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Effects of Unit Cell Size on Thermal Conductivity in Two
Different Polymorphs of Niobium Diselenide

Sungjin Park, Kyomin Kim, Kwangrae Kim, Wooyoung Lee, Aloysius Soon,*
Jong-wook Roh,* and Woochul Kim*

2D materials possess weak inter-layer van der Waals bonding, allowing them
to exist as different polymorphs depending on the stacking sequence of the
layers. Herein, the thermal conductivities of the 2H-NbSe2 and 2H-3R-NbSe2

polymorphs by conducting experimental measurements and theoretical
analysis are comparatively studied. Owing to its 1.8 times larger unit cell,
2H-3R-NbSe2 has a considerably greater number of optical phonon branches
than does 2H-NbSe2, suggesting that 2H-3R-NbSe2 absorbs thermal energy
rather than transporting it. In addition, scattering is more likely to occur in
2H-3R-NbSe2 because a far greater number of states satisfy the selection rule.
As a result of these, the 2H-3R-NbSe2 has considerably lower thermal
conductivity than that of the 2H-NbSe2. The results highlight how the size of
the unit cell affects the thermal conductivities of polymorphs.

1. Introduction

Polymorphism in materials allows for the tuning of their elec-
trical and thermal properties owing to their ability to exist in
different crystal structures while maintaining the same chemi-
cal composition.[1] While theoretical analyses of changes in ther-
mal conductivity due to polymorphism exist,[2–11] experimental
data are scarce, except in the case of carbon-based materials,[12,13]
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such as diamond,[14] graphene,[15–17]

graphite,[18,19] and carbon nanotubes,[20,21]

and polymorphs of Ge2Sb2Te5,[22] InAs
nanowires,[23] and Cu2SnS3.[24] In
fact, to our knowledge, a comparative
study on the experimentally measured
thermal conductivities of 2D transi-
tion metal materials and their poly-
morphs has not been reported thus far.

2D materials, especially 2D transition-
metal dichalcogenides (TMDs), exhibit dif-
ferent properties compared to those of their
bulk counterparts owing to weak inter-layer
van der Waals bonding.[25–27] This weak
bonding allows 2D materials to exist as dif-
ferent polymorphs depending on the stack-
ing sequence of the layers.[28] Typical poly-
morphs are the 2H and 1T phases, which

usually represent semiconducting properties and metallic prop-
erties, respectively.[29] Owing to such properties, 2D materials
have unique electrical properties, and various studies have in-
vestigated representative 2D materials, such as MoS2, WSe2, and
WTe2.[28,30,31] In a recent work, Sun et al.[32] experimentally mea-
sured the thermal conductivity of 2H-NbSe2 by interlayer decou-
pling of an aerogel-like superlattice consisting of highly porous
hydroxide and NbSe2 layers. This work showed that intrinsic 2D
properties of bulk materials can be measured without mechan-
ical exfoliation. In another work by Zhu et al.,[33] the thermal
conductivity of a few-layer 2H-NbSe2 sample was measured us-
ing the heat diffusion imaging method. Their measured maxi-
mum thermal conductivity value of 53 W mK−1 was much higher
than that of bulk 2H-NbSe2 reported in another work by Belet-
skii et al.[34] and revealed that phonons are the major heat car-
riers in few layer 2H-NbSe2. This increase in thermal conduc-
tivity in extremely thin 2D materials may be attributed to the di-
minished effect of Umklapp scattering as only the boundary scat-
tering of phonons becomes relevant to the thermal transport.[35]

Additional works report low-temperature thermal conductivity of
2H-NbSe2 to study the thermal transport at the superconducting
state.[36,37] However, the thermal properties of 2D TMD materials
and their polymorphs have not been experimentally measured
thus far to the best of the author’s knowledge, although a few
theoretical analyses have been reported in the literature.[38–43]

