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Statistical and Correlative Characterization of Individual
Nanoparticle in Gap Plasmon Resonator Sensors

Peeranuch Poungsripong, Vyshnav Kannampalli, Lionel Santinacci, David Grosso,
Dominique Chatain, David Duché, Olivier Margeat,* and Beniamino Sciacca*

Plasmonic nanocavities are receving increased attention from the
nanophotonics, nanoelectronics, and quantum optics community due to their
ability to confine light in extremely small volumes. Coupling colloidal
plasmonic nanocrystals to metal films is an inexpensive approach to fabricate
virtually unlimited individual resonators that can be tuned by adjusting
nanoparticle size, gap thickness, and refractive index. The focus is on silver
nanocubes separated from a gold mirror by thin amorphous dielectric layers
(Al2O3, TiO2). The optical response is measured and correlative electron
microscopy is performed on a large number (>800) of individual resonators to
unveil the statistical distribution of gap plasmon modes and assess
systematically their sensitivity. A sensitivity as large as 8 nm/nm to nanocube
size variation, 50 nm/nm to Al2O3 thickness variation, and 130 nm/RIU for
index change of the spacer layer is found. With the help of numerical
simulations, this approach enables to infer a quantitative statistical
distribution of molecular coatings present on the nanocubes surface, such as
polyvinylpyrrolidone, which can affect the performance of nanoelectronic
devices and assess the strategy to remove it. Finally, polarization-resolved
measurements enable to unveil a birefringent behavior when nanocubes are
supported on annealed TiO2 layers (2–4 nm).

1. Introduction

Plasmonic nanostructures have the unique ability to concentrate
light into ultrasmall volumes.[1–4] They can be created via two
main approaches:[5] top-down nanofabrication and bottom-up
chemical synthesis. Top-down methods involve shaping simple
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nanoparticles and thin metal films
using techniques like photolithogra-
phy, soft lithography,[6] electron-beam
lithography,[7] and nanoimprinting
lithography.[8] On the other hand,
bottom-up approaches allow for large-
scale synthesis of plasmonic nanos-
tructures with diverse shapes and sizes
through chemical methods.[9–11] This
enables the realization of inexpensive
sensing materials based on localized
surface plasmon resonance,[12–15] that
is used to transduce variation of the re-
fractive index surrounding the nanopar-
ticles. The refractive index sensitivity
(RIS) is typically defined as the ratio of
the shift of the resonance wavelength
∆𝜆 to the change of the refractive in-
dex ∆n, RIS = Δ𝜆

Δn
(unit is nm/RIU,

where RIU stands for refractive index
unit). Elfassy et al. reported a RIS of
125 nm/RIU for silver nanocubes (Ag-
NCs) of 50 nm side length[16] whereas a
sensitivity of 158 nm/RIU was observed
by Martinsson et al. for 35 nm AgNCs.[17]

On the other hand, a RIS of 113 nm/RIU
for 65 nm AgNCs has been measured on quartz substrates,[18]

93 nm/RIU on glass and 57 nm/RIU on TiO2,[19] all lower com-
pared to that of colloidal solutions.

Most applications require resonance tunability and large field
enhancement. While tuning individual particle resonances is
achievable through size,[20] thickness,[21,22] shape,[23,24] and ma-
terial composition adjustments, coupled modes involving two
or more nanoparticles have shown even greater field enhance-
ments and improved sensitivity in sensing applications.[25–27]

