalyst performance and extend their lifetime, as well as to
recover deactivated noble metal catalysts. Implementing such an approach
ensures a more efficient and sustainable utilization of these valuable cata-
lysts, thereby contributing to a greener future.

Techniques for obtaining coke-related information can be broadly
categorized into optical and non-optical methods. Conventionally, cok-
ing information has been obtained by analyzing used catalyst extracted
from reaction chambers through combustion or high-temperature ana-
lysis techniques such as temperature programmed oxidation18,19, differ-
ential thermal analysis20,21, and thermogravimetric analysis22–24. Vacuum-
based techniques, such as X-ray photoelectron spectroscopy and sec-
ondary ion mass spectrometry, are also commonly utilized to investigate
catalyst coking and other forms of poisoning23–25. However, these tech-
niques typically do not offer spatially resolved information about coke
formation. To address this limitation, advanced microscopy techniques,
such as hyperspectral confocal fluorescence microscopy combined with
tip-enhanced fluorescence microscopy, have been developed to directly
investigate the surface coke formation15. Transmission electron
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microscopy (TEM) and scanning electron microscopy (SEM), often
coupled with energy-dispersive X-ray spectroscopy, are also widely used
for detailed analysis of coke morphology, crystalline structure, and ele-
mental composition23,24.

Optical techniques, such as spectroscopic ellipsometry, can determine
film thickness and refractive index,while optical transmission and reflection
measurements are commonly used to determine thin film thickness26. In
addition, optical sensing, which integrates light sources and sensors with
optical fibers, enables signal transmission and in-situ data collection. These
systems can operate under extreme conditions, such as high temperatures
and pressures, making them suitable for coke detection27,28.

However, these opticalmethods typically require a stable light source, a
flat and large sample surface and a bulky spectrometer, making it difficult to
monitor the coking layer onmicroelectrodes.Moreover, a reference beam is
necessary to remove the effect of the source intensity fluctuation, rendering
the evaluation of the complex refractive index and thickness of extremely
thin or non-transparent thin films challenging. For extremely thin films, the
interference fringes are not pronounced. As a result, the fitting procedures
may yield multiple solutions, which makes quantitative analysis difficult29.
Most of the methods mentioned above are either invasive to the sample, or
require post-data analysis, making them unsuitable for reliable and con-
tinuous on-site monitoring of the coking process15,18,30,31. Currently, no
efficient methods are available for providing non-destructive and on-site
quantitative results for coke detection.

To address this issue, we exploit our previous design of plasmonic
azimuthally chirped gratings (pACGs)32–36, also called plasmonic Doppler
gratings, and introduce the so-called dielectric-loaded plasmonic azi-
muthally chirped gratings (DL-pACGs) for coke detection, as illustrated in
Fig. 1a. Dielectric-loaded plasmonic devices do not require the plasmonic
metallic substrate to be structured. The morphology of the devices is purely
determined by the loaded dielectric structure, while the plasmonic metal
remains flat and continuous. This flat metal layer mimics realistic condi-
tions, such as those found on catalytic metal surfaces. This configuration
enables non-destructive, on-site monitoring of coke thickness on the metal
catalyst surface. A further advantage of the DL-pACGs for coke detection
lies in its image-based analysis, which allows for spectrometer-free optical
detection of coking, independent offluctuations in source power or detector
sensitivity. This innovative approachprovides a reliable and straightforward
method for coke detection and holds strong potential for in-situ, real-time
optical monitoring of coking phenomena on heterogeneous catalysts. Fur-
thermore, our DL-pACGs can also be adapted to incorporate actively

tunable materials in place of PMMA, allowing for dynamic control of the
working window in response to external stimuli such as temperature,
humidity, pH, or ionic strength. As mentioned, this approach enables
spectroscopic analysis without the need for additional far-field dispersive
optical elements, like prisms. All these advantages make our pACGs plat-
form particularly well-suited for microfluidic devices and lab-on-a-chip
systems.This adaptability positions it as an excellent option for portable, on-
site analytical tools.