Herein, a comparative study on the difference in the thermal
conductivities of two polymorphs (2H- and 2H-3R polymorphs)
of NbSe2 (see Figure 1a) is determined by conducting experimen-
tal measurements and performing a theoretical analysis. NbSe2
is a 2D TMD in which Se-Nb-Se forms a sandwich-like covalent
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Figure 1. a) STEM images of 2H-NbSe2 and 2H-3R-NbSe2 showing dif-
ferences in their stacking sequences. b) Effect of the enlarged unit cell on
phonon branches and phonon scattering. c) The effect of stacking order
difference on thermal conductivity of NbSe2 and its polymorph.

bond. The 1H (hexagonal) monolayer NbSe2 can form different
phases, such as 2H, 4H, and 3R (rhombohedral), through van
der Waals bonding. As with the well-studied MoS2,[44] Moon et
al.[45] reported that the unit cell volumes of 2H- and 2H-3R-NbSe2
differ owing to differences in their stacking sequences. As illus-
trated in Figure 1b, the change in unit cell volume is expected to
cause changes in the phonon group velocity and anharmonicity
of these materials, resulting in the lower thermal conductivity of
2H-3R-NbSe2. A larger unit cell leads to an increase in the num-
ber of optical phonon branches, which reduces the phonon group
velocity.[46] Additionally, the aforementioned change in unit cell
volume can affect the phonon selection rule and the Grüneisen
parameter, which are related to phonon scattering.[47–49] Herein,
we investigate the effect of changes in unit cell volume on the
thermal conductivities of 2H- and 2H-3R-NbSe2 (Figure 1c).

2. Materials and Methods

2.1. Material Synthesis and Characterization

Details in material synthesis[45] are available in the supporting
information so only a brief summary is provided here. Niobium

Table 1. Lattice constants and unit cell volumes of 2H- and 2H-3R-NbSe2.

a [Å] b [Å] c [Å] V [Å3]

2H 3.422 3.422 12.169 142.26

2H-3R 3.412 3.412 24.547 260.41

and selenium powders were weighed and mixed according to the
stoichiometric ratio. After mechanical mixing with ethanol, the
mixture was dried to vaporize the ethanol in the mixture. The
dried mixture was then vacuum sealed in a quartz tube and heat
treated to finally obtain 2H-3R-NbSe2 samples. Reference 2H-
NbSe2 samples were purchased from HQ graphene.

To ensure that the as-synthesized samples were indeed 2H-
3R-NbSe2, material characterization was performed (Figure S1,
Supporting Information). The crystal structures of the synthe-
sized 2H-3R-NbSe2 and 2H-NbSe2 samples were observed with
X-ray diffraction, and the observed peak locations agreed with
that of the reference pattern reported in a previous study.[45] Fur-
ther characterization using Raman spectroscopy analysis and X-
ray photoemission spectroscopy was performed revealing the dif-
ference in stacking sequence and unchanged chemical state. All
results were in agreement with the data presented in the refer-
ence work,[45] confirming the correct synthesis of 2H-3R-NbSe2.

The structural characteristics of the synthesized 2H- and 2H-
3R-NbSe2 were confirmed through scanning transmission elec-
tron microscopy (STEM) imaging (see Figure 1a). To obtain
STEM images, cross-sectional NbSe2 samples were prepared us-
ing focused ion beam (FIB) milling. These samples were then
transferred to the STEM to observe their layered structures.
Figure 1a depicts a schematic diagram of the layered structure
and STEM image of the 2H phase. The distributions of nio-
bium (teal circle) and selenium (orange circle) in the inset STEM
image are consistent with those in the schematic diagram. The
schematic diagram of the layered structure and the STEM image
of the 2H-3R phase are depicted in Figure 1a. Likewise, the distri-
butions of niobium and selenium in the inset STEM image were
consistent with those in the schematic diagram, indicating that
the synthesized 2H-3R phase sample was indeed 2H-3R-NbSe2.
Additionally, density functional theory (DFT) optimized lattice
constants of 2H-NbSe2 and 2H-3R-NbSe2 were obtained, as listed
in Table 1, and these constants confirmed the 1.8 times larger
unit cell volume of the 2H-3R-NbSe2 resulting from differences
in the stacking sequences. Such enlarged unit cells due to differ-
ences in stacking sequence are also evident in other 2D layered
materials and their polymorphs such as MoS2, TaS2, and WSe2
due to the weak van der Waals bonding between the layers.[44,50–54]

