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ABSTRACT
Plasmon-tunable tip pyramids (PTTPs) are reproducible and efficient nanoantennas for tip-enhanced Raman spectroscopy (TERS). Their
fabrication method is based on template stripping of a segmented gold pyramid with a size-adjustable nanopyramid end, which is capable of
supporting monopole localized surface plasmon resonance (LSPR) modes leading to high spectral enhancement when its resonance energy
is matched with the excitation laser energy. Here, we describe in detail the PTTP fabrication method and report a statistical analysis based
on 530 PTTPs’ and 185 ordinary gold micropyramids’ templates. Our results indicate that the PTTP method generates probes with an apex
diameter smaller than 30 nm on 92.4% of the batch, which is a parameter directly related to the achievable TERS spatial resolution. Moreover,
the PTTPs’ nanopyramid edge size L, a critical parameter for LSPR spectral tuning, shows variability typically smaller than 12.5%. The PTTP’s
performance was tested in TERS experiments performed on graphene, and the results show a spectral enhancement of up to 72-fold, which is
at least one order of magnitude higher than that typically achieved with gold micropyramids. Imaging resolution is in the order of 20 nm.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021560., s

I. INTRODUCTION

Optical nanoantennas are the main objects that give tip-
enhanced Raman spectroscopy (TERS) the ability to overcome the
optical diffraction limit (≈λ/2) by extracting the near-field informa-
tion to generate high resolution Raman images.1–9 They are defined
as devices capable of converting the propagating optical radiation
into localized energy and vice versa,4,10–12 resulting in local spectral
enhancement with spatial resolution ranging from tens of nanome-
ters down to below 1 nm, depending on the technical approach.13

Considering our geometry of interest here, which is the simplest
tip-only TERS configuration working roughly 5 nm distance from

the sample, the resolution is dictated by the nanoantenna’s apex
diameter.14–22 In this case, although the two important properties
that define the quality of a TERS probe, i.e., its optical efficiency
and apex size, are well established, a large-scale batch production
of high quality TERS probes with high reproducibility is yet chal-
lenging.11,16,23 While different methods to make tips, such as electro-
chemical etching of gold wire and metallic covering of commercially
available Si or Si3N4 cantilever probes, have served the TERS practi-
tioners for many years, significantly advancing the technique,24 low-
reproducibility in the probe morphology or relatively poor optical
efficiency is still frequently an issue that limits the overspread of the
technique beyond highly experienced groups. Special concern can be
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stressed when utilizing TERS to study two-dimensional (2D) sam-
ples that demand comparatively higher optical efficiencies because,
differently from the case of molecules, where spectral enhancement
(ratio between TERS and confocal intensities, ITERS/Iconfocal) higher
than 10 is not unusual,25 in 2D, the near-field signal competes
with the far-field information coming from a considerably larger
area.7,12,24,26–36

Addressing the fabrication reproducibility on the probe’s mor-
phology, Johnson et al. reported a remarkable improvement by
applying template stripped gold micropyramids as TERS probes.37

The method is compatible with large-scale batch production and
is inspired by the previously reported method of using pyramidal-
like cavities microfabricated on Si wafers as templates for hollow
gold micropyramids production.38–40 According to Ref. 37, this
method leads to TERS probes with an apex diameter of 20 nm
with high yield. On the other hand, since the micropyramid does
not present any nanostructured surface features or discontinuation
close to its apex, it is not designed to support localized surface plas-
mon resonance (LSPR) and, therefore, only generates moderate field
enhancements based solely on the lighting-rod effect.12,41

Previously, we reported the fabrication of plasmon-tunable tip
pyramids (PTTPs) based on a modified template-stripping fabrica-
tion technique.41 The PTTPs are optical nanoantennas consisting of
two main structures that compose the final shape of the TERS probe:
a gold pyramidal frustum with a square base with a gold nanopyra-
mid sitting on the center of its smaller base plateau (see Fig. 1). The
edges of the plateau are sized to ∼1 μm, whereas the nanopyramid
has a lateral size L that can be in between 300 nm and 700 nm, to
adjust the LSPR mode energy to match incident laser wavelengths
in the optical and near IR ranges.41,42 Because of its unique struc-
ture, the PTTPs support monopole LSPR modes, where the plateau
serves as an electronic reservoir, as demonstrated by theoretical sim-
ulations.43 The highest field enhancement occurs for the matching
of the second monopole mode (L = 3/4 λeff) with the incident laser
wavelength (λlaser = 632.8 nm in our case),43 leading to TERS spec-
tral enhancements of orders of magnitude higher than those pro-
duced by a gold micropyramid.41 This condition is satisfied when the
nanopyramid edge size is set to L ≈ 470 nm.12,41 PTTPs have been
successfully applied on TERS experiments for the investigation of
single layer graphene on a glass substrate41 and gold nanoparticles,44

