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ABSTRACT: Tip-assisted lithography is a technique full of
potential for nanofabrication and data storage, allowing for
nanofabrication within several nanometers using the heated nanotip.
Thus, the knowledge of the instantaneous thermal response of the
nanotip under the laser heating is important for temperature control.
In this work, a prototype of an ultrafast thermal probing method for
the apex of a silicon nanotip has been achieved. Instead of obtaining
an average thermal response over the entire nanotip, the
temperature and thermal stress in the confined apex region of the
nanotip were successfully measured in picosecond duration.
Furthermore, to understand the heat transfer process in the nanotip,
comparative studies were conducted on a silicon micro-cantilever
and a silicon wafer, respectively. Experiment-based simulation
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further revealed that the equivalent thermal conductivity of the nanotip is ~35 W/(m'K), substantiating the reduction in the
thermal conductivity of nanomaterials due to the size effect. Both nonuniform laser absorption and heat transfer deterioration in the
nanotip contribute to the nonuniform temperature distribution, thermal stress, and thermal deformation. This work is expected to
provide important insights into the thermal response of the nanotip and an effective way for fast thermal characterization of

nanomaterials.

1. INTRODUCTION

One inherent limitation for traditional photolithography in
material patterning is low spatial resolution caused by Abbe’s
diffraction limit." With the development of scanning probe
technology,”™* this undesirable issue was successfully addressed
by the scanning probe lithography (SPL), which was first applied
in IBM’s Millipede Project’ to achieve ultrahigh data storage
density. It is the very first effective method that was recognized
for imaging and shaping the surface of the specimen at the
nanometer level.”” Heated by integrated resistive heaters or
laser irradiation, the nanotip can be used to perform diverse
nanofabrication techniques, including removal, conversion, and
addition, at the surface of the material. The laser-assisted one is
comparatively preferable because embedding the resistive heater
into a tip at the nanoscale is demanding.” Among the series of
modulated lasers, a sub-microsecond pulsed laser is commonly
employed in surface/material modification because of its
intrinsic features including the high energy density, temporal
resolution, and small heat-affected area.””'" However, simply
applying the heated nanotips to material fabrication, without
keeping track of its instantaneous temperature, will lead to
unexpected problems in the manufacturing process because the
temperature even ranges drastically for the same material with
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different actual needs.”” Thus, figuring out the photothermal
effect at the nanoscale and predicting the thermal response of
the nanotips are particularly useful in temperature monitoring
and adjustment. Therefore, the appropriate temperature is
considered as one of the requirements for stable lithography
resolution and long service life of the nanotip.”'*

In the SPL technique, the nanoscale fabrication is achieved by
processing the specimen surface with the nanotip where a
hotspot is formed at its apex. There have been plenty of
simulation works'>™"® in nanotip temperature prediction and
heat transfer at the nanoscale’™'® so far, whereas the
experimental studies are very limited as they are not easy to
implement. This is because only the traditionally used
thermocouples in the nano version would be applicable for
temperature measurement at such a tiny scale. However, it is
challenging in manufacturing the thermocouples and effectively
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Figure 1. Schematic setup of the Raman scattering measuring system. (a) Optical path diagram for the Raman system. (b) SEM photo of the employed
AFM probe. The tip grows on the end of the cantilever (350 ym X 40 ym X 3 ym). The tapered tip is 15 ym tall with a typical tip radius of 10 nm and a

half cone angle of 20°.
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Figure 2. Determination of the tip location under the incident laser. (a) Simplified schematic of the tapered tip illuminated by the incident 532 nm laser
from the side; (b) SEM photo of the tip from the side view. The incident laser moves in the direction of the red arrow and finally focuses on the tip apex.

adopting them to measure temperature at the nanoscale."”
Besides, the response rate is determined by the thermal time
constant of the thermocouples, which requires a few micro-
seconds to acquire the temperature,”””' making it disadvanta-
geous in ultrafast measurement/fabrication.

