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Enhancement of thermoelectric efficiency of T -HfSe2 via nanostructuring
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In this work, ab initio calculations based on density functional theory and the Landauer formalism are carried
out to investigate ballistic thermoelectric properties of T -HfSe2 nanoribbons (NRs). The zigzag-edged NRs
are metallic, and they are not included in this study. The armchair NRs possess two types of edge symmetries
depending on the number of atoms present in a row; odd-numbered NRs have mirror symmetry, whereas the
even-numbered NRs have glide reflection symmetry. The armchair-edged NRs are dynamically stable and show
semiconducting properties with varying band gap values in the infrared and visible regions. Detailed transport
analyses show that the n-type Seebeck coefficient and the power factor differ because of the structural symmetry,
whereas the p-type thermoelectric coefficients are not significantly influenced. It is shown that the phonon
thermal conductance is reduced to a third of its two-dimensional value via nanostructuring. The p-type Seebeck
coefficient and the power factor for T -phase HfSe2 are enhanced in NRs. We report that the p-type ZT value of
HfSe2 NRs at 300 and 800 K are enhanced by factors of 4 and 3, respectively.
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I. INTRODUCTION

Thermoelectric materials have been of great interest due to
their ability of direct conversion between heat and electrical
energies. A good thermoelectric system is pretty enduring
and feasible for working in a wide temperature range, and it
provides environment-friendly energy conversion efficiently
[1,2]. The efficiency of a thermoelectric material is measured
with a dimensionless figure of merit, ZT = (σS2T )/κtot ,
where σ , S, and T are the electrical conductivity, Seebeck
coefficient, and temperature, respectively [3]. κtot is the to-
tal thermal conductivity of the material, defined as the sum
of the contributions from the charge carriers and the lattice
vibrations. Based on this formula, an efficient thermoelectric
material should have a high Seebeck coefficient and good
electrical conductivity and low thermal conductivity simulta-
neously.

As coolers or power generators, these materials can be
widely used in nanodevice applications in infrared sensors
[4,5], computer chips [6,7], and satellites [8,9]. Applications
of these materials are limited due to their low efficiency. For
instance, commercially, typical ZT values are usually about
1, and the experimental values may reach up to around 3
[10–12]. Increasing the thermoelectric efficiency of materials
has been an ambitious goal for decades. Accordingly, many
strategies have been proposed to enhance the efficiency of
thermoelectric materials.

The enhancement of the thermoelectric efficiency can be
achieved by enhancing the Seebeck coefficient and the elec-
trical conductivity of the material and by reducing the total
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thermal conductivity. However, it is challenging to achieve
these simultaneously. According to Wiedemann-Franz law
[13], the electrical and thermal conductivities are directly
proportional, which means that reducing the thermal con-
ductivity of electrons leads to a decrease in the electrical
conductivity. Therefore, the so-called phonon-glass electron-
crystal concept [14,15], which aims at maximizing S and σ

while minimizing the phonon thermal conductivity, is usually
applied for the ZT optimization [16]. In the selection of
thermoelectric materials, a crystal that possesses the charge
transport mechanism of a semiconductor with hindered lattice
thermal conduction [17] is mostly preferred.

For manipulation of phonon thermal conductivity, reducing
the dimension of materials (such as generating heterostruc-
tures, forming their nanoribbons or quantum dots) [18–20] is
a commonly used method. Hicks and Dresselhaus theoreti-
cally showed that generating quantum well [21] and quantum
wire [22] structures of bulk materials leads to significant
changes in their ZT values due to the confined movements
of the electrons. Moreover, dimension reduction also leads
to suppression of phonon thermal conductivity due to the
increased scatterings from the boundaries of the structures.
Consequently, the ZT value is improved by decreasing the
phonon thermal conductivity. Reducing the dimensionality of
a system also leads to an increase in its Seebeck coefficient
[23–25]. As the size of the material becomes smaller, there
occurs qualitative changes in its electronic density of states
(DOS) due to quantum confinement effects [26–28]. Distri-
bution of the conducting channels and transmission spectrum,
which play a crucial role in transport calculations, are closely
related to the DOS [29,30]. Substantial changes in the trans-
mission spectrum lead to an increase in S approximated as
S ≈ (π2k2

BT/3e)[dlnτ (E )/dE ] at low temperatures, where kB
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is the Boltzmann constant, e is the electron charge, and τ (E )
is the energy-dependent transmission function [31–33].