FIG. 1. Scanning electron microscopy images of a PTTP nanoantenna already
mounted to perform as a TERS probe. (a) An open view of the whole PTTP’s
structure fixed at the top of a tuning fork with epoxy resin. (b) A higher magnification
image of the PTTP’s end portion, where the nanopyramid is seen centered on
the plateau area. The white double-arrow line in (b) indicates the nanopyramid
edge size L. All four nanopyramid faces are composed of equilateral triangles, and
therefore, all edges, including the base ones, have the same length L.

graphene nanoflakes,33,36 GaS,35 single-wall carbon nanotubes,41 and
low-angle twisted bilayer graphene.45

In this work, we present details about the PTTP fabrication
method and report the metrological characterization of PTTPs and
gold micropyramids. We show that the innovative PTTP not just has
a favorable structure to support monopole LSPR modes leading to
unprecedented spectral enhancements but it is also fabricated by a
reproducible method compatible with large-scale production. Based
on a statistical analysis of the data from 715 pyramidal cavities, we
show that the PTTP fabrication method yields probes with an apex
diameter smaller than 30 nm in 92.4% of the batch, an improve-
ment of 210% when compared with the conventional micropyramid
method.

II. TECHNICAL DETAILS
A. PTTP morphology and previous results

The PTTP, as shown in Fig. 1, was introduced in Ref. 41,
where its optical and morphological properties were characterized
using scanning transmission electron microscopy, electron energy
loss spectroscopy (EELS), and computational simulations. In Ref.
43, its optical and morphological properties were linked by theoreti-
cal simulations. TERS results using the PTTP probes on 2D samples
can be found in Refs. 12, 33, 35, 36, 41, and 43–45, which sum up to
more than 20 TERS experiments with different tips.

B. Nanofabrication and characterization
The template stripped method employed to fabricate pyramid-

like TERS probes is based on two major key factors: the anisotropic
etching of Si with KOH aqueous solution, which revels the {111}
planes of the Si crystal as pyramidal-like cavities,46–48 and the poor
adhesion of gold to the Si or SiO2 substrate.39 These features allow
the fabrication of re-usable cavities on Si wafers as templates for the
hollow gold micropyramid or PTTP structures.

The starting material is a p-type Si wafer ⟨100⟩ with a 1 μm
thick SiO2 cover layer [Fig. 2(a)].49 The fabrication method begins
with a lithography process to expose Si on disk-shaped areas of
25 μm diameter [Fig. 2(b)]. We used focused ion beam (FIB) in
a dual beam microscope (FEI Nova NanoLab 600) to perform ion
beam lithography. Light lithography could also be employed in
this step without loss of quality or control. The FIB parameters
used were 30 kV of accelerating voltage and ion beam current
of 20 nA. The remaining SiO2 cover layer works as a protective
mask against undesirable substrate etching. An anisotropic etching
is performed by submerging the substrate in an aqueous solution
of KOH and isopropyl alcohol at a concentration of 6:3:1 wt./wt.
(H2O:KOH:IPA). The temperature control of the anisotropic etch-
ing is a critical parameter and must be carefully stabilized at 65 ○C.
In this condition, the anisotropicity of the process is improved,
leading to an etching rate along the Si [100] direction hundreds
of times higher than that along the [111] direction. This results
in a pyramidal-like cavity with Si {111} plane faces and a square
bottom made of Si {100} [Fig. 2(c)]. This square bottom is dimin-
ished, and the cavity goes deeper while the etching proceeds. If not
stopped, the anisotropic etching results in a complete pyramidal
cavity.
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FIG. 2. PTTP’s fabrication overview. [(a)–(f)] Steps to generate the segmented cavity template, where the Si substrate and the SiO2 cover layer are pictured in dark gray and
cyan colors, respectively. (g) Au thermal evaporated film (yellow color) deposited over the template. (h) The PTTP is template stripped using an epoxy resin.