However, reliable fabrication of such coupled nanoarchitectures
is challenging, requiring top-down lithographic or FIB-based
techniques,[28–31] which are unsuitable for large-scale production
at low cost and time consuming. Additionally, the material qual-
ity is rather poor due to the typically small crystallites obtained
with such techniques, resulting in materials with large intrinsic
losses.[32,33] An alternative approach involves placing a colloidal
metallic nanoparticle above a metal film with a thin dielectric
spacer in between. This configuration enables to excite from the
far-field a strongly confined metal-insulator-metal (MIM) mode
without the need to align separate particles.[34,35] Such architec-
ture, known as a gap plasmon resonator, has emerged as a highly
promising solution due to its unique resonance behavior and
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exceptional ability to confine light in deep subwavelength vol-
umes, generating enhanced electromagnetic fields.[34–37] Such
plasmonic nanocavities have been proposed as light absorbers
in thin film[38–40] and on-chip photovoltaics,[41,42] as platform
for plasmonic sensing due to their high sensitivity to envi-
ronmental changes,[43–45] and in the development of molecu-
lar electronic devices[46,47] as a result of the strong interaction
with molecules. Among other examples, Baumberg et al. high-
lighted the potential of nanocavity plasmonics for chemical in-
terrogation through surface-enhanced Raman signals, enabling
localized detection and fingerprinting of molecules.[35] Hsieh
et al. demonstrated ultralow threshold nanolasing in a plasmonic
nanocavity, showcasing enhanced light-matter interactions for
efficient lasing.[48] In addition, Huang et al. showed tunability
of emission spectra of 2D semiconductors by integrating them
into plasmonic nanocavities, offering control over their optical
properties.[49] Xu et al. illustrated the enhancement of linearly
polarized light emission by coupling out-of-plane excitons to
anisotropic gap plasmon nanocavities, expanding the applica-
tions of these cavities to include polarization control.[50] Addition-
ally, Li et al. emphasized the versatility of plasmonic particle-on-
film nanocavities for enhanced spectroscopy and photochemistry
applications.[37] Gap plasmonic nanocavities have transforma-
tive potential across photocatalysis, sensing, and nanoelectron-
ics. These structures enable tailored light-matter interactions,
boosting device performance and efficiency. In photocatalysis,
intensified electromagnetic fields promise more efficient cata-
lysts. Sensing benefits from highly sensitive detection due to
strong localized fields. Integrating nanocavities into nanoelec-
tronics offers faster, energy-efficient devices. The physics of these
optical cavities has been extensively studied theoretically and
experimentally,[20,35,51,52] and the impact of various parameters
such as geometry, gap size, morphology,[53,54] composition and
surrounding dielectric medium[55] has been explored.[56–58]

However, the sensitivity of gap plasmon resonators to refrac-
tive index changes of the gap spacer is currently underexplored.
In addition, accurate statistical measurements of the sensitivity
of such nanocavity systems are currently unavailable due to the
resonance broadening (>100 nm) observed during spectroscopy
of an ensemble of resonators, resulting in spectra that are diffi-
cult to compare to numerical predictions (the typical full width
half maximum of individual resonators being below 30 nm).
Moreover, the intrinsic variability of individual resonators having
identical geometrical parameters is still undetermined. There-
fore, extensive characterization of individual resonators, com-
bined with correlative electron microscopy are needed to fill these
gaps.

Here, we rigorously explore how individual resonators are af-
fected by subtle changes of their environment, by analyzing gap
plasmon resonances (GPR) of silver nanocubes separated from a
gold film by ultra-thin dielectric layers. These modes are probed
in the far-field using an inverted microscope coupled to an op-
tical fiber that spatially select scattered light from a diffraction-
limited area prior to spectral analysis. First, we characterized the
sensitivity to various atomic layer deposition (ALD)-grown di-
electric layers, Al2O3 and TiO2,[59,60] with different thicknesses
and nanocube sizes, supported by correlative scanning electron
microscopy (SEM) and numerical simulations. We confirmed a
linear relationship between nanocube size and resonance wave-

length, as predicted by the Fabry–Perot model.[61,62] Larger sen-
sitivity is obtained for thinner dielectric layers, as confirmed
by numerical simulations. Measurements on a large number
of individual resonators (>800) revealed a statistically signifi-
cant variability despite identical nominal conditions. Coupling
with transmission electron microscopy (TEM) analysis and nu-
merical simulations we concluded that the intrinsic variability
of polyvinylpirrolidone (PVP) adsorbed on the nanoparticles is
responsible for the fluctuations observed. Using individual res-
onators as thickness[63] rulers enabled us to infer the statistical
distribution of the PVP coating with an Ångström resolution. In
addition, this also led us to refine the PVP removal process prior
to nanocube deposition, which is crucial for effective implemen-
tation in nanoelectronics.