In this respect, two-dimensional (2D) transition metal
dichalcogenides (TMDs) are promising thermoelectric ma-
terials [34–38] since they have low thermal conductivity,
while they exhibit high electrical conductivity [39]. More-
over, their mechanical flexibility [40,41] and high chemical
stability make their synthesis relatively easier. Among TMDs,
Hf-based compounds have relatively high thermoelectric effi-
ciencies [42–45]. The mainspring for their high thermoelectric
efficiency is their low lattice thermal conductivity [46], which
arises mainly from heavy Hf atoms and partly from the strong
couplings between acoustic and low-frequency optical modes
[47]. Recently, the 2D air-stable trigonal (T ) phase of HfSe2

was synthesized down to a three-layer thickness [48].
Herein, we study the enhancement in thermoelectric effi-

ciency of T -HfSe2 via nanostructuring. Nanoribbon structures
of T -HfSe2 are constructed with various widths. We investi-
gate their structural, vibrational, and electronic properties by
using density functional theory (DFT)-based ab initio calcu-
lations and their ballistic thermoelectric properties within the
Landauer formalism.

This paper is organized as follows: Details of the compu-
tational methodology used are given in Sec. II. The structural,
vibrational, and electronic properties of two-dimensional and
nanoribbon structures of HfSe2 are discussed in Sec. III in
detail. Last, Sec. IV gives the conclusions.

II. METHODOLOGY

DFT-based calculations were performed by using the
Vienna Ab initio Simulation Package (VASP) [49,50]. In
order to describe the exchange-correlation functionals, we
use the Perdew-Burke-Ernzerhof (PBE) [51] form of the
generalized gradient approximation functional. The Heyd-
Scuseria-Ernzerhof (HSE) approximation is included for the
band gap estimation [52]. The Hartree-Fock mixing parameter
is chosen to be 0.25.

The energy cutoff of the plane-wave basis set is chosen to
be 250 eV. The energy difference between successive elec-
tronic steps is taken to be 10−5 eV. The Hellmann-Feynman
forces on each atom are reduced to less than 10−4 eV/ Å.
A vacuum space of 12 Å is incorporated for the confined
directions (x and z directions). In geometric optimization
calculations, 18 × 18 × 1 and 1 × 18 × 1 �-centered meshes
are used for the Brillouin zone (BZ) integration for two-
dimensional and nanoribbon structures, respectively.

The vibrational properties are investigated by using the
small displacement method as implemented in PHONOPY code
[53]. In phononic band spectrum calculations, a 1 × 6 × 1
supercell was generated, and a 1 × 10 × 1 �-centered mesh
was used for the BZ integration.

Charge transport in the mesoscopic systems was exam-
ined successfully within the Landauer-Büttiker formalism
[54–56]. The electrical conduction at nanoscales is charac-
terized by the length scales of L and λ (the length of the
material and the mean free path of the carriers, respectively)
[57,58]. In the ballistic regime, L is much smaller than λ,
and the scattering mechanisms which comprise scatterings
from phonons, impurities, and defects can be ignored in this

regime. Ballistic device approximation is commonly used in
nanoscaled materials [59,60], especially for the nanoribbons
[61,62] and nanotubes [63]. In the literature, ballistic transport
in low-dimensional materials is observed in a wide range of
device lengths (from 30 nm to 15 μm) [64–67]. By using
the deformation potential theory [68] and the effective mass
approximation [69], we estimate the electron mean free path
in 2D HfSe2 to be approximately 15 nm at room temperature.
That figure sets up a natural upper bound for the size of the
nanostructures where the ballistic transport approximation we
employ remains valid.

