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Revisiting Newton’s rings with a plasmonic optical flat
for high-accuracy surface inspection

Yun Zhengl’*, Jie Bian!”, Xiao-Long Wangz, Ju-Xiu Liul, Peng Fengl, Hai-Xiong Ge!l, Olivier JE Martin?
and Wei-Hua Zhang!

Two parallel optical surfaces often exhibit colorful fringes along the lines of equal thickness because of the interference of light.
This simple phenomenon allows one to observe subwavelength corrugations on a reflective surface by simply placing on it a flat
reference dielectric surface, a so-called optical flat, and inspecting the resultant interference pattern. In this work, we extend
this principle from dielectric surfaces to two-dimensional plasmonic nanostructures. Optical couplings between an Au nanodisk
array and an Au thin film were measured quantitatively using two different techniques, namely, the classical Newton’s rings
method and a closed-loop nano-positioning system. Extremely high spectral sensitivity to the inter-surface distance was observed
in the near-field coupling regime, where a 1-nm change in distance could alter the resonance wavelength by almost 10 nm,
>40 times greater than the variation in the case without near-field coupling. With the help of a numerical fitting technique, the
resonance wavelength could be determined with a precision of 0.03 nm, corresponding to a distance precision as high as
0.003 nm. Utilizing this effect, we demonstrated that a plasmonic nanodisk array can be utilized as a plasmonic optical flat,

with which nanometer-deep grooves can be directly visualized using a low-cost microscope.
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INTRODUCTION

The topographical information of a structured surface can be
visualized as optical patterns via interference by simply placing that
surface on a flat interface, namely, an optical flat"2. As Isaac Newton
established the relation between the interference pattern and the size
of the gap between the two surfaces (that is, the local height
information)?, this interference-based technique has become one of
the most widely used techniques for surface flatness inspection"*. This
simple technique allows one to estimate surface corrugations with an
accuracy of ~1/10 of a wavelength, using the naked eye. However, if
the surface corrugations are much smaller than the wavelength, then
the interference patterns become undistinguishable because the
contrast is determined by the ratio between the corrugation height
and the wavelength. In physics, the insensitivity of light to deep-
subwavelength objects shares the same root as the well-known
diffraction limit, that is, the wave nature of light.

A straightforward means of improving the resolution is to increase
the spatial frequency of the light (that is, to shorten the effective
wavelength) by confining the light to the nanoscale®. Over the past few
decades, a variety of techniques based on this concept have been
developed, including near-field optical microscopy®~/, superlensing®
and plasmonics®. In particular, it has been demonstrated that the
extreme light localization can be achieved with plasmonic

nanostructures via their resonance modes, that is, the collective
oscillations of the free electrons in metals'’. The strong spatial
confinement makes a plasmonic nanostructure highly sensitive to
the environmental changes'?, and even a minute change in the
refractive index in the vicinity of such a nanostructure can lead to a
considerable resonance shift. In particular, when another metal
nanoparticle is present in close proximity, their resonance modes will
hybridize and exhibit marked resonance shifts!>14, thus making
plasmonic nanostructures an excellent tool for distance sensing. On
the basis of this principle, plasmonic nanorulers have recently
been demonstrated in various configurations, such as nanoparticle
pair515‘17, nanorod pair518’19, three-dimensional nanorulers?’, plas-
monic polarization spectro-tomography?! and particle—film coupled
structures?>24 2526 to name a few.

Inspired by those works, we extend the concept of the classical
optical flat from the world of dielectrics to the world of plasmonics
and investigate the coupling behaviors between two dimensional (2D)
nanostructured plasmonic surfaces. Indeed, interference phenomena
between unconventional optical surfaces, so-called metasurfaces, made
of dispersive materials have recently attracted considerable research
interest because of their extraordinary optical properties. One
prominent example is an ultrathin absorber based on the far-field
interference of metasurfaces?’~2°. In this work, we focus on the optical
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coupling mechanisms for 2D nanostructured plasmonic metasurfaces
in the near-field regime, with the aim of developing a ‘plasmonic
optical flat’ for fast, low-cost and high-accuracy surface inspection.

