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ABSTRACT

This work presents a modified photothermal (PT) technique to improve the sensitivity in thermophysical property measurements, particu-
larly for materials with a high thermal conductivity and a greater thickness. The modification uses a front heating-back sensing (FHBS)

configuration, where a laser irradiates the sample’s front surface, while thermal radiation is detected from the back surface. Compared to the
previously developed front heating-front sensing (FHES) PT technique, the FHBS yields weaker signals due to heat penetration through the §
sample, requiring a sufficiently powerful laser source. The FHBS method is applied to microthick graphene paper and fused silica (SiO,) g
samples, yielding out-of-plane thermal conductivities of 4.91 and 1.75 W m™" K™/, respectively. These results agree well with FHFS PT §
results and literature values, validating the approach. The slight deviation for the SiO, sample is attributed to experimental uncertainty in 5
the FHBS configuration, especially in thickness measurement since heat must penetrate deeper in FHBS, making thickness more critical. R
The FHBS configuration is also tested on a microthick sapphire sample. Although due to sapphire’s high thermal conductivity and the g
limited laser power in our setup, the measurement does not yield reliable data, and the technique remains theoretically feasible with the use
of a stronger laser source. This work highlights the importance of selecting an appropriate PT configuration based on the sample’s thermal
properties and experimental limitations to ensure high accuracy. Moreover, the FHBS PT technique avoids the extreme surface temperature
rise often required in the laser flash method, thereby reducing the risk of sample damage and improving suitability for microscale materials.
Key words: photothermal technique, front heating-back sensing, thermal conductivity, microthick samples, sensitivity analysis
Published under an exclusive license by Laser Institute of America. https://doi.org/10.2351/7.0002004
I. INTRODUCTION 3w technique,”® in which an AC current with an angular frequency of
Efficient thermal management is a common and important @ i? gsed for heating. This per%odic heating ge?nerates a temperature
challenge in many industries' including electronic packaging,’ variation causing electrical 'resllstar%ce fluctuations at 2w frequency,
energy storage systems,” and heat sinks.” Therefore, understanding thus .resultlng mna 30 varlgtl(.)n mn voltage. The: phase shift e?nd
the thermophysical properties of materials, especially thermal con- amplitude of this voltage variation is used to obtain thermophysical
ductivity in the out-of-plane direction of microthick samples, is properties of the sample. However, samples need to have an I-V
essential for proper heat dissipation, preventing overheating, and linear relation and be electrically conductive. The 3w technique can
improving thermal modeling.”® Since the thermal conductivity in ~ also be used to extract the out-of-plane thermal conductivity by
microscale materials can differ from bulk materials due to factors varying the frequency of the applied current, which enhances the
like defect-phonon scattering,7 several techniques have been devel- measurement sensitivity to heat transfer in the out-of-plane direc-
oped to measure these properties accurately. tion.” However, the sample surface must be sufficiently smooth; oth-
One of the widely used ones for measuring the in-plane erwise, it must be coated with a thin metallic layer to achieve the
thermal conductivity of one-dimensional (1D) nanostructures is the required smoothness, which increases the experimental complexity.
J. Laser Appl. 38, 012020 (2026); doi: 10.2351/7.0002004 38, 0120201
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The second technique for measuring the out-of-plane thermal
diffusivity of few millimeter-thick materials with medium to high
thermal conductivities is the laser flash technique, first introduced
by Parker et al.'’ In this technique, the front surface of the sample
is uniformly irradiated by a high-intensity pulsed laser, and the
transient temperature rise on the rear surface is recorded. The time
required for the rear surface to reach half of its maximum tempera-
ture rise (t1/,) is then used to calculate the thermal diffusivity of the
sample.'"'* However, for relatively thicker samples, a large temper-
ature rise at the front surface is often required to produce a detect-
able temperature increase at the rear surface.