This is the crucial step that differs the PTTP method from the
conventional micropyramid method: the etching process is stopped
before finishing the full pyramidal-like cavity, yet with a square bot-
tom of around 1 μm [Fig. 2(c)]. To achieve the correct size, we
interrupted the etching process at least three times to investigate the
size of the plateau and calculate the actual etching rate in order to
predict the final stopping time. After finishing the cavity with a ∼1
μm square base, a new lithography process takes place [Fig. 2(d)].
For that, a 70 nm thick SiO2 coating is thermally grown. Afterward,
a similar etching process as described above is redone. However,
in this additional step, the ion beam lithography exposes Si only
over a disk-shaped area of few hundreds of nanometers, centered
at the cavity bottom [Fig. 2(e)]. The diameter of the opened area is
adjusted to scale the final PTTP nanopyramid size. For this second
lithography process, the use of FIB is necessary and cannot be sub-
stituted by other lithography methods, since the etching structure
is smaller than the wavelength of the light. The FIB parameter used
was 30 kV of accelerating voltage and ion beam current of 0.1 nA.
When compared with the first ion beam lithography process, the
FIB current is reduced to improve the resolution of the milling
design.

In the following, a second anisotropic etching process is per-
formed with the same parameters used before, but this time it takes
just 3 min. The template is finished by removing the SiO2 cover layer
masks with HF solution and cleaning through ultrasonic bath in
deionized water and isopropyl alcohol [Fig. 2(f)]. Subsequently, the
Si substrate is dried with a stream of N2. Figures 2(a) and 2(b) show
one PTTP template cavity at this fabrication stage. This is the step in
which scanning electron microscopy (SEM) is applied to character-
ize the cavity’s morphological structure, since its shape replicates the
final PTTP dimensions. Later, the template is coated with a 200 nm
Au (99.95%) film by thermal evaporation, as illustrated in Fig. 2(g).
Finally, the PTTP is stripped off the cavity using an UV curing epoxy
resin [Fig. 2(h)] and fixed at the top of a tuning fork to work as
an optical antenna in a shear force AFM-based TERS system. It is
important noticing that the template can be properly cleaned and
reused to produce more PTTPs without losing quality.

During the first anisotropic etching process, an optical micro-
scope (Axiotech Vario Zeiss) with 50× magnification objective was
employed to inspect the size of the cavity bottom edge (P), which
corresponds to the PTTP probe plateau’s size. The inspections were

FIG. 3. [(a) and (b)] SEM images of the PTTP’s cavity template on the Si substrate.
In (b), the white double-arrow shows the characteristic parameter P of the cavity’s
bottom size, which corresponds to the PTTP plateau’s lateral size. (c) Plot of P as
a function of the etching time (t) during the first anisotropic etching. Gray circles
are the measurements of P by optical microscopy during the etching process. For
each step of inspection, seven cavities were randomly chosen for measurements
of P. The orange line is the linear fit from which we extracted the etching rate of
P(μm) = 24.8 − 0.56 t(min).
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made at 20 min, 30 min, and 40 min after the starting point. Another
last measurement is taken at around 41 min–43 min, depending on
the etching rate. In each inspection, seven cavities were randomly
selected to avoid collecting biased data in our statistical analysis. This
procedure is essential to calculate the actual etching rate and to pre-
dict the final stopping time in order to generate a controlled plateau
size of around 1 μm.

Figure 3(c) shows the plot of measurements of the plateau’s size
(P) during the template fabrication as a function of the etching time
(t). We measured seven randomly distributed cavities per inspection
step, leading to a deviation of ΔP ∼ 500 nm, which is smaller than
the optical microscope’s lateral resolution. The linear fit (solid line)
shows an etching rate of 0.56 μm/min, with respect to the P dimen-
sion. This result was used to determine the etching stopping time
(tfinal = 42.5 min), resulting in cavities with a bottom size of ∼1 μm.

