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ABSTRACT

Nano-infrared (nanolR) probes play a crucial role as nano-mechanical sensors and antennas for light absorption and emission,
and their testing performance is critically dependent on their optical properties and structural stability. Graphene-coated dielectric
probes are highly attractive for enhancing light-matter interactions and integrating IR photonics, providing a broadband optical
response and strong electromagnetic field. However, achieving continuous single-layer graphene growth on non-planar and non-
single crystalline dielectrics is a significant challenge due to the low surface energy of the dielectric and the large difference in
size between the probe tip, cantilever, and substrate. Herein, we present a novel method for the growth of high-quality and
continuous graphene with good conductivity on non-planar and amorphous dielectric probe surfaces using manganese oxide
powder-assisted short time heating chemical vapor deposition. The resulting graphene-coated dielectric probes exhibit an
average IR reflectance of only 5% in the mid-IR band, significantly outperforming probes without continuous graphene coating.
Such probes can not only effectively transduce the local photothermal sample expansion caused by the absorption of IR laser
pulses, but also effectively scatter near-field light, which is 25 times stronger than the commercial metal-coated probes, and have
advantages in the application of nanolR sensing based on atomic force microscope-based infrared (AFM-IR) spectroscopy and
infrared scattering scanning near field optical microscopy (IR s-SNOM) principles. Furthermore, our graphene growth method
provides a solution for growing high-quality graphene on the surfaces of non-planar dielectric materials required for integrated
circuits and other fields.
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1 Introduction

Associating  spatially resolved chemical information at the
nanoscale with reproducible and highly sensitive patterns of
tightly packed nanostructures remains a challenge in surface
science [1,2]. Tip-enhanced nanoscale infrared (nanolR)
spectroscopy [3, 4] combining the advantages of scanning probe
microscopy (SPM) and IR spectroscopy breaks through the optical
diffraction limit, and gives outstanding contribution to the
research on crystal electronic structure visualization [5], chemical
composition [6], carrier diffusion imaging [7], and charge transfer
and other processes [8]. The probe can effectively excite and
transmit signals such as light scattering fields, sample thermal
expansion, and photo-induced force in the nanometer gap
between the probe tip and the sample, which is the key to
achieving high-sensitivity nanolR spectroscopy [9].

Nano-shelled Au and platinum-iridium (Ptlr) probes, which
are known to exhibit certain near-field enhancement in the IR
region, have usually been used for nanolR spectra acquisition and
imaging. However, the metal-coated probes exhibit conductor-like

properties in IR band, so that the electric field penetration and
high spatial confinement vanish [10]. Moreover, metal layers are
not wear-resistant and are prone to shedding, limiting their
application in nanolR-associated electrical or electrochemical
under contact mode. Interestingly, the electric fields generated by
plasmon waves at the top and bottom surfaces are coupled with
the reduction of a conductor’s thickness from bulk to
monoatomic [11,12], which in turn drives charge and field
oscillations simultaneously. Graphene with single atomic layer
thickness has a dispersion relation far away from light, which
enables achieving a significantly lower group velocity at IR
frequencies and much greater subwavelength confinement than
bulk metal layers, and produces stronger light-matter interaction
[13]. Surface plasmon polariton (SPP) waves can be naturally
confined and propagated on curved graphene surfaces with little
radiation losses at the curved part [14]. In addition, the high
mobility of graphene translates to a small plasmon damping rate,
which leads to a longer plasmon propagation length and plasmon
lifetime. Therefore, graphene-coated dielectric probes are one of
the best candidates for obtaining better IR near-field enhancement
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and improving the sensitivity of nanolR spectra [15].

