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Abstract

Laser-assisted manufacturing (LAM) is a technique that performs machining of materials using a
laser heating process. The temperature rise in the process sometimes can be over 2000°C. As a
result, it is very crucial to explore the thermal behavior of materials under such high temperature
to understand the physics behind LAM and provide feedback for manufacturing optimization.
Raman spectroscopy, which is widely used for structure characterization, can provide a novel way
to measuring temperature during LAM. In this review, we discuss the mechanism of Raman-based
temperature probing in detail, its calibration, and uncertainty/error sources and control. We
critically review the Raman-based temperature measurement considering the spatial resolution
under near-field optical heating and surface structure-induced asymmetries. As another critical
aspect of Raman-based temperature measurement - temporal resolution is also reviewed to cover
various ways to realize ultrafast thermal probing. Detailed outlooks are provided about Raman-

based temperature probing in LAM and issues that need special attention.



1. Introduction

Laser-assisted manufacturing (LAM) is a method that applies the instantaneous heating capability
of laser with a focused beam to materials that are difficult to process by mechanical machining
alone.'”> This method has been applied in various manufacturing processes, including drilling,
cutting, turning, peening, nanoimprinting, additive manufacturing, scanning probing microscope,

etc.l’ 3-10

In the laser-assisted drilling (LAD) process, the laser beam is focused onto the workpiece surface
to melt or evaporate the material, and an assisted gas is usually used to blow away the molten
material or vapor. This technique is widely used in many areas such as heavy machinery, aerospace
sectors, marine, chemical and automotive industries, etc.>'! Similar to LAD, in the laser-assisted
cutting process, the laser beam is also focused onto the material, and material around the focal
point will melt and be blown away by the assisting cutting gas. This method has found applications

in punching, cut-off and marking of metals, ceramics and plastics.'?

Laser-assisted turning, which combines turning and laser heating, can be used as a good alternative
to the grinding process of hard-to-manufacture materials. In this process, the laser is used to heat
up the material in the cutting zone to reduce the material strength. Thus, the cutting force can be
reduced significantly to result in significant machinability improvement. This process can also

increase the productivity and accuracy, reduce installation spaces and energy consumption. > 3

As an efficient thermo-mechanical approach to engineer and modify the surface and subsurface

related properties of materials, laser peening has been widely used in aerospace, automotive,



shipbuilding, biomedical, microelectronics, and microelectromechanical systems.” '* In the
process, a pulsed laser is used to irradiate the surface to generate a shock wave. The recoil

pressure/stress wave in the substrate will compress the substrate and achieve surface hardening.'>

17

Laser nanoimprinting is a technique that utilizes a laser pulse to irradiate the sample surface. The
sample surface is in contact with and pre-loaded by a mold (fused quartz) with pre-fabricated
nanoscale features on its contact side. Upon irradiating the laser pulse on the sample surface, the
near-surface materials melt and a laser-induced molten layer is formed, which allows the mold to
impinge into the sample directly. The nano-patterns are transformed from the mold to the sample
upon cooling and solidification of the molten layer.'®!® This technique has been used widely for

making photonic bandgap crystals.?°

In recent years, laser additive manufacturing has attracted significant attention. It is a technology
that uses the method of material accumulation to produce solid parts. The machining process is
based on the CAD digital model to stratify the data of the material model, and then layer by layer
to generate three-dimensional entities by laser processing. Two most typical techniques of this
technology are selective laser melting technology and laser cladding deposition technology. In
both techniques, the metal powder is melted by the laser to form the desired entity.?! Laser additive
manufacturing has been widely used in aerospace, medical, automotive, electronics, military and

other fields.?!?3

In laser-assisted scanning probing microscope (SPM, e.g. scanning tunneling microscope and



atomic force microscope) surface nanostructuring, a laser is irradiating the tip surface to form near-
field focusing to an extremely small region (a few nm). The tip undergoes a thermal expansion
upon pulsed laser irradiation, resulting in mechanical contact with the sample surface to form nano-
indentation.??® The tip could also act as a receiving antenna to collect laser energy and as a
transmitting antenna to the tip to enhance the optical field by a few orders of magnitude. And the
enhanced optical field can heat the sample surface to induce phase change or chemical reaction

and modify the surface at the nanoscale.?® 2°-3°

All the above outlined processes involve intensive heating, which indicates that the heating
level/material’s thermal response is critical for understanding the physics behind the laser-assisted
manufacturing, and for providing feedback for manufacturing optimization. The infrared
thermometry technique is widely used for temperature measurement.®!-3* It measures the infrared
thermal radiation from the heating region (sometimes if the temperature is very high, the measured
radiation wavelength could be visible). But this technique is hard to measure the transient response
of the sample, especially under ultrafast laser pulse heating or for regions that is too small to probe
(like nanoscale/near-field manufacturing). A thermocouple-based technique can also be used to
measure the temperature.®"> 3436 The thermocouple is comprised of two dissimilar conductors to
measure unknown temperature with reference to the known temperature. This contact technique
has more limitations in terms of transient response, measurement capacity/range, and spatial

resolution.

