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a b s t r a c t 

The nanotip’s thermal response and its regulation are essential to tip-assisted nanoscale manufacturing. 

Laser polarization provides a promising solution for the dynamic tuning of laser energy absorption. How- 

ever, the thermal response of nanotip under laser irradiation has yet to be fully understood. Here, the 

temperature and stress response of silicon nanotip under laser heating at different polarization angles is 

studied by Raman thermometry technique. The temperature oscillates between ∼584 and ∼742 K, with 

the polarization angle changing from 90 to 0 °, showing sound dependence with laser polarization. Finite 

element simulations indicate that such oscillation effect of high temperatures is caused by the electric en- 

hancement induced by the lightning rod effect and the low thermal conductivity of ∼21 W/(m �K) due to 

the high temperature and the size effect of heat conduction. Meanwhile, polarization-dependent thermal 

stress occurs due to the large electric distribution gradient. The periodic oscillation of the temperature 

and stress with the polarization angle verifies the reversibility of the tuning process, which paves the 

way toward precise nano-manufacturing. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

Nanomanufacturing is pivotal in fabricating nanoelectronics 

ith various functionalities [ 1 , 2 ]. A primary concern is assembling 

anostructure units into nanodevices without changing their ex- 

ellent physical properties. Nano-welding based on laser irradi- 

ted nanotip is an advanced manufacturing technique due to its 

dvantages of controlled laser energy and efficient operation [3] . 

he hot tip is the important part whose temperature determines 

elding quality. For example, scanning probe microscopy (SPM)- 

ased laser-irradiated probe has been demonstrated as an effec- 

ive tool to fabricate nanoscale structures. The near-field enhance- 

ent around the tip provides a nanoscale hotspot [4] . Cui et al. 

nduced near-field enhancement by irradiating atomic force mi- 

roscopy (AFM) tip with a fiber optic probe, subsequently joining 

wo carbon nanotubes with silver nanoparticles, resulting in a joint 

ize of approximately 12 nm [5] . In these processes, the hot tip 

emperature is the most important parameter, while its accurate 

easurement and regulation are technically challenging due to the 

mall scale of the nanotip and the resulting complicated thermal 

ransport process. In addition, nanotip will expand even be dam- 

ged due to thermal stress caused by high-temperature gradient. 
∗ Corresponding author. 
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tress measurement and control is also essential for nanotip’s nor- 

al performance. 

There are relatively few techniques available for nanotip tem- 

erature measurement. Contact measurement is unrealistic due 

o nanotip’s tiny scale. Noncontact methods, such as the infrared 

echnique, are not feasible to probe temperatures on the nanoscale 

ecause of the diffraction nature of light [ 6 , 7 ]. Although previous

orks have demonstrated that embedded thermocouple was able 

o measure the temperature of the upper part of tip [8] , the main

hallenge is the nanofabrication. Fluorescence signals excited from 

uantum dots whose size can be as small as sub-10 nm is an- 

ther way to measure temperature at nanoscale [9] . However, in 

his scenario, quantum dots have a comparable size to the nanotip 

pex, which also prevents the measurement. Raman thermometry 

s a powerful technique to determine the sample temperature at 

anoscale based on the excited Raman scattering signal from the 

aser irradiation area. Therefore, temperature measurement resolu- 

ion can be readily determined by precisely controlling the laser 

hooting area. In this case, the tip apex temperature can be deter- 

ined by adjusting the laser to irradiate the to-be-measured area, 

hus breaking the diffraction limit. 

Indeed, Raman has been widely employed for determining the 

hermal properties of nanomaterials and nanostructures [ 10 , 11 ]. 

or instance, Yue et al. developed a steady-state electro-Raman 

hermal technique to characterize the thermal conductivity of 

ulti-wall carbon nanotube bundles [12] . Raman can also be used 

https://doi.org/10.1016/j.ijheatmasstransfer.2023.124124
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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o distinguish the temperature difference between graphene and 

ubstrate for analyzing interfacial thermal resistance [13] . Besides, 

ransient Raman spectroscopy was also developed to determine the 

ransient thermal property of nanomaterials [14–16] . Besides tem- 

erature, thermal stress can be simultaneously characterized by in- 

egrating the analysis of Raman peak shift and peak width [17] . 

hermal stress measured by using Raman was also implemented 

or a few years. For instance, Gan et al. characterized the change 

n surface stress in microscale silicon samples in response to exter- 

ally applied stress at different temperatures using micro-Raman 

pectroscopy [18] . 