Usually, SPM probes are composed of a tip with a nanoscale
curvature radius, a micrometer-scale cantilever, and a millimeter-
scale base, spanning a wide feature size range. Coating continuous
single-layer graphene (SLG) on such non-planar dielectric probes’
surfaces is a huge challenge. Several research strategies have been
proposed to solve this problem [16]. The simplest method is to
directly drop the graphene dispersion onto the probe surface [17],
but it is difficult to obtain large-area wrinkle-free SLG on the tip
[16]. An effective method is to pre-grow SLG and then wet-
transfer it onto the probe surface [18, 19]. However, wet chemical
method may promote the additional extrinsic defects and residual
pollution, thus distorting the information of the analyte of interest.
In contrast, direct growth of graphene on the probe surface is a
fast, efficient, and mass-producible clean method. In addition to
catalytic metallic foils (such as Cu, Ni, and Fe), single crystal
dielectric surfaces such as Ge [20] and SiC can also achieve high-
quality growth of graphene. However, more stringent
requirements (higher temperature or longer reaction time) are
imposed on the growth conditions and the crystal faces of
dielectric materials, due to the low surface energy [21]. However, it
is difficult to coat the single crystal dielectric shell on the probe
surface because of its large size span, which in turn makes the
coating of continuous SLG even more challenging. Low pressure
chemical vapor deposition (LPCVD) method [22] was reported to
be an effective way to realize graphene growth on the surface of
photonic crystal fiber, while with large amounts of defects that
would affect the electronic and optical properties.

Herein, a novel manganese oxide powder-assisted short time
heating chemical vapor deposition (MnO-STCVD) method [23]
was developed to achieve high quality continuous monolayer
graphene coating on amorphous and non-planar probe surfaces.
This method is highly inclusive of the basic morphology of the
probe, such as tip shape and height, cantilever shape, and spring
constant (> 0.3 N/m), and the curvature radius of the prepared
tip is constantly less than 100 nm. Compared with the commercial
metal-coated probe, this probe shows a very low reflectivity in
broadband IR region. Thus, the as-prepared probe shows greater
sensitivity in local molecular vibrations detection applied to
atomic force microscopy-infrared (AFM-IR) spectroscopy.
Moreover, the probe applied to scattering-type scanning near-field
optical microscopy (s-SNOM) enhanced the scattering of
background light by an order of magnitude compared to that of
the metal-coated probe. Thanks to the complete coating of
graphene, the probe has good conductivity and can be used as a
candidate ~ for  wear-resistant  conducting-probe  and
electrochemical nanolR probe.

2 Experimental

2.1 Materials

All reagents were purchased and used without further purification.
Probes: SCANASYST-AIR probes and SCM-PIT-V2 probes were
purchased from Bruker; 3XC-NN probes were purchased from
OPUS; Arrow NCPt probes were purchased from NanoWorld;
PPP-NCSTAu probes and PPP-NCH probes were purchased
from Nanosensors; and HQ:NSC14 probes were purchased from
Mikromasch. MnO, target (99.9%) was purchased from
NanChang Hanchen New Materials Technology Co., Ltd.
Calibration grating TGQl was purchased from NT-MDT
Company (Russia). High purity argon (Ar, 99.999%), hydrogen
(H,, 99.999%), and methane (CH,, 99.999%) were purchased from
Linde gases Co., Ltd. Water used in all experiment was Milli-Q
ultrapure water (18.2 MQ-cm).
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2.2 Preparation of graphene-coated dielectric probes

2.2.1 Probes cleaning

(a) Commercial SPM probes were washed in acetone for 10 min,
ethanol for 10 min, and ultrapure water for 10 min, and then blow
dried with nitrogen gas.

(b) Metal-coated probes were first thoroughly cleaned with
Aqua Regia solutions consisting of HCI (37%) and HNO; (65%)
with a volume ratio of 3:1, followed by thorough rinsing with H,0O
and then blow drying with nitrogen gas. Caution: Aqua Regia
solutions are dangerous and must be used with extreme care and
never stored the solutions in closed containers.

222 Growth of Mn,O, layer on tip side by magnetron sputtering

The cleaned probes were placed under vacaum. 100 nm Mn,O,
layers were grown on the surface of tip side under vacuum
(10 Pa) at room temperature using a MnO, target. The power
was 50 W. The growth of dielectric layer was conducted using a
magnetron sputtering machine (Chengdu Vacuum Machinery
Factory JC-500-3/D).