Raman spectroscopy, which is widely used for structure characterization, can also be used for

temperature probing.’’-*! That is, this technique provides a novel way to measuring temperature



during laser-assisted extreme manufacturing, and can provide unique and unprecedented
knowledge about the physics involved in laser extreme manufacturing. In the following sections,
a comprehensive critical review about various Raman-based techniques that can be used for
temperature probing is presented, with the aim of constructing a good picture of this field to our

best knowledge.

2. Raman-based Temperature Probing

2.1 Mechanism of Raman scattering

In 1928, C.V. Raman first discovered the inelastic scatterings of photons from matter when
photons of the incident light interacted with matter.***** These inelastic scatterings, termed Raman
scatterings, originate from the change in polarizability of vibrational modes of chemical bonds in
molecules, which is the instant deformity of the electric dipole of molecules due to the incidence
of an electromagnetic field.***> The electric dipole moment u is proportional to the incident

electric field with a polarizability a, and has an expression as followings.*’
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where Eo is the incident electric field, @, and @, are the frequencies of the incident photons and
vibrational mode, ao is the original polarizability, and ¢ is the nuclear motion. On the right side in
Equation (1), the first term stands for Rayleigh scatterings, the second term is for Stokes scatterings,

and the third term is anti-Stokes scatterings, as shown in Fig. 1.
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Figure 1. The mechanism of Stokes and anti-Stokes scatterings generation.

The Stokes scatterings arise when the chemical bonds absorb the incident photon energy (4w, ),

the electrons are excited to a virtual state, then de-excited to an excited state, and emit new photons

).46

with a lower energy (ha, —hawy).”® Different from the Stokes scattering, anti-Stokes scatterings

occur when electrons at an excited state is excited to the virtual state, then return to the ground
state, and emit photons. The scattered photons gain energy from the molecules and have a higher

)'47

energy than the incident ones as ( hw, + hao, The amount of energy gained or lost by the

vibrational modes (4@, ) only depends on its nucleus mass and the strength of the chemical bonds
involved in the Raman scattering. Therefore, the frequency shift (@, ) of Raman scatterings, either

Stokes or anti-Stokes, would be uniquely related to a specific chemical bond, and the
corresponding Raman spectrum is featured to be “fingerprint”. Since the Raman scatterings
respond to the change in vibrational modes of chemical bonds, they would vary as vibrational
modes are changing along with the environment, such as temperature and stress. Therefore,
temperature can be measured base on the changes in Raman spectra, which is termed Raman

thermometry.*8



2.2 Raman-based temperature probing

Temperature variation of the tested sample will affect the properties of its Raman peaks, when
other measuring conditions are well controlled. To be specific, take a Stokes Raman peak as an
example, its Raman wave number red shifts, intensity decreases, and linewidth broadens as the
temperature goes higher.*-! In a certain temperature range of approximate 50 degrees variation,>>"
53 the changing rates/temperature coefficients of these three properties could be safely assumed

constant. Thus, the temperature can be determined based on a linear relation.

2.2.1 Temperature response of Raman peaks

Raman shift is the mostly adopted property for temperature measurement in Raman thermometry.
It originates from dipoles in chemical bonds of materials and its value directly indicates the specific
structure in the material. For the fact that the temperature rise will vary the energy and thus the
frequency of the vibrational mode, Raman shift responds to temperature sensitively. Raman shift
moves to a lower value, or red shifts, as temperature goes higher, while it blue shifts when
temperature decreases. Variation of Raman shift against temperature for Stokes peaks has the

following expression.>*
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where & and k are Planck constant and Boltzmann constant, 7 is the absolute temperature, 4 and B
are constants specific to materials. However, besides temperature, stress will also affect the exact
value of Raman shift because the stress-induced strain will also alter the bond force and hence the
energy and frequency of the vibrational mode as the temperature effect does. In laser-assisted

extreme manufacturing, a large temperature rise occurs in the irradiated area and causes a large



temperature gradient around the laser spot. An accompanied high thermal stress would
correspondingly induce additional Raman shift on top of the temperature-induced one. In this case,
the stress-induced Raman shift should be carefully evaluated when determining temperature using

Raman shift.

The Raman linewidth is an alternative parameter to determine the temperature in the high stress
case, for it depends on the lifetime of optical phonon in materials and is much less affected by
stress. It is reported that temperature rise is accompanied by a decrease in phonon lifetime and thus
a broadening in Raman linewidth. The mathematical expression of the Raman linewidth 7/"against

temperature is:>*
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C and D are the constants depending on materials. Though the linewidth is exclusively dependent
on temperature, it is less sensitive to temperature change compared with the Raman shift. It could
be a good temperature indicator when Raman scatterings are sound enough to be well fitted using

a Gaussian/Lorentzian shape.

