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A B S T R A C T

The extensive confinement of electromagnetic field and the resulting localized heating effect induced by metallic nanotips are of great interest which promise novel
applications including material surface processing and laser-assisted manufacturing. In this work, the sub-surface heating effect of silicon and monolayer graphene
induced by gold nanotip-light interaction is studied through numerical simulations. The optimized optical enhancement around a free-standing gold tip is firstly
studied with respect to the incident laser wavelength and incident angle. The maximum electric intensity enhancement is up to ∼66 times within sub-10 nm region
around the tip apex which is obtained under a 532 nm p-polarized laser incidence. With the presence of silicon under the nanotip, the optical field in the gap is
enhanced further, generating a heat source at the sub-surface (∼2 nm depth) of silicon. The heat source energy density is as high as 3×1015Wm−3 with a moderate
incident intensity of 2× 107Wm−2. As for gold nanotip-monolayer graphene configuration with a separation distance of 1 nm, the enhanced electric field can
penetrate into monolayer carbon atoms and induce intensive heating by 55 times in the graphene and by 104 times across the carbon layer surface, which could be
used for localized modifications of graphene surface like surface cleaning and property tuning. Simulation results in this work provide a guide for the laser-assisted
manufacturing/modification not only in the bulk materials but also in the 2D nanostructures.

1. Introduction

The ability of concentrating electromagnetic field down to a sub-
diffraction region makes metallic nanostructures, such as nanorods,
nanoparticles and nanotips, attract much attention [1]. Among them,
metallic nanotips can produce stronger field localization around the tip
apex [2,3], which has been applied to improve optical processes in
numerous fields, including materials characterization [4], surface
imaging [3], and biological sensing [2,4]. The extremely high con-
finement of optical field generated by metal nanotip is primarily at-
tributed to the implement of surface plasmon polaritons (SPPs) [2,4],
which originate from the collective oscillations of the surface electron
gas at the metallic-dielectric interfaces. Due to the resulting localized
surface plasmon resonance (LSPR) [5,6] and the lightning-rod effect
[5,7,8], the optical field near the interface between the metal and di-
electric medium is significantly enhanced.

In the past, many efforts have been made to study the nanotip-in-
duced optical enhancement through theoretical [8,9], numerical [8,10]
and experimental [10,11])approaches. The localized optical field (also
called hot spot) is usually found generated by the Au and Ag nanotips
under external visible illumination. It is attributed to the negative
permittivity of noble metals in visible range, which contributes to
generation of SPPs [2]. The local field enhancement is also found

closely related to the tip geometry including tip shape, radius, length
and cone angle, which have been systematically studied [2,11–13]. Up
to now, the tip-induced field enhancement effect has been extensively
studied, however, the resulted thermal effect upon the tip-related
structures is still lacking, which is desirable in terms of thermal energy-
related applications, such as tip-assisted manufacturing. There is con-
siderable room for understanding the light-material interactions under
such extreme condition.

In the illuminated tip nanostructures, the resulting thermal effects
via Joule heating due to the enhanced light absorption may be detri-
mental to the tip and sample materials or lower the optical signal. Chen
et al. numerically studied the near-field thermal transport in a tungsten
nanotip on a silicon substrate under pulse laser irradiation [14]. They
found that the field enhancement induced heating effect at the tip apex
is related to the taper angle and tip radius. Downes et al. numerically
confirmed that the significant heating effect around tip apex was due to
the tip-substrate cavity induced field enhancement through comparing
that with the case without a tip present [15]. Zhang et al. experimen-
tally observed the morphological changing of the underneath Au sur-
face and the Raman signal loss from the surface covered indicators.
Their numerical simulation implied that it was due to the annealing
effect resulting from the tip-substrate cavity induced near-field heating
[16]. Datta et al. numerically designed and optimized a plasmonic
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nanoantenna for inducing near-field heating which was employed in
the magnetic writing [17].