Finally, we explored the opportunity to use this platform to
study the impact of annealing on ultrathin TiO2 layers by means
of polarization-resolved measurements. In addition to a preva-
lent use in fields such as photovoltaics, photocatalysis, and
sensing,[64–66] TiO2 can be crystallized by annealing at relatively
low temperature. We observed the fundamental mode splitting
into two resonances that can be selected by linear polarization
of the incident beam. We hypothesize that this unexpected be-
havior could result from some anisotropy induced in the spacer
layer by annealing. In fact, in the anatase or rutile phase TiO2 ex-
hibits birefringence,[67,68] therefore it possesses different refrac-
tive indices along different crystal axes. A distribution of grain
orientation underneath the nanocubes can lead to a polarization-
dependent spectrum. Full control and understanding of this be-
havior can be useful for designing tailored plasmonic devices
with enhanced functionalities, but also as a mean to characterize
crystalline layers via optical methods with resolution below the
diffraction limit. Plasmonic sensing, photovoltaics, photocatal-
ysis, nanoelectronics and other optical related applications can
benefit from this study.

2. Results and Discussion

The plasmonic nanocavities consisted of a collection of silver
nanocubes (AgNCs) on a gold film separated by a dielectric layer
(thickness “g”), as illustrated in Figure 1a. This design enables ex-
treme light confinement and precise control of the mode volume,
that is achieved by tuning the thickness of the dielectric spacer
with sub-nanometer precision via ALD.[69] The AgNCs, synthe-
sized via the polyol process,[70] have an average size of 50–60 nm,
are uniform in shape (Figure S1, Supporting Information) and
are coated with a thin layer of PVP used as shape-directing
agent. When excited in dark field (DF), individual nanocube res-
onators exhibited distinct red doughnut-like shapes[52] indicating
a strong interaction between the nanocubes and the metal film
(Figure 1b). As the spacer thickness exceeded 10 nm, the interac-
tion weakened, as evidenced by a continuous blueshift, whereas
the radiation profile transitioned from the doughnut shape to a
solid dot (Figure S2, Supporting Information). This transition
has been linked to a change in orientation of the dominant radia-
tion dipole from vertical (narrow gaps) to in-plane (wide gaps), as
a consequence to a change in coupling efficiency to the different
modes.

We examined the features of the plasmonic nanocavity sys-
tem by exciting individual nanocubes in bright-field via a
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Figure 1. a) Scheme of the plasmonic nanocavity system, b) dark field optical image of silver NCoM, c) SEM image of an individual silver nanocube, and
d) representative bright reflectance spectrum of an individual NCoM resonator, normalized by the gold film. The dependence of gap plasmon resonance
on e) nanocube size and gap thickness. f) A contour plot was generated using the experimental results, illustrating the average spectra of the gap
plasmon resonance for AgNCs on Al2O3/Au with varying e) nanocube size and f) gap thickness. Absorption efficiency of AgNCs on Al2O3/Au as a
function of g) nanocube size and h) Al2O3 thickness, obtained via BEM simulations.

micro-spectroscopy setup with a diffraction-limited spatial res-
olution. The investigation of individual nanocube-on-mirror
(NCoM) structure resulted in consistent resonance peaks.
Figure 1d shows a typical spectrum of an individual resonator,
taking as reference the gold film in a location without nanocubes.
Light is absorbed and scattered as a result of coupling to gap
plasmon modes. The presence of several peaks indicates the ex-
istence of different hybridized modes.[53] Note that the full width
half maximum of the low energy mode is ≈25–30 nm, corre-
sponding to a quality factor (Q) near 30. This a characteristic of
an individual nanocube resonators, in contrast with that observed
in ensemble measurements (Q ≈6, see Figure S3, Supporting
Information).

The size and morphology of individual nanocubes were char-
acterized by SEM to allow for correlation with their respective
spectra. This enabled us to determine how GPR evolves as a func-
tion of the geometric parameters of the nanocubes and to com-
pare with numerical simulations. Figure 1 shows the impact of
nanocube size (at constant Al2O3 thickness, Figure 1e) and that
of Al2O3 thickness (at constant nanocube size, Figure 1f). Spectra
were obtained from roughly 100 individual nanocubes for each
thickness (see Figures S4 and S5, Supporting Information, for
detailed spectra). Figure 1g,h illustrates the respective absorp-
tion efficiency simulated at 65° excitation, corresponding to the
maximum numerical aperture used to collect the spectra. The
measurements indicate that, as the edge length of the nanocube
increases, the GPR undergoes a redshift, due to the increase in
cavity width, in close agreement to the simulations presented in
Figure 1g. The linear trend of the resonance wavelength with
the edge length can also be predicted using a simplified Fabry–

Perot model,[61,62] and is indicative of a cavity mode.[71] Addition-
ally, absorption efficiency increases by roughly 50% when the
nanocube size increases from 45 to 60 nm. The resulting sensitiv-
ity of the fundamental mode to nanocube size variation (Δ𝜆/ΔL)
is 8 nm/nm.