The other technique is the differential thermal resistance'’
technique where micro- to millimeter-scale samples are placed
between two layers of carbon tape within a thermal circuit to
measure their out-of-plane thermal conductivity. This method
works well for polymers and plastics with low thermal conductivity.
However, it is less suitable for high thermal conductivity materials
due to the significant thermal resistance at the sample—carbon tape
interface.

Another group of techniques used for measuring thermophys-
ical properties of microthick samples are ultrafast pump-probe
techniques. One of the most widely used is the time-domain
thermo-reflectance (TDTR) technique,'* which is effective for both
in-plane and out-of-plane measurements. The TDTR uses a high-
frequency pulsed laser to heat the sample, followed by cooling. A
probe laser is used to detect the surface reflectance, which depends
on temperature and can be used to probe the temperature change
over time. This surface temperature change is then analyzed to
extract the material’s thermophysical properties. Because of its
short thermal diffusion length, comparable to the laser spot size,
the TDTR is particularly sensitive to the out-of-plane thermal
conductivity.

The photoacoustic (PA) technique is another method that
relates the acoustic response of a sample to modulated light. In this
technique, a modulated laser beam heats the sample surface,
causing periodic temperature changes that generate pressure
(acoustic) waves in the adjacent gas. A microphone detects these
signals, which are processed using a lock-in amplifier for thermal
analysis. Rosencwaig and Gersho'” first developed the RG model to
describe the heat transfer in PA measurements, followed by the
work of Wang et al.'® The photothermal (PT) technique is based
on the same heating principle as the PA technique but detects
changes in thermal radiation from the sample surface instead of
acoustic waves. Our lab has used this technique in multiple
studies.'”” " In the PT method, the phase shift of the detected
thermal radiation from the sample surface is used to determine the
sample’s thermophysical properties. This phase shift depends on the
thermal conductivity in the thickness direction and the interfacial
thermal resistance (ITR) between different layers in the sample. The
PT method used in our lab is based on a front heating—front sensing
(FHFS) configuration, where both heating and detection occur on
the same surface. While this approach has produced reliable results
for low thermal conductivity and small thickness materials, such as
SiO, and SiC thin-films,'® organic-inorganic hybrid films [poly-
methyl methacrylate (PMMA) with SiO, or ZrO, at varying ZrO,
concentrations],’”” and vanadium-doped MgH,,”’ its sensitivity
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decreases for materials with a higher thermal conductivity, leading to
less reliable results.

In this work, we present a modified configuration for the PT
technique: a front heating-back sensing (FHBS) configuration. Both
FHEFS and FHBS follow the same heating principle but differ in
how the thermal signal is detected. In the FHFS configuration, a
laser is used to irradiate the front surface of the sample (defined as
the surface exposed to the laser), which is coated with a metallic
layer such as iridium (Ir), and the resulting thermal radiation is
collected from the same side. In contrast, the FHBS configuration
utilizes a laser to irradiate the Ir-coated front surface, while the
thermal radiation is detected from the opposite (back) side of the
sample. This back-sensing geometry provides significantly
improved sensitivity to thermal conductivity measurement of
coating and microscale samples, as will be discussed later.

Il. EXPERIMENTAL METHOD AND SETUP

The noncontact PT technique is employed to investigate
thermal transport across a multilayer sample.'”'® The physical
principle of this technique is shown in Fig. 1(b). Samples are
coated with a 70 nm thick layer of Ir, which serves as an optical
absorber for the laser heating. The Ir layer must be sufficiently
thick to fully absorb the incident laser and prevent its transmission
into the sample. For laser wavelengths of 810 and 1550 nm, the
optical absorption depths of Ir are 10.34 and 19.78 nm, respectively,
ensuring that the 70 nm coating is optically opaque. A continuous
wave laser (BWF2, 810 or 1550 nm wavelength) modulated by a
function generator (SRS DS345) is focused onto the Ir surface,
inducing periodic heating. This leads to a periodic temperature var-
iation at the Ir surface, which produces modulated thermal radia-
tion. Since the temperature variation at the Ir surface is influenced
by the underlying sample’s thermal properties, the detected
thermal response can be used to extract those properties.