Apart from the above studies, our group has also previously in-
vestigated the tip-induced temperature rise in the underneath silicon
sample through experiments [18]. However, the detailed understanding
of the optical-thermal energy conversion process in near field is still
lacking due to the difficulty and complexity of experiments at na-
noscale. Other than bulk materials, studies on the localized heating of
2D materials may also be attractive and useful which promises new
applications such as material properties tuning. Wei et al. achieved
tuning the reduction of graphene oxide (GO) by localized heating with
dimensions down to 12 nm using a heated AFM tip [19]. The nanotip-
2D materials configuration may provide opportunity for functional
properties tuning and surface morphology modifications via the near-
field heating.

In this work, a gold nanotip is used to confine the incident light to
enhance the photo-thermal energy conversion in silicon and monolayer
graphene. Finite element method (FEM) simulations are performed to
study the optical confinement induced by a free-standing gold nanotip
under different incident angles and typical incident wavelengths. The
light concentration effect induced by the gold nanotip-silicon cavity
and the corresponding optical-thermal energy conversion process are
then calculated. Finally, monolayer graphene is selected to study the
optical enhancement distribution in nanotip-2D material configuration
at different gap separations as well as the related energy conversion.

2. Modeling details

To simulate the optical field distribution around the free-standing
nanotip and the nanotip-substrate configuration, three-dimensional
models are built based on FEM, which is an effective tool for solving
Maxwell’s equations for complex near-field light-matter interactions
thanks to the unique meshing advantages. The schematic view for the
symmetric cross-section of free-standing nanotip is shown in Fig. 1(a).
Based on the previous results of the effects of tip geometries on the
optical enhancement [11,12,20], a tapered conical tip with half cone
angle α=10° whose sharp end is tangential to a hemisphere of
R=30 nm is used throughout our simulation. The total length of the tip
is fixed at L=200 nm. The tip is illuminated by a p-polarized incident
wave from one side with an incident angle θ (the angle between the
wavevector and the x-axis) and wavelength λ . For simplicity, the am-
plitude of electric field is set as E0= 1 Vm−1.

To reduce the computational and memory cost, only half of the
whole domain is calculated, as the configuration is symmetric with
respect to the conical axis. The symmetry plane is modeled as
n×H=0 such that the tangential magnetic field and the surface
current density are 0, which ensure electric fields being symmetrical.
The reduced computational domain is built as
Lx× Ly× Lz=1200 nm×600 nm×1200 nm, surrounded by a
100 nm-thick perfectly matched layer (PML) which is used to prevent
the light reflection from the outer boundaries. The whole computing
domain is divided into more than 4× 105 unstructured mesh elements.
In the near-field region with complex geometries containing the tip
apex and the substrate, the mesh elements are adaptively refined, en-
suring them small enough to maintain the calculation accuracy. Mesh
independent study has been conducted to ensure that meshing is irre-
lative to the simulation results.

To achieve noticeable energy localization, the tip-induced optical
enhancement resulting from the surface plasmons should be strong,
while the light absorption by the tip itself is ideally minimal. This re-
quires the permittivity of the tip material with low negative real part
and low imaginary part. Among the common plasmonic materials in-
cluding silver, gold, copper and aluminum, gold is a preference choice
for the tip material due to its chemical stability and the support of
surface plasmons in the near-infrared (NIR) range. The material optical
properties are derived from Palik’s handbook [21] and Aspnes and

Studna’s work [22]. The relative permittivity of gold at 405 nm,
532 nm, 632 nm, and 785 nm is -1.0678+5.6096i, -4.2854+2.3292i,
-10.510+1.2784i, and -21.008+1.6846i, respectively. The relative
permittivity of Si at 532 nm is 17.237+0.43004i. The electrical con-
ductivity of gold and silicon are 4.1× 107 S/m and 1.0× 10-12 S/m,
respectively.