Thermoelectric properties are investigated within the Lan-
dauer formalism. For the electronic part, we utilize the
following equation [70]:

Ln = 2

h

∫ +∞

−∞
dετ (ε)

(
−∂ f (ε)

∂ε

)
(ε − μ)n, (1)

where ∂ f (ε)/∂ε is the derivative of the Fermi distribution
function. τ (ε) and μ are the energy ε dependent transmission
function and the chemical potential, respectively. The electri-
cal conductance G, Seebeck coefficient S, and the electronic
thermal conductance κel can be expressed in terms of Ln

integrals [71] as

G = e2L0, (2)

S = − L1

eT L0
, (3)

and

κel = 1

T

(
L2 − L1

2

L0

)
. (4)

Phonon thermal conductance can be described as [72,73]

κph = 1

2π

∫ +∞

−∞
dwh̄ωτ (ω)

∂ fBE (ω, T )

∂T
(5)

where fBE is the Bose-Einstein distribution function, fBE =
1/[exp(h̄ω/kBT ) − 1], and τ (ω) is the frequency ω dependent
transmission function. In ballistic transport, the transmission
function is calculated by counting the number of channels in
the corresponding energy/frequency range.

By using the calculated coefficients, the dimensionless
thermoelectric figure of merit ZT is obtained as follows:

ZT = S2G

κel + κph
T, (6)

where T is the temperature. Thermoelectric coefficients are
calculated for the unit cell. Herein, there are several nanorib-
bons with different widths. In order to compare their electrical
and thermal conductances with each other, the calculated val-
ues are scaled with respect to their width. Therefore, the given
values are conductance per length.

III. RESULTS AND DISCUSSIONS

Ten different nanoribbon structures of HfSe2 in the octa-
hedral trigonal phase were analyzed. We consider only the
nanoribbons (NRs) with armchair edges since the NRs with
zigzag edges have metallic characteristics. The structural,
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FIG. 1. The geometries of (a) 2D HfSe2 and (b) its armchair
nanoribbon (NR). Blue and black lines in (a) show the zigzag and
armchair directions, respectively. The primitive and conventional
unit cells are shown with the green rhombus and the red rectangle,
respectively. The NRs are labeled according to the number of atoms
n along their widths (highlighted with red circles). The NR in (b) has
eight atoms along its width; thus, it is labeled as n = 8. (c) The
symmetry of NR structures varies depending on whether n is odd or
even: with regard to their edges, glide reflection (n even) and mirror
symmetry (n odd).

vibrational, electronic, and thermoelectric properties will be
discussed in detail separately.

A. Structural properties

The octahedral T phase of 2D HfSe2 is formed with the
arrangement of three atomic sublayers in the sequence of Se-
Hf-Se. It belongs to the space group P3̄m1 and the point group
D3d .

The optimized geometries of 2D HfSe2 and its NR struc-
tures are shown in Fig. 1. The NRs are labeled with respect
to their widths, with n denoting the number of atoms present
in a zigzag chain along the transverse direction. As seen in
Fig. 1(c), the edges of the NRs have two types of symmetry,
glide reflection for even n and mirror for odd n.

For each NR, the calculated parameters such as the lattice
constant (along the periodic direction), thickness, and width
are given in Table I. As seen, the lattice constant b of NRs

TABLE I. The calculated parameters for the NR structures:
the lattice constant along the periodic direction b, the thickness
t, the width w, and the electronic band gap values calculated
within PBE and PBE+HSE06 approximations, EPBE

g and EPBE+HSE06
g ,

respectively.

EPBE
g EPBE+HSE06

g

NR b (Å) t (Å) w (nm) (eV) (eV)

n = 6 6.60 3.25 0.99 0.98 2.01
n = 7 6.53 3.27 1.18 0.67 1.37
n = 8 6.57 3.26 1.37 0.83 1.54
n = 9 6.54 3.26 1.56 0.68 1.37
n = 10 6.55 3.26 1.74 0.76 1.46
n = 11 6.54 3.26 1.93 0.67 1.36
n = 12 6.54 3.26 2.12 0.72 1.41
n = 13 6.54 3.26 2.30 0.66 1.35
n = 14 6.54 3.26 2.49 0.69 1.38
n = 15 6.53 3.26 2.68 0.66 1.34

does not change significantly. The thickness is determined by
measuring the vertical distance between the uppermost and
lowermost Se atoms. Two-dimensional HfSe2 has a thickness
of 3.14 Å. The thickness of NRs increases about 4% with
respect to the 2D HfSe2, mainly at the edges. The average
bond length in NRs is also examined, and it is found that
it does not change drastically compared to the average bond
length in the 2D HfSe2.