Raman thermometry, as a powerful technique, is widely used
in determining the local temperature of the material at the
nanoscale.””*> As a noncontact and nondestructive method, it
provides an alternative for fragile or small-sized material
detection, which has been reported in many studies in thermal
measurement. Xu et al.** demonstrated an approach to probe
the temperature rise of the multiwalled carbon nanotubes placed
on Au nanoparticles using Raman thermometry. They
successfully measured the temperature of the nanotubes and
revealed the quasi-ballistic thermal transport in low-dimensional
nanomaterials. Except for temperature measurement, the
Raman method is able to probe the thermal stress in
materials.” ">’ Abel et al.”® proved the Raman spectroscopy to
be a successful micro-thermometry for the micro-electro-
mechanical system and presented a method to deal with
absolute temperature measurement at the extreme case with
submicron resolution.

In Raman thermometry, the continuous wave laser is
commonly adopted because it is more accessible and its power
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is often set low as an individual probing source. Nowadays,
ultrafast lasers are more and more introduced to manufacturing
because the energy can be concentrated in a single pulse. In this
work, an ultrafast Raman excitation laser was employed instead,
the high-energy-density laser source was used for simultaneous
heating and probing and it can be guaranteed that the Raman
intensity of nanomaterials is strong enough to be precisely
captured. Ultrafast lasers such as picosecond pulses show a wide
range of applications in material fabrication and measure-
ment.””*" Kumar et al.’' presented a method to determine the
temperature at the apex of the silicon tips with different doping
levels through femtosecond pulsed laser in laser-assisted atom
probe tomography. Some other researchers used the picosecond
laser to probe chemistry in the tip-enhanced Raman spectros-
copy with submolecular spatial resolution and higher temporal
resolution.””

In this work, a picosecond Raman thermal characterization
method was developed to achieve ultrafast tip heating while
measuring the temperature simultaneously. In addition, this
work features the nanoscale spatial resolution in thermal
measurement, which enables us to study the ballistic thermal
transport within the nanotip area. Under this ultrafast heating
and temperature probing, the thermal stress within this confined
nanoscale region was further studied to explore the size effect of

https://doi.org/10.1021/acs.jpcc.1c09771
J. Phys. Chem. C 2022, 126, 1922—1930


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09771?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09771?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09771?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09771?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09771?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09771?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09771?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09771?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c09771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

heat conduction and accumulation, which can aid in under-
standing and preventing nanostructures from heat damage.

2. EXPERIMENTAL SETUP

The experimental setup for the Raman system is shown
schematically in Figure la. A confocal Raman microscopy
from B&W TEK Company is employed to fulfill the Raman
scattering collection. The excitation source includes two laser
generators. It could achieve both steady state and transient laser
heating/Raman excitation in the same optical path. During the
experiment, the excitation laser reflects on a longpass filter,
passes through the objective, and focuses on the sample surface
where Raman scattering occurs. The Raman scattering from the
surface is then collected by the same objective, transmitted to
the spectrometer, and recorded by the thermoelectrically cooled
CCD detector, which takes a wavenumber range from 0.45 to
3000 cm™" with a resolution of ~2.15 cm™.

An uncoated atomic force microscopy (AFM) silicon probe
from MikroMasch CSC37 was used as the sample nanotip in the
experiment. Figure 1b shows its scanning electron microscopy
(SEM) image performed on a field emission MIRA3 TESCAN
scanning electron microscope operating at 5 kV in the lens
mode. The sample was fixed on a holder attached to a three-axis
translation stage, making it feasible to precisely move the
nanotip at the narrow spatial area. Both the spectrometer and
laser generator were connected to the computer and could be
operated via the preinstalled operating system. The feedback
signals were first taken by the receiver and then processed by the
program affiliated to the support software.

Because the laser spot is quite large (~70 gm in diameter) at
the focal level in the z direction in Figure 2a, it is necessary to
carefully adjust the location of the nanotip in the x—y plane, so
that the laser could only be focused on the apex of the tip. Extra
irradiations on the cantilever or the tip base should be avoided.
Thus, the optical location of the tip under the laser was searched
by moving the tip delicately as shown in Figure 2 and
determined based on the Raman signal as its intensity is directly
associated with the irradiated area on the sample.” For
simplicity, all adjustments were made by referring to the
coordinate system established with a resolution of 5 m. The tip
was first moved along the direction of the cantilever (i.e., x-axis)
while keeping it unchanged in the other two directions. It was
fixed when the strongest Raman intensity happened because this
indicated that the laser exactly focused on the tip center. The tip
was then adjusted along the y axis and eventually located at the
place where the Raman signal can be just detected. According to
the moving resolution of 5 ym for the sample stage, it is easy to
infer that the surface area of roughly S yim from the tip apex on
the tip was irradiated by the laser spot. To avoid the heating
effect on the nanotip, the lowest laser power (~2 mW) was used
in the coordinate adjustment.