In Figure 1f, the gap thickness was varied from 0.5 to 4 nm
(0.5, 1, 2, 3, and 4 nm), while maintaining a fixed nanocube size of
60 nm. This led to a redshift for thinner amorphous Al2O3 layers,
which agrees with the simulations presented in Figure 1h. This is
consistent with literature[72,73] and is attributed to an increase of
the effective mode index as the coupling between the nanocube
and the metal film intensifies. This could also be viewed as a
weakening (strengthening) of the Coulomb interaction between
the surface charge on the nanocube and its mirror image when
the distance between them becomes larger (smaller), directly im-
pacting the energy of the resonator. The resulting sensitivity of
the fundamental mode to Al2O3 thickness variation (Δ𝜆/ Δg) is
50 nm/nm.

These experimental results confirm that individual gap plas-
mon resonators are effective light absorbers. Most measure-
ments reveal an apparent extinction of 5–9%, which is roughly
five times larger than the corresponding absorption cross-
section. This overestimation of the absorptance is attributed to
the limited numerical aperture of the objective, which results in
uncollected light scattered at large angles. The enhanced cou-
pling between the nanocube and the mirror in thinner Al2O3
layers is evidenced by the resonance redshift. This is further
illustrated in Figure 2a,b, which presents the influence of the
nanocube size on the low energy mode with varying Al2O3 thick-
nesses. Although the sensitivity to a change in nanocube size
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Figure 2. Data plot of gap plasmon resonance for different Al2O3 spacer thicknesses. a) Linear regression of individual resonators (solid line) with 90%
confidence interval (dashed line) as a function of nanocube size for various Al2O3 thicknesses. b) Contour plot of gap plasmon resonance position with
wavelength as a function of nanocube size and Al2O3 thickness. c) Histogram of the center gap plasmon resonance wavelength statistical distribution
for 50 and 60 nm nanocubes.

(slope of the curves) is expected to become larger for thinner lay-
ers as a result of the stronger coupling, we do not observe an ob-
vious trend in the slopes. This can be attributed to the presence
of the (≈4 nm) polyvinylpyrrolidone (PVP) capping layer resid-
ual from the nanocube synthesis (see next), resulting in a sub-
stantial increase of the overall thickness. As a consequence, the
difference in sensitivity among different Al2O3 layers is small, as
illustrated in Figure S6 (Supporting Information) and lies within
the noise of the measurements. The map shown in Figure 2b
summarizes the experimental results, highlighting the impact
that dielectric thickness and nanocube size have on the resonance
wavelength.[74,75] These results indicate that the spectral response
of the resonators can be tuned in a wide range of wavelength by
changing nanocube size and gap spacer thickness. In Figure 2c
we show the histograms of gap plasmon center wavelength for
many individual NCoMs with a size of 50 and 60 nm, supported
on dielectric layers of various thicknesses. These histograms un-
veil a statistical distribution of resonance wavelengths across
many individual nanoparticles of nearly the same size, regardless
of Al2O3 thickness. This was unexpected since resonators with
identical geometrical parameters should yield a mono-modal dis-
tribution of center wavelengths.

As mentioned earlier, the nanocubes are coated with a thin
layer of PVP, used as shape-directing agent in the synthesis.
We hypothesized that the stochastic thickness distribution of
this layer was responsible for the resonance variability. TEM
analysis showed that the PVP thickness varies across different
nanocubes (Figures S7 and S8, Supporting Information), cor-
roborating our hypothesis. Such residual PVP layer acts as an
insulator, results in high contact resistance and hinders the ef-

ficacy of AgNCs in electronic applications, sensing, catalysis,
and surface-enhanced Raman spectroscopy (SERS).[76,77] There-
fore, there is a strong drive to precisely quantify its thickness.
In Figure 3 we show that correlative characterization of individ-
ual NCoMs can serve as an effective optical sensor to i) infer the
thickness distribution of such molecular layers with Ångström
resolution, and ii) to evaluate the effectiveness of procedures for
PVP removal.