2.2. Thermal Conductivity Measurement

To measure the thermal conductivity of thin film NbSe2, the pre-
viously synthesized bulk NbSe2 samples were mechanically exfo-
liated to obtain thin films. These thin films were then randomly
transferred onto a micro-fabricated measurement device by using
a PDMS block. The micro-fabricated measurement device con-
sisted of a heater suspended between two heatsinks, as illustrated
in Figure 2a. The sample to be measured was placed between
the heaters and a third heatsink to form a T-shape, which gives
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Figure 2. a) Schematic of T-bridge measurement setup. b) SEM image of
the suspended heater and heat sink. c) SEM image of the sample placed
on the heater and heat sink.

this measurement method its name, i.e., T-bridge method.[55] A
micromanipulator was used to select and position a thin film
sample onto the heater and heatsink for measurement. A small
drop of ethanol was added onto the substrate to facilitate the
transfer of the thin film by using the micromanipulator.[56] Once
the sample was placed on the heater and heatsink, the ethanol
was dried off with a blast of air. After the substrate was dried
adequately, a field emission scanning electron microscope (FE-
SEM, IT-500HR, JEOL) was used to measure the sample’s di-
mensions and its location on the heater. The sample’s thickness
was measured with atomic force microscopy (AFM, NX-10, Park
Systems).

The thermal conductivities of the as-prepared NbSe2 samples
were measured from 50 to 300 K by using the T-bridge method[55]

(Figure 2b). In the T-bridge method, a sample, NbSe2 in our case,
is placed across a suspended heater and heat sink (Figure 2c). An

electrical current is applied to the heater to increase the tempera-
ture on one side of the sample. This induces a heat flux from the
sample to the heat sink. Additionally, the suspended heater acts
as a thermometer, and by measuring the temperature difference
between the two sides of the sample, its thermal conductivity can
be determined. The thermal conductivity of a SiO2 thin film was
measured to verify our measurement setup (Figure S2, Support-
ing Information). The measured results showed that the thermal
conductivity of the SiO2 thin film measured using the T-bridge
method agrees with the reference bulk data,[57] validating the T-
bridge method.

3. Theoretical Analysis

3.1. Density Functional Theory Calculations

The theoretical framework of this study employs first-principles
calculations based on density functional theory (DFT) using pe-
riodic boundary conditions. The calculations were performed us-
ing the Vienna Ab initio Simulation Package (VASP)[58,59] with the
projector augmented wave (PAW) method.[60,61] The exchange-
correlation interactions were treated using the Perdew–Burke–
Ernzerhof (PBE)[62] functional within the generalized gradient
approximation (GGA). A plane-wave basis set with a kinetic en-
ergy cutoff of 500 eV was utilized for expanding the Kohn–Sham
orbitals. The calculations incorporated van der Waals (vdW) cor-
rections through the DFT-D3 method with Becke-Johnson (BJ)
damping.[63] A Γ-centered k-point mesh was generated using a
0.2 Å−1 k-spacing, resulting in 11 × 11 × 3 and 11 × 11 × 2
grids for the 2H and 2H-3R phases, respectively. The struc-
tural optimization was performed with stringent convergence
criteria, where the total energy convergence was set to 10−8 eV
and the Hellmann–Feynman forces were minimized to less
than 10−3 eV Å−1. The space groups P63/mmc (no. 194) and
P63mc (no. 186) were determined for the 2H and 2H-3R phases,
respectively.

