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Abstract

The thermal conductivity (k) of graphene-based layered um-thin structures, termed
“paper”, is highly anisotropic, and strongly varies from sample to sample. In addi-
tion to k, the thermal anisotropy ratio (® =k, /k.;,) is also a critical property
reflecting the material’s structure and is of great importance in thermal design. The
intrinsic © determination requires in-situ measurement of both in-plane k (k) and
out-of-plane k (k;) of the same sample. Such intrinsic ® knowledge is not much
available to date. In this work, graphene paper (GP), graphene oxide paper (GOP),
and partly reduced graphene paper (PRGP) are investigated, each exhibiting dis-
tinct microstructural features arising from different oxidation and reduction states.
These structural variations lead to pronounced differences in both the magnitude
and anisotropy of k, highlighting the strong influence of oxidation-induced disorder
on directional thermal transport. A photothermal approach is employed to measure
both & and k, of the same suspended micro-thick samples by tuning the modula-
tion frequency to selectively enhance sensitivity to in-plane or out-of-plane heat
conduction. Because both & and k, are obtained from a single specimen and a fixed
laser position, structural variation associated with multi-sample preparation is elimi-
nated, enabling reliable determination of the intrinsic ©. The measured k, and k are
7.28 and 690 W-m™"-K™" for GP (©=94.8), 0.215 and 0.78 W-m™"-K™' for GOP
(®=3.63), and 0.316 and 2.9 W-m "K' for PRGP (©=9.18), respectively. The
significantly reduced k and ® of GOP is attributed to enhanced phonon scattering
from oxygen-containing functional groups, while GP exhibits the highest k and ®
due to its high crystallinity.
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1 Introduction

Many materials exhibit anisotropic structures, meaning their properties vary
with directions due to differences in crystal structure, microstructure, or compo-
sition [1]. Accurate knowledge of anisotropic thermal conductivity is essential
for heat flow analysis, thermal modeling, and device design [2, 3] particularly in
applications such as transistors [4], electronic devices [5], and high temperature
superconductors [6], where efficient heat dissipation is essential for enhancing
performance and reliability [7]. Graphene-based papers are a representative class
of anisotropic materials, in which layered morphology gives rise to strong direc-
tional thermal transport. However, their effective thermal conductivity is highly
sensitive to oxidation level, defect density, and interlayer coupling. Variations in
chemical functionalization and reduction history can significantly alter phonon
scattering, leading to wide discrepancies in reported thermal conductivity values
even among nominally similar graphene-based materials.

A wide range of experimental techniques have been developed to character-
ize anisotropic thermal conductivity of materials. For example, Chowdhury et al.
[8] measured the anisotropic thermal conductivity of micrometer-thick polyimide
(PD) films by combining frequency-domain probe beam deflection (FD-PBD) for
in-plane measurements with time-domain thermoreflectance (TDTR) for cross-
plane measurements [9, 10]. Tian and Cole [11] employed the 3w technique [12]
to investigate anisotropic thermal transport in millimeter-thick carbon fiber/epoxy
composites, utilizing different excitation frequencies to enhance sensitivity to
either in-plane or cross-plane heat conduction. Similarly, Jang et al. [13] used two
variations of TDTR to measure the anisotropic thermal conductivity of exfoliated
black phosphorus, relying on different laser spot sizes, modulation frequencies,
and beam-offset configurations to resolve directional thermal transport. Related
TDTR/FDTR-based strategies using variable spot sizes or beam offsets have also
been applied to a variety of anisotropic materials [14, 15]. Other approaches com-
bine fundamentally different techniques to access thermal transport along differ-
ent directions. Huang et al. [16] measured the anisotropic thermal conductivity
of suspended two-dimensional tellurium films using micro-Raman thermometry
for in-plane transport and TDTR for cross-plane transport, requiring separate
sample configurations and transducer deposition. It has also been reported that
pump—probe techniques are often time-consuming due to repetitive data acquisi-
tion [9, 17], and typically operate at high modulation frequencies, making them
more sensitive to cross-plane measurements [14]. In addition, probe-beam reflec-
tivity requirements often necessitate smooth sample surfaces. To address some
of these limitations, Wang et al. [18] introduced spatially resolved lock-in micro-
thermography (SR-LIT) for rapid in-plane thermal characterization, while Taka-
hashi et al. [19] and Tanimoto et al. [20] employed temperature-wave-based tech-
niques to measure in-plane and cross-plane thermal diffusivities using different
experimental arrangements. Despite these advances, many existing approaches
rely on multiple techniques, distinct frequency regimes, or separate sample
preparations to resolve in-plane and cross-plane thermal conductivities. Such
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requirements increase experimental complexity and can introduce uncertainties
when material microstructure varies between samples or preparation steps. These
limitations are particularly critical for graphene-based papers, where oxidation
level, defect density, and flake alignment can vary subtly yet significantly influ-
ence directional phonon transport. Also such structure’s rough surface makes it
hard to employ the TDTR/FDTR-based and 3@ techniques for simultaneously
measuring both the in-plane and out-of-plane thermal conductivities.

Accurately characterizing thermal anisotropy of graphene-based papers remains
challenging, largely due to sample preparation constraints. Many prior studies rely
on separate samples or distinct preparation routes to measure in-plane and cross-
plane thermal conductivities. Even when samples originate from the same parent
material, variations introduced during cutting, handling, or post-processing can alter
microstructure, making it difficult to reliably capture the intrinsic anisotropic prop-
erties of a single specimen. In our previous studies on polypropylene separators for
lithium-ion batteries [21] and gas diffusion layers in proton exchange membrane fuel
cells [22], in-plane and cross-plane thermal conductivities are measured using the
transient electro-thermal (TET) [23] and differential thermal resistance (DTR) tech-
niques [24], respectively. While effective, this multi-technique approach is time-con-
suming, costly, and requires separate sample preparations, which can obscure true
material anisotropy when sample-to-sample structure variations are non-negligible.
To overcome these limitations, in this work, we employ a unified experimental
framework capable of extracting both in-plane and cross-plane thermal conductivi-
ties from the same specimen using a single prepared sample and a fixed measure-
ment location. This approach eliminates preparation-induced structure variation and
enables a more faithful assessment of intrinsic thermal anisotropy ratio (®). Using
this framework, anisotropy factors are systematically reported for graphene paper
(GP), graphene oxide paper (GOP), and partly reduced graphene paper (PRGP), and
directly correlated with their structural and chemical differences. Raman spectros-
copy and optical microscopy reveal distinct degrees of oxidation, disorder, and flake
alignment among these materials, which are expected to strongly influence both
in-plane and cross-plane phonon transport. The measurements are based on a pho-
tothermal (PT) technique [25, 26], in which the modulation frequency is tuned to
selectively enhance sensitivity to either in-plane or cross-plane heat flow, allowing
both components to be resolved within a single experimental configuration.