The intensity of Raman scatterings, both Stokes and anti-Stokes, depends on the populations of
their initial states. Stokes scatterings from a lower initial state have a larger population than that
of anti-Stokes scatterings from an upper state according to the principle of thermodynamic
equilibrium. Thus, Stocks scatterings are much stronger than anti-Stokes in the spectrum. Both
will vary along with temperature. The ratio of Stokes to anti-Stokes could directly reveal the

absolute temperature of the sample.>*
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where ¢, a,, a, are the absorbance regarding the incident photon frequency, Stokes frequency
and anti-Stokes frequency, respectively. However, the Stokes and anti-Stokes peaks are hardly
exhibited in one spectrum at the same time based on current spectroscopy techniques. Researchers

used the Stokes scatterings more often than the ratio of the intensity to measure temperature.
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Figure 2. Out-of-focus effect induced variations in the intrinsic properties of the 521 cm™ peak of
silicon. Red dash line crossing z=0 denotes the focal plane. (a) Raman intensity (), (b) Raman
linewidth (I), and (c) Raman shift () for the 521 cm! peak.>

2.2.2 Optical focusing and out-of-focus effect on temperature measurement

For the reason that Raman scatterings are much weaker than Rayleigh scattering, around 1078, a
focusing system and a long-enough integration time are employed to increase the efficiency of
Raman scattering acquisition.>> However, these operations will bring up another important issue,
out-of-focus effect due to stage drift, that should be carefully addressed before temperature
measurement. Xu et al. has conducted a study of the out-of-focus effect on Raman spectra using

commercial silicon wafers with thicknesses of 270 um and 7 pum, respectively, under a 100x
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microscope objective.’® The silicon wafer was manually moved away from the focused level to
obtain Raman spectra at different z positions. Figure 2 shows the variation of Raman properties of

silicon’s 521 ecm™! peak against the z position.

Figure 2 shows that Raman intensity is decreasing, Raman shift is red-shifting, and linewidth is
broadening as the sample surface leaves the focal plane until the out-of-focus effect could be
directly observed as blur images through the imaging system by naked eyes. It has a similar trend
as Raman peaks varies along with temperature elevation, and will cause undesired errors in
temperature measurement. Taking the Raman shift as an example, the out-of-focus effect induced
a shift of 0.1 cm™ when the surface moved away 90 nm from the focal level. This shift of 0.1 cm
!is equivalent to around 7 degrees’ temperature rise in silicon based on the temperature coefficient
of 0.015 ¢cm'/K in previous work.* Thus, in Raman thermometry, maintaining the sample’s

surface at a very well-focused level plays an extremely important role in measurement accuracy.

In previous work, thermal expansion was identified as one of the main reasons in practical
experiments accounting for the unexpected shift of the sample surface away from the focal plane.
It has two contributors, the sample and the sample stage.’”>® When the heating laser is focused on
the sample surface and heats the sample up, the sample will expand in both vertical and horizontal
directions and the sample’s surface moves away from the focal plane. The thermal expansion

depends on the thickness and is AL =« - L-AT , where a is the thermal expansion coefficient.

The thermal expansion coefficient of most materials is in the order of 10 K!.° For suspended
film-like materials, such as suspended graphene and other 2D materials, it is safe to neglect the

thermal expansion as the samples are just several nanometers thick. However, in laser-assisted
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extreme manufacturing, large temperature rises and thick materials may cause non-negligible
thermal expansion and further cause the drift of the sample’s surface out of the focal plane in the
thickness direction. Furthermore, the sample stage which holds the sample in the manufacturing
will also be affected by the elevated temperature in the sample and thermally expand. Though the
temperature rise in the stage will not be as high as that in the sample, the centimeter-thickness of
the stage will raise a large thermal expansion in the stage which causes the sample moving out of
focal plane. Researchers have made great efforts to maintain the sample at the focal level, either
monitoring samples simultaneously in an optical imaging system or developing self-focusing

60-62

systems, etc., to reduce the out-of-focus effect to the greatest extent.

2.3 Unique advantage of Raman thermometry: material-specific

Raman spectroscopy records the Raman scatterings, vibrational information about all the chemical
bonds, in the excited/irradiated area by the incident laser. The “fingerprint” feature of Raman peaks
enables all the peaks discretely exhibiting in one spectrum since the Raman peak is narrow enough.
This is a great feature of Raman thermometry that it could distinguish all materials in the irradiated
area and measure each material’s temperature at the same time as long as their scatterings could
be detected. Along with the prosperous of heterogeneous structure, Raman thermometry has been
widely applied to temperature and thermophysical properties measurement of multiple materials
involved. Take supported 2D materials as an example, it could probe the temperatures of both the
2D materials and the substrate.®® While for laser assisted nanostructure manufacturing, though the
structure is smaller than the incident laser spot, its Raman scattering still could be measured in
Raman thermometry. This could detect the chemical process of precursors and measure their
temperature in laser-assisted manufacturing, such as laser-assisted chemical vapor deposition and
additive manufacturing,®*° to better monitor the manufacturing process and optimize the structure.
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As the Raman excitation laser could penetrate into part of the tested sample in the thickness
direction, Raman scatterings are generated not only from the surface but also in the volume across
this thickness. Therefore, the measured temperature based on Raman thermometry is an intensity-
weighted temperature over the volume, to be specific, over the depth and the irradiated area.®! %
The penetration depth 7 depends on the wavelength of the incident laser A and the extinction
coefficient k of the material as 7 = A/47xk . The penetration depth of silicon is calculated to be 820
nm under the excitation of 532 nm laser at room temperature. Additionally, the Raman scatterings

in the irradiated area are not evenly distributed for the reason that the optical intensity of the

incident laser has a Gaussian profile in the irradiated area. Therefore, a Raman-intensity weighted

average temperature, AT = Hj ATl dV/ .”J. LymandV . has been proposed to fully consider this

volume effect.