The DL-pACGs used in this work is a PMMA grating structure with
azimuthally varying periodicities, placed on top of the coked gold (Au)
surface, as shown in Fig. 1a. The thin carbon layer, with a thickness ranging
from 0 to 25 nm, placed between the structured PMMA layer and the Au
substrate, significantly affects the reflection intensity profile as a function of
the azimuthal angle. Briefly, this design features a series of eccentrically
configured circular rings that create a continuous azimuthally varying lattice
momentum. The eccentric spatial configuration of rings is designed in such
a way that the trajectory of the nth ring can be described as,

ðx � ndÞ2 þ y2 ¼ ðnΔrÞ2 ð1Þ

In Eq. (1), Δr represents the increment in ring radius and d represents
the shift in the center of the rings. The continuum of azimuthal angle-
dependent periodicity ranges from Δr � d to Δr þ d, corresponding to
azimuthal angles of 180° and 0°, respectively. Themathematical relationship
between the grating periodicity (P) and the azimuthal angle (ϕ) is given by,

PðϕÞ ¼ ± d cos ϕþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 cos 2ϕþ 2Δr2 � d2

2

s
ð2Þ

This design allows for a range of momentum-matching possibilities
between the incident light and surface plasmon polaritons (SPPs) through
the periodicity-dependent grating momentum. The condition for
momentum matching can be expressed as32:

2π
λ0

neff sin αþ 2mπ

PðϕÞ ¼ ±
2π
λ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εmn

2
eff

εm þ n2eff

vuut ð3Þ

where λ0 represents the wavelength of the incident light, α is the angle of
incidence,neff is the effective local refractive index of the surroundings, εm is

Fig. 1 | Structural design and fabrication ofDL-pACGs. a Schematic illustration of
the DL-pACGs structure, where d is 250 nm and Δr is 600 nm. The grating period
varies continuously with the in-plane azimuthal angle (φ), from the largest value
(Δr+ d) at ϕ = 0° to the smallest value (Δr− d) at ϕ = 180°. The thickness of PMMA

(white) is 100 nm, carbon (black) ranges from0 to 25 nm, andAu (yellow) is 100 nm.
(b) Schematic of the sample fabrication process. The inset in (b) shows a repre-
sentative dark-field image of a DL-pACGs on a truncated hexagonal Au flake from
this work.

https://doi.org/10.1038/s44310-025-00089-y Article

npj Nanophotonics |            (2025) 2:41 2

www.nature.com/npjnanophoton


thepermittivityof themetal,m is the resonantorder, andP is theperiodicity.
The term 2π

λ0
neff sin α corresponds to the momentum of the incident light,

2π
PðϕÞ represents the azimuthal angle-dependent grating momentum, and

± 2π
λ0

ffiffiffiffiffiffiffiffiffiffiffi
εm�n2eff
εmþn2eff

r
indicates the momentum of the surface plasmon polaritons

propagating on the metal surface. SPPs propagate along the Au/carbon
interface, with evanescent fields extending tens to hundreds of nanometers
into the surrounding layers, including carbon, PMMA and air. Therefore,
the neff is determined by the local dielectric environment defined by these

adjacent layers, which is a combination of the refractive indices of the
PMMA (nPMMA = 1.49)37, carbon (ncarbon = 2.2–3.0), and air (nair = 1). The
refractive index of carbon ranges from 2.2 to 3.0 in the visible region,
depending on the thickness and internal morphology of the amorphous
carbon layer38,39.

Regarding Eq. (3), we recognize that the dynamic range of the index
sensor can be tuned by selecting an appropriate range of grating periodi-
cities. However, the momentum-matching condition does not consider
structural parameters such as the grating’s width, length, and height.
Additionally, because the dielectric properties of thin carbon films depend
nonlinearly on thickness, deriving a simple closed-form analytical expres-
sion that includes thickness as a variable is not straightforward. Therefore,
we use refractive index data for carbon obtained from ellipsometry mea-
surements and apply finite-difference time-domain (FDTD) simulations to
model and validate how carbon thickness influences the angular reflection
profile. The optimized design was fabricated on the surface of multiple
monocrystalline gold flakes coated with carbon layers ranging from 0 to
25 nm in thickness to simulate coking conditions. The parameter scan used
for structural optimization is shown in Fig. S1.