B. Vibrational properties

We present the vibrational properties of 2D HfSe2 and its
NR structures in this part. The vibrational analyses show that
each structure is dynamically stable since all phonon frequen-
cies are positive throughout the BZ. The phonon band spectra
of 2D HfSe2 and its NR structures are given in Figs. 2(a)
and 2(b), respectively. The phonon spectrum of 2D HfSe2

is calculated for the primitive hexagonal unit cell, which
consists of three atoms. Unit cells of NRs include between
18 and 45 atoms. There are 3N phonon branches in each
spectrum, where N is the number of atoms in the unit cell.
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FIG. 2. The phonon band spectra of (a) 2D HfSe2 and (b) its NRs. The NRs with odd and even n are shown in the first and second rows,
respectively. Red triangles point out the optical phonon modes with the lowest frequencies. Twisting and out-of-plane acoustic modes are
highlighted in orange. (c) Brillouin Zone folding.
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FIG. 3. Characters of optical phonon modes with (a) the highest
and (b) the lowest frequencies are given for the NR with n = 6. The
given frequency values are calculated at the � point.

For 2D structures, it is known that there are three acoustic
phonon branches [including the in-plane transverse (T) and
longitudinal (L) and the out-of-plane (Z) acoustic modes] and
3N − 3 optical phonon branches. In one dimension, there is
an additional acoustic mode, namely, the twisting (TW) mode,
which is about the rotational motion, which costs zero energy
(ω = 0 at k = 0), around the central axis of a 1D system [74].
Reducing the dimension breaks the rotational symmetry and
the degeneracy of the out-of-plane acoustic modes (ZA and
TW), which causes the appearance of the TW mode [75]. For
graphene nanoribbons, it is known that the ZA and TW modes
become degenerate as the ribbon width gets wider [76,77]. As
seen from Fig. 2(b), for the HfSe2 NRs, two acoustic modes
with the lowest frequencies (ZA and TW modes) become
degenerate with increasing n.

Hf and Se are relatively heavy atoms, and therefore, the
maximum frequency of the phonon branches has relatively
lower values. As seen in Fig. 2(a), the maximum frequency of
the optical phonon branch of 2D HfSe2 is less than 225 cm−1

throughout the BZ. This value increases to greater than 250
cm−1 for each NR due the uncoordinated atoms at the ribbon
edges. In the NR structures, the optical phonon modes with the

highest frequency are edge-localized modes. As an example,
one of these modes calculated for the NR with n = 6 is shown
in Fig. 3(a), and its frequency is 255.8 cm−1 at the � point. As
seen from Fig. 3, this mode is dominated by the motions of the
edge atoms. These edge-localized modes reveal themselves as
flat bands in the phonon band spectrum. Since these bands are
dispersionless, their contribution to the transmission function
can be missed. However, miscounting of these modes does
not affect the thermoelectric property calculations since their
contributions to the thermal conductance are weak.

In Fig. 2(b), the optical phonon modes with the lowest
energy are highlighted with red triangles, and these modes can
be used for the comparison of the width of NRs. The frequen-
cies of these modes increase as the NR gets narrower. For the
NR with n = 6, the frequency of that mode is 24.7 cm−1 at �,
and its character is shown in Fig. 3(b).

C. Electronic properties

The electronic band structures of 2D HfSe2 and its NRs
calculated within the PBE are demonstrated in Figs. 4(b)–
4(d). The 2D HfSe2 is found to be a nonmagnetic semicon-
ductor [42]. As their 2D counterpart, all armchair NRs of
T -HfSe2 have a semiconducting character. Within the PBE
approximation, the calculated energy band gap is 0.6 eV for
the 2D HfSe2, and its estimated value is 1.5 eV with the
HSE approximation. For the NRs, the energy band gap values
calculated with PBE and their corrected values are given in
Table I. The width dependency of the band gap obtained from
PBE is given Fig. 4(a). The band gap values of NRs with odd n
are almost the same, and they are about 600–700 meV higher
than that of 2D HfSe2. On the other hand, there is a notable
difference for the energy band gaps of the NRs with even n.
As the width of the NR structure increases, the band gap of
the NRs converges to the 2D limit [see Fig. 4(a)].