In order to characterize the morphological properties of the
template cavities produced, a SEM (FEI Nova NanoLab 600) was
used. This includes measuring the nanopyramid cavity base edge
(L) and the bottom size of the nanopyramid cavity (ϕ), which
should determine the PTTP apex’s diameter [see Fig. 4(a)]. This

measurement was made on 530 PTTP cavities and 185 micropyra-
mid cavities (only the ϕ parameter for the former). The statistical
analysis of these parameters is presented in Sec. III A.

C. TERS setup
The TERS experimental setup used in the current work (results

shown in Subsection III B) is similar to that described in detail in
Refs. 2 and 33. The system is based on an inverted optical microscope
(bottom illumination) equipped with an x,y-scan stage for raster-
scanning a sample sitting on top of a 0.17 mm thick glass coverslip
substrate. A high numerical aperture objective lens (1.4 NA) is used
to focus a radially polarized HeNe laser beam (λlaser = 632.8 nm) on
the substrate’s surface. The PTTP is attached to a quartz tuning fork
and kept at a distance of ∼5 nm from the sample’s surface by means
of a sensitive shear-force feedback mechanism. The scattered field
is collected by the same objective (backscattering geometry), passes
throughout a low-pass filter that removes the Rayleigh component,
and is finally detected by a CCD camera (iDUS −70 ○C) coupled to
a spectrometer (Andor, Shamrock 303i) equipped with a 600 l/mm

FIG. 4. SEM characterization and statistical analysis of 530 PTTP etched cavities and 185 micropyramid cavities. (a) SEM image of the bottom of a cavity, where the
nanopyramidal cavity and the structural parameters L and ϕ are shown with details. (b) Statistical distribution of L using a box plot representation for nine groups of
nanopyramidal cavities with nominal L values of 310 nm (A), 350 nm (B), 375 nm (C), 390 nm (D), 455 nm (E), 480 nm (F), 500 nm (G), 515 nm (H), and 535 nm (I). The
gray boxes represent the interquartile range (IQR)—interval between the first and third quartiles of the distribution (50% of the data). The horizontal black line inside the box
indicates the position of the median value of the distribution. The vertical T bars, called whiskers, indicate the minimum and maximum limits for the statistical distribution (no
more than 1.0× IQR from the edge of the box). (c) and (d) are the PTTP and micropyramid cavity bottom size (ϕ) distribution, respectively. The orange curves are log-normal
fit of the data, which indicates median values of μ = 15 nm (38 nm) with standard deviations of σ = 7 nm (28 nm) for the PTTP (micropyramid) fabrication methods. (e) and (f)
are the same PTTP and micropyramid cavity bottom size (ϕ) distributions and adjusted curves, but presented in a cumulative frequency plot, where the dashed lines indicate
the relative quantity of produced cavities with ϕ < 30 nm and ϕ < 50 nm.
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grating blazed at 500 nm. For the TERS spectral images acquisition,
the laser power at the sample was set to 100 μW, the image pixel size
was 20 nm (10 nm), with integration time of 1.5 s (1.0 s) for the first
(second) experiment shown in Sec. III B, Fig. 5(b) [Fig. 5(d)]. The
tip-down/tip-up spectra shown in Figs. 5(a) and 5(e) were collected
with five accumulations of 20 s.

III. RESULTS AND DISCUSSION
A. Statistical analysis of L and ϕ

When compared with the conventional micropyramid, or with
any other tip that presents field enhancement generated only by the
lightning-rod effect, PTTPs show a much higher optical efficiency
if their second monopole LSPR mode matches the TERS excitation
laser’s wavelength. This is the reason why L is a critical parameter
of a PTTP probe, which has to be controlled during fabrication with
a maximum variation of 13%, as estimated from the LSPR’s qual-
ity factor (spectral position divided by the resonance peak width).41

Here, we performed a statistical analysis of L using data collected
from 530 PTTPs divided into nine sample groups with nominal tar-
get L values of: 310 nm (A), 350 nm (B), 375 nm (C), 390 nm (D),
455 nm (E), 480 nm (F), 500 nm (G), 515 nm (H), and 535 nm
(I). Figure 4(b) shows the results obtained using the statistical box
plot tool. The variability of the statistical distribution can be eas-
ily extracted from the size of the gray box, since the interquartile
range is a robust parameter that is not influenced by extreme values
with low statistical representativeness. Based on the data shown in
Fig. 4(b), the variability around the median value ranged from 2.5%
(E group) to 12.5% (D group) in eight out of nine groups, within
the acceptable variation range. The E group showed a relatively high
variability of 20%, which we assigned to an error that occurs during
the FIB milling process of the second lithography mask. In general,
the PTTP fabrication method generates templates of cavities with
narrow variability of the L parameter.