According to Eqs. (2) and (3), the optical response of the DL-pACGs,
including the central wavelength and the span of the operational spectral
window, can be freely designed by selecting appropriate values of Δr and d.
For a given grating structure, a change in the refractive index of the sur-
roundings (neff ) would lead to a change in the momentum matching con-
dition and thus the periodicity for light-surface plasmon coupling.
Experimentally, the observed angular profile of the reflection intensity,
specifically the dark band in the reflection image, varies with the sur-
rounding refractive index,making the systeman effective, spectrometer-free
index sensor33,35.

In this work, thin amorphous carbon films with various thicknesses
ranging from0 to 25 nmwere prepared and examinedusing an ellipsometer
to obtain thickness-dependent values of complex permittivity for the
simulations,whichprovides the expected intensity angle profile for a specific
carbon layer thickness to be compared with experimental results. The car-
bon layer was deposited via ion-beam deposition, and the DL-pACGs
structure was patterned using electron-beam lithography. Additional fab-
rication details are provided in the Experimental Section. Figure 1b shows
the schematic of the fabricationprocess and the dark-field image of thewell-
fabricatedDL-pACGs. It is noteworthy that the color distribution observed
on the DL-pACGs reflects the dispersive properties of our design.

Results
Determining the optical constants of carbon films using
Ellipsometry
In this work, we aimed to address the issue of coke layers with thicknesses
in the 0–25 nm range, which have been reported to cause catalytic deac-
tivation. Since the optical characteristics of thin carbonfilms vary with the
thickness38,39, our initial step involved utilizing ellipsometry to determine
the refractive index of these thin carbon films. In the following text, the
thickness specified during film preparation is referred to as the nominal
thickness, while the values obtained from ellipsometry fitting are referred
to as the modeled thickness.

The complex dielectric permittivity ε has been derivedmathematically
by fitting oscillator functions to the measured dispersive ellipsometry
parameters Ψ and Δ for amorphous carbon thin films with nominal

thickness ranging from 5 nm to 25 nm. For each carbon thin film,Ψ and Δ
weremeasured and fitted with oscillator functions over the spectral range of
210 nmto1000 nmandundermultiple angles of incidence (20° to 55°with a
regular increment of 5°). The real and imaginary parts of ε, i.e., ε1 and ε2
respectively, are causally interlinked due to the preservation of Kramers-
Kronig consistency40–42. Theoptical constantsn andk canbe calculated from
ε1 and ε2 by employing the following mathematical relations42.

n ¼ 1ffiffiffi
2

p ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε21 þ ε22

qr
ð4Þ

k ¼ 1ffiffiffi
2

p ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ε1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε21 þ ε22

qr
ð5Þ

The thin films under investigation were deposited on glass substrates.
Therefore, a bare glass substrate was first measured with spectroscopic
ellipsometry under multiple angles of incidence (20° to 70° with a regular
increment of 5°) over a spectral range of 210 nm to 1000 nm. A model
describedby the Sellmeier equationwasused to provide an accuratefit to the
measured data for the transparent glass substrate with amean squared error
(MSE) of 0.69243. The optical constants of the glass substrate were kept
constant for the subsequently fitted carbon-layer-on-glass-substrate
models.

