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ABSTRACT

Ultrawide bandgap semiconductor, e.g., diamond, is considered as the next
generation of semiconductor.  Here,  a new orthorhombic carbon allotrope
(P212121-C16) with ultrawide bandgap and ultra-large hardness is identified.
The  stability  of  the  newly  designed  carbon  is  confirmed  by  the  energy,
phonon spectrum, ab-initio molecular dynamics and elastic constants. The
hardness  ranges  from  88  GPa  to  93  GPa  according  to  different  models,
which  is  comparable  to  diamond.  The  indirect  bandgap  reaches  6.23  eV,
which is obviously larger than that of diamond, and makes it a promising ultra-wide bandgap semiconductor. Importantly,
the experimental possibility is confirmed by comparing the simulated X-ray diffraction with experimental results, and two
hypothetical transformation paths to synthesize it from graphite are proposed.
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 1   Introduction

Wide  bandgap  (WBG)  semiconductors  work  well  at
higher  temperatures,  voltages,  and  present  higher
switching speeds than traditional Si-based semiconductors
[1],  which  makes  the  WBG  semiconductor  a  promising
candidate  for  extreme  environments  applications.
Currently, the development of WBG materials is mainly
focused  on  SiC,  GaN [2, 3],  of  which  the  bandgaps  are
3.2  eV  and  3.4  eV,  respectively.  With  the  increase  of
bandgap, many of the figures-of-merit for device perfor-
mance is more than linear with bandgap [4]. For exam-
ple,  the  Baliga  figure  of  merit  (BFOM)  [5]  improves
about  34  times  if  the  bandgap increase  from 3.4  to  6.0
[4].  Hence,  it  is  necessary  to  design  ultrawide  bandgap
(UWBG) semiconductors with bandgap >3.4 eV [4].

On the other hand, benefiting from the various bonding
types of carbon, as well as design tools (such as RG2 [6]

and  CALYPSO  [7]),  plenty  of  interesting  carbon
allotropes are found in both experiments and theoretical
calculations  [8, 9],  such  as  fullerene  [10],  carbon
nanotube  [11],  graphene  [12],  paracrystalline  diamond
[13], and T-carbon [14]. Among those carbon allotropes,
there  are  many  UWBG  allotropes  emerged:  diamond
(5.47  eV  [15]),  T5-carbon  (4.30  eV)  [16],  P2221-C8
(4.75 eV) [17], BC14 (5.64 V) [18], HSH-carbon (4.8 eV)
[19]  and  so  on.  However,  the  bandgap  larger  than
diamond is quite rare in the carbon allotropes.

Recently,  several  UWBG  carbon  allotropes  with
bandgap larger than diamond are designed. Lv et al. [20]
proposed a new carbon allotrope (tri-C18) with bandgap
of  6.32  eV  based  on  the  particle  swarm  optimization.
Several  previous  allotropes  are  recognized  as  UWBG
materials  in  He et  al.’s  work  [21],  e.g.,  the  superdense
carbon  tP12  [22],  I-4  [23],  W-carbon  [24].  In  addition,
they designed several new large bandgap semiconductors,
including  I-43d  and  Pbam-32  by  using  the  ab  initio
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random  structure  search  (AIRSS)  [25]  and  random
sampling strategy combined with space group and graph
theory (RG2) [6]. Among those UWBG allotropes, the I-
43d  presents  the  largest  bandgap  in  the  known  carbon
allotropes,  reaching  7.24  eV  (Note:  Clathrate-VIII
presents 7.3 eV bandgap predicted in Ref. [26], however
it  obviously  overestimate  the  bandgap  of  diamond,  we
still take I-43d as the largest bandgap carbon allotrope).
However,  the  simulated  X-ray  diffraction  (XRD)  of  I-
43d is not shown in previous experiments and no potential
transformation path from graphite or carbon nanotube is
found [21].