2.2.3 Growth of graphene layer on tip sides by MnO powder-
assisted short time heating chemical vapor deposition

The probes were then placed retrogradely into a quartz boat, and
the MnO powder was positioned under the probes. The distance
between the probes and transition metal carbide (TMC) powder
was set as 0.3 to 3 mm. 3%-13% methane (mixed with argon and
hydrogen) was used as carbon feedstock and the chemical vapor
deposition (CVD) reaction was carried out at about 1000 °C for
3-10 min.

2.24  Oxygen plasma etching

The graphene layer on the back side of the tip of the probes was
treated by the oxygen plasma for 5,50 W.

2.2.5 Fluorine plasma etching

The Mn,O, layer on the back side of the tip of the probes was
treated by the fluorine plasma for 50 s, 400 W.

2.2.6 Reflective layers growth

The reflective layers were metalized by electron beam evaporation
of 25 nm Au with a 5 nm Cr adhesion layer on the back side of
cantilevers.

2.3 Micro-IR reflectance spectra of probe

The 20 pm x 20 pum square collection aperture was used for the
micro-IR reflectance spectra of probe measurements. The
reflectance spectra of the probes were defined as the signal
intensities reflected from the tip area divided by those from a
background taken at a gold film at room temperature. The
incident and collected light were unpolarized light. Each spectrum
was acquired by averaging 64 spectra with a 4-cm™ spectral
resolution.

24 Characterization

Scanning electron microscopy (SEM) images were acquired with a
Hitachi S-4800 field emission scanning electron microscope. TEM
images were obtained on FEI Technai F30 microscope at 300 kV.
Raman spectroscopy was performed using a Renishaw RM1000-
Invia with laser excitation wavelength of 532 nm (2.33 eV). The
phase structure of the as-prepared probes was analyzed by using X-
ray diffraction (XRD) on a Rigaku Ultima-IV system with Cu K«
radiation (A = 1.5406 A). Micro-Fourier transform infrared (FTIR)
spectra were measured by an infrared micro-spectrometer
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(Thermo Scientific Nicolet iN10 (USA)). s-SNOM data was
acquired using a commercialized neaSNOM system (neaspec,
GmbH). AFM-IR spectra and images were acquired by a
homemade system based on Dimension ICON (Bruker). The
electrical conductivity of probes was measured using an AFM
(Dimension 3100, Veeco) under tapping mode at a slow scanning
rate. Electric properties of probes were tested with the precision
semiconductor parameter analyzer (Tektronix 4200A-SCS source
meter) and low temperature vacuum probe station (Lake Shore
Cryotronics, Inc CRX-6.5K).

3 Results and discussion

3.1 Graphene-coated dielectric probes prepared by MnO-
STCVD method

In this work, graphene-coated dielectric probes are used for
nanolR applications based on AFM-IR or s-SNOM, applied to
contact mode, tapping mode, and peak-force tapping mode, while
also having electrical testing functions. Such probes are grown
using typical AFM probes as templates: The silicon-based probes
(Fig. 1(a;)) were first thoroughly cleaned. And then the dielectric
layers (say, 100 nm Mn,O, layer, Fig. 1(a,)) with small grain size
were grown on the tip side of probes, exploiting a low-power
impulse magnetron sputtering deposition system (Fig.S1 in the
Electronic Supplementary Material (ESM)). The high flatness of
Mn,O, layers contributes to the continuous growth of the
graphene shell. Highly uniform SLG (Fig. 1(a;)) was coated onto
the Mn,O, layers by MnO-STCVD method as revealed by SEM
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images (Fig. 1(b)) and Raman data (Fig. 1(c)). The as-prepared
graphene-coated dielectric probes remain smooth surface (Fig.
1(b) and Fig. S2 in the ESM) with a nominal radius of curvature
for the tip of less than 100 nm (inset in Fig. 1(b)), even the
distances between the tip and cantilever up to micron size or even
submillimeter. Although the radius of curvature of the probe is
significantly increased by the coating of the Mn,O, layer (Fig. 52
in the ESM), the graphene-coated dielectric probe still maintains
the same spatial resolution as the commercial Ptlr probe with the
same cone angle (Fig. S3 in the ESM). To characterize the quality
of graphene on the probe surface, Raman spectra were collected
from the probe tip and cantilever. As shown in Fig. 1(c), regardless
of whether it was the probe tip or cantilever position, the intensity
of the two-dimensional (2D) band relative to the G band (I,p,q) is
greater than 3 (Table S1 in the ESM), which demonstrates the
monolayer graphene with sp* hybridized carbon atoms [24]. The
D peak was extremely low, indicating that graphene had few
defects and was conducive to amplifying 2D [25].