A general feature of amorphous carbon thin films is the simultaneous
presence of conductive sp2-hybridized clusters and insulating sp3-hybri-
dized clusters as well as clusters with a mixture of sp2- and sp3-hybridized
carbon. Studies have reported an inverse relationship between the sp2 car-
bon content and the optical band gap in amorphous carbon films44. In this
work, the sp2 carbon content is considered the primary factor contributing
to the broad absorption feature of the amorphous thin films. The optical
constants of each amorphous carbon thin film were modeled by fitting a
single Lorentzian oscillator function to the experimental data measured
undermultiple anglesof incidence (20° to 55°with a regular increment of 5°)
over a spectral range of 210 nm to 1000 nm. The Lorentzian oscillator used
to estimate ε2 can be mathematically defined as follows:

ε2 ¼
A � Γ � E0

E2
0 � E2 � i � E � Γ ð6Þ

Equation (6) consists of three fit parameters, i.e.,A as the amplitude of
the Lorentzian peak, Γ (eV) as the full width at half maximum (FWHM) of
the Lorentzian peak and E0 (eV) as the energy where ε2 reaches its peak. In
addition to the aforementioned Lorentzian parameters, the General Oscil-
lator parameters that operate outside the spectral ranges from 210 nm to
1000 nm contribute to ε1. These are the dielectric constant at infinite fre-
quency or at very high energy (ε1)45,46, the amplitude and energy (eV) of the
zero-broadened or sharp Lorentzian features in the UV range (AUV and
EUV, respectively), and the amplitude of the zero-broadened Lorentzian
oscillator in the IR range (AIR). The fitted oscillator parameters, modeled
film thickness and MSE are provided for each carbon film in Table 1.

It is clear from the fitted parameters in Table 1, and the optical con-
stantsdepicted inFig. 2a andb that themodel predicts an absorptionpeak in
the wavelength range between 200 nm and 300 nm. This feature is con-
sistent with the published literature on amorphous carbon materials47,48. A
rigorous description of the intrinsic structural anisotropy of the thin
amorphous carbon films is difficult to provide due to the lack of long-range
order and orientation in the films. Contributions from cross-polarized and
depolarized response would require a complete Mueller matrix analysis,
thereby leading to further complexity in themodel. Suchanalysiswould also
be subject to variations depending on the local structure of the particular
amorphous film being characterized. Our ellipsometric analysis in con-
junction with FDTD simulations, on the other hand, aims to provide a
simple yet effective model for validating the capability of DL-pACGs to
monitor carbonaceous deposits that may compromise the efficiency of
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various industrial processes. Finally, it is worth noting that the consistency
with published literature along with the close alignment between the
experimental results and the ellipsometric analysis-informed FDTD simu-
lations, as shown later inFig. 3,makes the case for the accuracyof ourmodel.

Optical characterization and simulation of DL-pACGs
In the next step, we designed a DL-pACGs specifically tailored to measure
coking layers with thicknesses below 25 nm on a gold surface. Using FDTD
simulations, along with the refractive index and themodeled film thickness,
we determined the optimal structural parameters for the DL-pACGs to
operate within the visible spectral range. The grating features a radial
increment (Δr) of 600 nm and a central displacement (d) of 250 nm. The
grating period ranges from 350 nm to 850 nm. The gap width is approxi-
mately 160 nm, with a PMMA thickness of 100 nm.

To analyze the coking layer thickness, we examined the reflection
images of the DL-pACGs using an upright microscope system (AxioScope
A1, Zeiss). The observationwas conducted in reflectionmode under bright-
field illumination. For the bright-field reflection images, we used white light
illumination (HAL100 illuminatorwith a quartz collector, Zeiss) alongwith
a 532 nm bandpass filter (Thorlabs, FLH532-4) to provide green light. The
incident light was directed through a 50X objective (N.A. = 0.7) onto the
sampleplaneusingKöhler illumination.Theoptical setup for the reflectance
image measurement is depicted in Fig. 2(b).

In this setup, the white light source is first focused by the collector lens,
forming an image onto the aperture diaphragm located in the vertical
illuminator. The aperture diaphragm controls stray light and regulates the
intensity of illumination without altering the size of the illuminated field.
The light then passes through the field diaphragm, field lens, and bandpass
filter to generate green light. It is subsequently reflected by a beamsplitter
and focused onto the rear focal plane of the objective. The objective projects
this light through the sample without focusing it, ensuring homogeneous
illumination. Notably, the light source, aperture diaphragm, and the
objective’s rear focal plane form a conjugate plane illumination system. The
light reflected from the sample surface is then collected by the objective and
then directed to the CCD camera.