2 Materials and Methods
2.1 Sample Structure

In this work, we conduct measurements of graphene paper (GP), graphene oxide
paper (GOP), and partly reduced graphene paper (PRGP). The GP sample is
purchased from Graphene Supermarket, while the GOP and PRGP samples are
obtained from ACS Materials. The GP sample has a thickness of 31 um, meas-
ured using a digital micrometer with 1 um accuracy. It consists of stacked layers
of pure graphene sheets with a shiny surface. The GOP sample, with a thickness
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of 20 um, contains oxygen-based functional groups and is produced by a modified
Hummer’s method [27] using direct flow. The PRGP sample, with a thickness of
10 pm, is partially reduced graphene oxide, where some of the oxygen-containing
groups have been removed to partially restore the graphene structure. Figure la
shows the Raman spectra of all three samples at 532 nm excitation, highlighting
distinct differences. For GP, as shown in Fig. 1b, the two strongest peaks are the
G band at 1580 cm™! and the 2D band around 2719 cm™!. The absence of the D
band, which comes from the breathing mode of aromatic rings [28], indicates that
the sample is highly crystalline and shows minimal structural disorder. The G
peak is common in all carbon-based materials and represents carbon—carbon bond
vibrations. The 2D peak is the second-order overtone of the D band, not related to
defects, and results from a two-phonon lattice vibration process. In single-layered
graphene, the 2D peak is sharp and single. As the number of layer increases, the
peak becomes broader. The ratio of the integrated intensities of the G and 2D
bands (/5 / I,y) helps estimate the number of graphene layers. For the GP sample,
this ratio is calculated to be 0.76, which corresponds to ~6—7 layers within the
graphene flakes. Note that HOPG has an I / I, ratio of 0.86 [29].
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Fig. 1 (a) Raman spectra of GP, GOP, and PRGP together under 532 nm excitation, showing distinct
spectral features. Fitted peaks for (b) GP, (b) GOP, and (d) PRGP. The insets are optical images of each
sample taken under a 20 X objective lens

@ Springer



International Journal of Thermophysics (2026) 47:76 Page50f25 76

The Raman spectra of the GOP sample, shown in Fig. Ic, indicates low crys-
tallinity, as evidenced by the broad D band at 1342 cm™!. The width of the D
peak increases with a higher degree of oxidation, which corresponds to more
defects in the graphene oxide structure [30]. The D* band at 1107 cm™' arises
due to defect-activated phonons in the longitudinal acoustic (LA) branch near
the K point, involved in an intervalley double resonance process. The D’ band at
1666 cm™! is related to an intravalley one-phonon double resonance process [31].
The D” band at 1530 cm™! is associated with amorphous carbon phases, and its
intensity and width decreases as crystallinity increases [32, 33]. Our observed
peaks align well with those reported by Claramunt et al. [34]. According to lit-
erature, in graphene of high-level disorder, the intensity of the 2D band decreases
and is often replaced by a broad bump [35]. In the GOP sample, we observe the
2D band at 2710 cm™!, a combination band (D + D’) band at 2927 cm™!, and the
overtone band 2D’ at 3131 cm™!, which agree with findings by Lopes-Diaz et al.
[36]. The D+ D' results from the combination of phonons with different momen-
tum and is only active in the presence of defects. In contrast, the 2D and 2D’
bands do not require defects for activation. Additionally, a weak G* band appears
at 2442 cm™!, consistent with previous reports. This band arises from a double
resonance intervalley process involving an in-plane transverse optical (iTO) pho-
non and a LA phonon [37].

Figure 1d shows the Raman spectra of the PRGP sample, which closely matches
the results reported in Ref. [38]. The differences between the Raman spectra of GOP
and PRGP reflect significant structural changes due to the reduction process. Spe-
cifically, the G and D bands in PRGP are narrower than those in GOP, indicating a
decrease in defects, which is mainly the removal of oxygen-containing groups. Our
Spectrum is similar to that of a low reduction of graphene oxide (GO) sample, as
reported by Scardaci and Compagnini [28, 39]. The insets of Fig. 1b—d show optical
images of each sample taken under a 20 X objective lens, where surface differences
are also evident. The GP sample has flakes of high crystalline structure while the
GOP and PRGP samples have very disordered surface structure. These structural
differences between the samples also cause different thermophysical properties,
which will be discussed in the following sections.

The structural differences observed from Raman spectroscopy can be further sup-
ported by X-ray diffraction (XRD), which provides insight into interlayer ordering
and spacing. XRD results reported by Xie et al. [40] for the same materials show
that for GP, a sharp (002) diffraction peak at~26.6° corresponds to an interlayer
spacing of ~3.35 A, similar to graphite, indicating a highly ordered graphitic struc-
ture with strong interlayer coupling. In contrast, oxidation in GOP introduces oxy-
gen-containing functional groups that expand the interlayer spacing through the
insertion of these groups between graphene layers. This expansion weakens the van
der Waals interactions and disrupts the stacking order, thereby suppressing phonon
transport both in-plane and across layers. For GOP, the major diffraction peak shifts
to~10.52°, corresponding to a significantly increased interlayer spacing of ~ 8.40 A.
In PRGP, partial removal of oxygen functional groups leads to a partial restoration
of the layered structure. However, residual defects and enlarged interlayer spacing
continue to limit phonon transport compared to GP.
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2.2 Physical Model for Thermal Conductivity Measurements

The PT technique is employed here to simultaneously measure the both cross-plane
and in-plane thermal conductivities by varying the modulation frequency of the
laser irradiation on the sample. As shown in Fig. 2a, the film-like sample is sus-
pended over two stands and secured using silver paste to ensure excellent mechani-
cal and thermal contacts. A modulated laser beam is irradiating the middle part of
the sample, and the local surface thermal radiation is collected and measured. The
phase shift of the thermal radiation relative to the laser beam is strongly affected
by the heat conduction in the sample, and can be used to determine the desired
thermal conductivity. At higher frequencies, the in-plane thermal diffusion length
becomes smaller than the laser spot size, making the heat flow predominantly along
the cross-plane direction. As illustrated in Fig. 2a, under these conditions, the lateral
heat transfer is limited, and the detected thermal radiation signal mainly reflects the
cross-plane thermal transport. Conversely, at lower frequencies, the in-plane thermal
diffusion length significantly exceeds the laser spot size, enhancing sensitivity to in-
plane heat transfer, as shown in Fig. 2b. In this case, heat primarily spreads laterally
along the sample surface and the temperature gradient is negligible in the cross-
plane direction. Additional details regarding the frequency selection and sensitivity
analysis are provided in Sect. 3.2.