The spring constant (k) of the probe cantilever is crucial for
controlling the interaction between the probe tip and sample
surface. Therefore, we further verify the effectiveness and
universality of MnO-STCVD method by using probes with
cantilevers of different shapes and k. Continuous SLG was
successfully grown on the surfaces of the probes with k ranging
from 0.4 to 42 N/m (Fig. 1(d)-1(f), and Figs. S4 and S5 and Tables
S2 and S3 in the ESM). The growth of the Mn,O, layer would
cause cantilever bending when the k is less than 9 N/m, which
makes it difficult to achieve the application for beam deflection
based on a four-quadrant photoelectric detection system (Fig.
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Figure 1 (a) Schematic representation of the preparation of graphene-coated nanolR probe. (b) SEM images of Si@Mn,O,@Gr probe. The inset in (b) shows the
radius of curvature of the tip. (c) Typical Raman spectra of (i) tip and (ii) cantilever; black arrows in (b) represent the positions of Raman spectra collection. SEM
images of the final conductive nanolIR probe with different geometry and k: (d) triangular cantilever, k = 0.4 N/m (model SCANASYST-AIR, Bruker); (e) rectangular
cantilever, k;,; = 9/25/0.3 N/m (model 3XC-NN, OPUS). The inset in upper left of (e) is optical photo of the top view of the probe. The inserted SEM image is the k,
and k; cantilever of probe extended from (e); and (f) rectangular cantilever, k = 42 N/m (model PPP-NCH, Nanosensors).
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S5(b) in the ESM). Interestingly, during the growth of graphene
using the MnO-STCVD method, this cantilever bending
phenomenon disappeared, which may be attributed to thermal
release of partial stress. In addition, for probes with a k less than
0.5 N/m, the dip angle of the cantilever can be further balanced by
adjusting the thickness of the metal reflective layer on the back of
the cantilever (Fig. S5(c) in the ESM). The average sum value of
the photodetector of AFM can reach 9.5 by using the graphene-
coated dielectric probe, which is higher and more stable than
commercial probes (Tables S2 and S3 in the ESM), and would be
beneficial to achieve higher sensitivity of SPM-based detection.
These results show that MnO-STCVD method has potential wider
universality and repeatability compared with liquid-phase
graphene film method and transfer or mold-assisted transfer SLG
method. Moreover, the preparation of such probes in large
batches is possible by this method.

One great concern about the growth of the graphene-coated
dielectric probes is whether the graphene can be homogeneously
distributed on the steep probe tip surface with smaller radius of
curvature, as the pressure distribution of gas flow in windward
and leeward of tip have huge variability and the low surface energy
of the dielectric. The continuous growth of SLG cannot be
achieved by the direct CVD method (Fig. S6(a) in the ESM), and
there will be a large number of defects on the graphene surface. To
solve this problem, the probes are fixed to the surface of a large
size silicon wafer to improve the uniformity of gas flow. However,
the as-grown graphene is still not immune from structural defects
(Fig. S6(b) in the ESM). Thus, more precise growth dynamics
control is further required for continuous growth of SLG on the
surface of non-planar dielectric.

