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A penta-silicene nanoribbon-based 3D silicon
allotrope with high carrier mobility and
thermoelectric performance†

Yiheng Shen, Dongyuan Ni, Yanyan Chen, Jie Sun and Qian Wang *

Motivated by the successful synthesis of penta-silicene nanoribbons using various experimental

techniques, we design a new 3D silicon allotrope, labeled cco-Si48, by assembling such nanoribbons,

confirm its dynamical, thermal and mechanical stabilities, and further study its electron/phonon

transport and linear optical properties based on the state-of-the-art theoretical calculations. We find

that cco-Si48 is a direct bandgap semiconductor with a gap of 1.46 eV, exhibiting a high hole mobility in

the magnitude of 103 cm2 V�1 s�1 and a low lattice thermal conductivity of 6.33 W m�1 K�1 at 300 K.

Unlike the commonly reported n-type silicon-based materials with high thermoelectric performance,

the p-type cco-Si48 outperforms its n-type counterpart in the thermoelectric figure of merit (ZT) value

with a considerable value of 0.57 at 800 K. We further demonstrate that the electron–phonon interac-

tions play a critical role in determining the optimal carrier concentrations for the peak ZT values. This

work expands penta-silicene nanoribbons to their 3D assembled structure with new features and

applications.

1. Introduction

Rational design and synthesis of new silicon materials are of
great interest because of their compatibility with the well-
developed silicon-based semiconductor industry. Penta-
silicene nanoribbons (PSNRs) are such an example, and have
been extensively studied experimentally and theoretically moti-
vated by the theoretical prediction of penta-graphene.1,2 For
instance, in 2016, Jorge et al.3 reported the pentagonal nature of
perfectly aligned single and double-strand Si-nanoribbons
grown on the Ag(110) surface. Later on, Geoffroy et al.4 carried
out systematic studies to further validate the pentamer model
of silicene grown on a reconstructed surface by grazing-
incidence X-ray diffraction and scanning tunneling microscopy.
In 2018, Sheng et al.5 studied penta-Si nanoribbons grown
on Ag(110) by using non-contact atomic force microscopy and
tip-enhanced Raman spectroscopy. Yue et al.6 observed one-
dimensional (1D) topological electronic states in PSNRs.
Furthermore, based on the research progress in 1D PSNRs,
Guo et al.7 carried out the first study on a stable 2D tilted penta-
Si sheet, which exhibits in-plane ferroelectricity with a Curie
temperature of 1190 K. Recently, Zhan et al.8 designed a

semimetallic 2D tilted penta-Si sheet with distorted Dirac cones
in the absence of spin–orbit coupling (SOC). When SOC is
considered, it becomes a topological insulator with helical edge
states and a gap opening of 2.4 meV at the Dirac point. These
studies show that pentagon-based silicon nanostructures have
received considerable attention. Because significant progress
has been made in the synthesis of 3D porous carbon materials
by using graphene nanoribbons as the building blocks for
multiple applications,9,10 it is highly desirable to explore the
possibility of design and synthesis of stable 3D penta-Si allo-
tropes by assembling penta-silicene nanoribbons.

Meanwhile, in addition to the conventional applications of
silicon-based materials in photovoltaics, the thermoelectric
performances of these materials have been extensively studied
in recent years, which are evaluated by a dimensionless figure
of merit ZT = S2sT/(ke + kL), where a high ZT value indicates a
high thermoelectric efficiency. Here, S, s, ke, and kL are the
Seebeck coefficient, electrical conductivity, electronic thermal
conductivity, and lattice thermal conductivity, respectively.
Despite the fact that diamond silicon is inappropriate for
such applications due to its high thermal conductivity
(B150 W m�1 K�1),11 nanostructured bulk silicon12 and silicon
nanowires13 have been developed as efficient thermoelectric
materials with enhanced ZT values (0.7 at over 1200 K and 0.6 at
room temperature, respectively) due to their inherited high
carrier mobilities and reduced thermal conductivities. In addi-
tion, the thermoelectric properties of several other metastable

CAPT, School of Materials Science and Engineering, BKL-MEMD, Peking University,

Beijing 100871, China. E-mail: qianwang2@pku.edu.cn

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2cp04042e

Received 31st August 2022,
Accepted 19th October 2022

DOI: 10.1039/d2cp04042e

rsc.li/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 2
4 

O
ct

ob
er

 2
02

2.
 D

ow
nl

oa
de

d 
by

 P
ek

in
g 

U
ni

ve
rs

ity
 o

n 
11

/9
/2

02
2 

1:
17

:4
9 

A
M

. 