3.2. Phonon Dispersion and Scattering

The harmonic phonon calculations were performed using the
finite-displacement method on a 6 × 6 × 1 supercell with atomic
displacements of 0.01 Å. For anharmonic interatomic force con-
stants (IFCs), cutoff radii of 10 and 8 Bohr were applied for
third-order and fourth-order IFCs, respectively, considering only
up to three-body interaction terms. All IFC calculations were
conducted using the ALAMODE[64] software, with data derived
from ab initio molecular dynamics (AIMD) simulations at 300 K.
These simulations were performed for 2500 steps with a 2 fs
time step on a 6 × 6 × 1 supercell using Γ-point sampling. Af-
ter the initial 500 steps, 100 AIMD snapshots were extracted at
intervals of 20 steps. To minimize cross-correlation among con-
figurations, individual atoms in each snapshot were displaced
by 0.1 Å in random orientations. The third-order and fourth-
order IFCs were estimated using compressive sensing (Adaptive-
LASSO[65]) with fourfold cross-validation applied to the sampled
structures.

Furthermore, because the Grüneisen parameter is an in-
dicator of the probability of phonon–phonon scattering, the
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Figure 3. a) Phonon dispersion of 2H-NbSe2 showing a linear relationship between phonon frequency and wave vector near the 𝚪 point. b) 2H-3R-NbSe2
phonon dispersion showing the nonlinear relationship between phonon frequency and wave vector near the 𝚪 point, where the kink in the LA branch can
be observed. c) 3 ph (yellow) and 4 ph (green) Umklapp scattering rates of 2H- (top) and 2H-3R-NbSe2 (bottom). The red highlighted areas represent
the stronger 4 ph scattering of 2H-3R-NbSe2 than that of 2H-NbSe2.

change in unit cell volume is expected to affect phonon–phonon
scattering.[48,49] Temperature-renormalized harmonic force con-
stants at 300 K were used to compute phonon group veloci-
ties and Grüneisen parameters, with cubic IFCs included for
the latter. Scattering rates were calculated under the single-
mode relaxation time approximation (SMRTA), accounting for
three-phonon (3ph) and four-phonon (4ph) scattering pro-
cesses via ShengBTE[66] and FourPhonon.[67] The self-consistent
phonon (SCP) theory[64] was employed to obtain temperature-
renormalized harmonic force constants, eliminating imaginary
frequencies and ensuring more physically reliable phonon scat-
tering calculations.[68]

4. Results and Discussion

As illustrated in Figure 1a, the STEM investigations unequivo-
cally reveal that 2H-3R-NbSe2 exhibits a repetitive stacking se-
quence comprising the A, B, C’, and B’ layers, whereas 2H-NbSe2
is characterized by a simpler stacking sequence involving only the
A and B’ layers. Crucially, lattice constants derived from STEM
and XRD analyses (Table 1) confirm that this variation in stacking
configuration results in a 1.8-fold increase in the unit cell volume
of 2H-3R-NbSe2. A study by Chakraborty et al.[69] revealed that
larger unit cells cause an increase in optical branches in phonon
dispersion due to Brillouin zone folding. Such an effect leads to
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Figure 4. Measured total thermal conductivity of a) 2H-NbSe2 and b) 2H-3R-NbSe2.

reduced group velocity. Another work by Cui et al.[70] on silicon
nanomeshes revealed that larger unit cells can reduce thermal
conductivity by increasing phonon anharmonic scattering and re-
duced group velocity owing to the Brillouin zone folding. Simi-
larly, Baer et al.[71] showed that while larger unit cells show re-
duced group velocity due to zone folding, the increase in phonon
scattering shows a more dominant effect on the reduction of ther-
mal conductivity. As such, the phonon dispersion of the 2H- and
2H-3R-NbSe2 was investigated to study the effect of the unit cell
size on the thermal conductivity of the two NbSe2 polymorphs.