As mentioned before, the NRs have periodicity along the
y direction. For the sake of convenience in the comparison
of the electronic structures of 2D HfSe2 and its NRs, the
electronic band spectrum is also calculated for the rectangular
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FIG. 4. (a) The width dependency of energy band gap values are represented. The 2D limit refers to the band gap value of 2D HfSe2.
The electronic band structures calculated within PBE are shown for (b) 2D HfSe2 and its NR structures with (c) odd and (d) even n. The
energy-dependent transmissions τ (ε) are also given for the NRs. The Fermi level EF is set to zero in each band graph. Blue dashed circles and
green arrows highlight the touching point of conduction bands and valence band convergence, respectively. (e) As a reminder, the symmetries
of NRs with odd and even n are shown again.
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unit cell of 2D HfSe2, and it is given in Fig. 4(b). The folded
band structure of the rectangular cell is shown only between
the �- and Y -symmetry points in the BZ. In addition, for
the 2D HfSe2 with a hexagonal unit cell, there is a single
conduction band in the 0–1-eV energy range of its electronic
band structure. In the band structure of the rectangular unit
cell of 2D HfSe2, there are two conduction bands in the same
energy range due to the folding of the BZ.

The band dispersion differs with respect to the structural
symmetry of the NRs. The NRs with odd and even n have
the same dispersion trend among themselves, and the disper-
sions of NRs with even n and 2D HfSe2 are similar. The
NR structures with even (odd) n are constructed by using
an integer (fractional) number of 2D unit cells along the x
axis (zigzag direction). Therefore, due to the zone folding,
the band crossing (splitting) occurs at the zone edges for even
(odd) n. A similar behavior was also reported for single-wall
carbon nanotubes [74] and armchair graphene ribbons [78].
As seen in Figs. 4(b) and 4(d), the bands touch at the Y
high-symmetry point, as highlighted with dashed blue circles.
This is due to the fact that both 2D HfSe2 and NRs with even
n have the glide reflection symmetry.

For the NRs with odd n, the conduction bands are closer
to being degenerate than they are in even n. The degenerate
bands lead to an increment in transmission τ (ε). Degeneracy
also causes a narrowing in the conduction plateaus and abrupt
changes in the transmission. For the NRs with glide reflection
symmetry (even n), as the ribbon width enlarges, the number
of channels increases in the conduction part, and this results
in an increment in transmission function. However, unlike
the NRs with mirror symmetry (odd n), there are no abrupt
changes in the transmission function, and the width of the
conduction plateaus is relatively wider than that of NRs with
odd n.

For valence bands of NRs with odd and even n, there is
no sharp difference between their dispersions, so their trans-
missions are also similar. For each NR, the second valence
band with the highest energy converges to the valence band
with the maximum energy as the nanoribbon gets wider. The
convergence is highlighted with the green arrows in Figs. 4(c)
and 4(d). The valence band convergence leads to an increment
in the transmission function which can be seen from the figure.

By definition, the effective mass m∗ is calculated via m∗ =
h̄2/(d2E/dk2) in the nearly-free-electron model where the
bands are assumed to be parabolic. E is the k-dependent
band energies attained from the numeric calculations, and
the denominator of the equation, the second derivative of E
with respect to k, is obtained by quadratic regression. The
calculated effective masses of electrons m∗

e and holes m∗
h in

2D HfSe2 and its NRs are given in Fig. 5. m∗
e and m∗

h values
in the 2D structure are investigated along �-M, M-K , and
�-Y . For the 2D structure, m∗

e is calculated to be 3.13 and
0.18 along �-M and M-K , respectively, which is consistent
with the literature [47]. For 2D HfSe2, the valence band
maximum is degenerate at �. Our calculated m∗

h values are
0.12 and 0.33 along the �-M direction. Generally, there are
no extreme differences in the effective mass values of NRs
depending on whether the n is odd or even. As the width of
the NR increases, the effective mass values get closer to the
2D limit.
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FIG. 5. The calculated effective mass values for 2D HfSe2 and
its NRs are given. The effective mass values m∗

i are given in terms of
the free-electron mass m0. The effective mass values are calculated
along �-Y for NRs and along �-Y , �-M, and M-K for 2D HfSe2.