2.4 Calibration and its uncertainty

A. Case-based calibration

In Raman based temperature measurement, calibration is needed to know the temperature
coefficient of Raman properties, like Raman shift, Raman intensity, and Raman linewidth. In a
relative narrow temperature range, the coefficients of the properties against temperature could be
assumed linear based on previous research.’® 3 To calibrate these temperature coefficients, a
typical approach is to place the sample on a heating stage which is precisely temperature-controlled
by a thermal probe.* 63 % The temperature of the stage is then raised step by step and a
corresponding Raman spectrum is recorded at each temperature step. By using

Gaussian/Lorentzian function fitting, the exact values of each type of the Raman intrinsic
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properties are plotted against temperature to evaluate the slope of the linear curve, which is defined

as the temperature coefficient for the Raman properties.

However, this calibration cannot be universal. If the material structure varies or the measuring
condition changes, another calibration will be required. For example, graphene has been
extensively studied using Raman spectroscopy in various fields, the temperature coefficient,
instead of a fixed value, has been observed as diverse values mainly ranging from -0.015 to -0.076
cm™!-K1.76% The structure of graphene samples, surrounding medium, and even the measurement
condition will cause differences/errors in the calibrated temperature coefficients. The temperature
coefficient of Raman shift of G peak was determined to be -0.016 cm™-K™! for a single-layered
graphene and -0.015 cm™-K™! for a bilayered sample.”’ In the cases of both suspended and
supported graphene, the temperature coefficients of the Raman properties are also different. The
coefficient was reported to be -0.015 cm™-K! for a suspended sample,’! -0.031 + 0.005 cm™!-K!
for a supported one on SiO:2 substrate,’” and -0.089 cm™-K! for one on copper.”® Furthermore, it
has been reported that the temperature coefficient for the G peak differs under different
wavelengths of excitation lasers.®”- 7* Therefore, it is necessary to conduct calibration for each
sample in a defined Raman system and the experiment temperature range should be well covered

in calibration.

B. Thermal expansion and stress effect in calibration

In addition to the sample’s conditions, the process of Raman scattering acquisition will inevitably
introduce errors. As abovementioned, thermal expansions in both the sample and heating stage
will shift the sample’s surface away from the focal level and cause extra errors due to the out-of-

focus effect. On the other hand, this could be manually minimized through re-focusing the sample.
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Other errors arise because of temperature rise in the collecting objective and its surrounding air.
Heat will automatically dissipate from the hot sample’s surface to the cooler objective and
surrounding air. This may account for the variation in the temperature coefficient for the same
sample. In Wang’s group, the temperature coefficient of c-Si has been calibrated multiple times,
and the reported value is ranging from -0.019 to -0.0355 cm™'-K"! in different works.®%-¢!: % It is
inevitable that the top layer (2D material) and the local interface spacing could introduce some

extra shift of the Raman wavenumber due to be deflection of the back-scattered Raman beam,

accounting for these reported widely scattered temperature coefficients of Raman wavenumber.

Moreover, the different scenarios in the measurement and calibration will also raise
errors/deviations in temperature measurement, especially for layered materials. It was less
considered before Tang ef al. studied the thermal behaviors of supported graphene and found this
phenomenon.>’->® In the temperature measurement, the incident laser was focused on the sample’s
surface and heated the sample from the top. The focused heating spot raised a temperature gradient
and generated thermal stress in the graphene layer. Moreover, the temperature rise in the graphene
layer was higher than that in the substrate. This was due to two factors. One was the interface
thermal resistance which impeded part of heat conduction through the interface. The other was
that the substrate was a bulk, which could easily conduct heat away and minimize heat
accumulation and further temperature rise. Two materials thermally expanded differently, and due

to the mismatch at the interface, the substrate would build up another tensile stress in the graphene.

On the contrast, in the calibration both the graphene layer and substrate were heated evenly on the
heating stage. The temperature also distributed uniformly in the graphene layer and no temperature

gradient and thermal stress existed then. Moreover, the graphene layer and substrate had the same
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temperature. Though there is still thermal expansion mismatch, the mismatch-induced stress that
the substrate places on the graphene would definitely be different from that in the interface
characterization. This difference between the measurement and calibration could cause finite, yet
sometimes nonnegligible errors in the determined temperature and is hardly to exclude. Tang et al.
utilized the different sensitivities of Raman shift and linewidth in responding to stress, and

successfully deconjugated and quantified the temperature field and stress field, respectively.’’®

C. Additional consideration in laser extreme manufacturing

In the case of laser-assisted extreme manufacturing, a high temperature rise usually occurs in the
irradiated area. Temperature determination based on the calibrated temperature coefficient could
not be satisfied. This is because that the temperature coefficient is regarded as a constant in a
narrow temperature range within 50 K but it becomes nonlinear for a wider temperature range.’*
% The assumption of constant temperature coefficient is not safe and may bring errors in
temperature determination. Besides, if the heated region has a very high stress, raised either by the
large temperature gradient or the thermal expansion mismatch at interfaces, the stress will affect
the Raman shift greatly. While in calibration, the heating is uniform, and no stress is involved.®
Therefore, to consider the stress effect, it will be great to combine the Raman shift and linewidth

for temperature measurement. This could also help determine the local stress.