As to tip-enhanced Raman thermometry, recent works on bal- 

istic thermal transport study of semiconductors with hotspots at a 

ub-10 nm scale have been reported [ 19 , 20 ]. Raman can be used to

robe the temperature of the nanotip accordingly. Chen et al. char- 

cterized the temperature of a silicon tip under lateral laser irra- 

iation. They found that the laser spot location largely influences 

he tip temperature [21] . Simulation results show that laser po- 

arization greatly impacts near-field enhancement around the nan- 

tip [22] . It can be easily thought that nanotip temperature could 

e different if the polarization angle of incident laser is different. 

owever, experimental validation has yet to be reported, and the 

hermal stress of nanotip under these irradiation conditions still 

eeds to be uncovered. 

In addition, changing the polarization angle of laser beam could 

e an effective way to modulate the tip temperature as long as we 

ully understand the thermal response of the laser heating process. 

n this work, we rotate the laser beam to construct different polar- 

zation irradiation scenarios of the nanotip. The thermal response 

f the nanotip, not just temperature but also thermal stress under 

aser heating, is measured by using Raman thermometry simulta- 

eously. We find that the temperature oscillates with the polar- 

zation angle showing sound dependence with laser polarization. 

uch oscillation is caused by the lightning rod effect induced elec- 

ric enhancement and low thermal conductivity due to the high 

emperature and size effect of heat conduction. Based on this, our 

ork aims to achieve the periodic oscillation of thermal response 

n silicon nanotips. 

. Experimental setup and details 

The experiment is conducted using an AFM silicon nanotip pur- 

hased from MikroMasch Company. As shown in Fig. 1 , the tip 

as a very sharp pyramid structure with a tip apex size at the 

anoscale. In the experimental setup, the tip is fixed on a pre- 

isely controlled 3D micro stage to ensure the laser spot only cov- 

rs the top end of the tip. In order to minimize the laser spot size,
Fig. 1. Schematic of Raman-ba

2 
 50 × microscope objective lens is used to focus the continuous 

aser (wavelength: 532 nm) to the nanotip apex. This laser is em- 

loyed not only for heating the tip but also to excite Raman sig- 

al simultaneously ( Fig. 1 ). A confocal spectrometer collects the 

cattered Raman signal to translate the temperature of the tip. A 

ypical Raman spectrum excited from the silicon tip is shown in 

ig. 2 a. It can be seen that the peak is centered at ∼520 cm 

−1 at

oom temperature. In order to get the tip temperature, a calibra- 

ion experiment is conducted in advance to obtain the correlation 

etween the Raman signal and temperature. Different features of 

he Raman peak can be employed in the measurement to deter- 

ine the thermal responses. The most important features are the 

aman peak shift and full width at half maxima (FWHM) of the 

eak [ 17 , 23 ]. Therefore, the measurement accuracy is highly de- 

endent on the precision of Raman peak fitting. In our work, the 

oigt function is chosen to fit Raman peak for better accuracy. Each 

tting spectrum is averaged from four times of Raman acquisition 

o minimize measurement uncertainty. 

During the measurement, a nanotip is placed along the x-axis 

nd heated by focused laser incidence along the z-axis ( Fig. 2 b). 

he SEM image shows that the tip has a height of 15 μm with 

 tip apex radius of 10 nm and a half-cone angle of 10 ° The ra-

ius of the focused laser spot is ∼12.5 μm. The nanotip position 

s carefully adjusted to make the laser beam just focused on the 

ip apex. More specifically, the nanotip is first moved along the x- 

nd y-axis to ensure the laser beam irradiates the tip apex. After 

aman acquisition, the nanotip is moved along the z-axis until Ra- 

an intensity reaches its maximum. From the SEM image, we can 

lso find that the flank of the nanotip is smooth ( Fig. 2 c). The po-

arizer is adjusted to rotate from 30 ° to 210 ° (the rotation angle is 

enoted as ϕ). Such a range of angles enables us to study the ther- 

al response of the nanotip with a whole period of polarization 

ngles. 