The phonon dispersion relationships of the 2H- and 2H-3R-
NbSe2 are shown in Figure 3a,b, respectively. Upon closer in-
spection of phonon dispersion near the 𝛤 point (enlarged sec-
tion in Figure 3b), the LA branch of the 2H-3R phase shows
a kink, which results in a nonlinear relationship between the
phonon frequency and wavevector. Therefore, while the phonon
group velocity of the 2H phase was determined by linear De-
bye approximation, the group velocity of the 2H-3R phase was
determined by nonlinear approximation.[72,73] The approximated
phonon group velocities of 2H- and 2H-3R-NbSe2 were 2108.42
and 1874.73 m s−1, respectively. Phonon group velocity may alter-
natively be expressed as vg ∼ vs =

√
E∕𝜌 where vs is the velocity

of sound, E is the elastic modulus, and 𝜌 is the density. Clearly, a
change in unit cell volume leads to a change in density, resulting
in a variation in phonon group velocity, which is consistent with
the difference relative to the phonon group velocity approximated

Table 2. Comparison of the experimentally measured total thermal con-
ductivity of different materials and their polymorphs at 300 K.

Material Polytype Thermal conductivity [W m-K−1]

Ge2Sb2Te5
[22] h-GST 1.5

c-GST 0.6

a-GST 0.2

InAs[23] WZ 14

ZB 7.5

Cu2SnS3
[24] Ordered 1.03

Disordered 0.45

NbSe2(This
work)

2H 9.5

2H-3R 4.2

from phonon dispersion. Additionally, compared to the unit cell
of 2H-NbSe2 which consists of six atoms, the enlarged unit cell of
2H-3R-NbSe2 consists of 12 atoms. Consequently, 2H-NbSe2 had
15 optical phonon branches, and this number increased to 33 for
2H-3R-NbSe2. The increased number of optical phonon branches
of 2H-3R-NbSe2 indicated that thermal energy is absorbed rather
than transported. However, as the number of acoustic phonon
branches was three for both 2H- and 2H-3R-NbSe2, energy trans-
fer was limited. This effect may have reduced the phonon group
velocity owing to increased inter-branch scattering.[46,47]

The effect of the difference between the unit cell volumes of
2H- and 2H-3R-NbSe2 on their respective thermal conductivi-
ties was further investigated by studying their phonon anhar-
monicity. Phonon anharmonicity was characterized using the
Grüneisen parameter, 𝛾(𝜔)= d(ln𝜔)/d(ln V), where𝜔 denotes the
phonon frequency, and V is the unit cell volume.[41,43,48,49,74] The
calculated Grüneisen parameter values were 1.28 and 1.44 for
2H-NbSe2 and 2H-3R-NbSe2, respectively. The effect of this dif-
ference in the Grüneisen parameter was observed in the phonon-
phonon scattering rates. Figure 3c and Figure S3 (Supporting In-
formation) depict the calculated Umklapp and normal scattering
rates of the 3 and 4 ph of 2H- and 2H-3R-NbSe2, respectively.
Although the calculated normal scattering rates of 2H- and 2H-
3R-NbSe2 were similar, their Umklapp scattering rates were dif-
ferent. As can be seen in Figure 3c, the 3 ph scattering rates of
2H- and 2H-3R-NbSe2 were similar, while the 4 ph Umklapp scat-
tering rate of 2H-3R-NbSe2 was considerably higher than that of
2H-NbSe2 in the low-frequency range. Additionally, for the 2H-
and 2H-3R phases, the 4 ph scattering rates were considerably
higher in the low-frequency region than the 3 ph scattering rates.
Therefore, 4 ph scattering must be considered when determining
the thermal conductivities of these two NbSe2 polymorphs. The
phonon phase space was also investigated to study the effect of
larger unit cells on the phonon scattering rates (Figure S4, Sup-
porting Information). Furthermore, the calculated phonon scat-
tering rates clearly highlighted that the larger and more com-
plex unit cell of the 2H-3R phase increased the probability of
phonon-phonon scattering and was expected to affect its thermal
conductivity.