Another issue has been less considered in common Raman thermometry but should be addressed
in laser-assisted extreme manufacturing is that usually the Raman intensity goes down against
increased temperature. When temperature is very high, the Raman peaks could become too weak

to detect, not to mention temperature measurement based on the properties of Raman peaks. One
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way to overcome this problem is to employ resonance Raman spectroscopy to enhance the
intensity of Raman scatterings, in which the incident photon energy of the Raman excitation laser
is coincidence with the energy of a selected electronic transition. The vibrational modes under this
resonance electronic excitation will show a 10°- to 10%-fold increment in polarizability and hence
Raman intensity over spontaneous Raman.> It will help a great deal to achieve temperature

measurement in the elevated temperature range in laser-assisted manufacturing.

3. Raman-based Thermal Probing in Near-field Laser Manufacturing

In near-field laser manufacturing, the distance between the laser-focusing feature and material of
processing is very small, even less than 10 nm. In addition, the laser focal spot is in the same order
of size. Thus, it is very difficult to characterize the temperature and stress of the laser-heated
material. As the Raman signal is related to the temperature and structure of material, near-field
Raman-based thermal probing, which is a non-contact technique with high resolution, can be used
in such situation. In addition, the Raman-uncovered temperature and stress field can be used to
study the effect of various physical parameters, including laser power, polarization, wavelength,
the focal level, and pulse width. That is, the near-field Raman thermal probing technique holds a

high potential for parameters optimization of near-field laser manufacturing.

A. Temperature response of the substrate under nano-tip nearfield heating

The near-field technology has been demonstrated to be very effective in laser-assisted
manufacturing at extremely small scales. Tip-induced near-field effect can focus the laser power
to sub-10 nm regime with much enhanced laser energy intensity for heating and manufacturing.

Previous section presents the principle of temperature measurement by using Raman scattering
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signal, termed Raman thermometry. Considering this, we combined the tip enhanced near-field
effect and the Raman thermometry to achieve the extreme temperature measurement during the
nanoscale laser manufacturing. As a matter of fact, Raman signal of sub-10 nm regime at the
focused area is greatly enhanced due to the enlarged scattering effect.”> Thus, the Raman

thermometry can be regarded as a promising tool for conducting thermophysical study in such
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Figure 3. Experimental setup for tip-induced laser heating and temperature measurement based on
Raman spectrum.”

Figure 3 shows the experimental setup for this tip-induced laser heating and temperature probing.
The setup is built based on the AFM platform which can easily achieve precise control of tip-
substrate distance.” It is well known that the tip-substrate distance is very important for near-field
focusing of laser energy. In the operation, the contact mode of the AFM is set for the tip and
substrate interaction since the laser enhancement can achieve the largest level, which also leads to

the maximum of Raman signal enhancement. Strong Raman signal is very critical for successful
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nanoscale thermal probing. Besides, the polarization angle is also very important to the near-field
enhancement effect. Previously, we have validated that different polarization angle of the incident

t.7® Figure 4 shows the simulation results

laser can lead to much difference in optical enhancemen
for electric field distribution around the tip apex for the tip-substrate distance of 6 nm and tip radius
of 30 nm. It is found that the enhancement regime is confined within around 10 nm scale and

results in Fig. 4(d) indicate that the enhancement factor would be decreased rapidly as the

polarization angle is larger than 30°.
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Figure 4. Electric field distribution around the tip apex for (a) the front view in the y—z plane and
(b) the side view in the x—z plane, and (c) the top view of the cross-section under the tip apex; (d)
field enhancement for different polarization angles.”®
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B. Heating of nano-tip under laser irradiation

The heating sources can vary from continuous laser to pulsed laser which features much more
intense heating density. However, the heating effect of the tip should be carefully considered
because of the high energy density of the laser could result in distinct temperature rise of the tip.
Thermal stress and expansion effect of the tip due to large temperature rise could greatly modify
the distance between the tip and substrate and thus, changes the scenario of near-field optical
enhancement. Chen ef al. studied that the temperature rise of the tip under pulsed laser heating

(2.5 mJ-cm?), as shown in Fig. 5.7° As the thermal expansion is directly related to the

temperature distribution along the tip, the temperature evolution of the tip apex should be

Temperature Temperature Temperature

evaluated with much caution.
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Figure 5. Temperature distribution of the tip at (a) /=10 ns, (b) =20 ns, (c) =30 ns, and (d) =40
ns.’

Raman thermometry is not only effective for studying the tip-substrate interaction, but also an
effective tool for probing the temperature rise of the tip itself. Most kinds of tips are made of

silicon, which has a strong Raman peak at 520 cm™! in the spectrum. During the nanotip induced
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extreme manufacturing, the temperature rise of nanotip would result in the deformation or even
thermal failure. The temperature monitoring could provide an important guide to the engineering
applications. In 2011, Wang’s group reported the experimental observation of temperature rise of
silicon nanotip under continuous wave (CW) laser irradiation.”” As shown in Fig. 6, they reported
that the temperature rise of the tip and cantilever were 754 and 626 K, respectively, under the laser
heating density of 5.6x10% W-m?. Such high temperature rise is attributed to the optical
enhancement around the nanotip as well as the reduced thermal conductivity of the nanotip due to

the inefficient phonon transport.
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Figure 6. Thermal response of Si nano-tip to laser irradiation: (a) experimental setup for laser

heating and Raman probing; (b) front- and (c) side- view of the simulation results of near-field
enhancement around the tip.”’