It is found that parts of TMCs (Fig.2(a)) display excellent
heterogeneous catalytic activities, especially for dehydrogenation
and aromatization of hydrocarbons [26-28]. The previous work
reported that MnO can be easily converted to manganese carbide
(Mn,C;) in CH, atmosphere [29], and is easy to further grow high
quality SLG by STCVD method [23]. Bearing these in mind, we
developed a subspace of finite field MnO-STCVD method to
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realize the graphene coating. Firstly, MnO microwires (MnO
MWs) were tiled in quartz boat at the center of furnace as assist-
growth source; then, the Mn,O,-coated probes fixed to silicon
chips were placed above the assist-growth source or upon behind
the gas-flow (Fig. 2(b) and Fig. S7 in the ESM). The defects and
the number of graphene layers could be effectively controlled by
the growth parameters, including carbon source, gas flow and
pressure, the pyrolysis temperature, and the concentration and
position of the promotors. When exposed to reducing gases, the
MnO MWs and MnO, layer would firstly generate oxygen
vacancies with a high density at the high temperature of 1000 °C.
Then, the Mn-O bonding would be in-situ replaced by Mn-C
bonding via carburization. The Mn atoms with high catalytic
activity and carbon affinity of the dominant crystallographic plane
of Mn;C, (211) surface promoted the dehydrogenation of CH,
[29] to form the —~CHj radical intermediate. Some —CHj radicals
may release from the Mn sites, and others may undergo further
dehydrogenation.

At defined conditions (see Section 2 for details), SLG can be
synthesized by simply tuning the distance between the probe and
MnO MWs powder (Figs. 2(b)-2(d)). As the distance (hr;, in Fig.
2(d)) gradually increases from (i) 0.44 to (ii) 0.73, (iii) 1.07, (iv)
1.47, and (v) 2.57 mm, there is a gradual transformation of the
grown graphene on the probe tip from multilayer ((i) and (ii)) to
monolayer ((iii) and (iv)) then to multilayer (v), as illustrated in
Fig.2(e). It is also found that the surface defect density of
graphene gradually increases as the number of graphene layers
increases (Fig. S8 and Table S4 in the ESM). When the distance
was controlled between 1.07 and 1.47 mm, Raman spectra of
graphene showed monolayer thickness and low defect density,
which means that the proposed method has a relatively wide
monolayer graphene growth window in the height range of at least
400 pm, fully covering the tip length of current AFM, nanolR, and
even terahertz probes [30]. The elemental composition of the
probes before and after graphene coating was obtained by energy
dispersive X-ray spectroscopy (EDS) analysis (Table S5 in the
ESM). Meanwhile, the structural characterizations of graphene-
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Figure2 (a) Schematic representation of parts of TMC elements in periodic table. (b) and (c) Schematic illustration of MnO-STCVD system for robust graphene
growth on dielectric probe; arrows designate the direction of gas-flow. (d) Side view of the height between the assisted powder and tip or base of probe. (¢) Raman
spectra of graphene at different height differences: (i) 0.44 mm, (i) 0.73 mm, (iii) 1.07 mm, (iv) 1.47 mm, and (v) 2.57 mm. (f) XRD patterns of n-doped Si wafer ((i)
violet line), Si@Mn,O, tip ((ii) green line), Si@Mn,O,@Gr tip ((iii) yellow line), Si@Mn,O,, 55 ,, films ((iv) bule line), and graphite ((v) red line, about 10 layers of
graphene). The blue transpa.rent lines in (f) indicate the correspondence of the characteristic peaks of Si wafer with the ones observed in each probe. The Mn,O, film in
((H)(iv)) was prepared on a zero-diffraction Si wafer*. The standard PDF card ((f)(vi)) is PDF #44-0141, MnO,.
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coated dielectric probes were further assessed by XRD. The XRD
pattern between 30° and 65° showed that the dielectric coated
probes (Fig. 2(f)(ii)) and graphene-coated probes (Fig. 2(f)(iii))
bear the similar features with Si wafer (Fig. 2(f)(i)), and provided
evidence of the amorphous nature of Mn,O, layer (Fig. 2(f)(iv)),
even if the thickness of the Mn,O, layer was increased to 255 nm
(Fig. 2(f)(iv), PDF #44-0141, MnO,). Figure 2(f)(iii) shows a sharp
peak at 20 = 23.8° which is smaller than the typical peak of
graphite (about 10 layers of graphene) at 26.5° (Fig. 2(f)(v) and
Fig. S9 in the ESM) [31], when bilayer graphene is coated on the
probe (Fig. 2(e)(v)). This observation suggests the presence of
residual stress in the non-planar graphene coating [23, 32].