. Results and discussion 

.1. Polarization-dependent light field enhancement 

Fig. 3 demonstrates a significant correlation between Raman 

ignal intensity and polarization angle (Blue line). Raman inten- 

ity shows a decreasing trend with ϕ in 30 −90 ° and 180 −210 °
nd an increasing trend with ϕ in 90 °−180 °. When the polariza- 

ion direction is parallel and perpendicular to the tip axis ( ϕ equal 

o 180 and 90 °), the Raman signal intensity reaches its maximum 

nd minimum, respectively. Thus, changing polarization angle can 

odulate Raman signal intensity in a wide range. The maximum 

aman intensity is 1.7 times its minimum value. The Raman in- 
sed experimental setup. 
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Fig. 2. (a) Characteristic peak in silicon Raman spectrum. (b) Simplified schematic of polarized laser incident direction and electric field direction. The green and red lights 

indicate incident laser and Raman scattering, respectively. (c) Side-view SEM image of the silicon nanotip. 

Fig. 3. Polarization angle related Raman signal intensity and light field enhance- 

ment of the silicon nanotip. The solid lines are fitted with a cos 2 ϕ curve. 
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ensities are close (2.55 and 2.77 Arbitr. Units) when ϕ is 30 ° and 

10 °, which shows the repeatability of the measurement because 

heir polarization angles are the same. The Raman intensity as 

 function of polarization angle is well fitted by a cos 2 ϕ curve 

 Fig. 3 ). It is known that surface plasmon resonances can be effi- 

iently excited by visible or near-infrared only for some noble met- 

ls, while the lightning-rod effect can occur in metallic and non- 

etallic probes. It indicates that the main reason for such Raman 

ntensity variation of the nanotip is lightning rod effect. The Ra- 

an signal intensity enhancement may be explained by the fact 

hat when the excitation field is perpendicular to the tip axis, the 

ip apex remains uncharged due to the opposite signs on either 

ide. When the laser is aligned well with the tip axis, the tip apex 

hows the maximum surface charge density, resulting in an en- 

anced electric field [24] . 

Simulations based on the finite element method (FEM) and 

hree-dimensional Maxwell governing equations are conducted to 

tudy the light field enhancement of the nanotip under polar- 

zed laser irradiation, and to further explore the mechanisms be- 

ind the effects of polarization angle on Raman signal intensity. 

he same three-dimensional nanotip model as that in experiments 

s built under Cartesian coordinate system, with an apex radius 

 = 10 nm, half cone angle θ = 10 °, and length L = 500 nm ( Fig. 4 ).

he perfect match layer (PML) boundary condition is applied to 

upport the passage of electromagnetic waves in a reflection-free 
3 
ay. The initial temperature of the tip is settled as 292 K, and the 

avelength of the electromagnetic wave is 532 nm. The dielectric 

onstant at 532 nm of silicon nanotip is 17.237 + 0.43004i. The elec- 

ric field amplitude is set at 1 V/m. Notably, incident light intensity 

epends on electric field intensity E as I = 0 . 5 cε0 nE 2 , where c , ε0 ,

nd n are light speed in a vacuum, vacuum permittivity, and refrac- 

ive index, respectively. Thus, the square of electric field represents 

ight field enhancement. 

The light field enhancement shows a similar trend to Raman 

ignal intensity and can fit well with a cos 2 ϕ curve ( Fig. 3 ). Similar

esults have been reported that electric field enhancement depends 

n the incident electric field component along the tip axis while 

s independent of the perpendicular component [25] . As a conse- 

uence, the electric field enhancement depends on cos ϕ. Mean- 

hile, incident light intensity is proportional to the square of elec- 

ric field intensity E . Thus, the light field enhancement depends on 

os 2 ϕ, which has also been confirmed by our simulation results. 

he light field distribution of the nanotip ( Fig. 4 b) shows that there

s little enhancement when the polarization angle is 90 ° ( ϕ = 90 °). 
he light enhancement gradually increases to 8.17 as the polariza- 

ion angle decreases from 90 to 0 ° ( ϕ = 90 ° ∼ 180 °). The light 

istribution is quite uniform without obvious enhancement at the 

olarization angle of 90 ° ( ϕ = 90 °). However, the nanotip exhibits 

ignificant local enhancement at the polarization angle of 45 ° and 

 ° ( ϕ = 135 and 180 °), with the highest value reaching 8 and 18,

espectively. Our simulation shows little enhancement at the loca- 

ions away from the tip apex, although covered by laser spot. This 

ay be due to the fact that the lighting rod effect causes dipolar 

elds to concentrate near the sharp tip apex [ 26 , 27 ]. The cos 2 ϕ
urve trend in the Raman signal intensity verifies the influence of 

olarization angle on light enhancement, which is well explained 

sing our simulated results based on electromagnetic theory. 