The emitted thermal radiation is collected using an infrared
detector [either a photoconductive (PC) detector, Judson
J15D12-M204-S01M-60, or photovoltaic (PV) detector, Infrared
Associates 469-MCTPV-13-0.5]. A lock-in amplifier (SRS SR830
DSP) measures the phase shift between the thermal signal and the
modulated laser input. An antireflective coated germanium (Ge)
window is placed in front of the detector to filter out the reflected
laser light, ensuring only thermal radiation reaches the sensor. This
Ge window has a transmission less than 0.0003% for the wave-
lengths used in this work. The laser beam has a Gaussian spatial
profile and is incident at an angle, resulting in an illuminated spot
much larger than the lateral thermal diffusion length. This configu-
ration suppresses the in-plane heat conduction at sufficiently high
modulation frequencies, validating the use of a 1D heat conduction
model in the analysis of the thermal response.

Figure 1(a) shows a multilayer sample for 1D heat transfer
analysis for the PT technique. The structure consists of layer 0 as
the substrate and layer N+ 1 as the ambient air, forming a total of
N+2 layers. The thickness of each layer i is defined as
Ly =15 —1l_;. The thermal conductivity k; specific heat c,;,
thermal diffusivity a;, optical absorption coefficient f;, thermal dif-
fusion length u; [: \ail(nf)|, thermal diffusion coefficient g;
[= 1/u;], and thermal contact resistance between layer i and i+1
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FIG. 1. (a) The schematic of the N-layer sample used in the heat transfer model, and (b) the experimental setup of the PT technique for both FHFS and FHBS
configurations.
R; i1 are also used in the heat transfer model. Note that f is the the thermal steady state condition, the steady DC component 6,
modulation frequ.ency of Fhe incid'e.nt laser. The governing equation and the steady AC component 6;,, which oscillates at the laser
for 1D thermal diffusion in layer i is modulation frequency. Therefore, only the AC component is
relevant for thermal property measurement and is collected by
2 N the lock-in amplifier for data processing. The general solution for
%:i%—%ex _ Z B.Ly | -explB,(x—1)]-[1+ €] 9. is
0 o 0r 2k D\ Ll | ORI O
(1) B, — [Aiea,(x—li) 4 B b _ Eieﬂ,(x—l,-):|ejmt’ @)
where 6; = T; — Tymp is the temperature rise of layer i, Tymp is the 5 R N
ambient temperature, and w(=2zf) is the angular frequency. where E; = Gi/(B; — 07) and G; = Bily exp(— 2,141 BuLm)/(2K).
The solution of Eq. (1) for 6; includes three components: 6;; the =~ Note that for all internal layers (i<N), Gy = fBylo/2ky and
transient component that decays as the sample surface reached Gn+1 = 0. 0; is defined as (1 + j)a; and j = v/ —1.
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The coefficients A; and B; in the temperature solution contain
critical information about the thermal and optical properties of the
sample. These coefficients are determined through an interfacial
transmission matrix of heating (U;) and absorption matrix of light
from layer i+1 to i (V;). Assuming that both ambient air layer
(layer N+1) and backing material layer (layer 0) are thermally
thick (which holds true in our experiment), both Ay, and B, are
zero. The remaining A; and B; coefficients can be determined at

x =1 as
A; Ainr E;
=U; +V; s 3
|:Bi:| l[BiJrl " Eiq1 ®
1 ) .
U =- |:u11,1 Ui } (4)
2 | Ui Ui
V. l ViLi Vizi (5)
) Vo Vi |
where

Uni = (1 + kip10i1/kici Fkip1oip1Rii1) - expl F oip (i — )],

n=1,2, (6)