In  the  present  work,  we  predict  a  new  ultrahard
UWBG  semiconductor  by  RG2,  naming  P212121-C16.
The bandgap is predicted to be 6.23 eV, and the hardness
is  about  90  GPa.  Moreover,  the  simulated  XRD shows
that  the  main  peaks  in  P212121-C16  match  well  with
previous  experiments,  and  the  hypothetical  transition
pathways from graphite are given.

 2   Computational methods

The new structure  is  generated by specifying  the  space
group using RG2 software [6], which has been successfully
applied to discover some novel carbon allotropes [21, 27].
The CASTEP software is used to execute the first-prin-
ciples calculations [28]. The HSE06 [29] hybrid functional
is used to calculate the band structures and GGA-PBE
[30]  for  other  properties.  The  on-the-fly  generated
(OTFG)  norm-conserving  pseudopotential  [31]  with
energy cut-off of 720 eV is used in the phonon and electronic
band  structure  calculation,  and  the  OTFG  ultra-soft
pseudopotential  [32]  with  energy  cut-off  of  440  eV  for
other calculations. The k-points are generated by specifying
the separation of 0.07 Å-1 to ensure accuracy. The relaxation
is  done  by  Broyden-Fletcher-Goldfarb-Shanno  (BFGS)
algorithm [33]. The convergence criteria of relaxation are
5 × 10–6 eV/atom in energy, 0.01 eV/Å in residual force
per  atom,  5  ×  10–4 Å  in  max  displacement,  and  0.02
GPa in  max stress.  The  phonon spectrum is  calculated
using  density  functional  perturbation  theory  (DFPT)
[34]. Ab-initio molecular  dynamics  (AIMD)  are
performed  for  5000  steps  with  1  fs/step  at  273  K  and
1000 K using the NVT ensemble, and 2 × 2 × 2 supercell
is  used  in  AIMD.  The  second-  (SOECs)  and  third-
(TOECs) order elastic constants are calculated using the
strain-stress method [35] implemented in Elastic3rd [36],
and  the  strain  range  used  is –6% to  6% with  a  strain-
step of 1%. The fifth-order terms are taken into consid-
eration  to  eliminate  the  higher-order  effect  [37].  The
polycrystalline  elastic  modulus  is  evaluated  by  Voigt-
Reuss-Hill  (VRH)  approximation  [38]  implemented  in
the ElasticPOST code [39].

 3   Results and discussion

 3.1   Structure characteristics

The  structure  of  P212121-C16  is  shown  in Fig.  1.  The
crystal  is  orthorhombic  with  a  P212121 (No.19)  space
group, and the lattice constants are a = 4.3246 Å, b =
2.4974 Å, and c = 8.5030 Å, respectively. There are 16
atoms  in  the  unit  cell,  which  can  be  divided  into  4
inequivalent  Wyckoff  positions:  4a (0.3446,  0.4348,
0.0419) (C1, pink in Fig. 1), 4a (0.0801, 0.1865, 0.2843)
(C2,  yellow in Fig.  1),  4a (0.9796,  0.5661,  0.0389)  (C3,
grey in Fig. 1) and 4a (0.4102, 0.3054, 0.2235) (C4, blue
in Fig.  1).  All  the  bonds  in  P212121-C16  are  sp3-
hybridized  and  8  different  kinds  of  bonds  exist  in  the
unit  cell.  The  bond  length  in  P212121-C16  ranges  from
1.540  Å  to  1.606  Å,  and  the  average  value  is  1.558  Å,
which  is  slightly  larger  than  that  of  diamond  (about
1.547 Å).  Using the bonds information,  the hardness  of
P212121-C16  can  be  evaluated  by  Gao’s  model  [40]  as
91.2  GPa.  The  density  of  P212121-C16  is  3.475  g/cm3,
which is slightly smaller than that of diamond.