The effect of the PVP thickness on the GPR was investigated
by numerical simulations. Figure 3a shows the absorption cross-
section of a gap plasmon resonator as a function of PVP thickness
at 65° excitation, for 60 nm nanocubes on 2 nm Al2O3. Several
modes can be observed. The modes shift toward the red as the
PVP thickness decreases, as expected. If the PVP thickness in-
creases, the modes linewidth widens as they approach each other.

Sodium borohydride (NaBH4) was used to remove PVP (see
Supporting Information for further details), as confirmed by
TEM (Figure 3d–g). Fifty spectra were measured on 60 nm Ag-
NCs before and after PVP removal, and these plots were averaged
to create a single representative spectrum (Figure 3b). The GPR
shifted from ≈650 to ≈730 nm after exposure to NaBH4, corre-
sponding to a thickness decrease of PVP from ≈4 to <2 nm, cal-
culated from simulations (Figure 3a). There is a substantial vari-
ability of GPR, as indicated by the standard deviation of exper-
imental data. To highlight such variability, we present the data
by showing the histogram of center wavelengths in Figure 3c
(left) and use simulation of the fundamental mode (center) to
infer a PVP thickness histogram (bottom) across many individ-
ual NCoMs, showing substantial variability, both before and after
removal.
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Figure 3. Quantification of PVP thickness using plasmonic nanocavity system. a) Absorption cross-section as a function of PVP thickness under 65° on
Al2O3/Au. b) Averaged spectra before and after removal of PVP. Shadow areas represent standard deviations calculated for each point. Dots indicate
the average gap plasmon resonance values obtained by fitting each spectrum with a Lorentzian function, and the corresponding standard deviations.
c) Fundamental mode wavelength (black square) compared with the experimental results from average gap plasmon resonance position on nanocubes
before and after removal of PVP (red square). Dots and bars are the mean values and standard deviations. The inset shows the histograms of gap plasmon
center wavelength across many individual resonators. TEM images of the individual nanocube d,e) before removing PVP and f,g) after removing PVP.

Statistical TEM analysis revealed that before removal, the PVP
thickness is ≈4.0 ± 3.4 nm (Figures S7 and S8, Supporting Infor-
mation), and decreases to 1.5 ± 0.9 nm after exposure to NaBH4,
in good agreement with simulations. These results highlight the
usefulness of this approach for precise optical measurements of
sub-nanometer material thicknesses and provide with a quick
methodology to access the statistical distribution of molecular
coatings for further understanding their impact on various ap-
plications.

Next, we experimentally evaluated the sensitivity of the GPR
to changes in the refractive index of the gap spacer layer. Dif-
ferent dielectric materials, Al2O3 and TiO2, were studied. The
refractive indices, measured via ellipsometry, are reported in

Figure S9a,b (Supporting Information), and are 1.615 and
2.427 at a wavelength of 0.520 μm, respectively. GPR measure-
ments were conducted on ≈80 individual nanocubes (50–60 nm)
per sample, for different dielectric thicknesses, as reported in
Figure 4a–c. As expected, a redshift is observed when the re-
fractive index of the dielectric increases, with an average shift of
≈60 nm ± 25 nm for a 2 nm gap, 100 nm ± 17 nm for a 3 nm
gap, and 83 nm ± 30 nm for a 4 nm gap with 60 nm AgNCs.

Considering that the interactions between the nanocube and
the adjacent metal film strongly influence the resonant proper-
ties of the system and its local electromagnetic field distribution,
we expect a substantial impact on the sensitivity. We determined
the sensitivity for different thicknesses of Al2O3 and TiO2, as
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Figure 4. The sensitivity of gap plasmon resonance. a–c) Histogram of the center gap plasmon resonance wavelength of 60 ± 2 nm AgNCs on difference
spacer Al2O3 and TiO2 thicknesses and the experimental results of gap plasmon resonance of individual AgNCs on Al2O3/Au films with gap refractive
index changes from Al2O3 to TiO2 and gap thickness change from 2, 3, to 4 nm. (d) The average sensitivity of AgNCs on Au films with gap refractive
index changes from Al2O3 to TiO2. e) Comparison of average sensitivity between 50 and 60 nm AgNCs as a function of gap thickness.