2.2.1 Cross-Plane Direction Thermal Conductivity Measurement

Figure 2c shows the schematic of a multilayer sample structure used for 1D heat trans-
fer modeling in the PT technique for the cross-plane thermal conductivity measure-
ments. In a typical PT experiment, the structure consists of N+ 2 layers, where layer O
is the backing material (e.g., air or a substrate), and layer N+ 1 represents the surround-
ing air or vacuum. In this study, the measurements are conducted under vacuum condi-
tions, so both layer 0 and layer N+ 1 correspond to vacuum or a low-pressure environ-
ment with minimal air presence. The thickness of each layer is denoted as Z; = z; — z;_;.
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Fig.2 (a) Physical principle illustrating that cross-plane thermal conductivity is governed at higher fre-
quencies, and (b) in-plane thermal conductivity is governed at lower frequencies. (c) Schematic of the
N-layer sample used in the cross-plane heat transfer model, and (d) schematic of the sample configura-
tion used in the in-plane heat transfer model
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Key thermal and optical properties considered for each layer include cross-plane ther-
mal conductivity (k, ,), specific heat (¢, ;), thermal diffusivity (,), optical absorption

coefficient (f,), thermal diffusion length (y; = 1/ «; / (zf)), thermal diffusion coeffi-

cient (a; = 1 / #;), and thermal contact resistance between layer i and i+ 1 (R; ;). The
modulation frequency of the incident laser is denoted as f, with the angular frequency
of = 2xf. The governing equation for 1D thermal diffusion in layer i is [25]

2 N
% = l% - ﬂexp (— Z ﬁmZm> - exp [ﬁ,-(x—zi)] . [1 +e'7“”]. (1)

ox* o ot 2k et

Here, 0, = T, — T,,,,, represents the temperature rise of layer i, T, is the ambient
temperature. The solution to this equation consists of three parts: the transient compo-
nent (6;,), which decays as the system approaches thermal steady state, a steady DC
component (8; ), and a steady AC component (9”), which oscillates with the laser
modulation frequency and is used for measuring thermal properties. Only the AC com-
ponent is measured using a lock-in amplifier and used for further analysis. The general
solution for §;  is

0= [Aieai(x_zi) + Bie_ai(x_zi) - Eieﬂi(x_zi)] e, )

E; =G,/ (B} - a}), 3)

N
G, = Bl exp (— D ﬁmzm> / (2ky:), )
m=i+1

where o; is defined as (1 + j)a;, and j = \/—_1, and we have Gy = ﬁNIO/sz_,N (i<N)
and Gy, = 0.

The coefficients A; and B, carry information about the sample’s thermal and optical
characteristics. These are calculated using an interfacial transmission matrix of heating
(U,) and absorption matrix of light from layer i+ 1 to i (V;). Assuming that both vacuum
environments (layer 0 and N+ 1) are thermally thick, which is valid in our experimental
setup, then we have Ay, = 0 and B, = 0. This allows the remaining coefficients (A;
and B,) to be determined at x = z; as

A; Aii E;
= U, vl 5)
B; B, Eiy
1 [”11; ”12,]
Ui == ’ ’ s 6
2 uy, Uy i ©
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Upi = (1 ikJ_,i+1O-i+1/kigika_,i+lo-i+1Ri,i+l) - eXp [¢5i+1(1i+1 - Zi)]7 n=12,

®)

Uy = (1 + kJ_,i+16i+1/kl,iai$kl,i+lo-i+1Ri,i+l) - eXp [10'141 (Zi+1 _Zi)]’ n=12,
)
Vi = (=17 f;/ o), n=12, (10)

Voni = (_1 * kJ_,i+1ﬂi+1/kl,iaiikl,i+lﬁi+1Ri,i+l) 2y [—ﬂi+1 (Zi+1 - Zi)]s n=12.
(11

Finally, the coefficients A; and B, can be expressed as

N m—1 E
[0 UZ<HU)w[m]
m=0 \ i=0 E,

By, =- 1 0 > (12)
[0 11 [T Ui[l]
i=0

G- (00e )0, J 2 (o))

The PT signal is directly linked to the surface temperature of the sample, as the
emitted thermal radiation is proportional to surface temperature fluctuations, espe-
cially when the temperature rise is small. By applying Eq. 2 from the 1D heat trans-
fer model and using trial values for unknown parameters such as thermal conductiv-
ity and optical absorption length, the theoretical phase shift can be calculated for
each modulation frequency. These theoretical phase shift values are then compared
with the experimentally measured ones. The difference between them is quanti-
fied by calculating the sum of squared errors. The best-fit material properties are
determined by minimizing this sum, resulting in the parameter set that most closely
matches the experimental data. Note that in the simulation, the laser irradiates layer
N, and the phase shift measured for temperature response analysis also corresponds
to layer N.

2.2.2 In-Plane Direction Thermal Conductivity Measurement

The schematic of the sample configuration used in the in-plane heat transfer model
is shown in Fig. 2d. For the in-plane thermal conductivity measurements, the heat
conduction is modeled as 1D heat transient in the length direction and is governed
by Refs. [41, 42]
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0T oT
I EYe) q=pcy or (14)

where p is the density, ¢, is the specific heat capacity, k| is the in-plane thermal
conductivity, and ¢ is the volumetric heat generation due to the laser absorption.
Although the laser is absorbed in a surface region of tens of nm thickness, the modu-
lation frequency is low, so the heat transfer quickly reaches equilibrium in the thick-
ness direction. Therefore, this volumetric heat generation approximation across the
thickness direction will not affect the final solution, while it can significantly sim-
plify the problem solving. This 1D heat conduction is reasonable since our sample’s
width is small, and the laser beam fully covers the width in the irradiation region.
The laser is modulated periodically, and the spatial and temporal form of the source
is given by

g(x, 1) = gy exp [—(x —xo)z/ré] -\, (15)

here, ¢, is the peak heating rate at the center of the laser beam, r, is the laser spot
radius corresponding to the e~! peak intensity and x, is the beam center, which will
be discussed later. ¥ is the laser modulation function. In the experiment, the laser is
modulated as a square wave at varying frequencies. However, for frequency-domain
analysis, the temperature response at the fundamental frequency is of primary inter-
est. Therefore, for mathematical treatment purpose, ¥ is expressed as ¢ and the
resulting steady-periodic response is extracted. The governing equation is solved in
the frequency domain to obtain the complex temperature amplitude, which provides
both the magnitude and the phase of the temperature oscillation in response to the
modulated laser heating. Since the infrared detector collects radiation over a finite
region (1 mm), the detected signal is modeled as the spatial average of the complex
temperature over this sensing length. The phase shift of the temperature response
relative to modulated laser beam is then compared with the experimental data to
extract the in-plane thermal conductivity via least-square fitting. The frequency-
domain equation is discretized using a finite-difference approach with uniform spa-
tial meshes. The resulting tridiagonal system of equations is solved using the tridiag-
onal matrix algorithm (TDMA) to obtain the complex temperature profile along the
sample. Boundary conditions as T(x = —L/2) = T(x = L/2) = T,,, are applied at
both ends of the sample as shown in Fig. 2d. While the physical heat transfer models
used for measuring cross-plane and in-plane thermal conductivities differ, the exper-
imental setup remains the same, as will be discussed in the following section. Only
the modulation frequency of the laser is varied to obtain data for measurements in
both directions.