View Article Online
View Journal

https://orcid.org/0000-0002-9766-4617
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp04042e&domain=pdf&date_stamp=2022-11-04
https://doi.org/10.1039/d2cp04042e
https://doi.org/10.1039/d2cp04042e
https://rsc.li/pccp
https://doi.org/10.1039/d2cp04042e
https://pubs.rsc.org/en/journals/journal/CP


Phys. Chem. Chem. Phys. This journal is © the Owner Societies 2022

silicon allotropes, like BC8 silicon14 and clathrate Si136,15 are
also promising, because their complex geometries lead to
decreased lattice thermal conductivities.16 Thus, it is intuitive
to expect a good thermoelectric performance of the PSNR-based
3D silicon allotrope.

In this study, we rationally design a 3D silicon allotrope
termed cco-Si48 based on the PSNR building blocks. We con-
firm that it is a thermally, dynamically and mechanically stable
semiconductor with a direct bandgap. We perform electron
transport property calculations by considering ab initio elec-
tron–phonon (e–ph) interactions, calculate the lattice thermal
conductivity at the three-phonon scattering level, and evaluate
its potential for thermoelectric applications. We further
demonstrate the necessity to include e–ph interactions when
calculating thermoelectric performances at ambient and high
temperatures.

2. Computational methods

Our first-principles density functional theory calculations are
performed using the Vienna ab initio simulation package
(VASP)17,18 and Quantum ESPRESSO (QE) package.19,20 Geome-
try optimization and electronic structure calculations are per-
formed using the VASP, where the interactions between ion
cores and valence electrons are treated with the projected
augmented wave method.21 The plane waves with a kinetic
energy cutoff of 600 eV are used to expand the wave functions of
these electrons. The exchange–correlation interaction among
the valence electrons is treated by the Perdew–Burke–Ernzerhof
(PBE) functional22 within the scheme of generalized gradient
approximation (GGA)23 for geometry optimization and some
property calculations and by the Heyd–Scuseria–Ernzerhof
(HSE06) hybrid functional24,25 for the electronic structure cal-
culations. A 9 � 9 � 5 k mesh is used in these calculations for
the integration over the first Brillouin zone. The thresholds for
the convergence of total energy and interatomic forces are
10�8 eV and 10�6 eV Å�1, respectively. The Nosé–Hoover
thermostat26 is used to control the temperature fluctuation in
the ab initio molecular dynamic (AIMD) simulations under the
canonical ensemble in the VASP.

For calculating the e–ph interactions, the ground-state elec-
tronic structure is calculated at the GGA-PBE level by QE using
the norm-conserving pseudopotentials from PseudoDojo,27 a
kinetic energy cutoff of 60 Ry, a 6� 6� 4 k mesh, and an energy
convergence threshold of 10�15 Ry. It is then transformed into
the maximally localized Wannier representation28,29 with the
WANNIER90 program.30 Density functional perturbation theory
calculations are carried out using QE to obtain the dynamic
matrix at a 3 � 3 � 2 q mesh. The e–ph matrix elements gmnn

(k, q) are calculated on the coarse k and q meshes and
interpolated on a finer 24 � 24 � 12 grid using the Perturbo
code31 with the following equation:

gmnn k; qð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

h

4ponq

s X
la

elanqffiffiffiffiffiffiffi
Ml
p cmkþq

D ��@q;laV cnkj i (1)

where Ml is the atomic mass of atom l, cmkþq
�� E

and cnkj i are

the wave functions of the two electronic states coupled by the
phonon mode nq with the frequency onq, elanq is the eigenvector
of the phonon mode nq projected on atom l and the Cartesian
direction a, and qq,laV is the corresponding perturbation potential.
The mode-resolved electron relaxation time is deduced from the
interpolated e–ph matrix with an iterative solution of the linearized
electron Boltzmann transport equation (BTE),32 from which the
transport properties of charge carriers are calculated in Perturbo,
including carrier mobility m, electrical conductivity s, Seebeck
coefficient S, and electronic thermal conductivity ke.33