D. Thermoelectric properties

In semiconducting materials, both electrons and holes
contribute to the charge transport. In narrow-gap materials,
the opposite contributions of holes and electrons can be si-
multaneous, and this results in suppression of the Seebeck
coefficient. This suppression is negligible when the band gap
is larger than 10kBT [79]. Herein, the band gap values calcu-
lated via PBE are not narrower than 10kBT ; thus, PBE results
will be used for the thermoelectric parameter calculations. The
spin-orbit coupling (SOC) is not included in this study since
it is not expected to affect the results considerably. Our test
calculations show that ZT is changed by less than 1% for n =
6 when SOC is included. At two different temperatures, the
following thermoelectric parameters are given in Table II: the
Seebeck coefficient S, power factor P, thermoelectric figure
of merit ZT , and phonon thermal conductance κph. The given
ZT values are the maximum values near the conduction and
valance band edges, and the Seebeck coefficient and the power
factor values correspond to the chemical potentials where ZT
is maximized.

For the sake of comparison, at 300 and 800 K, the width
dependence of p- and n-type S, P, and ZT values of the
structures are plotted in Fig. 6. As can be seen, p-type S values
are higher than that of 2D HfSe2 at both temperatures [see
Fig. 6(a)]. At 300 K, p-type S is almost the same for each
NR (except for n = 6 and n = 14), and its average value is
2.38 × 10−4 V K−1. At 800 K, the effect of the symmetry
difference on S reveals itself slightly. In Fig. 6(b), the absolute
value of n-type S is given. The results of NRs with even
and odd n are significantly different from each other at both
temperatures. The n-type S is improved for the NRs with
n = 6, 8, 10, 13 at 300 K and n = 8 at 800 K. The rest of the
n-type S values are either closer to or less than that of 2D
HfSe2. The convergence to the 2D limit is seen merely for
n-type S. Moreover, having bands with closer energy values
increases the valley degeneracy [80,81], which causes dra-
matic changes in τ (ε); consequently, S increases [31]. This
can be seen for the odd-numbered HfSe2 NRs at 300 and
800 K. The n-type S has an increasing graph for NRs with
odd n since the conduction band degeneracy increases with
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TABLE II. The calculated parameters of 2D HfSe2 and its NR structures are the Seebeck coefficient S, the power factor P, the
thermoelectric figure of merit ZT , and the phonon thermal conductance κph. The given values are p-type/n-type thermoelectric transport
coefficients. Results for the 2D HfSe2 structure are from Ref. [42].

S P κph

(×10−4 V K−1) (×10−3 W K−2 m−2) ZT (W K−1 m−1)

300 K 800 K 300 K 800 K 300 K 800 K 300 K 800 K

2D HfSe2 1.92/−2.20 2.12/−2.65 0.56/1.84 0.92/2.61 0.26/0.75 0.84/2.11 0.59 0.61
n = 15 2.37/−2.25 2.54/−2.64 1.42/1.42 2.03/2.73 0.76/0.66 1.86/2.24 0.17 0.17
n = 14 2.11/−2.17 2.54/−2.68 1.33/1.52 1.85/2.61 0.77/0.88 1.90/2.21 0.18 0.19
n = 13 2.35/−2.36 2.47/−2.63 1.40/1.08 1.78/2.25 0.89/0.62 1.96/2.16 0.18 0.18
n = 12 2.39/−2.15 2.49/−2.65 1.32/1.48 1.66/1.96 0.83/0.95 1.97/2.11 0.18 0.18
n = 11 2.39/−2.24 2.45/−2.62 1.31/0.97 1.58/2.00 0.91/0.61 2.01/2.10 0.18 0.18
n = 10 2.38/−2.44 2.54/−2.70 1.31/1.47 1.50/1.72 0.94/1.07 2.15/2.27 0.18 0.19
n = 9 2.38/−2.20 2.52/−2.54 1.31/0.80 1.47/1.31 1.02/0.68 2.24/1.81 0.19 0.19
n = 8 2.37/−2.45 2.57/−2.83 1.12/1.47 1.38/1.75 0.95/1.27 2.43/2.69 0.21 0.21
n = 7 2.37/−2.22 2.55/−2.45 1.12/0.82 1.37/1.13 1.08/0.85 2.57/2.09 0.21 0.21
n = 6 2.25/−2.45 2.72/−2.68 0.83/1.47 1.24/1.38 0.94/1.55 2.62/3.12 0.21 0.22