2.3 Experimental Setup for Anisotropic Thermal Conductivity Measurement
The setup of the PT technique, a noncontact technique for measuring the thermo-

physical properties of samples in this work, is shown in Fig. 3a. A 785 nm laser
(Cobolt 06-MLD) is modulated into square waves using a function generator (SRS
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Fig.3 (a) Schematic of PT experimental setup, (b) schematic of a suspended sample housed in the vac-
uum cell for PT measurements

DS345) and focused on the center of the sample, which is placed inside a vacuum
cell (Linkam HFS350EV-PB4) mounted on a 3D nanostage (not shown in the fig-
ure). The modulated laser heating causes periodic temperature changes of the sam-
ple surface, which generate periodically varying thermal radiation. This emitted
radiation carries information about the sample’s thermophysical properties. The
vacuum cell minimizes the air convection and improves the measurement accuracy.
Such conditions are especially critical when measuring the in-plane thermal con-
ductivity. The ZnSe window on the vacuum cell has a transmission range of 0.5 um
to 15 pym in wavelength [43]. This allows both the 785 nm laser and the sample’s
thermal radiation to pass through. According to Wien’s displacement law [44], the
peak wavelength of the thermal radiation from the sample is around 10 um. The
thermal radiation is directed by mirrors at a photoconductive infrared detector (Jud-
son J15D12-M204-S01M-60), and the signal is then processed by a pre-amplifier
(Teledyne Judson Technologies PA-102) and collected by a lock-in amplifier (NF
LI5655). The lock-in amplifier measures the phase shift between the radiation signal
and the laser input. To prevent any reflected laser light from reaching the detector,
an anti-reflective coated germanium (Ge) window is placed in front of it. This Ge
window blocks more than 99.9997 % of the laser light at the wavelengths used in
this study.

Figure 3b shows the setup of a suspended narrow sample positioned between two
copper electrodes, which act as heat sinks. The sample is secured with silver paste to
ensure good thermal contact. Note that the same sample is used for both cross-plane
and in-plane thermal conductivity measurements, which significantly simplifies the
experimental process by reducing time, cost, and complexity. Also, the measured
values reflect the intrinsic anisotropy of thermal conductivity. By varying only the
modulation frequency, the measured heat transfer direction can be switched without
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changing the sample position. To achieve high optical absorption at the laser wave-
length, samples are often coated with a thin metallic layer such as iridium (Ir) or
chromium (Cr). However, since the samples used in this work are naturally good
absorbers, no additional coating is necessary. Before starting the experiment, we
slightly adjust the sample position using the 3D nanostage (not shown in the figure)
to maximize the signal’s amplitude. This ensures that the detected thermal radiation
originates from the same location where the laser is focused on, improving the accu-
racy of the measurement. Moreover, note that during data acquisition, the vacuum
pump is turned off to avoid small vibrations that could slightly shift the sample’s
position and negatively affect the results. We ensure that the chamber maintains a
good vacuum for several hours.

3 Results and Discussion
3.1 Calibration

Before starting measurements, the PT system must be calibrated to identify the
phase shift introduced by equipment such as the detector, pre-amplifier, lock-in
amplifier, and laser. If these shifts are left uncorrected, they can alter the true ther-
mal radiation signal. To determine this calibration phase shift (¢.,), the Ge win-
dow is removed, allowing the detector to directly receive the reflected laser light
without spectral filtering. By subtracting ¢, from the measured thermal radiation
signal, we isolate the phase shift originating solely from thermal radiation, eliminat-
ing the influence of system-related delays. Figure 4a shows the calibration data for
the equipment used in this study from 0.5 Hz to 1 MHz. In the calibration setup,
the laser beam is directed straight onto the detector. Ideally, if there are no delays
in the system, the phase shift would remain at 0° across all modulation frequencies.
However, due to frequency-dependent response times in the components, deviations
from this ideal behavior occur. The actual phase shift of the thermal radiation in
the experiment is calculated by subtracting the calibration phase shift from the raw
measured phase shift ¢e,, as ey = Pexp — P,

cal*

3.2 Cross-Plane Thermal Conductivity Measurement
3.2.1 Measurement and Data Fitting

In this section, the cross-plane thermal conductivity of GP, GOP, and PRGP samples
is measured using the PT technique. To extract directional thermal conductivities,
frequency-dependent PT measurements are conducted. A higher frequency (f) range
is selected to enhance sensitivity to the cross-plane direction heat conduction, and to
make sure the in-plane heat transfer has negligible effect on the measurement. At
higher modulation frequencies, the cross-plane thermal diffusion length (6,)
becomes smaller than, or comparable to the sample thickness, ensuring that heat
flows mainly in the thickness direction. The thermal diffusion length can be obtained
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Fig.4 (a) Calibration phase shift as a function of modulation frequency for direct laser irradiation onto
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sample surfaces for (b) GP, (c) GOP, and (d) PRGP, corresponding to cross-plane thermal conductivity
measurements using the PT technique. Dashed lines indicate + 10 % uncertainty in the thermal conduc-
tivity used for the theoretical fitting

using the relation 6, = /&, /(xf), where a, = kl/(pcp). This relation is used to
estimate the appropriate modulation frequencies for cross-plane thermal conductiv-
ity measurements. Based on the sample thicknesses and estimated cross-plane diffu-
sivities, the characteristic frequencies are calculated as 1727, 132, and 429 Hz for
GP, GOP, and PRGP, respectively. The initially estimated frequency range is subse-
quently fine-tuned to maximize the signal-to-noise ratio during measurement. For
reliable 1D cross-plane measurements, the modulation frequency must be chosen
such that the thermal diffusion length is comparable to or slightly smaller than the
sample thickness (i.e., d <thickness). If 6> >sample thickness, heat penetrates
entirely through the sample and becomes sensitive to the environment, reducing the
sensitivity to the sample’s cross-plane conductivity. On the other hand, if 6 < <sam-
ple thickness, heat is confined too close to the surface, also reducing the sensitivity
to cross-plane thermal transport. Furthermore, the in-plane thermal diffusion length

o =1/ / (zf) should be smaller than the laser beam radius (0.6 mm: see Sect. 3.3)

during our cross-plane thermal conductivity measurements. This condition mini-
mizes the in-plane heat transfer within the irradiated region, making the cross-plane
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1D heat conduction model physically sound. All these criteria are satisfied in our
experiments, confirming that thermal transport is effectively 1D along the cross-
plane direction at the selected modulation frequencies shown in Fig. 4b—d.