summarized in Figure 4d. These results indicate that the aver-
age sensitivity on 50 nm AgNCs is higher than that on 60 nm
AgNCs across all dielectric thicknesses. Smaller nanocubes tend
to exhibit more pronounced plasmonic effects due to their rela-
tively larger surface-to-volume ratio.[78] This increased plasmonic
activity makes them more responsive to changes in the local elec-

tromagnetic environment, such as those caused by variations in
the refractive index of the gap spacer layer. It is worth noticing
that other factors, such as the thickness of the PVP layer cap-
ping the nanocubes may influence sensitivity. In this study, the
PVP thickness was observed to be larger in the case of the 60 nm
AgNCs compared to the 50 nm AgNCs. This can contribute to
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the different sensitivity observed. In addition, larger sensitivity
is obtained for 3 nm gaps, regardless of nanocube size.[70] Note
that this sensitivity refers to refractive index changes of the spacer
layer and cannot be directly compared to changes of the dielec-
tric surrounding the nanocubes, that is instead the typical figure
of merit of nanoparticle-based sensors. Nevertheless, Figure 4
shows that a RIS of 130 nm/RIU is remarkable, given that the in-
dex change takes place in a minute volume (the spacer layer). For
comparison, nanocubes immobilized on TiO2 displayed a sensi-
tivity of 57 nm/RIU only, despite the change of the entire dielec-
tric surrounding the nanocube.[19]

Literature on GPR revolves around amorphous inorganic lay-
ers or molecular layers, so there is an interest in exploring how
it is affected by the presence of a crystalline spacer layer. To
this mean, the TiO2 layer was annealed to promote crystalliza-
tion. TiO2 has three main crystalline phases: anatase, rutile, and
brookite. Among these phases, anatase is a metastable phase
commonly obtained by annealing TiO2 thin films at tempera-
tures in the 300–500 °C range.[79,80] We characterized individual
plasmonic nanocavities on annealed ultrathin TiO2 layers. The
annealing procedure employed enables to fully crystallize ALD-
grown TiO2 layers into anatase, as evidenced by XRD (Figure S10,
Supporting Information) and Raman (Figure S11, Supporting In-
formation) measurements on films with thickness in the range
of 10–50 nm.

Figure 5 compares polarization-resolved measurements on
4 nm TiO2 films before and after annealing. The spectrum ob-
tained on amorphous TiO2 shows a single peak at ≈700 nm,
which is consistent with the GPR behavior discussed in the previ-
ous section. After annealing, two peaks are observed in the spec-
trum when incident light is unpolarized. To further character-
ize the plasmonic response we performed polarization-resolved
measurements by inserting a linear polarizer in the excitation
pathway. The resulting spectra showed in most cases only one of
the two peaks, or a substantial change in their relative intensity
compared to unpolarized measurements. Rotating the polarizer
by 90° resulted in the suppression of the other peak. The magni-
tude of the splitting varied across the individual nanocubes mea-
sured. Additionally, for a given linear polarization, the suppres-
sion of the low-energy peak or the high-energy peak could be ob-
served. Two representative spectra of individual nanocubes sup-
ported on annealed 4 nm TiO2 films are reported in Figure 5b,c.
Conversely, polarization-resolved measurements on TiO2 before
annealing did not show significant differences. The peak splitting
(Δ𝜆) across 28 individual nanocubes is reported in Figure 5d–f
for different dielectric thicknesses. The data have been ordered
from low to high Δ𝜆. In Figure 5g–i we show the peak selection
as a function of polarization, calculated as a function of the area
of the peak normalized by the total area of the spectrum. In red,
we show the results for the low-energy mode and, in blue, for the
high-energy mode, with 100% meaning perfect selection. Switch-
ing the polarization leads to a switch of the peak suppressed.
These results indicate that a large variability is observed in terms
of the magnitude of peak shift and suppression, but also with re-
gards to which of the two peaks is mostly suppressed for a given
linear polarization. Correlative SEM characterization confirmed
the cubic shape of the nanoparticle analyzed, therefore ruling
out asymmetries as a possible cause for the observed behavior.
The roughness of the TiO2 surfaces on both amorphous and an-

nealed substrates was comparable, as shown in Figure S12 (Sup-
porting Information). This allows to exclude tilting of nanocubes
on annealed surfaces as a source for the observed asymmetric
response to polarized light. We hypothesized that the birefrin-
gence of annealed TiO2 could explain the experimental results.
Electron backscatter diffraction (EBSD) was used to characterize
the crystallographic orientation of the supporting gold film. In
EBSD an electron beam is directed onto the surface of the sam-
ple, resulting in back-scattered electrons that form a Kikuchi pat-
tern correlating with the structure and orientation of the crystal
lattice. Analysis showed that the gold film (after deposit and ther-
mal treatment) is polycrystalline, and the surfaces of the grains
are mostly oriented with their (111) plane is parallel to the sub-
strate (Figures S13 and S14, Supporting Information).