Uzni = (1 F kip10i1/kioci F kip10i01Rii41) - exp[ F oip1 (i — 1)),
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evaluated. The optimal set of material properties corresponds to
the minimum of this sum, yielding the best fit to the experimental
data. Note that the front surface is defined as the surface irradiated
by the laser. In the FHFS PT configuration, the surface temperature
(corresponding to phase shift between thermal radiation and laser
beam) of layer N and for FHBS PT configuration, the surface tem-
perature of layer 0 is measured and analyzed.

lll. RESULTS
A. System calibration

Before conducting measurements, the PT system must be cali-
brated to account for any instrumental phase shifts arising from
the equipment and optical path, which could otherwise distort the
true thermal signal. This calibration phase shift (¢,) is primarily
caused by the detector, preamplifier, lock-in amplifier, and laser.
During calibration, the Ge window is removed to allow the detector
to capture reflected laser light without spectral filtering. By sub-
tracting the calibration phase shift from the measured signal, we
ensure that the phase shift originates solely from thermal radiation,
eliminating contributions from equipment response. Figure 2
shows the calibration data for both lasers (810 and 1550 nm) and
both detectors (PV and PC) used in this work. Note that in our
experiment, the direct laser beam is irradiated onto the detector.
Since phase shift delays depend on the laser, detector, and lock-in
amplifier, separate calibrations are performed for each combination
used in this work. Under ideal conditions, without any system-

Published under an exclusive license by Laser Institute of America

n—12 ?) induced delays, the phase shift would be 0° across all modulation N
7 frequency. However, due to the presence of frequency-dependent §
instrument response and time delays, deviations from this ideal §
Vini = (=1 F Biloy), n=1,2, (8) behavior are observed. As can be seen, for the 810 nm laser and PC 8
3
_ _ R
Vani = (=1 F kin1Bip1/kioi F k1B Riiv1) - expl—Bipy (i — 1)), 2 e 2
n=1,2. 9 . = Backsensing - 1550 nm laser - PV detector|
0L = Front sensing - 810 nm laser - PV detector |
The final expressions for coefficients A; and B; are derived as ] ®— Front sensing - 810 nm laser - PC detector |
N 1 = 19 )
. :
o ux (Tu)val g | g L _
_ m=0 \ i=0 Em1 Q ol x i
Byi = — T o , (10) =
[0 I]HUi[l:| S | = \ 1
=0 o 5 ] -
@ LN
A N 0 N [/m-1 E i 0 s ‘i‘h:,f%4|]
il m r ] I';*Ii%.‘ i =
I:Bi] - <rln—[1 Um) |:BN+1} +; (H Uk) Vm|:Em+1:|. (1D i :"l
— — — mn
5 Ll
The PT signal is directly related to the surface temperature of
the sample as the emitted thermal radiation is proportional to gl sl o o cqgen e .
changes in surface temperature when the temperature rise is small. 10 100 1000 10000
Using Eq. (2) in the 1D heat transfer model and inputFir'lg trial Frequency (Hz)
values for unknown parameters, such as thermal conductivity and
ITR, the theoretical phase shift for each modulation frequency can
be computed. This calculated phase shift is then compared with the FIG. 2. Calibration phase shifts as a function of modulation frequency for direct
. . laser irradiation onto the PC and PV detectors for both 810 and 1550 nm wave-
experimentally measured values. The sum of the squared difference
X R X 1 length lasers.
between theoretical and experimental phase shift values is
J. Laser Appl. 38, 012020 (2026); doi: 10.2351/7.0002004 38, 012020-4
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detector, the phase shift remains near zero degree at low frequen-
cies but increases in magnitude at higher frequencies. This trend is
consistent with a fixed system delay, which becomes more notice-
able as the frequency increases. For both 810 and 1550 nm lasers
paired with the PV detector, the phase shift is relatively large at
very low frequencies and then, similar to the 810 nm laser with the
PC detector, increases in magnitude at higher frequencies. This
suggests that the detector type has a stronger influence on the cali-
bration response than the laser type. The calibrated phase shift dif-
ference between the PC detector (paired with 810 nm laser) and
the PV detector (paired with both lasers) is clearly distinguishable
down to 4 Hz. The time delay (7) can be estimated as 7 = ¢/(360f).
In our experiment, the maximum time delay for the 810 nm laser
with PC and PV detectors at frequency of 10 kHz is 1.5 and 1.1 us,
respectively, indicating the signal lags slightly behind the reference
signal. The real phase shift of the thermal radiation in the experi-
ment is then calculated as ¢, = ey, — o Where by, is the raw
phase shift obtained from the thermal radiation during the experi-
ment. This correction ensures accurate determination of thermo-
physical properties from the PT measurements.