Laser incident direction\ ‘

C. Nearfield optical heating induced by micro/nanoparticles: conjugated physics probing
Besides the nanotip, nanoparticles are the other commonly used feature for inducing the near-field
optical enhancement. There are many applications, for example in biomedical field, gold

nanoparticles have been used as the nanoscale heating sources for killing cancer cells based on
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their plasmonic effect under laser heating.®>> 7®%0 Nanoparticles can also be used as imaging
implement to break the diffraction limit combined with Raman scanning. Figure 7 shows the
experimental setup for thermal imaging of nanoparticle induced near-field heating: the size of
nanoparticle is comparable to or smaller than the wavelength of the laser (e.g. 532 nm).3! The
geometry of patterned nanoparticle is not observable under the microscope due to the diffraction
limit. However, due to the near-field effect generated from the nanoparticle, the enhanced Raman
signal from the substrate would show much difference as the Raman scanning proceeds. Actually,
the Raman intensity profile shows excellent accordance with the size of nanoparticles. As shown
in Fig. 7, the patterned nanoparticles (silica) are placed on silicon, and the movement of sample is
controlled by a piezo-actuated nano-stage for precise controlling. Due to near-field effect, the
region beneath the particle would be heated and such heating effect would appear as Raman shift
of silicon peaks, as shown in Fig. 7 (c). It is known that the Raman spectrum shifts to left due to
laser heating, stress, and out-of-focus effect. Distinguishing these effects is very challenging due
to this small heating region (less than 100 nm), but is critical to the evaluation of thermophysical

process of nanoparticle induced near-field heating.

22



<4— Laser beam

Raman " |
spectrometer _c?no ayer
silica
Laser “4— silicon substrate
z
A=532 nm

X (b) Sample under laser irradiation
Objective lens
| y 20 T T (d) Laser-heated region
Sample 3 o Position 1 inside silicon under
Nano-stage —, < 15F o Position 2 y particles
) Heat, stress
Angle bracket = 10 and focus b
Micro-stage G induced
S 5
8
(=
I Incident laser o0 SSaa.
I Rayleigh scattering signal 490 500 510 520 530 540
H -1
I Raman scattering signal Raman shift (cm™)
(c) Silicon raman spectra
(a) Experimental setup with fitting curves
Laser center Laser center Laser center

(e) Movements of sample relative to the incident laser in the x direction

Figure 7. Nanoscale mapping of particle-induced thermal, stress, and optical fields.®!

23



(c) Detector
RRRRSRRRRRR RN RN R RN RRR AR RN
Raman spectrometer
Beam
splitter
¢
T 100X lens
_ I oty
3 33f &Ogﬁllt%%lzsooo&@?%‘% &1
(1}
o oy E19'nn:ba I 13 Laser|| Raman signal
T 22p 99 1oy | # oy 21 A beam axis | | collecting axis
= 3¢ U 1% Tsgem B !
11E P 1 12b 1 (. Particle
e 1226 nm ' 1066 nm
1o 1 ]
520 (o b
- ) o I
= % i lﬁ% ﬁ@é
£ I 1
%519 3 !J |D@ff;»: 1 ﬁ i § : 1 (d) Laser! ! Raman signal
518 L g :374| “’Q? 1 & : beam axis <> collecting axis
F !mégib o 1 ]
st & (I 1 (.
—~ g g 1 o |
e OI&’&D I |C§5“§3 [ S
ST ¢ T m Iy
Y YA
o T Bl [t
6 E&! L I I L I L I
0 1 2 3 4
x (um)

Figure 8. Nanoscale mapping for near-field heating under 1210 nm particles.’!

As a matter of fact, Raman intensity, linewidth and Raman shift contain comprehensive
information about the light-matter interaction, such as stress, temperature rise and so on. In
applications of Raman thermometry, Raman shift properties are widely used for determining the
temperature of target material.* However, the shift can also be caused by the strain effect due to
the stress which brings some errors into the analysis. The linewidth is not significantly dependent
on temperature, and temperature is a major factor affecting the linewidth. Thus, the Raman shift

and linewidth can be used to build the spatial distribution of temperature and stress at the
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nanoscale.”’

Raman intensity is affected by three factors and can be expressed as I ~ fi2/3(AT), where f1 denotes

the system alignment factor, f> represents the intensity change due to laser energy, and f3(AT) is
the intensity variation caused by the temperature. In order to determine the thermal stress (o) inside
substrate, combined analysis of Raman wavenumber (®) and linewidth () is needed. As shown
in Fig. 8, w decreases and /” broadens as temperature increases. It is noted that /" has lower
temperature sensitivity than @ and /" is stress insensitive to the first order, while stress causes a
shift in w. Tang et al. reported that their mapping results based on Raman intensity variation,
wavenumber shift, and linewidth broadening all give consistent conjugated thermal, stress, and
near-field focusing effects at a 20 nm resolution.®' This high spatial resolution is not determined
by the wavelength of light sources but determined by the resolution of the piezo-actuation of the
nano-stage. In their work, the Raman intensity difference can be distinguished over a distance of

20 nm in the sample moving direction, meaning the spatial resolution can reach this high level.