The total thermal conductivity of NbSe2, as measured from
50 to 300 K by using the aforementioned T-bridge method, is
depicted in Figure 4a,b. Table 2 shows the comparison of the
measured total conductivity at 300 K of different materials and
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Figure 5. a) Measured lattice thermal conductivity of 2H-NbSe2 and 2H-3R-NbSe2 plotted against theoretically calculated values. b) Lattice thermal
conductivities of 2H- and 2H-3R-NbSe2 samples with similar thicknesses of ≈60 and 50 nm.

their polymorphs. The lattice thermal conductivities of 2H- and
2H-3R-NbSe2 can be obtained by subtracting the electronic ther-
mal conductivities from their measured total thermal conductiv-
ities. By using the Wiedemann–Franz law, the electronic thermal
conductivities of 2H- and 2H-3R-NbSe2 can be calculated from
their electrical conductivities, as described in a previous study[45]

and illustrated in Figure S5 (Supporting Information). At 300 K,
the calculated electronic thermal conductivity of 2H-NbSe2 was
≈1.5 W mK−1 while that of 2H-3R-NbSe2 was ≈0.3 W mK−1. Ac-
cording to the literature, the 2H phase NbSe2 exhibits metallic
behaviors.[45] The electronic thermal conductivity of pure metallic
materials increases until a certain temperature and converges to a
certain value. Therefore, the effect of electronic thermal conduc-
tivity must be considered when studying metallic materials such
as 2H-NbSe2. Unlike that of pure metals, the electronic thermal
conductivity of alloys continues to increase with increasing tem-
perature (see Figure S5, Supporting Information). According to
previously calculated values, the electronic thermal conductivity
of 2H-NbSe2 is higher than that of 2H-3R-NbSe2 at 300 K. Given
that 2H-NbSe2 is a metallic material, the effect of electronic ther-
mal conductivity on its overall thermal conductivity is stronger,
resulting in the formation of an increasing trend with tempera-
ture. By contrast, because the 2H-3R phase possesses semimetal-
lic properties, its electronic thermal conductivity has a weaker ef-
fect than that of the 2H phase, resulting in the formation of a
different trend. Additionally, as the effect of electronic thermal
conductivity is weaker, the total thermal conductivity of the 2H-
3R phase is lower than that of the 2H phase. According to the

results, the lattice thermal conductivities of both 2H- and the
2H-3R-NbSe2 decreased as the sample thickness decreased (see
Figure 5a). However, there was a marginal difference in the ther-
mal conductivity trend with increasing temperature. The thermal
conductivity of the 2H phase tended to increase more rapidly with
increasing temperature than that of the 2H-3R phase.

To calculate the lattice thermal conductivity of NbSe2 in terms
of temperature and thickness, the Callaway model was utilized
by considering the normal and Umklapp scattering rates as the
3 and 4 ph scattering rates, along with the group velocities cal-
culated from phonon dispersion (see Supplementary Informa-
tion). The total scattering rate follows Matthiessen’s rule, and is
expressed as the sum of the individual scattering rates, as follows:

1
𝜏c

= 1
𝜏N

+ 1
𝜏U

+ 1
𝜏4ph

+ 1
𝜏B

(1)

where 𝜏c, 𝜏N, 𝜏U, 𝜏4ph, and 𝜏B denote the combined, normal,
Umklapp, 4 ph, and boundary scattering rates, respectively. The
phonon scattering parameters used in the thermal conductiv-
ity calculation were derived from the previously calculated scat-
tering rates (Table 3). The calculated lattice thermal conductiv-
ity was plotted along with the previously measured values, as
depicted in Figure 5a. The calculated and measured thermal
conductivities of 2H-NbSe2 agree with each other, and thermal
conductivity tends to increase continuously with temperature.
Likewise, the calculated and measured thermal conductivities of
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Table 3. Scattering parameters used in the Callaway model to calculate the
lattice thermal conductivities of 2H- and 2H-3R-NbSe2.