3. Simulation results and discussion

3.1. Optical concentration by Au tip

The electric intensity enhancement (Mloc) distribution around the
Au nanotip is firstly discussed. Mloc = Iloc/I0= (Eloc/E0)2 is used to il-
lustrate the local intensity enhancement factor in the system. Here, Iloc
denotes the local optical intensity (I=0.5nεc0Eloc2). The electric field
term Eloc is directly calculated from the Maxwell’s equations. Fig. 1(b)
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Fig. 1. (a) Schematic of Au tip at the symmetric cross section with the fixed
geometry: tip radius R=30 nm, half cone angle α=10° and tip length
L=200 nm. (b) Distribution of the optical enhancement factor Mloc around the
tip apex at λ=532 nm and θ=0°. (c) Dependence of Mmax on the incident
angle θ and wavelength λ (405 nm, 532 nm, 632 nm, and 785 nm).
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shows the cross section of the Mloc distribution in the near-field region
at λ=532 nm (commonly used in experiments) and θ=0°. The strong
optical enhancement distributes in the vicinity of the tip apex, as the
sharp Au tip functions as an optical antenna. The maximum intensity
enhancement Mmax is 66.81 at λ=532 nm. The optical enhancement
peaks at the surface of the tip apex and decays outwards gradually. The
decay (Mloc < Mmax/2) occurs over ∼10 nm far from the tip surface, as
denoted by the red line. Our used tip can concentrate the incident en-
ergy into 10 nm region around the tip apex. The concentration mainly
distributes at the back of the tip apex with respect to the incident di-
rection. The enhancement peak shifting to the back side is due to the
asymmetric illumination with respect to the cone axis [10,13,14].

The effect of incident wavelength λ and incident angle θ on Mmax is
then analyzed. The maximum intensity enhancement for four typically-
used λ (405 nm, 532 nm, 632 nm, and 785 nm) and nine θ (0° ∼ 80°)
are shown in Fig. 1(c). Among the calculated results at the four wa-
velengths, the largest Mmax at all incident angles occurs at the red in-
cidence (632 nm). The calculated Mmax at 632 nm is comparable to the
numerical result obtained by Zhang et al. for the gold tip with similar
parameters [20]. Moreover, it approximates to the previous theoretical
calculations results (Mmax= 144) for a gold tip with R=30 nm and
θ=10° at 635 nm incidence, despite the slight difference arising from
the tip length and computational method [23]. The optical enhance-
ment at 632 nm and 785 nm higher than that at 405 nm is due to that
gold permittivity has higher absolute value of the negative real part |Re
(ε)| at red and near-infrared regime while |Re(ε)| at 405 nm is relatively
low [2]. The strongest field enhancement yields at 632 nm is due to that
the incident wavelength is close to the surface plasmon resonant fre-
quency. It is revealed that besides the tip geometries, the optical en-
hancement varies with incident features [11,12,20]. The most com-
monly accepted related interpretations are the two main mechanisms,
LSPR [4,6] and the lightning-rod effect [7,8,20]. The excitation of LSPR
arises from the collective oscillation of the localized surface electrons of
the tip apex, which is correlated to the dielectric constant of the ma-
terial at the incident frequency. The lightning-rod effect is a shape-re-
lated effect that occurs at the singular pints of the metallic structure
especially the tip end.

3.2. Sub-surface absorption in silicon

The schematic view for the symmetric cross-section of the Au tip-
silicon configuration is illustrated in Fig. 2. The separation between tip
and silicon is denoted as d and the silicon upper surface defines the x-y

plane. The illumination is fixed at λ=532 nm and θ=0°. As d is in the
nanoscale, the optical field in the gap region in-between is significantly
enhanced, as shown in Fig. 3(a). The intensity enhancement is induced
not only by the tip itself, but also by the substrate and the extremely
tiny gap [5]. From the discussion in the above section, it is known that
without the presence of the substrate (d=∞),Mmax is 66.81 at 532 nm.
With the presence of the substrate, Mmax increases to 136 at d=10 nm.
As d is decreased from 10 nm to 1 nm, Mmax gradually increases
[10,14]. As d continues to drop from 1 nm until to the tip contacting the
substrate, Mmax increases exponentially and finally reaches its max-
imum value when the tip contacts the substrate [2]. The inset of Fig. 3
(a) illustrates the Mloc (on a log scale) distribution in the near-field
region in the contacting case. A high enhancement factor
Mmax= 5.5×104 is obtained around the tip apex.