3. RESULTS AND DISCUSSION

3.1. Calibration Results. Temperature measurement by the
Raman method was based on the changes in the Raman peak,
such as Raman shift and linewidth. The Raman shift-based
temperature measurement might be affected by the presence of
thermal stress, while the linewidth is preferred to provide with an
absolute measurement of temperature due to its stress
insensitivity. The parabolic relationship between the linewidth
and material temperature is approximated as

I'=A(T - T,) + B(T; — T,) + T, (1)
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where I' is the linewidth of the Raman peak, Tt is the unbiased
linewidth-based temperature, T, is the linewidth at room
temperature, and A and B are the parameters to be calibrated.
Though the linear relationship between Raman linewidth and
temperature was widely adopted in the previous work, a
curvilinear relationship could better describe the changing trend
of Raman linewidth against temperature in a wide temperature
range from room temperature to several hundreds of degree
Celsius.***°

Specifically, the definition of the Raman shift depends on the
existence of thermal stress. For the Raman peak without the
stress effect, the Raman shift is described by eq 2, whereas the
Raman shift is determined by eq 3 if the Raman peak comes with
the stress effect

o =C(T, - T,) + o, (2)

)

where @ is the measured Raman shift of the Raman peak, o is the
average stress, @, is the Raman shift at room temperature, T,, is

w=C(T, - T,) + Do + w,

w
the Raman shift-based temperature, while T, is the room

temperature, and C and D are the parameters to be determined.
Theoretically, T,, equals to the linewidth-based temperature
Tt if there is no stress in the material. However, the stress exists
and could not be neglected in most cases. It is then defined as a
function of the difference between T, and T as following

_ (T;u - TF)C
D

(4)

It is obvious that compressive stress will result in an
underprediction of the Stokes peak-based temperature (T,, <
Tr), while tensile stress will induce an overprediction of the
Stokes peak-based temperature (T, > T).

Raman spectrometer with an excitation wavelength of 532 nm
was used to probe the thermal response of silicon materials.
According to Doerk et al.,*® specimen size shows no effect on the
linear temperature dependence of Raman shift in silicon
materials. Therefore, a silicon wafer can be employed in the
calibration experiment. The temperature of the wafer was
adjusted using a heating sheet by changing the electric current
applied to it. A thermocouple was attached to the silicon wafer to
monitor the temperature simultaneously. During the calibration,
the laser power for probing was set as low as possible to
minimize heating effects.

A typical Raman spectrum for silicon has a featured peak
centered at ~520 cm™' at room temperature. The peak shifts
gradually to the left (redshift) when the temperature is rising, as
illustrated in Figure 3a. A Lorentzian fitting was further
performed on each spectrum to determine the precise Raman
shift and linewidth. The best parabolic fitting result for the curve
of the linewidth against temperature was used to determine the
parameters A and B and the best linear fitting result for the
Raman shift for parameter C (slope of the fitting line).
According to Wolf*” the thermal stress-related constant D =
—3.6 cm™'/GPa was used in the following calculation. All the
parameters are summarized in Table 1.

3.2. Thermal Responses of the Nanotip under
Continuous Laser Heating. Under the continuous-wave
(CW, 532 nm) laser irradiation, a steady-state heat transfer
could be first established for the nanotip. Because the total
height of the tip is ~15 ym smaller than the diameter of the laser
spot, only part of the laser spot covered the tip surface (~S ym
near the tip apex). A comparative experiment was conducted on
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Figure 3. Raman characterization calibration results of silicon. (a)
Raman peak shifts linearly to the left as temperature rises; (b) Raman
peak position (@) of silicon at different temperatures. The Raman peak
moves to the left as the temperature rises. The peak position shows a
linear relationship with temperature and the slope of the fitting line
represents the value of C in eq 2; (c) Raman linewidth (fwhm: I') of
silicon materials at different temperatures. The linewidth broadens as
the specimen temperature increases and shows a parabolic relationship
with temperature.