B. Experimental results and data fitting

In this section, the out-of-plane thermal conductivity of three
samples: graphene paper (from Graphene Supermarket), pure SiO,
(fused silica) (from University Wafer), and sapphire (from Biotin
Crystal CO.) are measured using both FHFS and FHBS PT tech-
niques. Each sample is suspended on a copper sheet of high
thermal conductivity to ensure efficient heat dissipation. The con-
nection between the sample and copper sheet is secured using
silver paste. To enhance the absorption of the incident laser beam,
both sides of the SiO, and sapphire samples are coated with a
70 nm layer of Ir, but the graphene paper is left uncoated due to its
inherently high optical absorption. Figures. 3(a) and 3(b) show the
experimental phase shift data and theoretical fittings for graphene
paper using FHBS and FHFS PT techniques, respectively, while
Figs. 3(c) and 3(d) show the corresponding results for the SiO,
sample. The blue lines represent theoretical curves corresponding
to £10% of the measured thermal conductivity, showing the fitting
uncertainty. To estimate the appropriate modulation frequency
range for the experiment, 8, = /o /(nf) is used, where &, is the
thermal diffusion length in the out-of-plane direction. For the
FHBS PT measurements, the modulation frequency should be suffi-
ciently low such that &, is equal to or greater than the sample
thickness, ensuring thermal penetration through the sample. In
contrast, for the FHFS PT measurements, the frequency should be
high enough that the thermal wave decays within the sample, so
is smaller than the sample thickness. An estimated value of o is
used to determine an appropriate frequency range, which is then
fine-tuned to optimize the signal-to-noise ratio in the measure-
ments. Note that during our out-of-plane thermal conductivity
measurements, the in-plane thermal diffusion length &)=/ /(xf)
is smaller than the laser beam radius, therefore strongly suppressing
lateral heat spreading. When a sufficiently large focal spot is used,
the diffusion length in the sample remains much smaller than the
beam diameter, allowing the PT experiment to be accurately

ARTICLE pubs.aip.org/lia/jla

modeled as one-dimensional out-of-plane heat transfer to describe
the temperature distribution and its evolution.

The experimental details and measured out-of-plane thermal
conductivity values for each sample are summarized in Table I.
The sample thickness is measured using a digital micrometer with
a resolution of 1um, and the ITR reported corresponds to the
interface between the sample and Ir coating. For the graphene
paper, which is not coated with Ir, the ITR is between the sample
and the adjacent air layer. The specific heat value used for the gra-
phene paper is that of graphite. Although graphene paper and
graphite have different structures, the difference in their ¢, is
expected to be minimal.”” At very low temperatures (T < 50 K), the
¢, of graphene paper has a linear dependence on temperature due
to the dominance of quadratic out-of-plane (ZA) phonon modes.
As temperature increases, the o follows a T? behavior due to the
contribution of linear in-plane longitudinal and transverse phonon
modes.””* Finally, it reaches a constant value as the temperature
approaches the Debye limit. However, the ¢, of graphite increases
as T* at very low temperatures (T < 10 K) due to the weak interlayer
coupling.”® Then, at moderate temperature range (10 < T < 100 K),
its ¢, follows the T? dependence.”” Above 100 K, graphene paper
has the same ¢, as that of graphite. Xie et al.”' measured the p of
same graphene paper sample to be 1623 + 55 kg m™ by measuring
its mass and volume.