.2. Temperature responses of silicon nanotip 

FWHM broadens at a higher temperature due to a shorter 

honon lifetime [10] and shows insensitivity to stress. Based on 

his, FWHM can be used to determine temperature. Although 

WHM shows an almost linear relationship with temperature near 

oom temperature, high-order anharmonicity cannot be ignored 

hen temperature is high. FWHM involves terms proportional to 

he square of temperature in high-temperature limit [ 28 , 29 ]. Thus, 

WHM versus temperature can be expressed using the quadratic 

unction as: 

= B ( T � − T R ) 
2 + C ( T � − T R ) + �R (1) 
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Fig. 4. (a) Geometric structure of the simulated nanotip. (b) Light field enhancement distribution projected to the x-z plane at different rotated angles inside the nanotip. 

Fig. 5. FWHMs of silicon at different temperatures. The solid line is the fitted line 

using Eq. (1) . 
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FIG. 6. Polarization angle dependent FWHM and temperature of the silicon nanotip. 

The solid lines are fitted with a cos 2 ϕ curve. 
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here B and C are calibrated parameters; T R and T � are ambient 

emperature and actual temperature obtained by FWHM fitting, re- 

pectively; �R is FWHM at room temperature. Calibration is car- 

ied out in order to determine the calibration coefficients using an 

lectrically heated silicon wafer since material size shows no ef- 

ects on the temperature-dependent parameters. A small excitation 

aser power of 1 mW is set to prevent local heating. The calibrated 

arameters are obtained as B = 9.30 × 10 −6 cm 

−1 /K 

2 and C = 8.89

10 −3 cm 

−1 /K by fitting FWHM using Eq. (1) ( Fig. 5 ). The parame-

ers extracted from our experiments are in the same order of mag- 

itude as those from Beechem et al. [17] and Balkanski et al. [29] ,

hich shows the creditable of our results. 
4 
The FWHMs at different rotated angles and the accordingly 

anotip temperatures based on the calibration curve are shown in 

ig. 6 . The trends of FWHM and temperature versus rotated angle 

re similar to that of light field intensity enhancement, because the 

eat generation rate in the nanotip is positively correlated with 

ight field intensity as ˙ q = Ia , where a is absorptivity. Similarly, 

hermal stress, depending on temperature gradient, is also polar- 

zation angle dependent, which will be discussed later. With the 

eriodic change of the polarization angle, the nanotip temperature 

hows an obvious periodic oscillation. Laser power is 20 mW after 

assing through the polarizer. The nanotip temperature is around 
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Fig. 7. Positions of Raman peak at different temperatures. The solid line is the fitted 

line using Eq. (2) . 

Fig. 8. Polarization angle dependent Raman shift and stress of the silicon nanotip. 

The solid lines are fitted with a cos 2 ϕ curve. 
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84 and 742 K when the polarization direction is perpendicular 

 ϕ = 90 °) and parallel ( ϕ = 180 °) to the tip axis, respectively. Our

xperimental results indicate that the maximum temperature dif- 

erence caused by polarization direction change reaches ∼158 K. 

The temperature of a nanotip is determined by its heat genera- 

ion rate and thermal properties. Incident laser acts on the nanotip 

n our experiments and serves as a heat source ( ̇ q ). The heat gener-

tion rate positively correlates with the light field intensity, result- 

ng in temperature oscillation as the polarization angle changes. 

n addition, equivalent thermal conductivity is estimated based on 

he FEM simulation of the nanotip and cantilever. The same laser 

ower (20 mW) and action length (12.5 μm) as the experiments 

re set in our simulation. The equivalent absorptivity of the irradi- 

ted nanotip is calculated as 0.48 based on the Beer-Lambert law, 

(z) = I 0 · e −αz , where I 0 is laser intensity; z is penetration depth;

is absorption coefficient which is 12,233 cm 

−1 for silicon at 

32 nm. The reflectivity is set as 0.37. Considering the effects of 

onvection with the heat transfer coefficient of 10 W/(m 

2 �K) and 

rradiation, the equivalent thermal conductivity is ∼21 W/(m �K), 

etermined by making the nanotip temperature the same as that 

n experiments. The equivalent thermal conductivity of nanotip is 

uch lower than the natural bulk value of 140 W/(m �K) [30] . The

eason is attributed to two parts. One is high temperature since 

he thermal conductivity of natural bulk silicon significantly de- 

reases at high temperatures due to the enhanced phonon scat- 

ering, which is ∼50 W/(m ·K) at 700 K [30] . The other is size ef-

ects which cannot be ignored in silicon microstructures. Regner 

t al. found that the mean free path in crystalline silicon spans 

.3–8.0 μm , and around 40% of its thermal conductivity comes 

rom the phonons with a mean free path larger than 1 μm [31] . 