Table 1. Calibration Parameters Calculating Biaxial Stress
and Temperature

equation values of the parameters
eql A=1.0681 X 107° + 14975 X 1077 cm™!/K>
B =0.0138 £ 0.0014 cm™'/K
eq3 C=-0.022 + 0.0016 cm™'/K

D =—3.6 cm™'/GPa (ref 33)

the cantilever and silicon wafer to analyze the size effect on the
steady-state heating. To minimize the measurement error, every
result Raman spectrum under each laser power was obtained by
averaging three repeated measurements with an integration time
0f 20 s for each. Using eqs 1 and 4, the absolute temperature and
thermal stress were determined from the Raman shift and
linewidth of the 520 cm™" peak using the Lorentzian fitting.

Subplots in Figure 4 illustrate how the temperature and
thermal stress change over the different designated CW laser
powers (i.e., 2, 4, 6, 8, and 10 mW). The temperature of the tip
apex and cantilever reached ~329 and ~311 K, respectively,
under the power of 10 mW, whereas silicon wafer could only be
heated to ~299 K in the same condition. The difference in the
temperature rise of the different samples could be attributed to
several reasons. From the perspectives of heat conduction, the
nanotip had the largest heat conduction resistance due to its tip
shape, and the wafer has the lowest heat conduction resistance.
Thus, under the same heat flux, the nanotip has the highest
temperature rise. The different orders of magnitude in size
would also raise the size effect on the effective thermal
conductivity, especially for the nanotip. The phonon confine-
ment happened in the nanotip. The strong scattering of the
phonons at the boundary would lar§ely reduce the effective
thermal conductivity of the nanotip.”” In addition to the heat
conduction, heat convection occurred at the same time as the
temperature rose. The convective coefficient for the nanotip
would be significantly increased because of its nanometer size
(detailed in later section). Though the heat convection over the
nanotip enhanced the heat transferring from the tip apex, the
tradeoff between heat conduction limitation and heat
convection enhancement still resulted in the highest temper-
ature rise in the nanotip among three samples.

For the micro-cantilever and silicon wafer, the size of all three
dimensions of two structures is larger than the silicon phonon
mean free path. The heat conduction process would obey the
Fourier’s law, and the effective thermal conductivity was close to
the bulk value. The difference in the temperature rise would be
mainly caused by the different heat conduction resistances. The
cantilever has a higher heat conduction resistance than the wafer
due to its beam shape when the heat conducts along the length of
the cantilever.

The obvious tensile stress of ~130 MPa was observed on the
tip apex when heated by the CW laser at the power of 10 mW.
This could be attributed to the high temperature rise and steep
temperature gradient in the nanotip, while the stress change in
silicon wafer almost remained constant over the increase in laser
power. Theoretically, the tensile stress will keep increasing when
the temperature of the material rises. However, the wafer
indicates, interestingly, the sign of being compressed in the
irradiated area. This compressive stress identified in bulk silicon
is probably caused by the unequal thermal expansions of the
unirradiated area and irradiated part.

3.3. Thermal Responses of the Nanotip with Pico-
second Pulse Excitation. As in SPL, only a small volume at
the nanometer scale in materials will be heated under the
nanotip, the modification will last just a few nanoseconds. The
transient thermal state of the nanotip in an even shorter duration
than nanosecond is critical. Thus, a picosecond laser (532 nm
with the pulse duration of 12 ps and the repetition rate of 48
MHz) was then introduced to probe the transient-state thermal
transport in the three samples. Raman scatterings were excited
within the laser pulse duration (12 ps) and simultaneously
collected by the spectrometer. The temperature rises on the tip
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Figure 4. Thermal characterization of the three specimens under CW laser irradiation. (a) Temperature rise of the tip, cantilever, and wafer under
continuous wave laser of different powers; (b) thermal stress of the tip, cantilever, and wafer under continuous-wave laser of different powers. The laser

illuminates the tip apex instead of the entire tip in the experiment.

apex under different laser powers are presented in Figure Sa to
the right axis. Similar to the steady-state result, the greatest
temperature rise occurred on the tip apex among the three
structures. Being irradiated by the incident laser of 57.8 mW, the
temperature of the tip rose to 876 + 28 K. The result was
averaged from five times repeated measurements. The stress
over the apex was derived based on the linewidth-based and
peak-based temperatures and is plotted against the incident
power in Figure 5a to the left axis. As expected, the thermal stress
increased as the temperature raised. The maximum thermal
stress of 2007 + 122 MPa was observed at the highest
temperature, which is the same order of magnitude as it in the
empirical study.’”” The nanoscale size of the tip apex and
nonuniform heating contribute to nonuniform temperature
distribution, which leads to excessive thermal gradients and
thermal stress in the tip.