In the FHFS experiments, a PV detector with an 810 nm laser
is used for SiO, and sapphire, while a PC detector with the same
laser is used for graphene paper. For the FHBS experiments, a PV
detector paired with a 1550 nm laser is employed. Note that there
is no preference for the choice of detector or laser; either combina-
tion can be used. The thermal conductivity values obtained from
the FHBS PT technique are in good agreement with those mea-
sured using the FHFS PT technique developed earlier, demonstrat-
ing the reliability of the FHBS method. Furthermore, the results for
graphene paper are consistent with the widely accepted range of
5.7-6.8 Wm ™' K™ for out-of-plane thermal conductivity of graph-
ite.”> At room temperature (RT), the out-of-plane thermal conduc-
tivity of graphene paper is comparable to that of graphite since
heat flow in both materials is primarily limited by weak van der
Waals interactions.”® Han et al.” reported the out-of-plane thermal
conductivity of 6.08+ 0.6 Wm™ K~ for the same graphene paper
using the pulsed laser-assisted thermal relaxation 2 technique,
which closely matches our findings. Moreover, the thermal conduc-
tivity of high-purity fused glass (fused silica) is reported as
1.4 W m~ 'K '* in the mechanical engineer’s data handbook, and
Combis et al.’® reported a value of 1.38 Wm™ ' K™™' at 300K.
Our measured value is slightly higher than these literature
values, which could be attributed to experimental uncertainty,
particularly since the result obtained using the FHFS PT config-
uration closely matches the reported data. Another factor con-
tributing to the slight difference between FHFS and FHBS
results is the nature of the thermal signal detection in each con-
figuration. In FHFS measurements, the detection occurs near the
surface of the sample, making them less sensitive to the sample’s
overall thickness. In contrast, the FHBS measurements rely on
detecting thermal radiation from the back side of the sample,
which requires the heat to penetrate deeper. As a result, thick-
ness uncertainty has a greater impact on FHBS measurements.
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FIG. 3. Data fitting of phase shift for the thermal radiation from the sample surfaces: (a) FHBS PT for graphene paper, (b) FHFS PT for graphene paper, (c) FHBS PT for
SiO,, and (d) FHFS PT for SiO,. The blue lines represent theoretical curves corresponding to thermal conductivities within £10% of the measured values for each case,
showing the fitting uncertainty. The measured phase shift has an uncertainty of +0.2°.
TABLE I. Experimental details and thermal conductivity measurement based on phase shift data. Reported thermal conductivities have an uncertainty of £10%.
Specific heat ~ Thermal conductivity Interfacial thermal
Sample PT type Thickness (um) Density (kg m™) (J kg_1 K™ (Wm™'K™) resistance (m* K W)
Graphene paper ~ FHBS 31 1623% 7097 491 N/A
FHFS 5.75 N/A
SiO, FHBS 92 2220% 745% 1.75 5.4x107°
FHFS 1.37 22x1077
Sapphire FHFS 55 39707 765" 18.3 3.8x1077
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Additionally, the frequency used in FHEFS is higher than that in
FHBS since surface-level heat penetration is sufficient for FHFS,
while deeper heat penetration is necessary for FHBS to reach the
back surface.

Note that the ITR between the Ir coating and the sample is
included as a fitted parameter in our simulation, with the
extracted values reported in Table I. The fitted ITR is significantly
smaller than the intrinsic thermal resistance of the sample
(R = L/k: L is the sample thickness and k the thermal conductiv-
ity), indicating that its influence on the extracted thermal conduc-
tivity is negligible. For graphene samples, the Ir-graphene
interface is considered to have an extremely small ITR (in the
order of 107 m* KW™"). Therefore, it contributes negligibly to
the phase response and has no meaningful impact on thermal
conductivity fitting. Moreover, in our fitting model, the Ir coating
is also explicitly included with its measured thickness and known
thermal properties (thermal conductivity and heat capacity). As a
result, the presence of the Ir layer does not influence the extracted
cross-plane thermal conductivity of the sample. It simply serves
as an additional sample layer that is fully accounted for in the
heat transfer solution.