With respect to the ϕ dimension, which measures the final tip’s
apex and resembles the TERS spatial resolution, 530 PTTP cavities
and 185 micropyramid cavities were analyzed. In general, when the
cavity bottom is greater than ∼10 nm, it shows a unidimensional
shape. It happens due to some flaws or damage on the lithogra-
phy mask, impacting its roundness, which results in a pyramidal-
like cavity with a rectangular base, instead of a perfect square base.
The difference between the base edges is directly reflected on a
unidimensional bottom with approximately the same length.

Figures 4(c) and 4(d) show the ϕ data statistically treated
through histograms for PTTP cavities and micropyramid cavities,
respectively. The distribution of ϕ presents a strong tendency toward
smaller values, with a clear asymmetry. Thus, a lognormal distribu-
tion curve was used to fit the experimental data, showing a median
value of μ = 15 nm (38 nm) with a standard deviation of σ = 7 nm
(28 nm) for the PTTP (micropyramid) fabrication method. Another
way to analyze this statistical result is by plotting the same data in
a cumulative frequency diagram, as shown in Figs. 4(e) and 4(f) for
PTTP cavities and micropyramid cavities, respectively. The repro-
ducibility of the process is analyzed based on two ranges: ϕ < 30 nm,
considered as the optimum probe apex size, and ϕ < 50 nm, seen
as an acceptable apex size for TERS. The PTTP fabrication method
generates probes with ϕ < 30 nm (ϕ < 50 nm) on 92.4% (95.2%)

of the production batch, whereas the micropyramid method leads
to probes with ϕ < 30 nm (ϕ < 50 nm) on 44.7% (63.6%) of the
production batch [see the dashed arrows in Figs. 4(e) and 4(f)].

The clear improvement of the yield of cavities’ bottom size
smaller than 30 nm can be assigned to the roundness quality of
the used lithography mask during the whole micro/nanofabrication
process. The micropyramid fabrication method is based on the
lithography of a disk-shaped region with a diameter of dozens of
micrometers, where the Si is exposed, with a subsequent long etch-
ing process (dozens of minutes). As a consequence, the formation of
H2 bubbles during the etching process and corrosion power of the
KOH solution for a long period of time can lead to small flaws at
the mask’s edge, especially on its pendent parts. This reflects on a
slightly asymmetry of the mask and an increase of the cavity’s bot-
tom size after full etching process. On the other hand, the second
lithography process of the PTTP fabrication method is based on the
formation of a disk-shaped region with a diameter of few hundreds
of nanometers, and subsequent fast etching process (only 3 min).
This downsizing of the lithography process leads to a great improve-
ment in the reproducibility of probes with ϕ < 30 nm, from 44.7% to
92.4% of yield.

B. TERS performance
To demonstrate the optical performance, we applied three

distinct PTTPs on a mechanically exfoliated single-layer graphene
(SLG) sitting on the glass substrate. This experiment is similar to
those previously reported where dozens of PTTP probes were uti-
lized.12,41,43 The sample presents two distinct regions. The first one
is a pristine SLG, used for the evaluation of the spectral enhance-
ment [Fig. 5(a)], whereas the second is a SLG with randomly dis-
tributed point defects made using a conventional helium ion micro-
scope, working at 30 kV and low doses (<1 × 1012 ion/cm2). Details
about the modification of graphene using He ions can be found
elsewhere.50–52 These point defects were used to generate local
disorder-induced scattering [Figs. 5(b) and 5(c)].