To  identity  the  uniqueness  in  carbon  allotrope,  the
topology of P212121-C16 is analyzed by topcryst.com [41]
to  be  4,4,4,4T39648-HZ,  which  only  presents  the  same
underlying net with a kind of  silica reported in Deem’s
Hypozeolites  database  [42],  and there  is  no  redundancy
with  ICSD  or  Samara  Carbon  Allotrope  Database
(SACADA)  [43],  as  well  as  a  recently  high-throughput
computational  work [44].  To display the  topology more
clearly, the natural tiling [45] is calculated by ToposPro
[41]  and  Gavrog  code  (http://gavrog.org)  [46],  and  the
result  is  shown  in Fig.  2.  P212121-C16  contains  four
different  natural  tiling,  including  two  [6·72]  (one  6-ring
and two 7-rings, hereinafter), [52·64] and [62·72].

 3.2   Stability

The energy-volume curve of P212121-C16 is shown in Fig.
3(a) and compared with some recently proposed carbon
allotropes.  Obviously,  P212121-C16  is  a  metastable
carbon  allotrope,  and  at  equilibrium,  the  energy  of
P212121-C16  is  about  0.304  eV  higher  than  that  of
diamond.  Though  the  energy  of  P212121-C16  is  slightly

 
Fig. 1  Structure characteristics of P212121-C16.
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higher than that of Tri-C18 [20] and BCO-C16 [47], the
energy is  apparently lower than that of  PCB [48],  BC8
[49], BC12 [50], T5-Carbon [16], T-Carbon [14] and Rh6
[51]. From Fig. 3(b), the energy of P212121-C16 is almost
parallel  to that of diamond when pressure is applied to
the structure, while the relative energy (to diamond) of
the  other  allotropes,  such  as  graphite,  Tri-C18,  BCO-
C16,  and  Rh6,  is  increased  with  pressure.  Hence,  the
P212121-C16  is  more  stable  than  BCO-C16,  graphite,
and  tri-C18  when  the  pressure  is  larger  than  3GPa,
33GPa, and 55GPa, respectively, indicating that P212121-
C16 is  promising to be synthesized by graphite  at  high
pressure.

Besides the energetical stability, the dynamical stability
is  confirmed  by  the  phonon  spectrum,  as  shown  in
Fig. 3(c). The largest frequency in P212121-C16 is about
38.5  THz  (~40  THz  for  diamond),  indicating  the
strongest  bond  strength  in  P212121-C16  is  comparable
with  diamond.  In  addition,  the  peak  of  phonon  DOS
appears at the region of high-frequency, indicating there
is  a  large  number  of  strong  bonds  in  P212121-C16.  The

AIMD is  performed  to  check  the  thermal  stability  and
the  results  are  shown  in Fig.  3(d)  and Fig.  3(e).  The
topology of the structure keeps the same with the initial
structure  after  5ps  at  both  273  K  and  1000  K,  which
confirms the thermal stability of P212121-C16.

 3.3   Mechanical properties

To estimate the mechanical stability of P212121-C16, the
SOECs and TOECs are calculated and shown in Table 1.
For  orthorhombic  crystal,  the  Born  stability  conditions
can  be  expressed  as: C11>0, C44>0, C55>0, C66>0,
C11C22>C12

2 and C11C22C33 +  2C12C13C23 – C11C23
2 –

C22C13
2 – C33C12

2>0  [52].  Obviously,  P212121-C16  is
mechanically  stable.  Using  the  single-crystal  elastic
constants,  the  3D  distribution  of  polycrystalline  elastic
modulus is illustrated in Fig. 4. The maximum of B, E,
and G occurs in the [010] direction, while the minimum
value occurs in the xz plane for B, [101] directions for E,
and [100]  direction for G.  The averaged value  of B, G,
and E in  P212121-C16  is  slightly  smaller  than  that  of
diamond. The B/G of P212121-C16 is about 0.85, which
is slightly larger than that of diamond (0.83), indicating
that  P212121-C16  is  brittle  but  tougher  than  diamond
according  to  Pugh’s  criteria  [53].  The  hardness  of
P212121-C16  evaluated  according  to  the  empirical
formula  based  on  the  elastic  modulus  is  88.0  GPa
(Chen’s  model  [54]),  89.2 GPa (Tian’s  model  [55]),  and
92.7 GPa (Efim’s model [56]). Both the elastic-modulus-

 
Fig. 2  Topology analysis by natural tiling.