Figure 4b—d shows the experimental phase shift data (¢,.,;) and the theoretical fit-
ting for GP, GOP, and PRGP, respectively. The cross-plane thermal conductivity of
GP, GOP, and PRGP samples is obtained to be 7.28 W-m K!, 0215 Wm K,
and 0.316 W-m~"-K~!, respectively, as reported in Table 1. Note that the interfacial
thermal resistance (ITR) between the sample and surrounding environment, which
is vacuum in this work, has been considered a very small value of 10° m>K-w1.
This has negligible effect considering the much larger thermal resistance of the
surrounding. The experimental details are summarized in Table 1. Density values
are obtained from Ref. [40], while the specific heat capacity of GOP and PRGP is
extrapolated for room temperature (25 °C) from our previous work [45]. The specific
heat capacity of GP is assumed to be the same as that of graphite (709 J-kg~'-K™!).
Although GP and graphite differ structurally, their specific heat capacities are
expected to be very similar [46].

Regarding the validity of the photothermal technique for measuring the cross-
plane thermal conductivity of pm-thick suspended samples, we have conducted rig-
orous and systematic experiments and analysis for reference samples including SiO,
wafer (92 pm thick) and crystalline sapphire (55 pm thick). The measurement results
agree with the reference data with less than 10 % deviation. More details can be
found in our recent work [47]. Also the repeatability of the measurements has been
studied rigorously, and the measured phase shift usually has a standard deviation
of less than 0.2°. However, even from the same batch, when different samples are
cut for measurements, the measured phase shift will have changes from sample to
sample. This is reasonable considering the non-uniformity of the sample, and has no
effect on the measurement of a specific sample.

3.2.2 Physics Behind the Measurement Data

The cross-plane thermal conductivity of GP obtained in this study is consistent
with the reported range of 5.7 W-m™"K~! to 6.8 W-m~!.K~! for graphite [44].
The significantly lower cross-plane thermal conductivity of GP compared with
its in-plane counterpart (discussed later) is attributed to the weak van der Waals

Table 1 Experimental details and fitted results of cross- and in-plane thermal conductivity measurements
using PT technique

Sample  Thickness Density [kg-m™]  Specific heat ~ Thermal conductivity Thermal
[um] kg 'K [Wm LK anisotropy
ratio (®)
Cross-plane  In-plane
GP 31 1623 709 7.28 690 94.8
GOP 20 1357 780 0.215 0.78 3.63
PRGP 10 1466 760 0.316 2.9 9.18
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interactions between adjacent graphene layers, which permit only low-frequency
phonon modes to contribute to heat conduction [48, 49]. Notably, Han et al. [50]
reported the cross-plane thermal conductivity of GP as 6.08 +0.6 W-m~'.K~! for
the same GP, but using the pulsed laser-assisted thermal relaxation 2 (PLTR2)
technique. Their result closely aligns with our data. Furthermore, Li et al. [51]
reported the cross-plane thermal conductivity of 4.83 W-m~'-K~! for a graphene
film. The difference among these measurements is largely due to the struc-
ture variation from sample to sample. It is noted that even for the same batch
of sample, the structure is not uniform, which will cause thermal conductivity
variation. For the GP measured in this work, we have cut another piece from
the raw sample, and measured the thermal conductivity at different locations.
It is observed the thermal conductivity varies from 5.19 W-m~"K~! to 5.80
W-m~L.K~!, confirming the structure variation in space.

Using the PLTR2 method, Han et al. [45] reported the cross-plane ther-
mal conductivity of 0.16 W-m~'.K~! for GOP and 0.14 W-m~.K~! for PRGP
at 295 K. Hong et al. [52] obtained a value of 0.12 W-m~.K~! for an reduced
graphene oxide (RGO) sample using the laser flash technique, attributing the
low value to voids incorporated between layers. The cross-plane thermal con-
ductivity of GO has also been reported as 0.114 W-m~!.K~! [53]. Renteria et al.
[54] reported the cross-plane thermal conductivity of GO to be 0.18 W-m~".K~!,
and a significantly lower value of 0.09 W-m~!-K~! for RGO films annealed at
1000 °C, measured at 20 °C. They attributed the very low thermal conductiv-
ity of the RGO sample to the presence of air pockets between the layers dur-
ing the annealing process and the partial restoration of sp’> bonds within the
atomic planes. Our measured cross-plane thermal conductivity for GOP (0.215
W-m~1.K™!) is consistent with the values reported in literatures, while the value
for PRGP (0.316 W-m~!-K~!) is comparatively higher. The PRGP sample used in
this study is commercially obtained and tested as received, with the exact reduc-
tion conditions unknown. It is likely that the PRGP samples reported in the lit-
erature are subjected to different reduction processes or levels of reduction and
restoration of the sp? carbon network, potentially introducing more defects and
structural disorder, which could explain their lower thermal conductivity values.
Furthermore, variations in the extent of chemical reduction can also influence
the specific heat capacity [45].

In data processing for GP and PRGP, our fitting is conducted by fitting both
the optical absorption depth and cross-plane thermal conductivity. It is found
that the optical absorption depths for these two samples are extremely small and
confined to a shallow subsurface region, consistent with their relatively intact
sp? carbon networks and low oxygen content. Varying the optical absorption
depth over a reasonable range (10-100 nm) resulted in negligible changes in the
fitted thermal conductivity, indicating minimal sensitivity of the phase response
to this parameter. In contrast, for GOP, the optical absorption depth is found to
be relative long (9.47 um) and has a pronounced influence on the phase response
due to its higher disorder and oxygen-containing functional groups.
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3.2.3 Uncertainty Analysis and Discussion

To quantify the accuracy of the fitting between the experimental data and theoretical
model, the root mean square error (RMSE) is calculated using the least square
method. The RMSE is defined as the square root of the average of the squared differ-
ences between the experimental (y;) and the corresponding fitted values (3;) as

n

Y (vi— jzi)z / n, providing a reliable measure of the overall deviation between

i=
the model and the data. The RMSE between the experimental and fitted phase shift
values is +0.86° for GP, +0.39° for GOP, and + 0.84° for PRGP, which we report as
uncertainty in the fitted phase shift. The dashed lines in Fig. 4b—d show phase shift
simulations when the thermal conductivity is varied by +10 % from the best-fit
value. Even this small variation in thermal conductivity leads to a noticeable change
in phase shift, up to 2.1° for GP, 0.9° for GOP, and 2.0° for PRGP. This highlights
the high sensitivity of fitting for thermal conductivity determination. It should be
noted that these values indicate the phase shift difference between the best-fit case
and the cases with a 10 % change in thermal conductivity. This strong dependence
indicates that even minor mismatches between experimental and theoretical phase
shifts correspond to meaningful changes in thermal conductivity, enabling reasona-
bly precise thermal conductivity determination. In the studied frequency range, the
phase sensitivity is approximately <0.5° per 5 % change in thermal conductivity.
Our uncertainty analysis focuses on phase shift measurement, examining how the
level of RMSE in the phase shift influences the resulting thermal conductivity. The
same uncertainty analysis is used for the in-plane thermal conductivity measure-
ment. The uncertainty of thermal conductivity caused by the thickness, density, and
specific heat data of the samples is far less than that of phase shift measurement.
Therefore their effects are not included here.