EBSD was also performed on 50 nm thick TiO2 supported on
the Au substrate after annealing at 350 °C for 2 h to determine
the presence of epitaxy. It was found that TiO2 anatase crystals
prefer to align with their (011) plane on the Au substrate, as a
result of the fact that the (011) plane is the most stable, having
a lower surface energy compared to the other planes.[81] While
other grain orientations were observed, the preferred orientation
is close to (011) facet (S15 and S16), but no in-plane epitaxy was
found between the Au substrate and TiO2 crystals.

FDTD simulations were performed to unravel any correlation
between the crystal orientation of the birefringent TiO2 layer and
the GPR. The dielectric layer was modeled with a constant re-
fractive index (n) of 2.5 at 0.520 μm and a birefringence of ±0.1.
To simulate all possible orientation of the crystal, several sim-
ulations were performed changing the axis with birefringence.
These simulations evidenced that the GPR is mostly depending
on the value of nz, whereas the value of nx and nv have almost
negligible impact, as shown in Figure S17 (Supporting Informa-
tion). Therefore, it appears that in homogeneous layers birefrin-
gence does not play a significant role, since nz is orthogonal to
the polarization axes. A possible explanation for our experimen-
tal results is that TiO2 grains are smaller than the nanocube size,
which could be expected given the absence of epitaxy with the
underlying Au substrate and confirmed by XRD and EBSD. As
a result, each nanocube is deposited on various grains with a
distribution of crystallographic orientations and possibly differ-
ent allotrope phases, and therefore of nz. The GPR has two max-
ima at the nanocube edges and a node in the center. Therefore, if
adjacent edges of a nanocube are on grains of different orienta-
tion (or refractive index) we expect a polarization dependence of
the spectrum, as evidenced by numerical simulations shown in
Figure S18 (Supporting Information). Further work is needed to
confirm this hypothesis explaining the behavior of gap-plasmon
modes in annealed TiO2 films. This could pave the way for optical
crystallography of ultrathin films below the diffraction limit.

3. Conclusion

In summary, our theoretical and correlative experimental analy-
ses on individual nanocubes have highlighted the significant in-
fluence of nanoparticle size, gap spacer thickness, and refractive
index on the coupling between plasmonic components in a plas-
monic nanocavity system. Gap thickness and nanocube size can
be used to tune the spectral response in a wide range of wave-
length, and to increase sensitivity to the refractive index of the
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Figure 5. The gap plasmonic resonance spectrum of individual AgNC on TiO2 depending on a spacer layer with different polarizations. a) Reflectance
spectra on TiO2 amorphous as a spacer layer. b,c) Reflectance spectra on annealed TiO2 with different polarizations. The peak splitting (Δ𝜆) d) 2, e) 3,
and f) 4 nm TiO2 and peak selection as a function of polarization across different individual nanocubes g) 2, h) 3, and i) 4 nm TiO2.
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spacer layer, making it a promising option for optical sensing. As
an example, we showed the characterization of the residual PVP
capping layer around nanocubes, which is critical for the inte-
gration in nanoelectronics systems. Finally, polarization-resolved
measurements on annealed TiO2 layers evidenced a birefrin-
gence in the system response, possibly due to a distribution of
grain orientation in the birefringent polycrystalline spacer. If con-
firmed, this could be a unique and powerful way to gain insight
into the crystallographic orientation of anisotropic material at a
nanometer scale. This shows the interest in studying the behavior
of GPR in complex systems, such as anisotropic materials. The
integration of the techniques mentioned above provided us with
a comprehensive understanding of the properties and behavior
of the plasmonic nanocavity system, highlighting the need for
correlative characterization of individual nanoparticles.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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