Comparative experiments on the cantilever and silicon wafer
were conducted to study the size effect on the thermal transport
under the ps laser. Temperature and stress for the cantilever are
shown in Figure Sb. The temperature and thermal stress of the
cantilever rose to 491 + 8 K and 1566 + 57 MPa, respectively,
under the strongest pulse power irradiation. While the variation
trend of the temperature over the tip apex and cantilever are
similar to each other, the temperature rise of the latter one is
slightly lower. It is notable that Raman scatterings were only
collected in the pulse duration (~12 ps). During such an
ultrafast period, the most generated heat was mainly
accumulated in the irradiated volume rather than conducted
to the low-temperature region because heat could be conducted
over a small distance less than ~100 nm. Another possible
reason is that the micro-cantilever has the higher thermal
conductivity and wider convective heat transfer area than the
nanotip apex, which will be discussed later.

Figure Sc presents how the temperature of the silicon wafer
varies over the laser power. The highest temperature detected is
376 + 6 K, which is way less than that on the surface of the tip
apex or cantilever. Interestingly, greater compressive stress was
observed in the silicon wafer when it is heated by the pulsed
laser. The greatest stress reached —158 + 9 MPa at the highest
temperature. While we observed the incremental tensile stress
on the tip apex and cantilever along with the rising temperature,
the increasing compressive stress is otherwise detected on the
wafer. This phenomenon has also been reported in previous
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works.**~** When measuring the silicon wafer, the laser focuses
at the center and creates a hot region. The hot region tends to
expand but is restricted by the neighboring low-temperature
region leading to stress inward the hot region. On the contrary,
the size of the tip apex and cantilever is smaller than the laser
spot, so they can be fully covered by the incident beam. Thus,
tensile stress is detected in the tip apex and cantilever, which is
caused by the tensile force from the low-temperature region
when the heated region is free to expand.

For the semiconductor silicon under irradiation of the 532 nm
laser, multiple physical processes will occur because the incident
photon energy (~2.33 eV) is more than twice higher than the
band gap of the single crystal silicon (~1.1 eV at room
temperature). The processes include excitation of electron—
hole pairs, thermalization of “hot” electrons and holes, excess
carrier diffusion, recombination, thermal energy transfer to the
lattice (phonon), and phonon diffusion. For the silicon wafer,
the heat transfer and carrier diffusion processes could be

respectively described using Meyer et al.’s model,”** in which
only the diffusion in the depth direction is considered due to the

large spot size. The temperature, T, and carrier density, n, are

given by
o _ i[a(n’ T)a_T] ST 50
ot 0z 0z pe,(T) (s)
@ - i[D(n) T)%] = g(nl T,z t) - n ni)
ot oz 0z 5(n, T)  (6)

where z is the depth into the wafer and t is the time. The thermal
diffusivity o, which is the function of thermal conductivity k,
mass density p, and specific heat of silicon ¢, follows a = k/pc,. G
is the rate of heat generation, D is the ambipolar diffusion
coefficient, g is the rate of excess carrier generation, #; is the
intrinsic carrier concentration, and 7y is the bulk free carrier

lifetime. The boundary conditions applied to eqs 5 and 6 include
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Figure 5. Thermal response of the three specimens excitated by
picosecond laser. (a) Temperature and thermal stress of the tip apex
under picosecond laser of different powers; (b) temperature and
thermal stress of the cantilever under picosecond laser of different
powers; and (c) temperature and thermal stress of the silicon wafer
under picosecond laser of different powers. The error bar is the standard
deviation for five measurements.
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where T is the initial specimen temperature, G; is the rate of
heat generation at the surface, and s is the surface recombination
velocity.