For calculating the intrinsic lattice thermal conductivity kL,
an iterative solution of the linearized phonon BTE34 is used as
implemented in the ShengBTE code.35 The solution to the BTE
is applied to the following equation for kL values:

kabL ¼
1

kBT2ON

X
nq

f BE0;nq f BE0;nq þ 1
� � honq

2p

� �2

vanqF
b
nq; (2)

where a/b denotes the Cartesian direction x/y/z, O is the volume
of the primitive cell, N is the number of uniform q points, and
fBE
0,nq, vanq and Fbnq are the equilibrium Bose–Einstein distribution,

the group velocity and the mean free path of the phonon mode
nq, respectively. The BTE is solved on a 15 � 15 � 7 q-mesh
based on the 2nd-order and 3rd-order interatomic force con-
stants (IFCs). The 2nd-order IFCs are calculated by using the
finite displacement method36 as implemented in the Phonopy
package,37 and the 3rd-order IFCs are obtained by least-square
fitting from the interatomic forces in 300 randomly displaced
3 � 3 � 1 supercells of cco-Si48 using the HiPhive package.38

During the fitting process, 1% of the raw data is used as the test
set. The cutoff radius for the 3rd-order IFCs, the ratio between
the target IFC values and the raw interatomic force data and the
goodness of fit values in the training and test sets are 6.0 Å,
B1 : 9, 0.99987, and 0.99983, respectively.

3. Results and discussion
3.1. Geometry and stability

Si atoms tend to form sp3-like hybridizations because the 3pz–
3pz p bond between the adjacent Si atoms is weak. In the case of
three-fold coordinated Si atoms, they tend to form a tilted
geometry so that the electrons can congregate on one Si atom
and lower the energy, as is the case with penta-silicene.7 To this
end, we align the PSNRs along the y direction and stack them
up along the x direction. After geometry optimization, the Si
atoms in the PSNRs are distorted from the planar configu-
ration, as shown in Fig. 1(a), so that each of the three- and two-
fold coordinated Si atoms in the PSNR can form an extra
chemical bond with an atom from the neighboring PSNRs at
the x and z directions, respectively, leading to a periodic unit
cell with a c-centered orthorhombic Cmca symmetry (space
group no. 64) that contains 48 Si atoms. Hence, we refer to it
as cco-Si48. Detailed information about the construction pro-
cess can be found in Text S1 and Fig. S1 in the ESI.† The lattice
parameters are a = 6.45 Å, b = 11.43 Å and c = 14.14 Å. In this
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structure, the 48 Si atoms occupy three nonequivalent Wyckoff
positions, namely, 16g1 (0.315, 0.531, 0.919), 16g2 (0.185, 0.723,
0.924) and 16g3 (0.184, 0.374, 0.828), which are represented by
the brown, pale gold and yellow spheres, respectively, as shown
in Fig. 1(b) and (c). The atoms at the 16g1 and 16g2 sites are
four-fold coordinated, forming Si4 rings and armchair-like Si
chains that connect the stacked PSNRs along the x direction,
respectively, while the atoms at the 16g3 site are three-fold
coordinated, forming tilted Si2 dimmers and connect the
adjacent PSNRs along the z direction in a head-on pattern.
To check the experimental feasibility of this new silicon
allotrope, we compare its formation energy Eform with that of
other synthesized silicon allotropes, which is defined as
Eform = E(silicon allotrope) � E(diamond silicon), where E(X)
is the total energy of the silicon allotrope X on a per atom
basis. The cco-Si48 structure possesses a low Eform value of

0.08 eV per atom, which is lower than those of many synthe-
sized silicon allotropes including BC8 silicon (0.16 eV per atom)
and R8 silicon (0.16 eV per atom) while larger than that of
hexagonal diamond silicon (0.01 eV per atom). Together with
its bottom-up design, the energetically low-lying feature of cco-
Si48 indicates that it could be stabilized.