BN [s K−3] BU [s K−1] B4ph [s K−1]

2H 5.09 × 10−48 1.0 × 10−42 5.75 × 10−46

2H-3R 2.0 × 10−23 8.0 × 10−23 3.0 × 10−21

2H-3R-NbSe2 agree with each other. The thermal conductivities
of both phases tended to decrease with decreasing thickness ow-
ing to an increase in boundary scattering. However, a compari-
son between the thermal conductivities of 2H- and 2H-3R-NbSe2
indicates a difference in trends. Generally, the thermal conduc-
tivity of the 2H phase was greater than that of the 2H-3R phase.
This difference was clearer when observing samples with thick-
nesses of approximately 60 nm and 50 nm (see Figure 5b). First,
as can be seen from the previously calculated phonon dispersion
relationship, the larger unit cell of the 2H-3R-NbSe2 due to its
complex stacking sequence led to an increase in the number of
optical phonon branches. Additionally, there existed a kink in the
LA branch of the 2H-3R-NbSe2. These characteristics contributed
to the reduction of the phonon group velocity, resulting in a lower
value of 1874.73 m s−1 compared to the value of 2108.42 m s−1 for
2H-NbSe2. This reduction in group velocity contributed toward
lowering the thermal conductivity of 2H-3R-NbSe2. Furthermore,
the larger unit cell of 2H-3R-NbSe2 affected the phonon selec-
tion rule and Grüneisen parameter, which are related to phonon-
phonon scattering. A larger Grüneisen parameter of 1.44 was cal-
culated for 2H-3R-NbSe2 when compared to the value of 1.28 for
2H-NbSe2. This difference in the Grüneisen parameter was re-
flected in the larger scattering rates of 2H-3R-NbSe2, especially
in terms of 4 ph Umklapp scattering. Additionally, the cumula-
tive thermal conductivity was investigated (Figure S6, Supporting
Information), revealing that for 2H-3R-NbSe2 short mean free
path phonons contribute significantly to the thermal conductiv-
ity. For 2H-NbSe2, phonons with the mean free path in the range
of ≈10 to 300 nm show great contribution to the thermal con-
ductivity which agrees with the trend shown by other 2D layered
materials such as MoS2, MoSe2, and WSe2.[75] However, for the
2H-3R-NbSe2, phonons in a shorter mean free path range of ≈10
to 60 nm contribute greatly to the thermal conductivity. This sug-
gests that the thermal conductivity of 2H-3R-NbSe2 is influenced
by interlayer or intralayer defects such as differences in stacking
sequence.[76–78] From these findings, it can be inferred that the
lower group velocity and increased phonon-phonon scattering
caused by the enlarged unit cell owing to the complex stacking
sequence reduced the thermal conductivity of 2H-3R-NbSe2 com-
pared to that of 2H-NbSe2. Bao et al.[79] observed this behavior for
a similar 2D material, graphene. In the hexagonal (AAA), Bernal
(ABA), and rhombohedral stacking sequences of graphene, the
interatomic distances between the adjacent layers are different,
leading to different electrical and thermal properties.

5. Conclusion

In this work, to study the difference in the thermal properties
of a 2D layered material with different stacking orders, the ther-
mal conductivities of the 2H and 2H-3R polymorphs of NbSe2

were measured experimentally by using the T-bridge method and
analyzed theoretically. The complex stacking sequence of 2H-3R-
NbSe2 resulted in a larger unit cell volume than that of 2H-NbSe2.
This effect reduced the acoustic phonon group velocity and en-
hanced the phonon scattering rates of 2H-3R-NbSe2 compared
to those of 2H-NbSe2. Experimental results indicated that the
2H-3R phase had a lower thermal conductivity than that of the
2H phase owing to a lower group velocity and stronger Umk-
lapp scattering. This difference in thermal conductivity between
the two phases of NbSe2 was verified based on the theoretical re-
sults obtained using the DFT-based Callaway model. The theoret-
ical calculations confirmed that the lower thermal conductivity of
2H-3R-NbSe2 was caused by the difference between the unit cell
volumes of the two polymorphs, which was attributed to the re-
duced phonon group velocity and increased phonon scattering
rate. Additionally, the thickness dependence of thermal conduc-
tivity owing to boundary scattering was observed. The differences
in the thermal properties of the polymorphs of a single material
reported herein can be used to guide the application of 2D mate-
rials and their polymorphs in thermal management devices.
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