Simultaneously, there is noticeable induced absorption of the con-
centrated electromagnetic radiation in the silicon, locating under the
tip apex nearby the near-field region. The distribution of Mloc in the
silicon is hemispherical, decreasing intensely from the surface towards
the inside. The distributions of Mloc on the extension line of the cone
axis along z- direction inside the silicon for different d are shown in
Fig. 3(b), with z=0 denoting the substrate surface. For each separa-
tion, the concentrated optical field penetrates from the sample surface
to the inside part. In the contacting tip-silicon configuration Mloc on the
substrate surface increases by 184 times with respect to the case of
d=1nm, which can induce significant light absorption in the silicon,
where a strongly enhanced range ofMloc > Mmax/2 covers the depth of
1.8 nm from the silicon surface. For the case of d=6nm and
d=10 nm, there may be no noticeable light absorption since Mloc is all
smaller than 1. As such, it should be pointed out that in real

Fig. 2. Schematic of the tip-silicon configuration with a separation d illumi-
nated by a fixed incidence: λ=532 nm and θ=0°.
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Fig. 3. (a) The variation of the maximum optical enhancement Mmax in the Au
tip-Si configuration with respect to the separation d. The inset shows the optical
enhancement Mloc distribution on a log scale at the contacting configuration.
(b) Mloc inside the silicon substrate along tip apex distributes on the z-axis.
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experiments, it is important to control the tip-substrate separation d for
tuning the light absorption of substrate.

To study the heating effect induced by the local optical enhance-
ment, the light absorption and the converted heat source distribution is
calculated. A moderate incident intensity I0= 2×107Wm−2 is used
for a rough calculation of the heat generation in the silicon, which is
available in our laser equipment. The equivalent amplitude of incident
electric filed is E0=1.2276×105 V m−1 based on the equation of
I=0.5nεc0E2. Based on the Poynting’s theorem [24], when light passes
through the absorbing medium, the localized heat generation rate qloc is
described as qloc = 0.5ε0ωIm[ε(ω)]Eloc2 [25,26], where ε0 is the va-
cuum permittivity, ω is the angular frequency of the incident wave, Im
[ε(ω)] is the imaginary part of the dielectric function of Si (known as
the extinction coefficient) at the incident frequency and Eloc is the
amplitude of the local electric field.

The heat generation rate qloc (in W m−3) distribution inside silicon
under the illuminated gold tip at the contacting configuration is shown
in Fig. 4. The maximum induced energy density (or heat source) is as
high as qmax= 2.98× 1015Wm−3 located at the contact point. qloc
distributes in a hemi-ellipsoidal region in accordance with the electric
intensity enhancement distribution shown in the inset of Fig. 3(a).
Towards the inside of the silicon, qloc drops dramatically. The region of
qloc > qmax/e covers a depth of 1.04 nm. The asymmetrical distribution
along the x-axis is attributed to the asymmetrical distribution of tip-
induced optical enhancement discussed in Section 3.1. Thus, the optical
enhancement induced heat source in silicon is as small as ∼6 nm lat-
erally (along x-axis) and ∼2 nm vertically (along z-axis).

The extremely small scale of the generated heat source in silicon
here is sub-10 nm, smaller than the phonon mean free paths (MFPs) of
bulk Si which is over 100 nm [27–29]. Thus, the scale relationship of
heat source and the phonon MFPs determines that the heat dissipation
from the hot spot will not follow the Fourier’s law of thermal conduc-
tion because of the lack of enough scattering of phonons in a small
volume to build the thermal equilibrium thermal equilibrium [27,30].
Our studied results provide a way to explore the quasi-ballistic thermal
transport which promises new application, such as heat-assisted mag-
netic recording (HAMR). It employs the localized heating of the re-
cording medium to achieve high density data recording [31]. The near-
field heating can increase the localized temperature of recording ma-
terial and decrease its coercivity which allows magnetic writing. Be-
sides, the near-field effect can be used to induce subsurface heating of
materials for target modification, such as laser-induced desorption, io-
nization and surface cleaning [32]. The controllable localized heating is
also applicable for melting/removing materials. The laser induced

periodic surface structures used for sub-diffraction limit writing has
been achieved [33]. It is reported that silicon nanoparticles can also
support optical heating with the help of the optical enhancement
arising from the attaching Au nanoparticles [34], while the metallic tip
with small tip apex in our study provides more localized near-field
heating. Au nanoparticles can also achieve calibration-free na-
nothermometry utilizing the anti-Stokes luminescence emission spectra
[35]. Temperature-feedback controllable direct laser-induced reshaping
has been achieved on silicon nanorods with strong laser power [36].
Owing to the induced significant optical enhancement, the tip-assisted
subsurface heating could also provide opportunities for application of
controllable laser-induced writing in bulk materials for creating micro/
nanostructures with features beyond the diffraction limit. A novel ap-
proach to generate broadband light emission by Si/Au nanoparticles
system for nanospectroscopy has also been proposed [37], which uti-
lized the near-field optical heating of the silicon nanoparticle enhanced
by the Au nanoparticle.