The above sensitivity analysis highlights the importance of selecting an appro-
priate frequency range for the experiment. For instance, in the case of GP sample
(Fig. 4b), at frequencies above 4000 Hz, the phase shift curves for different thermal
conductivities converge, making it difficult to distinguish between them. At such
high modulation frequencies, the thermal penetration depth becomes much smaller
than the film thickness, confining the temperature oscillations to a shallow sub-sur-
face region. As a result, the phase shift becomes largely insensitive to the bulk cross-
plane thermal conductivity, leading to a plateau of the phase shift versus frequency
response and a reduction in fitting accuracy. Therefore, the use of lower frequency
data, where thermal waves penetrate deeper into the sample but remain within the
sample thickness, is critical for accurately extracting the cross-plane thermal con-
ductivity. Moreover, at very low frequencies, the chance of contributions from both
in-plane and cross-plane heat conduction increases, which can introduce additional
uncertainty into the measurement and data interpretation.

Note that for the cross-plane thermal conductivity measurements, a limited num-
ber of modulation frequencies (typically 5-10 points) are used. This number is suf-
ficient for reliable thermal conductivity extraction for several reasons. First, the
selected frequencies span a wide range and cover the region in which the phase shift
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exhibits strong sensitivity to the cross-plane thermal conductivity; and the phase
shift separation between the lowest and highest selected frequencies is significant.
Also the large phase separation between adjacent frequencies ensures that each data
point provides substantial independent information for parameter fitting. Second, the
photothermal data in this work are acquired manually rather than through automated
frequency sweeping, with an emphasis on signal stability and measurement accu-
racy at each selected frequency. While a larger number of frequency points could in
principle be collected by extending the duration of the experiment, the present data
density is sufficient to uniquely determine the cross-plane thermal conductivity of
the studied samples without compromising accuracy.

The laser-induced temperature rise is estimated using a radial heat diffusion
model suitable for a suspended thin film. With an absorbed power of around 12 mW
in our measurement, a laser spot radius of 0.6 mm, and an in-plane thermal con-
ductivity of~0.8 W-m~1.K~!, the maximum temperature increase is estimated to
be~4 K for GOP, which is the highest among the three samples. This confirms that
laser-induced heating during the measurements is negligible, and will not cause
structural damage of the sample.

3.3 In-Plane Thermal Conductivity Measurement
3.3.1 Measurement Data and Physics

In this section, the in-plane thermal conductivity of GP, GOP, and PRGP samples
is measured using the PT technique. As previously discussed, the heat flow direc-
tion can be controlled by adjusting the modulation frequency. To enhance sensitiv-
ity to in-plane heat conduction, a low frequency range (< 1.5 Hz) is selected. At
these frequencies, the cross-plane thermal diffusion length much exceeds the sam-
ple thickness. As a result, the in-plane heat diffusion along the suspended samples
determines the phase shift. The estimated modulation frequencies for in-plane ther-
mal conductivity measurements of GP, GOP, and PRGP are 0.48, 0.22, and 0.92 Hz,
respectively, based on the sample lengths and the estimated in-plane thermal dif-
fusivities. Additionally, in the width direction, the samples have a width of ~1 mm,
which is fully covered by the laser beam (1.2 mm diameter), ensuring negligible
lateral thermal gradients across the width. This is important for ensuring the heat
conducts along the length direction during in-plane thermal conductivity meas-
urements. It is important to note that the lower frequency limit of the NF LIS655
lock-in amplifier is 0.5 Hz. Figure 5 shows the experimental phase shift data with
theoretical fittings for GP, GOP, and PRGP. The extracted in-plane thermal conduc-
tivities are 690 W-m™"-K™!, 0.78 W-m~".K~!, and 2.9 W-m™"-K™! for GP, GOP, and
PRGP, respectively (see Table 1). In previous two works published by our group on
the same GP sample using different techniques, the in-plane thermal conductivity
was reported in the ranges of 616-642 W-m~'.K~! [24] and 634-710 W-m~'.K~!
[40], demonstrating good agreement with the result of this study. Additionally,
for the same GOP and PRGP samples, another study from our group reported
thermal reffusivities (i.e., the inverse of thermal diffusivity) of 13.85%10° and
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Fig.5 Data fitting of phase shift for the thermal radiation from the sample surface for (b) GP, (c) GOP,
and (d) PRGP, corresponding to in-plane thermal conductivity measurements using the PT technique.
Dashed lines indicate + 10 % uncertainty in the thermal conductivity used for the theoretical fitting

(3.68-4.27) x 10° s-m 2, corresponding to thermal conductivities of 0.69 W-m~!.K™!
and 2.43-2.83 W-m LK™ (k = apc,), respectively, closely matching the results
obtained in this work. Additionally, as expected, the thermal conductivity of PRGP
in both in-plane and out-of-plane directions is higher than that of GOP, due to the
partial removal of oxygen-containing functional groups, which reduces phonon scat-
tering and facilitates more effective heat transfer through the partial restoration of
the sp? carbon network.

3.3.2 Uncertainty Analysis and Discussion

The RMSE values for the in-plane thermal conductivity fitting are +0.83° for GP,
+0.60° for GOP, and +0.48° for PRGP. Moreover, the dashed lines in each plot of
Fig. 5 represent the + 10 % uncertainty bound for the theoretical phase shift curves.
These bounds provide a visual representation of the sensitivity of the model to
changes in thermal conductivity and illustrate the confidence range around the best-
fit curve.