ven at 10 0 0 K, computational results from Chen et al. [30] show

hat these phonons contribute about 25% to thermal conductivity. 

n our experiments, the largest section radius of the irradiated nan- 

tip part is about 2.2 μm, and the tip apex radius is even down to

0 nm. The additional phonon boundary scattering of the nanotip 

imits the phonon mean free path and further reduces its equiva- 

ent thermal conductivity since phonon has such strong contribu- 

ions with mean free paths larger than the nanotip’s section ra- 

iuses. Thus, size effects exist in the nanotip heat transfer process 

ven at a high temperature of ∼700 K. We found that the low nan-

tip thermal conductivity causes significant temperature responses 

t different polarization angles and facilitates temperature regu- 

ation. Notably, our measured temperature is the average nanotip 

emperature covered by the laser beam. The local temperature can 

e much higher than the average one since simulations show that 

he maximum light field enhancement can reach approximately 

wo times the average one at the rotated angle of 135 and 180 °
 Figs. 3 and 4 ). 

.3. Thermal stress of silicon nanotip 

Unlike FWHM, Raman shift is affected by temperature and 

tress simultaneously. Raman shift can be expressed as: 

 = W ( T � − T R ) + A σ + ω R (2) 

here ω R is the peak position of Raman shift at room tempera- 

ure; W and A are calibration constants of temperature and stress, 

espectively; σ is the averaged stress of the sample. The stress- 

elated parameter A is given as -3.6 cm 

−1 /GPa from the previ- 

us study [32] . Similar to FWHM, calibration of Raman shifts at 

arious temperatures is carried out using a silicon wafer to ob- 

ain the temperature-related parameter W, where the stress in the 

ulk silicon can be ignored. Fig. 7 shows that peak position lin- 

arly decreases with temperature, and W is estimated as −2.41 ×
0 −2 cm 

−1 /K. When the nanotip is heated with the laser beam, 

he free extension of the tip apex can generate significant stress. 
5 
hus, the Raman shift difference of nanotip can be expressed as 

ω = W ( T � − T R ) + A σ = W ( T ω − T R ) , where T ω is obtained from

aman shift ignoring the stress. As a result, the average stress σ
istributed on the tip can be expressed as σ = W ( T ω − T �) / A . 

Raman shift shows a redshift phenomenon with increasing 

emperature and stress. Therefore, for the irradiated nanotip, the 

rend of Raman shift with the rotated angle is opposite compared 

o Raman signal intensity, light field intensity, and temperature. 

ig. 8 shows the measured Raman shift and calculated stress based 

n Eq. (2) and the calibration curve at different rotated angles. Ra- 

an shift shows the highest value when the polarization direction 

s perpendicular to the tip axis and the lowest value when paral- 

el. The influence of stress on the Raman shift cannot be ignored 

hen high stress exists in sample to ensure accurate measure- 

ent. Our results show that the contribution of stress and tem- 

erature to the Raman shift’s change is comparable in nanotip. 

on-negligible stress is caused by a great temperature gradient in 

anotip. The thermal stress gradually increases as the polarization 

ngle decreases from 90 to 0 °. Its trend can be well fitted using 

 cos 2 ϕ curve similar to light field enhancement and tempera- 

ure. The highest stress ( ∼2.07 GPa) occurs at the maximum light 

eld intensity and temperature, where the electric field gradient is 

reatest, while the lowest stress ( ∼0.91 GPa) occurs at their lowest 

oint. 

For the heat transfer process of nanotip, on the one hand, a 

trong electric field gradient in nanotip with the maximum value 
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eneath the tip apex causes high heating energy density and high 

emperature at the tip apex. On the other hand, low thermal con- 

uctivity due to the size effect makes it difficult to conduct heat 

way from the tip apex, resulting in a high-temperature gradi- 

nt and accordingly significant tensile thermal stress. Therefore, 

he high-temperature gradient is attributed to localized high light 

eld intensity and low thermal diffusion capacity. In addition, the 

ccuracy of our measurements is limited by Raman spectrome- 

er resolution, which will bring errors in Raman peak position fit- 

ing. In our experiments, the main uncertainty of Raman measure- 

ent depends on the accuracy of the fitted characteristic peak 

avenumber. Take the largest wavenumber uncertainty as an ex- 

mple. When the wavenumber error is 0.5 cm 

−1 , the maximum er- 

ors of temperature and stress are 17 K and 0.03 GPa, respectively. 

he errors could be reduced further by conducting more measure- 

ents, but the maximum temperature error only accounts for 2.3% 

f the temperature value. 