We first confirm the dynamical stability of cco-Si48 by
calculating its phonon band structure. For displaying the
phonon band dispersion, the following high-symmetry path
T(�0.5, �0.5, 0.5) - Z(0.0, 0.0, 0.5) - R(0.0, �0.5, 0.5) -

S(0.0, �0.5, 0.0) - G(0.0, 0.0, 0.0) - Y(�0.5, –0.5, 0.0) -

X1(�0.33, �0.67, 0.0)|X(0.33, �0.33, 0.0) - G - Z - A(0.33,
�0.33, 0.5)|A1(�0.33, �0.67, 0.5) - T - Y is used, as illu-
strated in Fig. 2(a). The resulting phonon band structure in
Fig. 2(b) has no any imaginary phonon modes, indicating that
cco-Si48 is dynamically stable.

Fig. 2 (a) High symmetry path in the first Brillouin zone and (b) phonon band structure of cco-Si48. (c) Fluctuation of total potential energy of cco-Si48

during AIMD simulations.

Fig. 1 (a) Schematic of the PSNR building block. The silicon atoms are either on or above the cyan plane. (b) Perspective view of the cco-Si48 unit cell.
The green arrows denote the lattice vectors. (c) Optimized unit cell of cco-Si48. The blue dashed rhombus illustrates the shape of the primitive cell.
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Next, we check the thermal stability of this structure by
performing AIMD simulations at 500 and 800 K, respectively.
These calculations simulate the thermal motion of atoms
within 10 picosecond (ps) with a time step of 1 femtosecond
(fs). A 3 � 3 � 1 supercell of the cco-Si48 primitive cell is used to
avoid the fake stability caused by the unrealistic interactions
between an atom and its periodic images. As shown in Fig. 2(c)
and Fig. S2 in the ESI,† the total potential energies change
slightly around constants in both simulations, and the geome-
try of cco-Si48 at the end of both simulations remains almost
intact without broken chemical bonds, indicating that cco-Si48

is thermally stable at high temperatures up to 800 K.
Then, we examine the mechanical stability of cco-Si48 by

calculating its elastic constants. The nonzero independent
elastic constants of this orthorhombic system are calculated
to be C11 = 172.56 GPa, C22 = 181.82 GPa, C33 = 137.23 GPa, C12 =
37.57 GPa, C13 = 33.34 GPa, C23 = 41.04 GPa, C44 = 41.81 GPa,
C55 = 36.33 GPa, and C66 = 42.21 GPa. These elastic constants
fully satisfy the Born–Huang criteria39 for an orthorhombic
system,40 which require Cii 4 0 (i A [1, 6]-Z), Cii + Cjj � 2Cij 4
0 (i o j; i, j A [1, 3]-Z), and C11 + C22 + C33 + 2(C12 + C13 +
C23) 4 0. Thus, cco-Si48 is mechanically stable.

We also calculate the Young’s modulus E of cco-Si48 with
these elastic constants based on the following equation:41

E�1 = s11l1
4 + s22l2

4 + s3l3
4 + 2s12l1

2l2
2 + 2s13l1

2l3
2 + 2s23l2

2l3
2

+ s44l2
2l3

2 + s55l1
2l3

2 + s66l1
2l2

2, (3)

where sij
� 	

6�6¼ Cij

� 	
6�6
�1 is the elastic compliance matrix and

l1/l2/l3 is the cosine of the angle between an arbitrary direction
and the positive direction of x/y/z-axis. The resulting
orientation-dependent Young’s moduli in the first quadrant
(l1, l2, l3 Z 0) are shown in Fig. 3. The Young’s moduli along the
three axial directions are 159.97, 164.91 and 124.22 GPa,
respectively, which are all local maxima. Such anisotropy can
be expected because the Young’s modulus is generally deter-
mined by the weakest part in the structure, which is along the
direction where the penta-silicene nanoribbons are connected

in the head-on pattern, since there are fewer Si–Si bonds while
the minimum Young’s modulus is found to be 99.93 GPa near
the diagonal direction.