In the simulation for data fitting, key parameters such as volumetric heat capacity,
sample length, and laser spot size are required. The volumetric heat capacity values
are the same as those used in the cross-plane measurements. Sample lengths of 2 cm
for GP and 1 mm for both GOP and PRGP are selected. The shorter lengths of GOP
and PRGP are critical for minimizing radiation heat loss, while a longer length for
GP is suitable due to its high in-plane thermal conductivity. Generally, the radia-
tive heat loss causes an overestimated thermal diffusivity as 4P£o’T3L2 / ( pCpAﬂ'2>
[55], where ¢ is the emissivity (approximated as 1 here), o the Stefan-Boltzmann
constant, 7, the room temperature, L the sample length, P the sample’s circumfer-
ence, and A the sample’s cross-sectional area. For thin-film samples of thickness z,
this equation is simplified as 826 T3L? / (pc,zx?), and the radiation-induced thermal
diffusivity values are calculated to be 1.32x 107> m*s™! for GP, 6.14x 107® m?.s~!
for GOP, and 1.13x 1077 m*s~!' for PRGP. These values are significantly smaller
than the corresponding measured thermal diffusivities of 5.99x 10~ m?s~! for GP,
7.29% 10”7 m*s™! for GOP, and 2.69x 10° m*s™' for PRGP. Therefore, the con-
tribution of radiation effect to the overall in-plane heat transfer is negligible in this
study.
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For the laser spot size measurement, as mentioned earlier, the radial intensity
. . . . 2
distribution of a Gaussian beam is described by I = I exp (—(x - xo) /ré). The

knife-edge technique [56] is employed to characterize the laser beam profile and
determine the laser power distribution. In this technique, a sharp edge is trans-
lated across the laser beam path along the x direction, while the transmitted power
is recorded at each position with a step size of 10 pm. By integrating the Gauss-
ian intensity distribution along the beam cross-section, the cumulative laser
power as a function of edge position x is given by P = Py[1 +erf((x — x;)/ro)].
where the P is the laser power at the position x, and P is the total beam power.
The knife-edge data are fitted to this equation, and the beam radius r; is deter-
mined to be 0.6 mm. Our sample width is chosen to be 1 mm, less than the laser
spot diameter (1.2 mm). Therefore, in the heating region, the temperature differ-
ence in the width direction can be neglected.

The measured thermal conductivities reveal pronounced anisotropy that
directly reflects the structural differences among the three graphene-based sam-
ples. The thermal anisotropy ratio (®), which is a ratio of the in-plane thermal
conductivity over the cross-plane one, is summarized in Table 1. GP exhibits the
highest in-plane thermal conductivity and the largest thermal anisotropy ratio
(94.8), consistent with its low defect density and well-aligned layered structure,
as confirmed by Raman spectra and optical imaging. In contrast, GOP shows a
significant reduction in both in-plane thermal conductivity and thermal anisot-
ropy ratio (3.63), indicating that oxidation introduces defects that enhance phonon
scattering and weaken interlayer coupling. PRGP demonstrates partial recovery
of thermal transport, highlighting that reduction can mitigate, but not completely
eliminate the structural disorder. The thermal anisotropy ratio quantifies these
effects: 94.8 for GP, 3.63 for GOP, and 9.18 for PRGP. These results illustrate a
clear correlation between structural integrity, defect density, and directional ther-
mal transport, emphasizing that even moderate chemical modification can dra-
matically influence the anisotropic thermal behavior in graphene-based materials.

From a phonon transport perspective, the XRD-derived interlayer spacing plays
a critical role in determining the phonon mean free path. In highly crystalline GP,
the interlayer spacing of ~3.35 A and well-aligned structure enable long phonon
mean free path due to reduced boundary and defect scattering. The phonon mean
free path can be expressed as /=vt, where v is the phonon group velocity and 7 is
the relaxation time. In GP, both intrinsic scattering and interlayer coupling allow
a relatively large 7, leading to a high thermal conductivity. However, the oxida-
tion in GOP introduces functional groups that not only increase interlayer spac-
ing but also act as strong phonon scattering centers, significantly reducing z. In
addition, the increased spacing weakens interlayer coupling, limiting cross-plane
phonon transport and further shortening the effective phonon mean free path. For
PRGP, although partial reduction restores some sp> bonding, residual defects and
incomplete structural recovery continue to limit phonon lifetimes. Consequently,
the progressive reduction in phonon mean free path from GP to PRGP to GOP
directly explains the observed decrease in thermal conductivity and anisotropy.
These results highlight that oxidation-induced structural expansion and disorder,
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as evidenced by XRD, are key factors governing phonon scattering mechanisms
in graphene-based structures.

3.3.3 Location Sensitivity in In-Plane Thermal Conductivity Measurement

As mentioned earlier, the laser irradiates the center of the suspended sample, and
the sample position is slightly adjusted to maximize the signal. This ensures that
laser heating and thermal radiation sensing occur at the same location. However, this
location may not coincide precisely with the geometric center of the sample. Here
we present how the location could affect the in-plane thermal conductivity meas-
urement. Figure 6a—c shows a theoretical analysis of phase shift at low frequencies
when the heating/sensing position is offset by up to 10 % from the midpoint of the
sample length for GP, GOP, and PRGP, respectively. In the simulation, the thermal
radiation sensing length is taken as 1 mm, corresponding to the length of the detec-
tor, and the average phase shift over this length is calculated. For GP (2 cm length),
Fig. 6a shows that a 10 % position offset results in only a 4.2 % difference in phase
shift across all frequencies, which has negligible effect on the fitting result. For GOP
(Fig. 6b) and PRGP (Fig. 6¢) (1 mm length), the phase shift differences are even
smaller, 0.7 % for GOP and 0.6 % for PRGP, because the sample and sensing lengths
are the same. Therefore, a 10 % deviation from the sample midpoint in laser heating
and thermal radiation sensing has a negligible impact on the results.

4 Benchmarking of In-Plane Thermal Conductivity

To the best of our knowledge, this is the first time the PT technique is used to
measure the in-plane thermal conductivity of suspended samples. The measure-
ment accuracy is also evaluated by benchmarking against the well-established
TET technique. The TET technique, originally developed by our group in 2007
[23], enables precise determination of the thermal diffusivity of suspended fiber-
like and thin-film materials. Over the years, it has been applied to a broad range
of samples, including carbon nanocoils, carbon nanotubes, polypropylene separa-
tors, and various other materials [40, 55, 57-60]. Figure 7a shows the physical
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Fig. 6 Phase shift sensitivity based on location of laser heating and thermal radiation sensing for in-plane
thermal conductivity for (a) GP, (b) GOP, and (c) PRGP
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principle of this technique. In the measurement, the sample is mounted across a
trench and affixed to two aluminum electrodes with silver paste to ensure robust
electrical and thermal contact. During measurement, a step DC current, supplied
by a current source (Keithley 6221), is applied. The resulting Joule heating raises
the sample’s temperature and consequently changes its electrical resistance. This
resistance change is monitored as a transient variation in the measured voltage
over the sample using an oscilloscope (Tektronix DPO3052). The heating interval
is selected so that the sample reaches the steady state, with adequate cooling time
between current pulses to avoid cumulative heating. The resulting voltage—time
(V-1) profile, which characterizes the sample’s transient thermal behavior, is ana-
lyzed to extract its effective thermal diffusivity (e.4). For non-conductive materi-
als coated with a thin conductive layer, or when radiative heat loss is significant,
these effects can be accounted for and removed during post-analysis.