In the reflection images, dark bands showup at azimuthal angles where
the grating’s lattice momentum satisfies the momentum-matching condi-
tion. These dark bands stem from the coupling of light into surface plasmons
which are of a near-field nature and thus cannot be detected in the far field.
Since the coke thickness influences the local refractive index around the
grating, according toEq. (3), the suitable period for exciting SPPs at a specific
wavelength and specific incident angle varies with the thickness, leading to a
change in the azimuthal angles of the dark bands in the images. Therefore,
the angles of the dark bands in the images can be used to determine the
thickness of the coking layer, enabling image-based coking analysis, as
illustrated in Fig. 3a. Under 532 nm illumination, the dark band shifts to a
larger azimuthal angle as the nominal carbon thickness increases from 0 to
25 nm, with the modeled film thickness ranging from 0 to 24.08 nm.

The intensity distributions observed in the reflection images were
translated into azimuthal intensity profiles, as shown in Fig. 3b, with the
corresponding simulated results presented in Fig. 3c. The reflection dips,
markedby red triangles, represent the azimuthalpositionsof thedarkbands.
As the carbon layer thickness increases, these reflection dips shift to larger
azimuthal angles. The experimental results align well with the simulations,

Table 1 | Oscillator parameters for various carbon thicknesses

Nominal Film
Thickness
(nm)

Lorentzian
Parameters

General
Oscillator
Parameters

Modeled Film
Thickness
(nm)

MSE

5 A = 3.564
Γ = 27.956
E0 = 8.597

ε1 = 1.000
AUV = 5.000
EUV = 10.000
AIR = 5.000

3.97 0.514

10 A = 3.335
Γ = 25.899
E0 = 8.837

ε1 = 1.000
AUV = 5.000
EUV = 10.000
AIR = 5.000

9.68 0.640

15 A = 3.326
Γ = 26.385
E0 = 8.832

ε1 = 1.000
AUV = 5.000
EUV = 10.000
AIR = 5.000

14.60 0.694

20 A = 3.300
Γ = 25.783
E0 = 9.114

ε1 = 1.000
AUV = 5.000
EUV = 10.000
AIR = 5.000

19.63 0.813

25 A = 3.314
Γ = 26.602
E0 = 9.090

ε1 = 1.000
AUV = 5.000
EUV = 10.000
AIR = 5.000

24.08 0.756

Fig. 2 | Ellipsometry characterization and optical
imaging setup for DL-pACGs. a Ellipsometry
characterization of the refractive index of thin car-
bon films with nominal thicknesses ranging from 5
to 25 nm, measured across a spectral range of 200 to
1000 nm. b Schematic of the optical setup used for
capturing the reflectance image. Unpolarized white
light from the light source (LS) first passes through
the collector lens (CL), then enters the vertical illu-
minator, which includes an aperture diaphragm
(AD), a lens, field diaphragms (FD), a field lens (FL),
and a bandpass filter (BP). The light is then reflected
by a beamsplitter and directed through the objective
(OBJ) to illuminate the specimen under Köhler
illumination. Reflected light from the specimen’s
surface re-enters the objective and is directed into
the camera (CCD). The insets in b show a repre-
sentative bright-field CCD image under green light
illumination (upper inset) and SEM image (lower
inset) of the DL-pACGs used in this work. The
contrast in the SEM image comes from the differ-
ence in electron scattering efficiency of gold (bright)
and PMMA (dark).
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validating the underlying sensing principle.However, the experimental dips
are broader and less sharp compared to the simulated ones. This dis-
crepancy can be primarily attributed to structural imperfections in the
fabricated gratings and the limited number of grating elements, in contrast
to the ideal, perfectly periodic structures assumed in the simulations. To
further investigate the resonance mechanism, the electric field distribution
at the resonancewavelengthwas simulated for aDL-pACGs structurewith a
5 nm carbon layer, as shown in Fig. S2 of the Supporting Information. The
results revealfield confinement at the PMMAgrating/carbon/Au interfaces,
indicating the excitation of surface plasmon polaritons at the interface. This
demonstrates that the plasmonic response is highly sensitive to variations in
carbon layer thickness.