MATERIALS AND METHODS

Fabrication of the plasmonic optical flat

Our plasmonic optical flat consists of a 2D array of metal nanodisks
with a subwavelength pitch size on a flat and transparent dielectric
surface. Electron-beam lithography was used to fabricate samples with
small dimensions (60 X 60 pm). Figure 1b shows a scanning electron
microscope (SEM) image of such a sample, which is composed of an
array of 40-nm thick, 100-nm wide squared-shaped Au nanodisks
with a 250-nm pitch on a flat quartz substrate.

In addition to electron-beam lithography, nanoimprint lithography
was used for the fabrication of large-format plasmonic optical flats,
which were used for the high-accuracy surface inspection experiment
reported in the later part of this work. In detail, a quartz plate was first
patterned via nanoimprint lithography using a hole array template
(200-nm pitch, 60-nm hole diameter), which was fabricated via
interference lithography using a 266-nm laser (Coherent Inc., Santa
Clara, CA, USA). Then, 40 nm of Au was deposited from the normal
direction using an electron-beam evaporator. Finally, the resist was
lifted off, and a plasmonic optical flat (that is, an Au nanodisk array)
was obtained on the centimeter scale.

Ultrafine distance tuning between two surfaces

To study the quantitative dependence of the coupling on the distance
in the near-field regime, we applied the Newton’s rings method by
placing a spherical glass surface coated with a 40-nm Au film on the
plasmonic optical flat to form a continuously varying air gap, as
illustrated in Figure la. The gap size, g, satisfies the simple relation
g =g, + R — VR? — %, where R denotes the sphere radius, g is the
gap size at the center point and r is the distance between the
observation point and the center point. In the vicinity of the center
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point, dg/dr is near zero, enabling ultrafine tuning of g for high-
precision measurements.

The success of such measurements relies on the accuracy and
stability of the gap size g. To ensure stable and accurate control of g,
we used quartz tuning fork sensors to monitor the forces between
the two plasmonic surfaces and to keep the forces®’, and consequently
the gap size, constant (gy=5.4 nm) during the measurements with the
assistance of a closed-loop control system®®3!, This method allowed us
to monitor and control gy, with subnanometer precision. The detailed
experimental data can be found in Supplementary Section 2.

It is worth mentioning that in principle, gy can be chosen freely, and
here, we set it to ~5nm based on the considerations of coupling
strength, resonance wavelength and mechanical forces. This distance is
sufficiently small for studying near-field couplings, although the
resonance remains within the spectral range of our spectrometer. If
go were smaller, the resonance wavelength would be >1 pum, beyond
the spectral range of our detector (Supplementary Section 1). In
addition, a smaller g, would also increase the risk of the sample
damage because of the stronger interaction forces.

Optical characterization

In the measurements, the spherical surface was gently positioned
above the plasmonic disk array using a piezo stage. The coupled
system was illuminated with white light from below, and the
interference pattern formed in the air gap was collected from below
using a 40 X objective (numerical aperture=0.9). Finally, the reflec-
tion spectra along the radial direction of the Newton’s rings were
recorded using an imaging spectrometer equipped with a charge-
coupled device (iDus 402, Andor, Belfast, Northern Ireland)32.