3.3. Localized absorption in graphene

As a representative 2D material, the physical properties of graphene
has been extensively studied, especially the thermal property. Due to
the relatively large MFPs [38], the high thermal conductivity facilities
the applications of graphene in many thermal management devices. The
related issues about nanoscale thermal transport in graphene-based
devices are attracting and need to be addressed. Besides, the fabrication
process of graphene-based and other 2D materials-based devices re-
quires the localized heating of the material for surface cleaning or
material properties tuning. Thus, the laser-induced near-field heating
provides opportunity for investigation of the nanoscale thermal trans-
port as well as the localized modification of graphene. It has been re-
ported that graphene can support the propagation of SPPs and provide
opportunity for suitable alternative of noble metals [39]. Due to the
atomic-thin structure, the strong interaction of light with graphene can
yield light confinement and minimal energy loss [40–42]. Thus, it is
feasible to employ the tip-graphene configurations to generate strong
optical enhancement [43,44].

The schematic view for the symmetric cross-section of the Au tip-
monolayer graphene configuration is illustrated in Fig. 5(a). The in-
between gap separation is also denoted as d. The area of the monolayer
graphene is set large enough to prevent the influence of the graphene
edges on the electric field distribution. The incident light is fixed at λ=
532 nm and θ=0°, with E0= 1 Vm−1. In order to accurately solve the
Maxwell’s equations in the near field, the mesh elements in the near-
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field region need careful handling. The domain representing the
monolayer graphene is divided into structured mesh elements to im-
prove the convergence, while the tip and the near-field surroundings
are divided into extremely confined unstructured elements.

Different from most optical materials, the optical properties of
atomic-thin graphene are usually represented in terms of the surface
conductivity. At the visible range, considering the contributions of both
the intraband and interband transition, using the random phase ap-
proximation (RPA) method, the surface conductivity of graphene is
expressed as [39,45,46],
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where ω is the incident frequency, EF is the energy of the Fermi level, e
is the electron charge; ℏ is the reduced Planck’s constant; τ =0.1 ps is
the relaxation time of the charge carriers; kB is the Boltzmann constant;
T=300 K is a temperature. The electrical properties of graphene are
controlled by EF, which is fixed at EF= 0.4 eV in this work. The di-
electric function of the monolayer graphene is expressed as

t( ) 1 i ( )/ 0 g= + [46], where ε0 is the vacuum permittivity and
tg= 0.34 nm is the thickness of the monolayer graphene. With the de-
termined dielectric functions and electrical conductivity, Maxwell’s
equations are solved among the whole domain.

The maximum optical enhancement Mmax= (Emax/E0)2 in the gap
and graphene at different d is shown in Fig. 5(b). The black and red line
denotes Mmax in the gap and graphene, respectively. As d is increased,

both Mmax decrease, which is similar to the tip-silicon case. At
d=1nm, the maximum optical enhancement in the gap is stronger,
with Mmax over 1.0× 104, compared with that (Mmax= 2122) of the
tip-silicon gap (see Fig. 4a). This is due to that the propagation of
graphene SPPs contributes to the optical enhancement in tip-graphene
gap. At d=1nm, the optical enhancement in the graphene is also en-
hanced significantly, with Mmax= 55, larger than that of tip-silicon
case. The light absorption in the monolayer graphene can also be cal-
culated using qloc = 0.5ε0ωIm[ε(ω)]Eloc2 [47,48]. Herein, the frequency
ω and the extinction coefficient Im[ε(ω)] is fixed. Based on results of
Mmax, it is known that the maximum light absorption in graphene is
enhanced from 31 to 55 times with d decreasing from 2 nm to 1 nm. It
indicates that in real experiments it is important to reduce the tip-
sample distance to achieve high light absorption in sub samples.