Given the abovementioned processes happen together, an
effective heating depth Ly; was proposed to correlate the incident
energy and surface temperature rise and roughly interpreted the
overall heating effect in the semiconductor.’ Functionally, Ly
follows

Eol1 — R(T)]

L., =
" pe(T)AT

(8)

where E; is the energy density of incidence, AT is the
temperature rise, and R is the reflectivity (~0.35 for Si).
Substituting our experimental parameters and measured
temperature rise of the silicon wafer, the effective heating
depth Ly is determined to be from 1.1 X 1077 to 2.6 X 107" m
along with the increment of the incident energy density. The
result is consistent with the reported result in’’ on both the
order of magnitude and varying trend of Ly;. Although the model
above is not applicable for the heat transfer and diffusion in the
cantilever because of its structure, the physical processes are
similar. As the commercial AFM tips are usually manufactured
by using the wet-etching method, it will increase the roughness
of the surface and enhance the optical absorption coeficient at
the irradiated side, which will result in a slightly higher
temperature rise in the cantilever than in the wafer. Because
the tip width is much smaller than the determined heating length
in the crystalline silicon and the enhanced optical field is trapped
inside the tip at the irradiated side,** the highest temperature
rise can be therefore observed at the tip as the incident energy is
highly concentrated within a small region. Besides, the size of the
tip at the nanoscale significantly confines the diffusion of
carriers, which makes the temperature rise increase linearly
along with the incident energy increase.

3.4. Simulation of the Nanotip Heated by Picosecond
Pulses. To better understand the heat transfer over the tip apex,
the finite element method (FEM) was employed for the time-
domain transient analysis of the heating process by the
picosecond laser. For simplicity, the tip was approximated to
be a circular cone on the end of the cantilever. Figure 6a shows
the shape and the direction of the incident laser. The parameters
of the input laser used in the model are listed in Table 2. To
closely match the experiment conditions, an inward heat flux was
introduced to the tip from a side within S gm zone near its apex.
The absorption of the incident photon energy by the Si tip was
calculated in advance by using the finite difference time domain
method. Because this sample tip was etched from pure single
crystalline silicon, the optical properties of pure silicon were
employed in the calculation and the resulted optical absorption
of the tip at the wavelength of 532 nm was approximate 0.48,
which was then applied to the FEM simulation. The switch of
high heat load resolution was managed by the two explicit events
added so that the overall computational cost could be
minimized. The subplot in Figure 6a presents the meshes near
the apex, which were refined to increase the accuracy of the
solution.

Besides heat conduction, the convective thermal transport at
the nanoscale is quite different from that at the macroscale. The
increase of the surface-to-volume ratio is considered as the main
contributor to the enhancement of heat convection at the
micro-/nanoscale. Its value has been proven to be several orders
of magnitude greater than that at the macroscale.*® There are
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Figure 6. Simulation of the tip excited by picosecond pulses. (a) Geometric model of the tapered tip grown on the cantilever. The tip is illuminated by
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Simulation result of the tip temperature distribution under picosecond pulse excitation.

Table 2. Input Laser Parameters Used in the Model

designation symbol value used in the model
laser spot radius Fspot 35 um
average power P 57.8 mW
pulse duration T 12 ps
frequency of laser pulses f 48 MHz
laser power during the pulse Plger ~100.35 W

three classes of flow regimes. The types which are specified
based upon the thresholds of their Knudsen number Kn (the
ratio between the mean free path of the gas molecules and the
characteristic length) are as follows: (i) continuum regime when
Kn < 0.01; (ii) transition regime when 0.01 < Kn < 10; and (iii)
free molecular regime when Kn > 10. Following Wang et al.*’
and Klein et al,*® we found the transition regime near the tip
apex because the Knudsen number was 0.011 < Kn < 5.9 in the
irradiated area. The convection heat transfer coefficient h keeps
decreasing as the material diameter increases in the transition
regime. To simplify our analysis while maintaining their
correlation, the coefficient h was therefore approximated to
the function of material diameter in our simulation as 4 =~ 8000/
[1 + (d/75)"1%] + 3000, where d is the diameter in nanometers.