n, and this results in the abrupt changes in their transmission
spectra.

Structural symmetry does not cause a considerable dif-
ference in p-type P values at both temperatures. As seen in
Fig. 6(c), the p-type P values of each NR are enhanced at
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FIG. 6. The p-type (left) and (right) n-type Seebeck coefficient
S, the power factor P, and the thermoelectric figure of merit ZT are
given for the each NR. The absolute values are considered for the
n-type Seebeck coefficient. The S, P, and ZT values of 2D HfSe2

[42] are also shown in the graphs.

300 and 800 K. On the other hand, the n-type P values are
below the 2D limit at both temperatures. At both temperatures,
the n-type P values of NRs show a different trend due to the
symmetry difference. Due to the band degeneracy, the P value
increases with the increasing n. The band degeneracy not only
boosts the transmission but also leads to abrupt changes in
transmission. The latter case results in two closer peaks in P
which overlap with increasing n, as seen in Fig. 7(a). This is
why NRs with odd n have an increasing trend at 300 K. On
the other hand, for the NRs with even n, the distance between
the two peaks remains almost the same as n increases [see
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FIG. 7. At 300 K, the n-type power factor P values of the NRs
with (a) odd and (b) even n are given as a function of chemical
potential μ. In the insets, the thermoelectric figure of merit ZT
is given as a reminder. For the NRs with (c) odd and (d) even n,
overlapping in n-type P caused by temperature is shown. The peaks
are indicated with yellow triangles.
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Fig. 7(b)]. Therefore, at 300 K, NRs with even n have close
n-type P values, on average 1.48 × 10−3 W K−2 m−2, while
NRs with odd n have an increasing trend. However, at 800 K,
n-type P of each NR increase with increasing n. For both NRs
with even and odd n, there are two peaks: a major peak (at the
conduction band edge) and a secondary peak. The secondary
peak in P contributes to the major one when the temperature
is increased, and this results in an increase in P [see Figs. 7(c)
and 7(d)]. For the structures with n = 11, 13, 15, these two
peaks are close. For the rest of the NRs, the secondary peaks
are much lower than the major ones. Therefore, the increase
in n-type P values of the NRs with n = 11, 13, 15 is more
than that of the others. In the ballistic regime, the transport
properties are determined by the number of transport channels
available, which means the geometry of the structure takes
an important role. Reduction in the dimension of the material
leads to a decrease in its lattice thermal conductivity due to
the decreased number of transport channels. Therefore, when
the width of the structure decreases, an increase in its ZT
value is expected. This behavior is seen in Figs. 6(e) and
6(f) for the NRs, except for the odd-numbered structures at
800 K. In order to understand this, we examine their ther-
moelectric properties in detail. At various temperatures, the
power factor and ZT graphs are shown in Fig. 7. The graphs
of NRs with even n are shown in Fig. 7(b), and those with
odd n are shown in Fig. 7(a). ZT of the structure with n = 11
and n = 13 have higher values than those of the narrower
NRs. As seen in Fig. 4, as n increases, the first conduction
plateau of the transmission spectrum is getting narrower due
to the degeneracy in conduction bands. The abrupt changes
in the transmission result in having two peaks with similar
values in their power factor values. At low temperatures, these
two peaks are separated from each other. As the temperature
increases, these peaks overlap, and this causes an increase in
the n-type ZT values of NRs with n = 11 and n = 13.