As mentioned in the introduction, most coke characterization
techniques are destructive and require post-analysis procedures, which
makes them unsuitable for real-time, on-site analysis. On the other
hand, non-destructive spectroscopic techniques used for film char-
acterization typically rely on a stable light source and a spectrometer.
However, thesemethods face challenges when dealing with very thin or
highly absorbent films. Thin films can lead to ambiguous or multiple
solutions during data fitting, while highly absorbent filmsmay produce
little to no signal. Our approach addresses these limitations by focusing
on angular position rather than intensity. This image-based angular
analysis naturally avoids issues that could introduce noise or uncer-
tainty in intensity measurements, such as fluctuations in source
intensity or variations in the quality and thickness of the gold film,
making it a promising method for in-situ and real-time coking mon-
itoring. Furthermore, the issue of high absorbance in carbon-based
materials, such as graphite and amorphous carbon, is effectively
minimized in our DL-pACGs design. This approach is both simple and
efficient, overcoming the limitations of traditional methods. It is non-
destructive, making it ideal for on-site detection, and eliminates the
need for bulky spectrometers or stable light sources.

A calibration curve relating azimuthal angle to carbon film thickness
was established based on the simulated peak positions, as shown in Fig. 4,
enabling quantitative determination of unknown coke thickness. In parallel,
the azimuthal angles extracted from the experimental reflection imageswere

plotted for comparison. For each carbon thickness, four data points were
collected fromDL-pACGs samples fabricated under identical conditions on
coked gold surfaces.

Some deviation between the experimental and simulated trends is
observed,which canbe attributed to several factors. First, the simulations are
based on ideal nanostructures with perfect geometry and material proper-
ties, whereas the fabricated samples may exhibit surface roughness or
structural imperfections. These imperfections can lead to shifts or broad-
ening of the dark bands in the reflection profiles. Second, limitations in
microscope resolution or the finite number of pixels on the CCD may
reduce the ability to resolve sharp intensity gradients or well-defined dips,
resulting in broader features in the experimental data. Third, unpolarized
light was used in the experiment, while the simulations assume p-polarized
light, which couples more efficiently to surface plasmon modes. The pre-
sence of s-polarized components in the illumination may introduce addi-
tional coupling at slightly different azimuthal angles, leading to broader and
slightly shifted features in the experimental profiles. Additionally, due to the
finite size of the aperture diaphragm, the illumination beam is not perfectly
collimated along the surface normal but spans a finite angular range.
As a result, the dark band appears over a range of azimuthal angles
rather than at a single angle. The shaded regions in the background
of Fig. 4 represent the estimated range of azimuthal angles corre-
sponding to illumination angle ranges of 0–5° and 5–10°, respec-
tively. These ranges were calculated using Eq. (3). Despite these
differences, the experimental trend shows good agreement with the
simulation results, further confirming the effectiveness of the DL-
pACGs in detecting nanoscale carbon layers.

Discussion
We have demonstrated the use of DL-pACGs for non-destructive mon-
itoring of coking layer thickness from 0 to 25 nm. By analyzing the azi-
muthal angle of dark bands in the reflection images of DL-pACGs on gold
surfaces coated with carbon layers of various thicknesses, we established a
clear correlation between coke loading and the surface plasmon coupling
angle. The position of the reflectionminimum shifts with increasing carbon
thickness due to the thickness-dependent change in the surrounding

Fig. 3 | Experimental and simulated reflectance
profiles ofDL-pACGsunder 532 nm illumination.
a Reflectance CCD image of DL-pACGs with
nominal carbon thicknesses ranging from 0 to
25 nm under 532 nm illumination. The scale bar,
applicable to all images, is 10 µm. The CCD images
reveal the variation in reflectance intensity with
changes in the carbon layer thickness, illustrating
the effect of carbon deposition on the optical
response of the DL-pACGs. bMeasured reflectance
intensity profiles as functions of the azimuthal angle
(ϕ) c Simulated reflectance intensity profiles
obtained from FDTD calculations for the same DL-
pACGs design. The red triangles indicate the angles
corresponding to the dark bands, showing excellent
agreement with the experimental measurements.
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refractive index, which directly influences the plasmonic coupling condi-
tion. This makes our approach a simple, image-based, and non-destructive
method for monitoring coke accumulation on gold surfaces. Since the
analysis is based on angular position rather than intensity, it avoids issues
related to source intensity fluctuations and variations in metal surface
quality, addressing major challenges associated with conventional absorp-
tion- or transmission-based intensity sensors.