Although an in-depth description of TERS in two-dimensional
systems requires a careful analysis of the field distribution,44 conven-
tionally, the optical efficiency of a TERS probe is measured through
the spectral enhancement generated when the tip is approached to
the sample. This figure-of-merit is given by FTERS = Itip-down/Itip-up
(≈ITERS/Iconfocal), where Itip-down and Itip-up are the intensities of a
given Raman peak with the tip approached and retracted, respec-
tively.53,54 Figure 5(a) shows a plot with spectra acquired on the
pristine part of the SLG sample with the PTTPs (greenish spectra)
and without the PTTPs (bluish spectra).

The spectral signal enhancement for the first PTTP analyzed
(PTTP#1), with L = 490 nm and ϕ = 15 nm, was measured as FTERS
= 51 for the 2D band (centered at ∼2700 cm−1).55 This is around one
order of magnitude higher than the spectral enhancements gener-
ated by the following conventional TERS probes applied in similar
AFM-based TERS setups measuring graphene: gold micropyramid
(FTERS ∼ 2.337 and FTERS ∼ 3.441), electrochemically etched gold tip
(FTERS ∼ 2.15), and commercially available standard cantilever tip
covered with a thin silver layer (FTERS ∼ 8.5,29 FTERS ∼ 3.0,32 FTERS
∼ 2.2,27 and FTERS ∼ 1.528). Furthermore, this result is in line with
previously reported results for PTTP probes in similar experiments,
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where FTERS = 24 (Ref. 41), FTERS = 100 (Ref. 43), and FTERS = 72
(Ref. 12) were measured.

It is important noticing that the spectral enhancement is
impacted by the sample dimension illuminated by the incident
laser. For example, the same probe provides larger FTERS from a
carbon nanotube (one-dimensional sample) than from a graphene

(two-dimensional sample), because the far-field signal originates
from the whole focus area on the graphene case, reducing its
near-field to far-field signal ratio.41 Therefore, a more embrac-
ing definition is given by the signal enhancement factor MTERS
= (FTERS − 1) × AFF/ANF, which takes into account roughly
the sample’s area illuminated by the incident laser (AFF) and

FIG. 5. (a) Raman spectra of an exfo-
liated single-layer graphene, acquired
with the PTTP (indicated as tip-down)
and without the PTTP (indicated as tip-
up), for each of the three distinct PTTPs,
which indicates a 2D band intensity
enhancement of 51× for PTTP#1, 58×
for PTTP#2, and 72× for PTTP#3. The
pair of spectra of PTTP#2 and PTTP#3
was shifted to clarity. (b) TERS spec-
tral image, made with PTTP#1, with
a pixel size of 20 nm and a color
scale rendering the defect-induced D
band (∼1350 cm−1) intensity. (c) Raman
spectra extracted from the hyperspectral
image (b) at pixel positions indicated by
the arrows. The orange spectrum was
shifted to clarity. (d) and (e) are the
results from a TERS experiment using
the PTTP#3, acquired at the edge region
of a pristine graphene sample using a
different PTTP probe. (d) TERS spectral
image with a pixel size of 10 nm, red-
dish color rendering the defect-induced
D band and greenish color rendering the
2D band intensity. The D band inten-
sity profile across the graphene edge
(white dashed line) is shown in the fig-
ure inset. (e) Raman spectra extracted
from the hyperspectral image (d) at pixel
positions indicated by the arrows and a
dark brown spectrum from pixel position
on the glass substrate without graphene.
The dark brown and the orange spectra
were shifted to clarity.
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the probe’s apex area (ANF). The PTTP used (PTTP#1) was
template stripped from a previously characterized cavity, which
showed a bottom size of ϕ = 15 nm. Thus, we can con-
sider ANF ≈ π(15/2)2 nm2. The laser illumination area can be
calculated by considering its wavelength (λlaser = 632.8 nm) and the
oil immersion objective numerical aperture (NA = 1.4), leading to
AFF ≈ π(550/2)2 nm2. Therefore, we calculated M = 6.7 × 104 for this
PTTP and reported TERS experiment.