Numerical simulations

A commercial finite-difference time-domain (FDTD) solver (Lumerical
Inc., Vancouver, BC, Canada) was used to simulate the near-field
couplings between the 2D plasmonic nanostructures. In the model,
periodic boundary conditions were used in the lateral directions, and a
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Figure 1 Plasmonic Newton’s rings experiment. (a) Schematic drawing of the experimental setup. (b) SEM image of a typical plasmonic optical flat
consisting of a 2D plasmonic nanodisk array on a quartz substrate. (c) Plasmonic Newton’s rings captured by a color camera. (d) Reflection spectra measured
along the dashed line in c. The inset shows the detailed spectral behaviors of the two plasmonic metasurfaces in the near-field coupling regime. In a, PT and

TF denote the piezo tube and tuning fork, respectively.
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perfectly matched layer was used in the normal direction to avoid
undesired reflections. The mesh size was 1x1x 1 nm. We simulated
the reflection spectra at different gap sizes, determined the resonance
wavelengths using those simulated spectra and finally calculated the
charge distributions at the resonance wavelengths, using the divergence
of the electric fields®.

RESULTS AND DISCUSSION

Figure 1c shows a typical plasmonic Newton’s rings pattern generated
between the plasmonic interfaces. It consists of a series of concentric
rings with rainbow colors, similar to those formed between glass
surfaces. However, these plasmonic Newton’s rings exhibit certain
significant differences from the conventional ones. A major difference
is evident in the center area of the rings, particularly the near-touching
area. In conventional Newton’s rings, the center area is dark and
colorless, and the pattern slowly brightens in the radial direction. By
contrast, the center area of the plasmonic Newton’s rings is bright and
shows rich color changes.

Large redshift induced by near-field coupling

To reveal the spectral responses in detail, we measured the reflection
spectra along the radial direction of the rings (dashed lines in Figure 1c).
As shown in Figure 1d, there are a series of absorption peaks due to
the near-field coupling of the two plasmonic surfaces. In the far-field
regime, the wavelengths of the absorption peaks increase linearly
with the gap size, as in the case of conventional Fabry—Pérot cavities.
This is consistent with the results reported previously by other
groups®®. However, in the near-touching regime, the resonance
absorption peak behaves very differently. It shows marked redshifts
when the gap size decreases (inset of Figure 1d), similar to the case
of the coupled system of a single nanoparticle and an Au thin film
predicted by one of the authors’® and observed by Smith and
colleagues®>3°.,

To study the spectral behaviors in the near-field coupling regime,
we retrieved the resonance wavelength A., by fitting it with a
Lorentzian function and then plotted it as a function of the gap, g
as shown in Figure 2a. The resonance wavelength increases mono-
tonically as g decreases. When g is very small, the resonance
wavelength becomes extremely sensitive to the gap size, shifting by
33 nm when g changes from 10 to 5 nm. This high sensitivity makes
such a plasmonic nanodisk array an excellent tool for high-resolution
distance sensing. To describe the sensitivity of the system, we define
the distance sensitivity, s =IdA..s/dgl, that is, the slope of the A.g
curve in Figure 2a, and plot s as a function of g. As shown in
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Figure 2b, s=0.23 when g>30nm. However, when g becomes
<30nm, s increases rapidly and reaches 9.5 at g=5nm, which is
41 times the value observed when g>30 nm.

Resonance shift measured by mechanically tuning the nanogap

To validate the A—g relation in the near-field regime, a second
method was developed to measure the reflection spectra at different
gap sizes. Here, gy was varied continuously by ramping the driving
voltage of the piezo stage, although reflection spectra were collected at
a fixed position on the sample. We plotted the results together with
those obtained using the Newton’s rings technique, and the two curves
were found to match each other perfectly, as shown in Figure 2a. This
finding confirms the observed high distance sensitivity of the near-
field plasmonic coupling system.