The distribution of Mloc in the near-field region at d=1nm is de-
picted in Fig. 6. Here, z=0 denotes the upper surface of the graphene
monolayer with a thickness tg= 0.34 nm. Mloc distribution on the x-z
plane through the tip central axis is shown in Fig. 6 (a). It is noted that
Mmax in the gap region is much higher than that in the graphene with a
ratio of ∼187 which depends on the optical property of graphene [49].
The extremely high field enhancement region covers less than 10 nm on
x-axis in the gap, formed by the joint effects of the gold tip and the
monolayer graphene. Fig. 6 (b) is the x-y view of Mloc distribution at
z=0.5 nm in the tip-graphene gap. Mloc concentrates in a less than
10 nm region on y-axis. Fig. 6 (c) shows the x-y view ofMloc distribution
under the graphene at z= -0.35 nm. It indicates that a considerable
amount of light passes through the graphene layer and forms another
concentrated spot, although Mmax is relatively lower compared with
that in the gap region. Mloc distribution in the monolayer graphene is
shown in Fig. 6 (d). Mloc is lower in the center near the tip apex and
higher in the outer circline region. The asymmetrical distribution with
respect to the cross section at y=0 is due to the side illumination. The
asymmetrical distribution of Mloc similar as that of free-standing tip
case indicates that the intensity enhancement in the monolayer gra-
phene is induced directly by the optical enhancement around the gold
tip apex.

Due to the tip-graphene induced significant optical enhancement,
the localized heating resulting from the enhanced light absorption in
the monolayer graphene could be utilized for thermal measurement,
laser-assisted manufacturing, fabrication, and surface modification.
[50,51] Such fundamental studies of monolayer graphene may perform
as a guideline for other 2D materials. The fabrication process of gra-
phene devices using PMMA as resist inevitably suffers from the con-
tamination of a thin layer (1–2 nm) of PMMA adsorbed on the graphene
surface [52]. Following the fabrication process, the thermal treatment
method is usually used to eliminate the PMMA residue on the surface.
In addition, the localized heating has also be used in controllable and
localized surface annealing of graphene devices [19]. By using a heated
AFM tip, tuning the reduction of graphene oxide (GO) to change the
graphene properties has previously been achieved. In that work, the
length of the trench induced by the AFM tip heating is approximately
25 nm. The scale of the induced hot spot in the graphene in our study is
40 nm (see Fig. 6d), which would cause localized heating in the small
region and used for the property tuning of reduced GO. Besides, Raman
spectroscopy is an effective tool for measuring local temperature of
graphene and other 2D materials [53]. Such localized hot spot can be
used to study the nanoscale thermal transport in graphene combined
with the Raman method.

4. Conclusion

In summary, the tip-assisted photo-thermal conversion in silicon
and monolayer graphene is numerically analyzed. The maximum op-
tical enhancement around a free-standing gold tip is found dependent
on the incident wavelength and angle. Compared with the results at
405, 532, 785 nm, the largest Mmax near the tip apex occurs at 632 nm
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Fig. 5. (a) Schematic of the gold tip-monolayer graphene configuration. (b) The
maximum optical enhancement Mmax at different separations d. The black line
denotes the Mmax in the gap region while the red line denotes the Mmax inside
the monolayer graphene.
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with θ=10°. For the tip-silicon configuration, Mmax in the gap in-
creases as the separation d is decreased and becomes the largest when
the tip contacts the substrate. Mloc in the silicon is also larger for the
contacting case. The generated heat source in the silicon has a resolu-
tion of ∼6 nm laterally and ∼2 nm vertically. The largest energy
density reaches ∼2.98× 1015Wm−3 at a moderate input moderate
energy flux of 2×107Wm−2, which is feasible for the subsurface
modification, laser-assisted manufacturing and the study of ballistic
thermal transport of silicon. As for 2D materials, metallic tip-graphene
interaction is calculated. The light absorption in monolayer graphene
can be enhanced by 55 times at separation d=1nm due to the near
field effect. The tip-assisted localized energy absorption promises ap-
plications of surface cleaning, material properties tuning and thermal
transport study for monolayer graphene and other 2D materials.
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