D. Asymmetries during Raman scanning of surface nanostructures

It needs to be noticed that the Raman scanning method is only based on some ideal cases such as
very flat/even surface, which means if there is structure variation in space, this structure variation
will cause Raman intensity and wavenumber change. Such change cannot be simply taken as
temperature and stress effect. Therefore, the structure variation/distribution in space must be taken
into serious consideration in scanning Raman for stress and temperature measurement. Besides,
the asymmetries of Raman scattering along one scanning direction, and between two scanning

directions should be considered. Such asymmetries are mainly caused by the alignment of the
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detector units in the spectrometer and the pixel numbers along each direction. For 2D materials,
such as MoSe2 nanosheet, in addition to the asymmetry of Raman shift when scanned along the
two directions, a third asymmetry, which was caused by the step variation of the sample edge, was

1.8 To address these issues, as shown in Fig. 9, Wang et al. reported

also discovered by Wang et a
a data construction method to eliminate these asymmetries.®? In this method, the Raman signals

along -x and +x directions, and along -y and +y directions at the corresponding positions are

averaged to eliminate the asymmetries.
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Figure 9. Schematic of the scanning Raman system used to detect the Raman signal of (a) silicon
substrate and (b) MoSe2 nanosheet.®?

4. Raman-based Thermal Probing: Transient Response

As mentioned previously, for thermocouple, the time response of this technique is not fast enough
to realize the real-time temperature detection of materials under laser heating. And infrared
thermometry technique is hard to measure the transient response of the sample under ultrafast laser

pulse heating or for nanoscale regions.
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As an optical technique, the pump-probe thermoreflectance technique can be used to measure heat
transfer in bulk materials and micro/nanoscale samples. In this technique, two lasers are used as
the pump and probe, respectively. The pump beam irradiates the sample to generate a time-
dependent heat flux, while the probe beam is used to characterize the temperature response through
a proportional change in surface reflectivity. Then, the thermal properties, which include the cross-
plane and in-plane thermal conductivities, heat capacity, and thermal boundary conductance

between materials, can be determined by combining with a heat transfer model.*?

Though pump-
probe thermoreflectance is able to probe the material’s thermal response, a thin layer of metal is
usually needed to coat the samples, especially for some samples with rough surface. This metal
layer, which is opaque at both pump and probe wavelengths and has a large coefficient of
thermoreflectance at the probe wavelength, is taken as transducer layer. In addition, the technique

is a relative measurement method, which indicates that the accuracy will be lower. And this

technique also cannot be used in situations with extremely high temperature.

Raman spectroscopy can also be used for fast or ultrafast thermal response probing, which is very
critical for understanding the transient thermal response of materials in laser extreme
manufacturing. One way is to use a single pulsed laser for both laser heating and Raman signal
excitation. Wang’s group has developed a technique named energy transport state resolved Raman
(ET-Raman) for probing thermal transport in 2D materials. In this technique, different energy
transport states in both space and time domains are constructed to probe a materials’ thermal
response for different situations.’® 3#8¢ As shown in Fig. 10, under laser heating, three physical

processes take place, which all affect the thermal response of the sample. The first one is hot carrier
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generation, diffusion in space, and electron-hole recombination. This process, which introduces
heat transfer and energy redistribution, is determined by the hot carrier diffusivity. Subsequently,
phonons, which receive energy from hot carriers or electron-hole recombination, conduct the heat
in the 2D materials. This heat conduction is mainly related to the in-plane thermal conductivity of
2D materials. Finally, the heat is conducted from 2D materials to the substrate, and this process is
dominated by the local thermal resistance. By using a novel five-state ET-Raman method, the
critical effects of hot carrier diffusion, electron-hole recombination, and energy coupling with
phonons are taken into consideration when determining the thermal conductivity of supported 2D
materials for the first time.%? Although this work is focused on supported 2D materials, the thermal
transport of suspended 2D materials can also be explored by using the ET-Raman method. For
supported samples, the thermal conductivity of some substrates, such as silicon, is very high, which
indicates that the thermal transport will reach steady state very soon. As a result, a picosecond
laser is used to construct the transient energy transport state. However, this picosecond laser cannot
be used for suspended samples since the pulse interval is so short that a strong heat accumulation
effect will happen and could destroy the sample. A nanosecond laser can be used instead.3-86
Although the ET-Raman technique is focused on thermal transport study, it provides a novel way

to probing a material’s thermal response under ultrafast laser heating.
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Raman pump-probe spectroscopy can be an alternative technique. Similarly, in this technique, two
pulsed lasers are used: one laser for designated laser heating and manufacturing, and another laser
for Raman excitation. The time delay of the two lasers can be adjusted using the same manner in
the pump-probe technique. In this technique, a strong pump pulse is focused onto the sample to
create a time-dependent heat flux, while a weak time-delayed probe pulse monitors the response