Gap-size sensing with picometer precision
The resolution of this plasmonic near-field coupling-based distance-
sensing technique is determined by how precisely the resonance
wavelength can be resolved. Because of the high material losses, the
plasmon resonances are broad, with a full-width at half-maximum
(FWHM) of ~70nm. Numerical fitting is therefore necessary to
precisely determine the resonance wavelength. In brief, we assume that
in the vicinity of the resonance peaks, the absorption spectra can be
described by a Lorentzian function; then, the spectra can be fitted using
the least-squares method, which allows the uncertainty of the resonance
wavelength to be calculated directly»¥. In our case, the resonance
wavelength uncertainty Al reached 0.03nm, three orders of
magnitude smaller than the FWHM of the peak, similar to the
super-resolution achieved in photo activated localization microscopy
and stochastic optical reconstruction microscopy’®*°. Therefore, in the
near-field coupling regime, the distance between two plasmonic surfaces
can be determined with an accuracy as high as Ag= Ale/s=0.003 nm.
This method yields measurements of changes or variations in gap size,
not absolute distance measurements. Therefore, the roughness of the
plasmonic nanodisk array does not influence the measurement accuracy.
Notably, the 0.003 nm precision reported here was obtained using
incoherent white light. This is fundamentally different from conven-
tional interference-based distance measurement techniques, in which
monochromatic laser sources are always required to reach a high
precision because the precision of the measurement is determined by
the phase uncertainty of the light. Recently, a weak measurement-
based technique has been implemented to improve the precision of
measurements using white light sources; however, the reported
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Figure 2 Resonance behavior of the coupled plasmonic metasurfaces. (a) Resonance wavelength, s, as a function of gap size, g, as measured using the
Newton’s rings method and the lifting method, in which the gap size was tuned using a piezo tube. (b) Distance sensitivity as a function of g retrieved from
the experimental data presented in a. The distance sensitivity, s, increases markedly when entering the near-field coupling regime.
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Figure 3 Optical profiling using a plasmonic optical flat. (a) Schematic drawing of the experiment. (b) Plasmonic optical flat fabricated using a
nanoimprint-based method. The inset shows an SEM image of the 2D plasmonic nanodisk array. (c) AFM image of the 15-nm deep NJU-shaped
grooves and their cross section along the dashed line. (d) Optical image of the nanogrooved film pressed onto the plasmonic optical flat. AFM,

atomic force microscope.

equivalent distance uncertainty was 0.1 nm*

magnitude short of our results.

, still two orders of

Visualizing nanometer corrugations using the plasmonic optical flat
The high distance sensitivity causes the 2D plasmonic nanodisk array
to act as a high-performance plasmonic optical flat, which allows fast
and high-accuracy inspection of the flatness of metal surfaces. To
demonstrate this application, we fabricated a 15-nm deep NJU-shaped
pattern on a polydimethylsiloxane substrate by duplicating the pattern
from a Si template that was patterned using electron-beam lithogra-
phy, as shown in Figure 3c. The plasmonic nanodisk array for
generating the interference pattern was fabricated over a large area
(~1 inch) using the nanoimprint technique, consisting of a 2D array of
60-nm diameter Au nanodisks with a pitch size of 200 nm; see
Figure 3b. For the measurement, the patterned Au thin film was
simply pressed onto the plasmonic optical flat, as illustrated in
Figure 3a, and the interference pattern was measured using a low-
cost USB microscope. The 15-nm deep pattern was clearly visualized
with good contrast, as shown in Figure 3d. In the groove area, the
reflection is reddish, whereas in the remaining area where the two
surfaces were in contact, the reflection is greenish. We also repeated
the experiment using a conventional optical flat (that is, a glass
substrate) instead of the plasmonic optical flat, and no pattern could
be observed in that case.

Compared with the conventional optical flat, this plasmonic near-
field coupling-based profiling technique offers much higher distance
sensitivity and allows the visualization of nanometer-scale corrugations
on metal surfaces. Meanwhile, the new method inherits the merits of
measurements using conventional optical flats, which are simple, fast
and potentially low in cost. Especially now, with recent advances in
nanofabrication techniques, for example, the nanoimprint technique,
it has become possible to produce plasmonic nanostructure arrays

over a large area at a low price*42,
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Strong near-field coupling revealed through numerical simulation
The high distance sensitivity demonstrated above originates from the
near-field couplings of the 2D plasmonic nanodisk array with the
metal film. When one nanostructured plasmonic surface is placed
close to another, mode hybridizations will occur because of the
interactions of free charges in the metals'3. Because these hybrid
modes are much more localized than the normal cavity modes, the
relative influence exerted on them by a change in distance is much
stronger than that in the conventional case. This makes the coupled
plasmonic system a perfect tool for distance sensing.