3.2 High conductivity of the graphene-coated Mn,O,
probes

To confirm the continuity of SLG on the graphene-coated Mn,O,
probes, the electrical conductivity between the cantilever and base
was measured in a two-point probe system. Two gold probes were
carefully placed on the probe base (Figs. 3(b)(i) and 3(c)(i)) and
cantilever (Figs. 3(b)(ii) and 3(c)(ii)) with a distance larger than
70 pum. Then, the electrical bias was applied using a semiconductor
analyzer (the lower inset in Fig. 3(a)). The linear current-voltage
(I-V) curve indicates the ohmic-like contact between the surface
of probe and the metal probes. The average resistance of graphene-
coated Mn,O, probes is about 20 Q (red line in Fig.3(a)). The
resistance was reduced by 12 orders of magnitude compared to
the Mn,O,-coated probe without graphene coating (black line and
the upper inset in Fig. 3(a)). Further, the graphene-coated Mn,O,
probes were mounted on a conductive AFM (C-AFM) for
practical applications. A schematic illustration of the experimental
configuration for the C-AFM measurements is shown in Fig. 3(d),
where all data acquisition was done at room temperature in air.
The resistance of the system was tested by commercial
conductive gold-coated probe and graphene-coated dielectric
probe, respectively, with a flat gold film of 100 nm as the
conductive substrate. A voltage was applied to the gold film so that
a current flowed between the tip and the sample, and this current
was recorded by a current amplifier. The electrical characteristics
of each conducting-probe could be well quantified by
measurements of the -V curves, as exemplified in Fig. 3(e) by the
comparison of a typical I-V curve obtained from the gold- (black
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line in Fig.3(e)) or graphene-coated (red line in Fig. 3(e)) tip.
When the bias voltage is set to plus or minus 0.15 V, the
resistances of the gold- and graphene-coated probes test system
are 40 and 1000 pQ, respectively. These C-AFM measurements
clearly indicated that the good conductivity of graphene-coated
probes can be used for sample conductivity measurement, but the
conductivity of graphene-coated probes is 25 times less than that
of commercial metal-coated probes.

3.3 NanolR sensing with high sensitivity by using
graphene-coated dielectric probes

Figure 4 illustrates the IR reflectance spectra of different types of
probes. The Mn,O,-coated probes (Fig.4(ii)) have a high IR
reflectance in the mid-IR range (from 1500 to 4000 cm™), which is
similar to metal-coated probes (Figs. 4(iii) and 4(iv)), with the
average reflectance of 65%-80%. We observed that a significantly
reduced reflectance spectrum in the broadband IR appears after
SLG coating, and the average reflectance was just about 5% (Fig.
4(i)), which means that the probe has strong absorption and/or
scattering to mid-IR light. For comparison, metal and dielectric
probes partially coated with multilayers of graphene oxide (GO)
were prepared and shown in Fig. S10 in the ESM with an average
reflectivity of about 37% (Figs. 4(v) and 4(vi)). These results
indicate that the IR reflectance of continuous SLG-coated
dielectric probes is significantly lower than that of multilayer
discontinuous GO-coated dielectric or metal probes. Note that
there are regular fluctuations in the reflection spectra of the tip
with a 20 pm x 20 um aperture because the micro-IR with small
aperture interferes with the non-planar structure. This can be
solved by hardware [33] such as high angle incident objective lens,
large-size aperture, or other algorithm [34] correction techniques.
AFM-IR spectroscopy transduces the photothermal expansion
of the sample through the tip of nanoIR probes, measures local
thermal expansion of sample under IR laser absorption, and thus
maps material absorption over a range of wavenumbers (Fig.
5(a)). Polymethyl methacrylate (PMMA) is a frequently used
model molecule in nanolR research owing to its well-characterized
vibrational modes and strong IR absorption. An IR laser can
induce a larger local thermal expansion of the PMMA film when
excited by 1734.4 cm™, which matches to the wavenumber of C=O
stretching vibration. Schematically, the lower cantilever spring