3.2. Electronic structure

Next, we calculate the electronic band structure of cco-Si48 at the
HSE06 level. As shown in Fig. 4(a), cco-Si48 is semiconducting
with a direct bandgap of 1.46 eV at the high symmetry point Y.
For comparison, the band structure at the PBE level is also
calculated and plotted in Fig. 4(a), showing a similar band
dispersion with a smaller bandgap of 0.88 eV, because the PBE
functional systematically underestimates the bandgap.42 Unlike
the valence band maximum (VBM) in the band structure, the
conductive band minimum (CBM) at the high symmetry point Y
(denoted as CBM1) almost degenerates in energy with the other
two electronic states on the high symmetry paths Y - X1 and
X - G, which are denoted as CBM2 and CBM3, respectively. The
energy difference between CBM2/CBM3 and CBM1 is only 0.01/
0.02 eV, which can be covered by the thermal fluctuation at room
temperature. Density of states (DOS) and projected DOS (PDOS)
on different Si atoms are plotted in Fig. 4(a), which shows that
the electronic states near the VBM and CBM are both nearly
equally contributed by the Si atoms on the three nonequivalent
Wyckoff positions. In addition, we analyze the band and k-point
decomposed charge densities. As shown in Fig. 4(b), one can see
that the electronic states near the VBM are indeed contributed by
all the Si atoms, while, the electronic states near the CBM1 are
mostly localized around the Si atoms at the 16g1 and 16g3

positions, and the electronic states near the CBM2 and CBM3

are nearly localized around the Si–Si bonds between the atoms at
the 16g1 and 16g2 positions. The overall contribution from the
CBM1, CBM2 and CBM3 adds up to the near-equal contribution
from the different Si atoms to the PDOS.

Since silicon semiconductors with direct bandgaps usually
show strong optical absorption, we calculate the linear optical
responses of cco-Si48 and find that it would possess a predo-
minant power conversion efficiency as a solar cell due to its
strong optical absorption comparable to that of diamond
silicon43,44 and its moderate direct bandgap, as is the case with
Pd2Se3

45 and polymer–fullerene solar cells.46 More details can
be found in Text S2 and Fig. S3 in the ESI.† It is also worth
mentioning that the accidental degeneracy at the band edge is
among the common mechanisms for strong thermoelectric
response since it contributes to a large DOS. However, the
carrier transport properties of such materials are rarely inves-
tigated because the commonly used Bardeen–Schockley
equation47 (also known as the deformation potential theory)
for obtaining the carrier mobility is not well defined when
intervalley scattering processes related to degenerated electro-
nic states are involved. Instead, we study these properties by
directly solving the BTE for electrons at the e–ph level, as
discussed in the following section.

3.3. Electron transport properties

We calculate the electron transport properties of cco-Si48

by using the Perturbo code31 as interfaced with QE.19

Fig. 3 Direction-dependence of Young’s modulus E in cco-Si48.
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The electronic structure obtained by QE at the PBE level is
comparable with that obtained from our VASP calculations, as
confirmed by the electronic band structures from both
approaches and illustrated in Fig. S4 in the ESI.† The electron

and hole transport properties at the e–ph level are calculated in
two separate calculations involving the Wannierized electronic
states in the vicinity (�0.3 eV) of the VBM and CBM, respec-
tively. The deeper energy states are neglected in the e–ph

Fig. 5 Variation of (a) carrier mobility m, (b) electric conductivity s, and (c) electronic thermal conductivity ke of cco-Si48 with carrier concentration.

Fig. 4 (a) Electronic band structure, DOS and PDOS of cco-Si48. (b) Decomposed charge density distribution at the VBM and the degenerated CBMs
(isosurface value = 0.0018 Å�3).
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interactions because they are either nearly empty or almost
fully occupied by electrons according to the Fermi–Dirac dis-
tribution, and they have little contribution to the scattering
processes. The results are plotted in Fig. 5 as a function of the
carrier concentration. For comparison, the electron transport
properties of diamond silicon are calculated at the same level
and summarized in Fig. S5 in the ESI.† As shown in Fig. 5(a),
the electron mobilities (me) along the x and y directions are
comparable and are about twice as large as that along the z
direction, while the hole mobilities (mh) along the y and z
directions are comparable and are larger than that along the
x direction by 50%. At a given temperature, the values of me and
mh along each axial direction converge to certain levels at low
carrier concentrations, as summarized in Table 1. The hole
mobility of cco-Si48 reaches up to 3.05 � 103 cm2 V�1 s�1 at
300 K, while the electron mobility of cco-Si48 is about an order
of magnitude lower due to the complex scattering processes

among the degenerated CBM1, CBM2, and CBM3 states. In
contrast, the peak electron and hole mobilities of diamond
silicon are B2000 and B200 cm2 V�1 s�1, respectively. The
electron and hole mobilities decrease with the increasing
carrier concentration, since the properties of the carriers on
the relatively deeper energy states deviate from those at the
band edge. We note that the results in Table 1 diverge from the
m p T�3/2 trend predicted by the Bardeen–Schockley equation
for bulk materials,47 which can be attributed to the deviation of
the electronic band structure from the ideal parabolic disper-
sion. The corresponding electric conductivities are plotted in
Fig. 5(b), and are connected to the carrier mobility values based
on the equations se = neeme and sh = nhemh, where se (sh) is the
electric conductivity from electrons (holes), ne (nh) is the
electron (hole) concentration, and e is the elementary charge.