It is worth noting that the Ir coating has a stronger impact on
the in-plane thermal conductivity measurements because the coating
and the underlying sample act in a parallel thermal transport config-
uration. In such cases, the apparent in-plane thermal conductivity
can be corrected by subtracting the contribution of the metallic layer.
This correction procedure has been demonstrated and validated in
the work by Alahmad et al.’' Additionally, Ir is commonly used in
PT measurements because its high optical absorption and high
thermal conductivity help create a uniform, well-defined heating
boundary, improving the signal quality without biasing the extracted
thermal properties when properly modeled.

We also measured the thermal conductivity of a sapphire
sample using FHFS PT technique, as shown in Figure 4. The exper-
imental details and measured thermal conductivity are also
reported in Table 1. Bai et al.’* reported the thermal conductivity
of a 25um-thick sapphire sample at RT to be approximately
20Wm~'K™', which is consistent with our value of
183Wm™ K", The thermal conductivity of high-purity single-
crystal sapphire is reported to be around 50 Wm™' K™' at RT.”
The lower value in our measurement is likely due to phonon scat-
tering caused by defects in the microthick sapphire sample, which
reduces thermal conductivity significantly. Bai et al’® in our lab
also determined the structural thermal domain (STD) size of the
micrometer-thick sapphire sample using the thermal reffusivity
theory. The STD size is a characteristic length that reflects the
extent of defect-energy carrier scattering. They obtained an STD
size of 85.1 nm for the micrometer-thick sapphire, which is signifi-
cantly smaller than the values reported in the literature for high-
purity sapphire. Specifically, the STD sizes calculated for sapphire
samples in the studies by Dobrovinskaya et al’ and Roy” are
2598 and 3445um, respectively. This confirms that the
micrometer-thick sapphire examined in this work contains a
higher level of defects and grain boundaries. The sapphire sample
used in Roy’s study”” is high-quality single crystal with much larger
dimensions, 3-6 mm in both thickness and length, which explains
their lower defect level and the resulting higher thermal
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FIG. 4. Data fitting of phase shift from FHFS for the thermal radiation from the
sapphire sample surfaces. The measured phase shift has an uncertainty of
10.2°.

conductivity. Therefore, the higher defect level in our sample con-
tributes to the observed reduction in thermal conductivity.

The FHBS PT experiment for the sapphire sample does not
yield reliable results. The underlying reason for this observation
will be discussed in detail in Sec. IV.

Furthermore, this technique is suitable for microscale materi-
als. However, for nanoscale samples such as few-layered 2D materi-
als, it becomes less practical. Extremely, thin samples require very
high modulation frequencies in PT measurements, which shorten
the heating period and makes it difficult to achieve an adequate
signal-to-noise ratio. In addition, many 2D materials are either
optically transparent or have a very long optical absorption depth,
thereby requiring deposition of an ultrathin metal coating to
absorb the incident light. This process is technically challenging
and can alter the 2D material’s properties. Therefore, alternative
approaches, such as Raman spectroscopy, are more appropriate for
characterizing these nanoscale materials.

IV. DISCUSSION

In this section, the sensitivity analysis for both the FHFS and
FHBS PT methodologies is presented. Figure 5 shows the theoreti-
cal phase shift calculated for a generic sample with a volumetric
heat capacity of 3.037 x 10°Jm>K™! across a range of thermal
conductivity and thickness. In the simulation, the sample is
assumed to be coated with a 70 nm thick Ir layer on both sides and
an ITR of 5x 107* m* K W™ is considered between the sample and
the Ir layer on the front (irradiated) surface. For high thermal
conductivity materials, especially at greater sample thicknesses,
the FHFS PT methodology shows low sensitivity. This is evident
from the phase shift curves in Figs. 5(d)-5(f), where the phase
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FIG. 5. Sensitivit1y
3x10%Jm=3K-
FHFS configuration for sample thicknesses of 600, 200, and 50 um, respectively.

shifts become less distinguishable as thermal conductivity
increases, particularly above 500 Wm™" K~'. The resulting con-
vergence of phase shift curves makes it difficult to accurately
extract thermal conductivity, reducing the reliability of the
method under these conditions.