(d)

Signal
ground

Virtual
ground

|_[>

V.
Voul = (R bies )X Rgain

sample

= Ibias x Rgain Rsample Vbias
(e)
10
< 5- Si@Au probe
- R=40uQ
g 0
8 54 Si@Mn,0,@Gr probe
R =1000 pQ
-10 4
-0.14 -0.07 0.00 0.07 0.14
Voltage (V)

Figure3 Electrical conductivity of graphene-coated Mn,O, probes. (a) IV curves of Si@Mn,0,@Gr probe (red line) and Si@Mn,O, probe (black line) between (b)(i)
base and (b)(ii) cantilever, the lower inset is the schematic illustration of test principle, and the upper inset is the magnified image the I~V plot of Si@Mn,O, probe. (b)
Cross-section and (c) top-view SEM images of the tested graphene-coated dielectric probe. (d) Schematic diagram of the experimental setup for the C-AFM
measurements. (e) Electrical performance of graphene-coated dielectric probe (red line) and commercial gold-coated probe (black line, model PPP-NCSTAu).
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Figure4 IR reflectance spectra and corresponding schematic picture of different tips: (i) Si@Mn,O,@Gr tip; (ii) Si@Mn,O, tip; (iii) Si@Au tip; (iv) Si@Ptlr tip; (v) Si@

Mn,O, @GO tip; and (vi) Si@PtIr@GO tip.

constant of the probe enhances the sensitivity of the detection of
the molecule’s vibrational properties under similar condition.

For a fair comparison, homemade dielectric-coated probes
(Si@Mn,0O, probes, Fig. 5(b)(i)) and gold-coated probes (Si@Au
probes, Fig. 5(b)(ii)) were fabricated with the same spring
constants (42 N/m) as the SLG-coated dielectric probes
(Si@Mn,O,@Gr probes, Fig. 5(b)(iv)). The vibration signal cannot
be distinguished from the background noise using dielectric-
coated probes (Fig. 5(b)(i)). In striking contrast to the dielectric
probes, the nanolR signal was significantly improved when the
same specifications (k = 42 N/m) graphene-coated dielectric probe
was used (Fig. 5(b)(iv)). The enhancement is higher than that of
both the gold-coated probes (k = 42 N/m) and even commercial
gold-coated probes with a lower spring constant (Fig. 5(b)(iii),
k = 5 N/m), thus further confirming the advantage of the
photothermal transduction performance of the graphene-coated
dielectric probes. In addition to exhibiting a sensitive nanoIR
sampling spectrum, graphene-coated probes also demonstrate
significantly enhanced sensitivity for nanoIR imaging. We
conducted IR absorption mapping on polystyrene (PS) films at a
frequency of 1493 cm™, which corresponds to the benzene ring
stretching vibrations (Fig. S11 in the ESM). The findings reveal
that graphene-coated probes exhibit superior chemical imaging
sensitivity compared to metal-coated probes, even when the laser
power is reduced by 7 times.

Near-field scattering ability of probes to IR light was verified
using a commercial neaSNOM system (neaspec GmbH,
Germany) based on s-SNOM. In practice, a laser is focused at the
intersection of the tip and the sample, and an enhanced localized
electric field is formed at the tip. When the enhanced field
interacts with the evanescent field from the surface plasmon
resonance (SPR) of the sample, the light scattered to the far-field
detector carries information about the local optical properties of
the sample (Fig. 5(c)). Here, blank Si wafer was set as a sample to
investigate the scattering intensity of different probes to
background light source (Fig. 5(d)). Apart from the tip coating, all
other conditions were kept identical. The background light
scattering intensity enhanced by SLG-coated probes (Fig. 5(d)(ii))
was found an order of magnitude stronger than Ptlr-coated
probes (Fig. 5(d)(i)). The greatly enhanced molecular vibration
and light scattering intensity by graphene-coated probe can be

qualitatively understood by the strong absorption and scattering of
the mid-IR light, which could also be evidenced by the low
reflectance in the whole mid-IR band (Fig. 4(i)). In addition, the
graphene-coated probes show good environmental stability after
storage in air for 18 months, and good structural stability after the
contact mode test (Fig. S12 in the ESM).