To elaborate on the above statement, we simulated the mode
profiles of the resonances of a 2D plasmonic nanodisk array with and
without near-field coupling, using the FDTD method. As illustrated in
Figure 4a and 4d, at the resonance frequency, a unit nanodisk of the
plasmonic nanodisk array behaves like a dipole, with charges
distributed evenly on both the upper and lower surfaces of the
nanodisk. When an additional metal surface is present in the near-field
zone, mode hybridizations occur and charges become concentrated in
the gap area because of the strong near-field coupling between free
charges in the metal, as shown in Figure 4e. This enables high distance
sensitivity in the coupled plasmonic system. In addition, the strong
near-field coupling also leads to a very high electric field enhancement.
In the case of a 10-nm gap size, the local field intensity can be
enhanced by a factor of > 1000, as shown in Figure 4b. Together with
its excellent tunability, the coupled system demonstrated in this work
also provides an outstanding platform for surface-enhanced spectro-
scopy techniques.

Notably, when the gap size is large (¢>30nm), the near-field
coupling becomes negligible and the coupling between the two
plasmonic surfaces behaves like conventional thin-film interferences,
except that there are additional phase shifts at the interfaces. This was
confirmed by the simulated charge distributions shown in Figure 4.
The charge distribution in the Au nanodisk array in the case of
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Figure 4 Simulated resonance behaviors of the coupled plasmonic
metasurfaces. (a—c) show the field distributions in a unit cell of the coupled
system with g=c0, 10 and 50 nm, respectively; (d—f) the respective charge
distributions. In the simulation, a periodic boundary was used, with a 250-
nm pitch size; the unit Au nanodisk was 100-nm wide and 40-nm thick;
and the Au film was 40-nm thick.

g=50nm (Figure 4f) is very similar to that in the case of g=o0
(Figure 4d), without any of the charge concentration effect that is
observed in the case of near-field coupling (Figure 4e). Interestingly, it
has been reported that in the far-field coupling regime, the system can
also exhibit good sensitivity to index change in the gap area>>,

Finally, this technique is not limited to metal surfaces and, in
principle, can also be used for inspecting dielectric surfaces because of
the high sensitivity of plasmonic nanostructures to their local
environment!2, In particular, for surfaces of high refractive index,
large resonance shifts and, consequently, high distance sensitivity can
be expected*®.

CONCLUSIONS

In this work, we studied the near-field coupling phenomena between
2D plasmonic nanostructures to develop a high-accuracy surface
inspection technique. Using the method of Newton’s rings, we were
able to measure the dependence of the plasmon resonance modes on
the gap size between a 2D Au nanodisk array and an Au thin film with
nanometer precision. The results show that in the near-field regime
(g<30 nm), the resonance frequency is extremely sensitive to the gap
size. Even a slight change in the distance can alter the resonance
wavelength significantly. When ¢g< 10 nm, the distance sensitivity s=1
dAyes/dgl can reach ~ 10, which is 40 times higher than that in the far-
field regime, where s is only 0.23. Moreover, analysis shows that A,
can be precisely determined using a numerical fitting technique, with
an uncertainty as small as 0.03 nm, corresponding to a 0.003 nm
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accuracy for distance measurements. With this high distance
sensitivity and precision, we demonstrated a near-field coupling-
based optical profiling technique that allows us to reveal
nanometer-deep corrugations in a sample surface by simply placing
that surface onto the developed Au nanodisk array-based plasmonic
optical flat. This technique is fast, simple, accurate and capable of
identifying nanometer corrugations; it is expected to find many
applications in the fields of optical profiling and high-precision
machining.
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