.4. Effects of thermal responses on nano-welding processes 

As mentioned above, the nanotips’ thermal responses are essen- 

ial to consider during nano-welding processes. Our results show 

hat we can regulate nanotip temperature by changing the po- 

arization angle, which is more efficient than repeatedly adjust- 

ng laser power. In our experiments, nanotip temperature increases 

rom ∼584 to ∼742 K when the polarization angle decreases from 

0 to 0 °, and the equivalent thermal conductivity of nanotip is 

21 W/(m �K) based on FEM simulations. However, thermal expan- 

ion caused by heat concentration in nano-joining process cannot 

e ignored. The linear expansion along tip axis can be estimated 

y 	l/l = αT 	T , where T is the absolute temperature and αT is 

he thermal expansion coefficient of silicon, which is temperature 

ependent and can be expressed as [33] : 

T = 

(
3 . 725 

(
1 − exp 

(
−5 . 88 × 10 −3 

( T − 124 ) 
))

+ 5 . 548 × 10 −4 T 
)

×10 −6 (3) 

We assume that the irradiated nanotip length is 12.5 μm in 

ur experiments. The expansion length of the nanotip reaches 

16.2 and ∼26.7 nm when the polarization angle is perpendic- 

lar and parallel to the tip axis, respectively. Similarly, previous 

tudy also shows that continuous laser leads to thermal expansion 

f probe nanotip along the tip axis, and even the cantilever paral- 

el to the sample causes chaotic motion patterns [34] . Thus, ther- 

al expansion should be considered to guarantee precise nano- 

anufacturing. 

Materials fatigue when they reach their stress threshold, and 

igh-stress conditions reduce their fatigue life [35] . As a brittle 

aterial, silicon has much lower tensile strength than its com- 

ressive and bending strengths. Experiments show that micro sil- 

con has bending and tensile fatigue stresses of around 7.68 and 

.73 GPa at 295 K, respectively, and the specimen with a smaller 

ize shows longer fatigue lives [36] . Besides, silicon is easier to fa- 

igue at high temperatures caused of the decreased elastic con- 

tants. It can be thought that tensile stress determines the nan- 

tip’s failure, and tip temperature should be carefully controlled to 

revent fatigue from high thermal stress and ensure service life. 

ur study shows that the thermal stress can be decreased from 

2.07 to ∼0.91 GPa by only adjusting the polarization angle. In 

ddition, nanotip geometry should be carefully designed to ensure 

ccuracy in the nano-welding processes. Due to the size effect, the 

hermal conductivity of the nanotip decreases when its equivalent 

iameter decreases in nanoscale [37] . Accordingly, its temperature 

nd thermal stress become higher with a smaller nanotip. Besides, 

homas et al. found that field enhancement of a tungsten tip is 

nfluenced by the tip’s opening angle [38] . Therefore, an appropri- 
6

te tip geometry should be used to obtain the desired temperature 

egulation effect. 

. Conclusions 

To summarize, this work has demonstrated polarization angle- 

ependent thermal responses of silicon nanotip by Raman ther- 

ometry technique. Results show that Raman signal intensity and 

ight field enhancement are consistent and polarization angle- 

ependent. Nanotip temperature is well regulated from around 584 

o 742 K by decreasing the polarization angle from 90 ° to 0 °. Com- 

ining experiments and FEM simulations, the equivalent thermal 

onductivity of the nanotip is estimated to be ∼21 W/(m �K), indi- 

ating an obvious size effect, which contributes significantly to the 

igh temperature and noticeable temperature difference of laser- 

eated nanotip. Meanwhile, a high electric field gradient in nanotip 

enerates non-negligible thermal stress of ∼2.07 and ∼0.91 GPa at 

he polarization angle of 0 and 90 °, respectively. Our results indi- 

ate that thermal response can be well regulated by changing laser 

olarization to avoid tip fatigue and ensure manufacturing preci- 

ion during nano-welding processes. 
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