34 Outlook for the next-generation nanolR probes

In the above experiments, we demonstrate that the graphene-
coated dielectric probe with curvature radius of 100 nm has
excellent near-field enhancement performance, which in turn
exhibits better performance than commercial metal-coated probe
in nanolR test. Since the radius of curvature of the tip determines
the spatial resolution of chemical imaging, deep sub-wavelength
resolution can be achieved at IR frequency. Therefore, the
graphene-coated dielectric probes with smaller radius of curvature
were realized by further regulating the growth parameters. On the
one hand, the curvature radius of the probe can be controlled to
less than 75 nm by reducing the thickness of the Mn,O, layer on
the surface of probe (Fig. S13 in the ESM). However, if the Mn,O,
layer is too thin (say, less than 30 nm), severe dielectric atomic
migrations are prone to occur at high temperatures, resulting in
discontinuous growth of graphene. The other method is to
provide a higher concentration of carbon source and a longer
growth time (Figs. S13(b) and S13(c) in the ESM). Mn,O, layers
can catalyze the growth of carbon nanotube (CNT)-like structures
on the probe surface along with the carbon source supplied by
surface diffusion (Fig. S13(d) in the ESM). The internal Mn,O,
keeps an amorphous structure before and after the growth. The
curvature radius of probes with the CNT-like structures can be
controlled between 10 and 50 nm.

Nevertheless, the CNT-like modified probes with abundant
nanosized surface structures result in the obviously enhancement
of light scattering, which will be detrimental to s-SNOM detection.
Therefore, it is necessary to seek a method to further improve the
performance of the graphene-coated dielectric probe. Thus, the
goal of our next generation probe is to achieve a breakthrough in
the preparation and performance of graphene isolation ultra-sharp
probe on the surface of dielectric without IR phonon vibration
(such as barium fluoride (BaF,) and calcium fluoride (CaF,)).
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Figure5 Schematic and corresponding nanolR properties of graphene-coated dielectric probes. (a) Schematic of the principle of AFM-IR spectroscopy. (b) nanoIR
spectra of PMMA standard samples collected by Si@Mn,O, probe ((i) k = 42 N/m), Si@Au probe ((ii) k = 42 N/m), commercial Au-coated probe ((iii) HQ:NSC14/Cr-
Au, Mikromasch, k = 5 N/m), and Si@Mn,0,@Gr probe ((iv) k = 42 N/m), respectively. (c) Schematic of the principle of s-SNOM. (d) Background light scattering of
Si substrate tested by commercial Ptlr-coated probe ((i) Si@PtIr probe, SCM-PIT-V2, Bruker) and (i) Si@Mn,O,@Gr probe, respectively. The lower right inset shows

the zoom-in of (d)(i).

4 Conclusions

In conclusion, we have demonstrated a novel method for
achieving continuous single-layer graphene growth on non-planar
and amorphous dielectric probe surfaces using MnO-STCVD.
The resulting graphene-coated dielectric probes exhibit an average
IR reflectance of only 5% in the mid-IR band, which is
significantly better than that of probes without continuous
graphene coating. These probes effectively transduce the local
photothermal sample expansion caused by IR laser pulses and
scatter near-field light 25 times more strongly than commercial
metal-coated probes, offering advantages in nanolR sensing based
on AFM-IR and IR s-SNOM principles. Our study contributes to
the development of new and improved nanoscale probes and
provides a platform for exploring new applications of graphene in
IR photonics and nanoscale spectroscopy. Moreover, our method
offers a solution for growing high-quality graphene on non-planar
dielectric materials, which has broad implications for various
fields, including integrated circuits and photodetector.
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