On the other hand, the FHBS PT methodology provides
greater sensitivity, particularly at higher modulation frequencies
and for samples of high thermal conductivity, as shown in
Figs. 5(a)-5(c). It highlights the importance of choosing an appro-
priate configuration based on material properties and experimental
constraints. However, this improved sensitivity results in weaker
thermal radiation signals, which require a powerful laser to ensure
sufficient heating and detectable signal levels. This limitation
becomes especially significant for thick or highly conductive
samples, where laser penetration and thermal wave generation are
more challenging. This trade-off is evident in the case of sapphire:
although theoretically suitable for FHBS PT measurement, the
method failed in practice due to the insufficient laser power and
inability for the heat to transmit through the full sample thickness.
In contrast, for lower thermal conductivity materials such as gra-
phene paper or SiO, in this work, FHBS shows good sensitivity
even at medium frequencies, where radiation signals are stronger
and more easily detected. Furthermore, one of the key advantages
of the FHBS PT technique over the traditional laser flash method is
its ability to avoid extreme surface heating. In the laser flash tech-
nique, achieving a detectable temperature rise on the back side of
the sample often requires an extremely high front-surface tempera-
ture increase, sometimes around 1000K, which can potentially

10000

100 1000 10000 100000

Frequency (Hz)

100000 10

analysis of FHBS and FHFS PT methodologies based on simulated phase shift vs frequency for a generic sample with a volumetric heat capacity of
at various thermal conductivity and thicknesses: [(a)—(c)] FHBS configuration for sample thicknesses of 600, 200, and 50 um, respectively. [(d)—(f)]

damage the sample. In contrast, the FHBS PT technique does not
require such high temperature rises as the heating occurs over a rel-
atively long time. This makes FHBS PT a safer and more suitable
method for microscale samples.

V. CONCLUSION

In this work, a modified version of the PT technique based on
FHBS configuration was introduced. In this approach, a laser irra-
diates the front surface of an Ir-coated sample (either a coating or
microscale-thickness material), and the emitted thermal radiation
is detected from the back side. This back-sensing configuration
offers improved sensitivity for determining thermophysical proper-
ties, particularly at higher modulation frequencies and for materials
with higher thermal conductivity. However, it tends to produce
weaker signals, especially in thicker or highly conductive samples,
where sufficient laser penetration and thermal wave generation
become more challenging. Therefore, selecting the appropriate con-
figuration based on the sample’s properties and experimental limi-
tations is essential. In addition, the FHBS PT technique eliminates
the need for extreme surface temperature rises often required in the
laser flash method, therefore minimizing the risk of thermal
damage and offering a more reliable approach for characterizing
microscale samples. We applied the FHBS configuration to micro-
thick graphene paper, SiO,, and sapphire samples. For graphene
paper, the measured out-of-plane thermal conductivity was
491Wm™' K" using FHBS and 575Wm™' K™' using FHFS.
Similarly, for SiO,, the values were 1.75Wm ' K™? using FHBS
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and 1.37 W m™" K" using FHFS. These results showed good agree-
ment between the two configurations and with values reported in
the literature. A slight discrepancy in the FHBS PT result for the
SiO, sample is attributed to experimental uncertainty. In contrast,
for the sapphire sample, the FHFS configuration yielded a thermal
conductivity of 18.3 W m~ ' K™!, while the FHBS PT measurement
failed to provide reliable data. Although theoretically feasible, the
high thermal conductivity of sapphire, combined with the limited
power of our laser, prevented sufficient heat transmission through
the sample thickness, leading to weak or undetectable signals.
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