Figure 5(b) shows a TERS spectral image of the SLG region with
He-ion induced defects, where the color scale renders the disorder-
induced D band (∼1350 cm−1) intensity.50,55 The experiment was
performed using the same PTTP#1 and an incident laser power of
∼100 μW, measured before the objective lens. The point defects
present spectral features clearly distinct from that obtained from the
pristine positions, as shown in Fig. 5(c). The former [orange spec-
trum in Fig. 5(c)] shows a strong D peak and a weaker 2D peak when
compared to that acquired at the pristine position (blue spectrum).
Moreover, we can estimate the image resolution to be smaller than
the pixel size (20 nm), corroborating with the template cavity mea-
surements (ϕ = 15 nm). Interestingly, this near-field image indicates
a defect density of ∼61 μm−2 and an average distance among defects
of LD ≈ 130 nm. We compared these measured values to the ones
extracted from the spectrum (not shown) acquired on the same sam-
ple position and without the PTTP (far field spectrum). By applying
the protocol described in Ref. 56, we measured G band’s linewidth
of ΓG = 17.6 cm−1, and (AD/AG)×E4

laser = 1.37 (eV4), where AD and
AG are the areas under the Lorentzian curves that adjust the D and G
band peaks, and Elaser is the incident laser energy. Based on the dia-
gram for the contribution of point-like defects to the far-field Raman
spectrum,56 we would expect LD > 100 nm, corroborating with our
findings.

The optical efficiency was also measured for the two other
PTTPs using the same criteria. The 2D band intensity enhancement
for PTTP#2, with L = 510 nm and ϕ = 20 nm, was measured as
FTERS = 58, and for PTTP#3, with L = 480 nm and ϕ = 20 nm, FTERS
= 72. Their signal enhancement factors were calculated as M = 4.3
× 104 for PTTP#2 and M = 5.4 × 104 for PTTP#3. Finally, following
a more traditional way of measuring the TERS spatial resolution, we
performed a TERS experiment using PTTP#3 near the edge region of
a pristine SLG. Figure 5(d) shows a TERS spectral image with a pixel
size of 10 nm, in which the reddish color scale renders the disorder-
induced D band intensity and the greenish color rendering the 2D
band intensity. To measure the spatial resolution, we evaluated the
D band intensity profile across the graphene edge [Fig. 5(d) inset],
which shows a FWHM of around 25 nm. If we subtract the spatial
extent of the D band (Ld ∼ 4 nm57), we conclude that the image res-
olution is around 20 nm, which corroborates with the previous SEM
measurement of the PTTP#3 template’s cavity.

IV. CONCLUSION
In summary, we have presented in detail the template stripped-

based fabrication process of PTTP probes, highlighting its distinc-
tion from the micropyramids method. Based on a statistical analysis
of data collected from 530 PTTP cavity templates and 185 micropy-
ramid cavity templates, we have shown that the PTTP method gen-
erates probes with an apex diameter smaller than 30 nm in 92.4%

of the batch, a substantial yield improvement when compared to
the micropyramid method, where ϕ < 30 nm was obtained for
44.7% of the cavities. The explanation for that level of improve-
ment is based on the downscaling of the lithography mask used in
the fabrication process, going from few dozens of micrometers for
the micropyramids method to few hundreds of manometers for the
PTTP method.

In addition, we also analyzed the PTTP’s nanopyramid edge
size, a critical parameter for LSPR spectral tuning. We have shown
that the variability of L was typically smaller than 12.5%, compati-
ble with its plasmon resonant quality factor (Q ≈ 10). Therefore, the
PTTP fabrication method not just results in a unique design capable
of generating tunable monopole LSPR modes but it also proved to be
an improvement in terms of reproducibility and batch production.

To check its actual optical performance, three PTTPs were
tested in a TERS experiment performed on a graphene sample. The
results indicate signal enhancement factors (MTERS = 6.7 × 104,
MTERS = 4.3 × 104, and MTERS = 5.4 × 104) at least one order of mag-
nitude higher than those archived by a conventional gold micropyra-
mid and other conventional TERS probes.41,57 In addition, the image
resolution was measured for two of these PTTPs through two dis-
tinct experiments. In the first one, the TERS image of randomly
distributed point defects generated by He-ion bombardment on SLG
indicating a spatial resolution better than 20 nm. In the second
experiment, the D band line width at the graphene edge suggested
a spatial resolution of around 20 nm, both in line with the template
cavity SEM analysis.
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