The electronic thermal conductivity ke of cco-Si48 is also
calculated at the e–ph level, and the results at different tem-
peratures are plotted in Fig. 5(c). While the famous Wiede-
mann–Franz law states that ke is proportional to the electric
conductivity s, leading to a constant scale factor termed Lorenz
number L = ke/sT = 1.5 � 10�8 W O K�2.48 However, the ke/sT
value at the e–ph level is dependent on the temperature, carrier,
and the lattice structure,33 as shown in Fig. S6 in the ESI.† In
particular, the ke/sT value at a hole concentration of 1018 cm�3

decreases to B6 � 10�9 W O K�2 at 800 K, and is 60% lower
than that estimated by using the Wiedemann–Franz law.

Table 1 Converged electron and hole mobilities (in 103 cm2 V�1 s�1) of
cco-Si48 at low carrier concentrations ne and nh (in 1017 cm�3)

T (K) ne me,x me,y me,z nh mh,x mh,y mh,z

300 1.02 0.323 0.380 0.134 1.00 2.04 3.03 3.05
500 1.43 0.082 0.093 0.036 1.01 0.543 0.794 0.853
800 43.13 0.026 0.029 0.013 8.63 0.134 0.199 0.211

Fig. 6 (a) Lattice thermal conductivities, (b) group velocities, (c) weighted three-phonon phase space, and (d) three-phonon scattering rates of cco-Si48

and diamond silicon.
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3.4. Lattice thermal conductivity

In addition to the electronic thermal conductivity, we calculate
the lattice thermal conductivity kL of cco-Si48 with the
ShengBTE code35 to obtain an overview on its thermal transport
properties. The 3rd-order IFCs as the input to the code are
obtained using the HiPhive package.38 The calculated kL values
of cco-Si48 at different temperatures are plotted in Fig. 6(a),
which shows that the kL values along the x and y directions are
comparable and are over 150% larger than that along the z
direction. Such anisotropy in the lattice thermal conductivity
coincides with that in its mechanical properties, where the
Young’s modulus along the z direction is also lower than those
along the x and y directions, respectively. The kL values along
the three axial directions all decay with the temperature in a
T�1 relationship and the corresponding values at 300 K are
16.31, 18.57, and 6.33 W m�1 K�1 along the x, y, and z
directions, respectively. For comparison, the kL values of other
silicon allotropes are summarized in Table 2. The kL values of
cco-Si48 are an order of magnitude lower than those of diamond
silicon (146 W m�1 K�1)49 and are lower than those of some
recently reported 3D silicon allotropes.50–52

The decrease in the kL of cco-Si48 with respect to that of the
diamond silicon can be attributed to its weakened harmonicity
and enhanced anharmonicity. The harmonicity can be repre-
sented by the group velocity (vg) and the weighted three-phonon
phase space (WP3), which are obtained directly from the
phonon dispersion. The calculated results are presented in

Fig. 6(b) and (c). One can see that both the vg values of the
acoustic and optical phonon modes in cco-Si48 are lower than
those in diamond silicon, indicating that the phonon transport
is damped in the cco-Si48 lattice, which is due to the complex
phonon dispersion resulting from its complex primitive cell.
The WP3 of cco-Si48 is much larger than that of diamond
silicon, indicating more complex scattering channels. The two
parameters indicate that the harmonicity of cco-Si48 is weaker
than that in diamond silicon. Meanwhile, the anharmonicity of
cco-Si48 is revealed by its three-phonon scattering rate (o3ph) in
Fig. 6(d) and its Grüneisen parameter (g) in Fig. S7 in the ESI.†
The o3ph value of cco-Si48 is about an order of magnitude larger
than that of diamond silicon in the low frequency region
(o3 THz), indicating a strong anharmonicity in the cco-Si48

lattice, while more negative values are found in the frequency-
dependent Grüneisen parameters of cco-Si48, leading to a total
Grüneisen parameter of �0.71 at 300 K, which is twice as large
as that of diamond silicon (0.35 at 300 K) in terms of absolute
value. The large absolute value of the total Grüneisen para-
meter g of cco-Si48 is consistent with its low kL values according
to the empirical kL p g�2 relationship.53