It should be noted, however, that the current design does not yet have
the resolution to precisely measure film thicknesses below 5 nm. The rea-
sons for this limitation are two-fold. First, in this regime, the measurement
uncertainty of ellipsometry becomes comparable to the film thickness itself.
This means that although ellipsometry can still provide thickness estimates,
it would need to be combined with appropriate optical models and cross-
validatedwith high-resolution techniques such as TEMorX-ray reflectivity.
Second, the dark bands in the reflection images of the current grating design
have a relatively large azimuthal bandwidth, leading to a rather large
uncertainty in determining the azimuthal angle. This limitation could be
overcome by exploiting Fano resonance to create a sharp edge in the spatial
profile of the reflected light. The Fano resonance can be optimized through
the interference between localized resonances and the surface-lattice reso-
nance of the grating35,49,50. Moreover, for carbon layers thinner than ~2 nm,
quantum and nonlocal effects are expected to become significant, but
incorporating such corrections would add complexity beyond the scope of
this work.

Although the current studydoesnot yet implement real-timeor on-site
coke sensing, our results demonstrate the foundational capability of theDL-
pACGs platform for thin-film thickness monitoring. As the next step, we
plan to integrate the DL-pACGs structure onto a fiber tip to enable in-situ,
real-time monitoring under practical conditions. This integration is
expected to provide a robust and compact sensing platform, offering an
efficient and non-destructive tool for monitoring catalytic systems. The
resulting system would be well-suited for both research and industrial
applications. Future work will focus on sensor miniaturization, integration
with portable light sources and detectors, and automated data acquisition to
realize a real-time, on-site diagnostic system.

Methods
Simulation
We used the finite-difference time-domain method (Ansys Lumerical
FDTD, Ansys) to simulate both the far-field spectrum and near-field

distribution. Our two-dimensional numerical simulations were conducted
on the cross-sectional planes of PMMA gratings placed on carbon and gold
surfaces. By varying the grating periodicity, we simulated the reflection
spectrum at corresponding azimuthal angles. The dimensions of the grating
structure were derived from SEM images of the actual DL-pACGs. The
PMMA grating has a height of 100 nm, with periodicities ranging from 350
to 850 nm and a grating gap of approximately 160 nm. The thickness and
refractive index of the carbon layer were obtained from ellipsometry
measurements.

A polarized total-field scattered-field plane wave source is
injected from the air with a normal incidence angle, simulating the
experimental conditions of single-wavelength bright-field illumina-
tion. The reflectance spectra were obtained by integrating the
Poynting vector over a one-dimensional linear monitor placed
900 nm above the PMMA surface in the air. To analyze the resonance
modes, we recorded the cross-sectional near-field profile at the
resonance of the DL-pACGs using a two-dimensional monitor that
extends over the air, PMMA, carbon, and gold layers. The mesh step
was set to 2 nm in the x direction and 10 nm in the y direction within
the volume covering the pACGs.

Synthesis of Au flakes
Before synthesizing Au flakes, it’s crucial to thoroughly clean the centrifuge
tubes and coverslips. The synthesis procedure involved introducing 10mL
of ethylene glycol (EG, Acros Organics, 99.5%) and 90 μL of a 0.1M
chloroauric acid (HAuCl4·3H2O, Alfa Aesar, 99.99%) solution into the
centrifuge tube. The tube was then gently shaken by hand to ensure proper
mixing. A clean coverslipwas subsequently placed inside the tube to serve as
the substrate for flake growth. Once the coverslip was in place, the tube was
sealed and positioned vertically in an oven. The reaction occurred con-
sistently at 95 °C for 24 h. The size of the resultingflakes could bemodulated
by adjusting the baking time. After the synthesis period was complete, the
coverslip containing the Au flakes was removed from the tube and
immersed in ethanol. Itwas gently shaken to eliminate any residual EG.This
cleaning procedure was repeated three times to ensure thorough removal of
impurities.