of the surface temperature through Raman transitions.%’
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For many laser extreme manufacturing situations, the temperature could be very high, which
makes the Raman signal extremely low. To enhance the signal significantly, two special Raman
techniques, stimulated Raman scattering (SRS) and coherent anti-Stokes Raman scattering
(CARS), can be employed. SRS is a coherent Raman scattering technique, and the signals are
generated by the co-alignment of two incident beams (the pump and Stokes beams), as shown in
Fig. 11. By tuning the frequency difference between the two beams to match a molecular vibration,
stimulated excitation of the Raman active molecular vibration occurs. As a result of the coherent
excitation of a molecular vibration, a pump photon is absorbed by the sample and a Stokes photon
is generated. This results in stimulated Raman loss (SRL) and stimulated Raman gain (SRG),
respectively. And these two signals are proportional to the number of molecules in the probe
volume and the molecular Raman scattering cross-section. As all the vibrational modes are
prepared in a coherent fashion, these modes oscillate in unison to form a coherent polarization in
the sample, and the subsequent radiation derived from the polarization is also coherent. The
resulting SRS radiation is highly directional and strong, boosting vibrational excitation by a factor
of 107, offering signal detection efficiencies that are many orders of magnitude higher than
spontaneous Raman scattering. In addition, SRS technique enables direct observation of the
coherent molecular motions at ultrafast time scale, following their evolution and dephasing as a
function of time. This allows for a time-resolved view of processes and molecular dynamics that
cannot always by directly inferred from an analysis of the Raman spectra alone. SRS is also used

to measure the temperature of condensed matter at the molecular vibrational level.®®
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Figure 11. Principle of stimulated Raman scattering. (a) Energy diagram of SRS. (b) Output
spectrum associated with SRS process.

The other method to significantly enhance the Raman signal is CARS. This method is a nonlinear
variant of Raman spectroscopy which combines signal enhancement by more than four orders of
magnitude with further advantages such as directional emission, and narrow spectral bandwidth.*"-
91 CARS is consisted of two stimulated Raman scattering steps. First, a pump photon with a
frequency of wp and a Stokes photon with a frequency of ws resonantly excite a Raman oscillator
with a vibrational frequency of 2 = wp - ws. Then, the Raman oscillator is de-excited by a probe
photon with a frequency of wpr to produce an anti-Stokes photon with a frequency of was = wpr +
Q. The energy diagram and molecular illustration of the CARS process are shown in Fig. 12.2 An
important advantage of CARS over spontaneous Raman scattering is that background fluorescence
from the samples does not interfere with the CARS signal detection. And, because of the coherent
property, the CARS signal increases quadratically with respect to the number of vibrational
oscillators in the focal volume. This technique has been used widely to obtain gas-phase
temperature because of its high accuracy, precision, relative insensitivity to the collisional

environment, and because it can be applied even in high luminous flames.”
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5. Concluding Remarks and OQutlook

As all the LAM processes involve intensive heating, it is very crucial to probe the materials’
thermal response to understand the physics behind these processes, including laser absorption,
heating, heat conduction, melting, vaporization, and crystallization/solidification. Raman
spectroscopy can be taken as a novel way to measuring temperature during laser-assisted extreme
manufacturing. In this review, the basic mechanisms of Raman-based temperature probing were
introduced. Various Raman-based techniques used for temperature probing, including near-field
Raman thermometry, ET-Raman, pump-probe Raman technique, SRS method and CARS method

were critically reviewed for their measurement mechanism as well as their applications.

In laser-assisted extreme manufacturing, extreme stress usually accompanies the very high

elevated temperature. As a result, great caution must be taken when using Raman wavenumber for
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temperature measurement as it can also be strongly affected by the local stress. Combined use of
Raman wavenumber and linewidth is highly recommended to distinguish and measure temperature
and stress. In spontaneous Raman spectroscopy, the focal level and surface morphology/structure
(even at the scale of tens of nm) could strongly alter the optical path of the Raman signal back to
the detector, and induce undesired Raman properties change. This type of surface-induced change
sometimes is embedded in the temperature-induced Raman properties change, and should be

carefully considered in order to obtain physically reasonable information on local temperature rise.

In some LAM processes, for instance laser peening and laser nanoimprinting, there are not many
pathways to characterize temperature of the target during the manufacturing process because of
the nanoscale geometry as well as the high heating density. Raman thermometry can be used in
such scenario, not just because of its non-contact nature but also because of its enhanced signal
due to the near-field effect. And in many LAM processes, such as laser-assisted cutting, laser
peening, etc., the temperature could be very high, and it makes the Raman signal extremely low.
SRS and CARS could enhance the Raman signal dramatically to realize temperature probing in
such manufacturing processes. As Raman spectra can also be used to characterize the structure
variation of the sample, these Raman-based techniques are very good candidates for

characterization of structure variation of materials during manufacturing processes.

In laser-assisted extreme manufacturing, if the target material is not Raman active (e.g. metals), a
Raman active material can be placed in the manufacturing region for temperature probing. For
instance, some high temperature-resistant materials, like diamond nanoparticles and graphene can

be used for very efficient Raman signal excitation and ultrafast probing due to the sensor’s
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extremely small thermal inertia. It needs to be pointed out that even without near-field focusing,
the temperature probing resolution can still be well beyond the diffraction limit by using nanoscale

Raman sensing materials/structures whose feature size is significantly smaller than the focal spot.

Additionally, in many LAM processes, the temperature variation of material is very fast (even in
picoseconds). In such situations, Raman techniques with a picosecond/femtosecond pulsed laser
can be used to explore the transient thermal response of materials and the possible structure
variation during such short heating process. As the laser spot size is controllable, this technique
can also realize a high spatial resolution at the same time. As a result, the Raman technique is a
very promising one for probing the thermal response of materials with very high resolution in time

and space domains.
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