Figure 6b illustrates the simulation result of temperature
distribution across the tip under the treatment of 57.8 mW
picosecond-pulsed laser. To make sure of the convergence of the
simulated result, we adjusted the total simulation time to 100
cycles with 20.8 ns for each. The thermal conductivity of the tip
was then modified to make the simulated temperature equal to
that measured in our experiment. Based on our works, the
equivalent thermal conductivity is ~35 W/(m-K) for the entire
tip. The thermal conductivity diminishing throughout nanoma-
terials has already been reported in previous works. According to
Ju*” an approximate relationship between the thermal
conductivity of columnar silicon material and its diameter is
kyire = CUg[3(Apui™" + dyie )], where Cv, is the product of
silicon heat capacity and phonon group velocity, Ay is the
phonon mean free path with the value of ~250 nm in bulk
silicon, and k. is the thermal conductivity of the silicon wire
with a diameter of d,;.. The thermal conductivity of the apex
part with a diameter of 20 nm is only 10.8 W/(m-K) according
to Ju’s equation, which is an order of magnitude less than that of
bulk silicon. Other factors such as rough surface will also affect
the thermal conductivity,so_52 as it further deteriorates the heat
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transfer. Apart from thermal conductivity reduction, an obvious
thermal expansion occurred at the apex because the black
wireframe (see Figure 6b) which represents the initial position
and volume of the tip is no longer observable, indicating that the
heated apex was out of its original shape. The maximum
displacement in the nanotip apex is ~5.03 nm, which is in the
same direction as the incident laser. Both nonuniform laser
heating and heat transfer deterioration contribute to the
nonuniform temperature distribution over the tip, which
corresponds to thermal expansion and deformation in it.

3.5. Thermal Conductivity and Heat Accumulation. As
discussed in the simulation section, the effective thermal
conductivity of the nanotip has been evaluated using FEM on
the basis of the experimental data. The thermal conductivity, as
an input parameter in the simulation, was then adjusted to make
the simulated temperature similar to the experiment result. The
resulted thermal conductivity of the nanotip is in the same order
of magnitude as other studies, and the reduction explains the
significant heat accumulation. Heat convection coeflicient at the
nanoscale is proven several orders of magnitude greater than that
at the macroscale. Therefore, the enhancement of the
convection heat transfer near the nanotip apex has been strictly
considered due to the increase in surface-to-volume ratio at the
nanoscale. The nanotip still showed significant temperature rise
with a convection heat transfer coefficient much greater than
that for the cantilever and silicon wafer. The possible reason for
this is the limited convective area near the nanotip apex, which is
a limitation for effective convection heat transfer. According to
the experiment and simulation, it could be concluded that
thermal conduction dominated the heat transfer near the
nanotip apex.

For the nanotip under pulsed laser heating, heat accumulation
should be significantly taken into consideration. Based on the
effective heating depth Ly; (from 1.1 X 107 to 2.6 X 107" m
along with the increment of the incident energy density), the
nanotip width is much smaller and the enhanced optical field is
trapped inside the tip at the irradiated side. The thermal
diffusivity o, which is the function of thermal conductivity k,
mass density p, and specific heat of silicon c,, follows a = k/pc,,.
The reduction in thermal conductivity results in the heat
diffusion deterioration and further causes heat accumulation in
the nanotip. Besides, the chemical etch induced surface
roughness of the nanotip might also enhance the optical
absorption at the irradiated side, which will result in the highest
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temperature rise in the nanotip as the incident energy is highly
concentrated within a small region. Besides, the size of the tip at
the nanoscale significantly confines the diffusion of carriers,
which makes the temperature rise increase linearly along with
the incident energy increase.

4. CONCLUSIONS

In summary, a fast, simple, and instantaneous thermal
characterization technique has been introduced for the real-
time measurement of nano-/microstructures. This ultrafast
Raman-based method allows for the thermal measurement of
the nanotip with better temporal resolution. By some calibration
and analysis of experimental data, the absolute temperature and
thermal stress can be derived from the changes in the Raman
peak position and linewidth. Further experiments are conducted
on the cantilever and silicon wafer for comparison and explore
the size effect on material heating. Under the same laser, a
significant temperature rise is observed in the tip apex and
cantilever, while that in bulk silicon is not so obvious. As for
thermal-induced stress, worth mentioning is the compressive
thermal stress detected in the wafer, which is different from the
tensile stress in the tip apex and cantilever. This is probably
because the tip apex and cantilever, smaller than the laser spot
size, are free to expand under laser heating, but the high-
temperature region is restricted by the neighboring low-
temperature region leading to compressive stress in the silicon
wafer. A simulation is proposed to analyze the reduction in
thermal conductivity of the tip, and an equivalent thermal
conductivity is estimated ~35 W/(m-K) according to
experimental data, which is 1 order of magnitude smaller than
bulk silicon. The temperature and thermal stress in the tip apex
are probed by our picosecond Raman thermometry, and it is
found that the heat is more likely to accumulate due to the size
effect and a significant tensile stress is caused by nonuniform
temperature distribution in the nanotip.
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