DL-pACGs fabrication
We first deposited carbon layers, ranging from5 to 25 nm in thickness, onto
the selected crystalline Au flakes using ion beam deposition (Multiplas II).
Subsequently, a 100 nm layer of PMMA (ARP617.03, Allresist) was spin-
coated at 3000 rpm and annealed for 10minutes at 200 °C. The pACGs
structure was then inscribed onto the PMMA film using an e-beam (Vistec
LION-LV1, beamenergy 20 keV).Afterward, the samplewas immersed in a
developer solution (MIBK: IPA= 1:3) for 30 seconds to eliminate the areas
exposed by the e-beamwriting tool. Following the development procedure,
our DL-pACGs structure was successfully fabricated on the carbon/Au
substrate.

Carbon deposition and thickness control
The carbon layers in our study were deposited using Ion Beam Deposition
(IBD). To determine the deposition rate, we first performed a longer test
coating, fromwhich the ratewasmeasured tobe approximately 1.3 nm/min.
Basedon this rate, thedesired carbon thicknesseswere obtainedbyadjusting
the deposition time accordingly. To verify the thickness of the test coating,
we used a Dektak surface profilometer. This measurement was performed
immediately prior to the actual deposition of the experimental samples and
served to calibrate the coating times.Anuncertainty of less than8%has been
demonstrated, corresponding to approximately ±2 nm at a nominal
thickness of 25 nm, with a general trend of decreasing uncertainty at lower
nominal thicknesses. This suggests that the nominal thickness of the films is
very accurate. Then the actual carbon thickness used in the optical simu-
lations was further refined through ellipsometry measurements. By fitting
the ellipsometrydata toanopticalmodel,weobtainedwhatwe refer to as the
“modeled film thickness.”

Fig. 4 | Calibration of carbon layer thickness via azimuthal dark-band angles in
DL-pACGs. Calibration curve showing the relationship between carbon layer
thickness and the azimuthal angles corresponding to the dark bands. The red line
with squaremarkers represents the azimuthal angles predicted by simulations, while
the circular data points with error bars indicate the experimentally measured values.
Note that the plotted data are based on the modeled film thicknesses obtained from
ellipsometry. The shaded regions indicate the expected angular spread of the
reflection dip due to the finite illumination cone, as estimated using Eq. (3). The
orange region corresponds to an incident angle range of 0–5°, and the pink region
corresponds to 5–10°.
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Ellipsometry measurement and analysis
The spectroscopic ellipsometrymeasurementswere carried out in reflection
mode using a J.A.WoollamRC2 ellipsometer. The ellipticity of the reflected
light produced upon interaction of linearly polarized incident light with
eachamorphous carbon thinfilmdepositedonglass substratewasmeasured
over a spectral regime ranging from 210 nm to 1000 nm51,52. In order to
arrive at very accurate results, our measurements were conducted under
multiple angles of incidence ranging from 20° to 55° with a regular incre-
ment of 5° for each amorphous carbon thin film. The Lorentz oscillator was
used to create amodelwhichwas thenfit to thebroadband spectrameasured
undermultiple angles of incidence, using the CompleteEASE software from
J.A. Woollam, to accurately extract the corresponding optical constants for
each carbonfilm.Once a high degreeof accuracy in thefit was achieved over
the entire spectral regime at every angle of incidence for a carbon film of a
certain thickness, the corresponding optical constants were calculated from
the oscillator function. Over the entire process, a constant Sellmeier
equation-based fit of the ellipsometry data measured from a bare glass
substrate was used and only the model for the carbon film was varied with
changing thickness.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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