Because of the high aspect ratio (length-to-thickness) of the samples, heat
transfer can be considered 1D along the length. All experiments are performed
under high vacuum (< 0.2 mtorr) to minimize convective effects. The transient
heat conduction along the sample (x-direction) follows the 1D heat conduction
equation as Ref. [23].
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Fig.7 (a) Experimental setup of the TET technique. Data fitting of voltage signals obtained from oscil-
loscope for (b) GP, (c) GOP, and (d) PRGP
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here, ¢, [W-m~] represents the volumetric heat generation due to the applied cur-

rent. Using Green’s function solution, the normalized temperature rise along the

length can be expressed as

— 96 & 1 —exp[—2m — 1) .1/ L7]
n 2m - 1)*

, a7

m=1

where L is the sample length and ¢ is time. A simplified version of Eq. 17 as an
exponential model for 7%(¢) has been developed as

T* =1 —exp(—maut/L?). (18)

Since the transient voltage change is directly proportional to the temperature rise,
the experimental V-7 data can be fitted using the following expression to determine
a.;[61]

V = b, + b, exp(—n*a,qt/L?), (19)

where by, b,, and a; are fitting parameters extracted from the regression.

The samples of GP, GOP, and PRGP are prepared for testing using the TET
technique. The dimensions and obtained thermal diffusivities and conductivities
of these three samples are summarized in Table 2. For consistency, the same den-
sity and specific heat capacity values used in the PT technique analysis are applied
here. The sample thicknesses are also identical to those used in the PT measure-
ments. By fitting the TET signals using Eq. 19, as shown in Fig. 7b—d, the obtained
effective thermal diffusivity for GP, GOP, and PRGP samples is 7.57 X 10* m%s~,
7.08x107 m%s~!, and 3.01 x 10°° m?s~!, respectively. Since GOP is non-conduc-
tive, it is coated with a very thin layer (~10 nm thick) of Ir film to enable TET
measurement. To account for both radiation and coating effects, it has been shown
that for a film-like sample, the real thermal diffusivity (a,,) can be calculated as
Qo] = Coff — [8£GT3L2 / (pCpZﬂ'Z)] - [LLorenzTOL/ RApcp]. Here, L ., is the Lor-
enz number, which is~3.69x 1078 W-Q-K~2 for a 10 nm thick Ir coating [62], and
R is the electrical resistance of the sample during the TET experiment. Therefore,
the real thermal diffusivity is calculated to be 7.11 x 10 m%s~! for GP, 6.07x 107’

Table 2 Experimental details and fitted results of in-plane thermal conductivity using the TET technique

Sample Length [mm] Width [mm] Real thermal diffusivity Thermal
[m*s~'] conductivity
(Wm LK™
GP 37.191 0.270 7.11x107 818
GOP 1.271 0.665 6.07x1077 0.64
PRGP 2.350 0.645 2.38%107° 2.65
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m?%s~! for GOP, and 2.38x 10 m2s~! for PRGP, corresponding to thermal con-
ductivities of 818 W-m™'.K~!, 0.64 W-m~".K~!, and 2.65 W-m~.K~!, respectively.
These values agree well with the PT technique results, confirming their validity. The
slight discrepancy between the PT and TET results does not arise from experimental
inaccuracy but rather from sample-to-sample variations. In our lab, Xie et al. [40]
previously measured the thermal diffusivity of multiple samples prepared from the
same material (e.g., PRGP) and observed noticeable differences. This indicates that
even nominally identical samples can exhibit variability, particularly when the mate-
rial is not a perfect single crystal. Different sections of the same material may pos-
sess microstructural variations that lead to differences in thermal transport proper-
ties. In fact, Xie et al. [40] reported variations of up to~50 % in thermal diffusivity
among samples cut from different sections of the same PRGP material.

It needs to be noted that the frequency resolving method developed in this work
can also be applied to supported micro/nanoscale materials and bulk materials to
measure their anisotropic thermal conductivity. For the cross-plane (direction along
the laser beam irradiation) thermal conductivity measurement, a carefully chosen
high frequency range can be used to exclude the effect of lateral heat conduction.
However, for the in-plane thermal conductivity measurement, even at low frequen-
cies, the cross-plane heat conduction in the substrate/bulk part could still be impor-
tant, and will strongly affect the measured signal. This will somehow reduce the
measurement sensitivity. A suspended sample could eliminate this effect and dra-
matically improve the sensitivity of in-plane thermal conductivity measurement.

5 Conclusion

This study rigorously measured the anisotropic thermal conductivity of graphene-
based films and investigated their real thermal anisotropy ratio. The thermal ani-
sotropy ratio in graphene-based papers is governed primarily by material structure.
GP, GOP, and PRGP exhibited distinct oxidation and reduction states that lead to
measurable differences in microstructure, as evidenced by Raman spectroscopy
and optical microscopy. These structural variations directly control both the mag-
nitude and anisotropy of thermal conductivity by modifying phonon scattering,
interlayer coupling, and flake alignment. Using a frequency-resolved photothermal
(PT) technique, both in-plane and cross-plane thermal conductivities were extracted
from the same suspended specimen at a fixed measurement location. This single-
sample approach eliminates preparation-induced structural variation that can arise
when separate samples or techniques are used, enabling a faithful determination of
intrinsic thermal anisotropy ratio. The measured cross-plane and in-plane thermal
conductivities are 7.28 W-m~-K~! and 690 W-m~'-K~! for GP, 0.215 W-m~1.K~!
and 0.78 W-m™"-K™! for GOP, and 0.316 W-m™"-K™' and 2.9 W-m~".K™! for PRGP,
respectively, showing good agreement with literature values and independent tran-
sient electro-thermal measurements. The slightly higher cross-plane thermal con-
ductivity observed for PRGP compared with reported values is attributed to dif-
ferences in reduction conditions, layer stacking, and microstructural organization.
Importantly, the resulting thermal anisotropy ratios are 94.8 for GP, 3.63 for GOP,
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and 9.18 for PRGP. These values provide a robust and physically meaningful basis
for comparing graphene-based papers and reveal a clear correlation between oxida-
tion-induced disorder and reduced thermal anisotropy. Overall, this work highlights
the critical role of material structure in governing directional thermal transport and
demonstrates that the frequency-resolved PT approach offers a versatile and non-
destructive platform for investigating anisotropic thermal conductivity in a broad
range of thin-film materials relevant to electronics, energy storage, and thermal
management applications.
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