As seen in Fig. 6, the p-type ZT values of NRs with odd
and even n are enhanced at both low and high temperatures,
and the ZT values of NRs converge to the 2D limit with
increasing width. In addition, the p-type ZT values does not
depend on the symmetry of the structure since the structures
with even and odd n have similar dispersions in their elec-
tronic structure [see Figs. 4(c) and 4(d); the dispersions of the
valence bands are nearly the same]. There is no considerable
increase in n-type ZT values of NRs with odd n at low tem-
peratures. The n-type ZT values of NRs with even n decrease
with n, and ZT is doubled when the n-type ZT of 2D HfSe2

is compared with that of NR with n = 6 (see Table II). The
n-type ZT values of even-n structures converge to the 2D limit
as the NR gets wider.

At higher temperatures, the n-type ZT values of NRs with
even n decrease with an expected trend as the structures get
larger. The conduction plateaus of structures with even n are
relatively wider than those of NRs with odd n. In other words,
the NR structures with even n have no abrupt changes in their
transmission function in the 0–1-eV energy range.

The calculated phonon thermal conductance κph values are
normalized with the NR widths. κph values at 300 and 800 K
are given in Table II, and the temperature dependency of the
κph is shown in Fig. 8. In 1D systems, κph changes linearly
with T at low temperatures. As seen from the inset in Fig. 8,
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FIG. 8. The phonon thermal conductance κph of the NR struc-
tures are given as a function of temperature T . The inset shows κph

on a logarithmic scale. At low temperatures, the κph values of NRs
have linear dependence on T .

for the NR with n = 6, κph and T are linearly dependent
on each other. With increasing width, converging to the 2D
system, the form of the low-temperature dependence of the
thermal conductance gets closer to κph ∼ T 1.5. Moreover, the
nonscaled values of κph for each NR are close to each other,
and they are about one third of κph of the 2D structure. It
is known that the main contribution to κph comes from the
acoustic modes. When the κph values are scaled with respect
to the NR widths, the contribution from these modes becomes
less for the wider NRs. Consequently, the κph per width value
increases with decreasing width. Since the acoustic modes are
the low-frequency modes, this behavior is seen prominently at
low temperatures. This behavior is also reported for the ballis-
tic thermal conductance of graphene NRs [82]. Furthermore,
the convergence of κph to the 2D limit can be observed by
constructing NRs with larger widths; however, this increases
the computational cost.

To summarize, the phonon thermal conductance of
T -HfSe2 is reduced to one third via nanostructuring. It is
found that mainly, the p-type thermoelectric coefficients are
affected by the symmetry difference. The p-type Seebeck
coefficient and power factor are enhanced, and the p-type
ZT value approaches to the n-type values at both 300 and
800 K. The n-type ZT of 2D HfSe2 has a relatively high value;
therefore, there is no improvement in n-type ZT at either low
or high temperatures.

IV. CONCLUSIONS

In this study, we investigated the physical properties of
armchair nanoribbons of the 2D trigonal phase of HfSe2.
We examined the ballistic transport properties within the
Landauer formalism with a combination of DFT-based ab
initio calculations. The NRs have two different edge sym-
metries which depend on the number of atoms n within
their widths. Their vibrational band spectra show the dy-
namically stability of each NR structure. The NR structures
have a semiconducting character, and their electronic band
gap values vary between the infrared and visible regions.
As the structure gets narrower, its band gap value is shifted
toward the visible region. The structural symmetry difference
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in HfSe2 NRs reveals itself in the electronic band structure.
The even- and odd-numbered NRs have different electronic
band dispersions. Conduction band degeneracy and the band
convergence in valence bands are observed with the reduction
in the dimension of the HfSe2 crystal. Herein, the phonon
thermal conductance was reduced to one third of T -HfSe2 via
nanostructuring. We achieved improving the p-type Seebeck
coefficient and the power factor for the T -phase HfSe2 at
both 300 and 800 K. Our results show that the p-type ZT
values are doubled at both low and high temperatures, and
at these temperatures the p-type ZT value is approximated to
the n-type ZT values. At both 300 and 800 K, the n-type ZT is
relatively high for the 2D HfSe2 structure, and its value cannot
be improved via nanostructuring. The n-type ZT values of

NRs with odd n do not change significantly at 300 K, and they
show an unexpected behavior at 800 K due to the degenerate
conduction bands.
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