3.5. Thermoelectricity

Based on the electron and phonon transport properties of cco-
Si48, we examine its potential as a thermoelectric material by
evaluating its ZT = S2sT/(ke + kL) at various temperatures and
carrier concentrations. The Seebeck coefficient S is calculated
by using the Perturbo code at the e–ph level. As shown in
Fig. 7(a), in spite of the anisotropic nature of cco-Si48, its
Seebeck coefficients along the different axial directions are
almost the same. The Seebeck coefficients of the n-type cco-
Si48 are larger than those of the p-type one due to the high DOS
caused by the accidental degeneration near the VBM. The
calculated ZT values are plotted in Fig. 7(b). Unlike the pre-
dominant n-type thermoelectricity in diamond silicon and
many other silicon allotropes,12–14 the ZT values of the p-type

Table 2 Lattice thermal conductivities kL,x, kL,y, and kL,z of cco-Si48 and
some previously reported silicon allotropes (in W m�1 K�1) at 300 K

Materials kL,x kL,y kL,z

cco-Si48 (this work) 16.31 18.57 6.33
Diamond silicon49 146 146 146
BC8-Si50 26.96 26.96 26.96
R8-Si51 16.83 16.83 8.95
Pentagonal Si52 59.9 60.1 60.4

Fig. 7 (a) Seebeck coefficient and (b) ZT of cco-Si48.
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cco-Si48 are larger than those of the n-type cco-Si48 due to its high
hole mobility in the order of magnitude of 103 cm2 V�1 s�1. The
optimal ZT values for p-type and n-type cco-Si48 are found to be
0.57 (nh = 1.34 � 1019 cm�3) and 0.41 (ne = 2.06 � 1020 cm�3),
respectively, at 800 K and are both along the z direction. These
values are about 9 and 3 times larger than those of diamond
silicon, respectively, as shown in Fig. S8 in the ESI.† Considering
the fact that nanostructures in diamond silicon lead to signifi-
cantly improved thermoelectric properties,12 higher ZT values can
be expected in nanostructured cco-Si48. It is also worth mention-
ing that the carrier concentrations corresponding to the optimal
ZT values increase with temperature, which is different from the
common results from many previous reports.54–56 This is because
the carrier mobility at the e–ph level is a monotonically decreas-
ing function of the carrier concentration rather than a constant
provided by the Bardeen–Schockley equation. The decline in
carrier mobilities at high carrier concentrations indicates that
the transport of an average carrier is hindered, so that the peak
value of ZT appears at even higher carrier concentrations where
the hindered transport of an averaged carrier is compensated by
the amount of carriers. In contrast, the constant carrier mobi-
lities from the Bardeen–Schockley equation would underestimate
the optimal carrier concentrations.

4. Conclusions

In summary, based on first principles calculations, we propose
a new 3D silicon allotrope termed cco-Si48, which is the first
silicon allotrope composed of the experimentally synthesized
PSNRs and is thermally, dynamically, and mechanically stable.
Different from silicene nanoribbon-based 3D silicon that is
topologically semi-metallic,57 cco-Si48 is a direct bandgap semi-
conductor with a gap of 1.46 eV and a high hole mobility up to
3.05 � 103 cm2 V�1 s�1 at room temperature. The lattice
thermal conductivity of cco-Si48 is 6.33 W m�1 K�1 at 300 K,
and is about an order of magnitude lower than that of diamond
silicon due to its weak harmonicity and strong anharmonicity.
The optimal ZT values of the p- and n-type cco-Si48 reach 0.57
and 0.41 at 800 K, respectively, making it a potential p-type
thermoelectric material, which is superior among silicon allo-
tropes. We also show that the e–ph interactions are important
for a more accurate relationship between the optimal ZT values
and the carrier concentrations. We hope that this study could
stimulate experimental efforts in synthesizing PSNR-based
materials and other pentagon-based materials for the applica-
tions in the field of energy conversion.
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