 
Fig. 3  Stability of P212121-C16. (a) Energy-volume curve; (b) Relative energy as a function of pressure; (c) Phonon band
structure and density of state (DOS); (d) Energy evolution of AIMD at 273 K; (e) Energy evolution of AIMD at 1000 K.
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based model and Gao’s model [40] confirm that P212121-
C16 is an ultrahard material.

Similar with the cubic system [57], using the TOECs,
the  derivatives  of  SOECs  on  pressure  are  calculated
according  to  Ref.  [58]  (as Table  1).  When  compared
with  diamond  [59],  the  dC11/dP,  dC22/dP,  dC33/dP,
dC44/dP and  dC66/dP of  P212121-C16  are  comparable
with  that  of  diamond,  while  the  dC12/dP,  dC13/dP,
dC23/dP and  dC55/dP of  P212121-C16  are  obviously
smaller than that of diamond.

 3.4   Electronic and optical properties

The  band  structure  of  P212121-C16  is  illustrated  in
Fig. 5. The valence band top is at the Gamma point and
the  conduction  band  bottom  is  located  between  the
Gamma point and the X point. The bandgap is 4.81 eV
for  PBE  functional  and  6.23  eV  for  HSE06  functional,
and  the  direct  bandgap  is  about  7.25  eV  which  is
slightly larger than the known widest bandgap (7.24 eV)
[21] of carbon allotropes.  Hence, the BFOM of P212121-

C16  is  about  2.6  times  of  diamond  and  37.8  times  of
GaN  [4].  When  compared  with  other  wide-bandgap
carbon  allotropes,  as  shown  in Table  2,  P212121-C16  is
comparable with tP12 and tri-C18, while P212121-C16 is
much stable than tP12 and more stable than tri-C18 at
high  pressure  under  which  many new carbon allotropes

Table  1  Second- and third-order elastic constants of P212121-C16 (Unit: GPa).

Elastic constants C11 C12 C13 C22 C23 C33 C44 C55 C66

Cij 1065 66.5 69.4 1222 63.9 1056 498 406 511
dCij/dP 6.07 1.19 0.63 6.07 0.83 5.86 2.24 1.31 2.32

C111 C112 C113 C122 C123 C133 C144 C155 C166 C222

Cijk –10176 –564 –146 –468 –497 –248 –273 –1367 –2468 –11261
C223 C233 C244 C255 C266 C333 C344 C355 C366 C456

Cijk –103 –453 –1878 –338 –1956 –9853 –2374 –1537 –231 –557

 
Fig. 4  Anisotropy of elastic modulus, unit in GPa. The number below each 3D figure is the averaged value by the VRH
scheme. (a) Bulk modulus, B; (b) Young’s modulus, E; (c) Shear modulus, G.

 
Fig. 5  Band structure of P212121-C16 with HSE06.
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are  synthesized  [60].  The  wide-bandgap  feature  makes
P212121-C16  a  promising  material  for  high-temperature
and high-efficiency applications if synthesized.

The  optical  properties  are  assessed  by  the  dielectric
function,  and  the  refractive  index  (n)  and  absorption
coefficient  (κ)  can  be  expressed  as  Eq.(1)  [64]. Fig.  6
shows  the  dielectric  function  and  refractive  index  of
P212121-C16 and compared to  diamond.  It  is  clear  that
the imaginary part of the dielectric function of P212121-
C16 is zero in the visible light area, which means that κ
is  zero  according  to  Eq.  (1).  In  other  words,  the  single
crystal  of  P212121-C16  is  transparent.  The  refractive
index  of  P212121-C16  is  slightly  higher  than  diamond,
which  indicates  that  P212121-C16  will  be  more  dazzling
than diamond if synthesized,


n =

√(√
ε21 + ε22 + ε1

)
/2

κ =

√(√
ε21 + ε22 − ε1

)
/2

, (1)

where ε1 and ε2 are the real and imaginary parts of the
dielectric function.

 3.5   Experimental possibility

To  determine  if  P212121-C16  can  be  synthesized  from
experiments, the XRD pattern of P212121-C16 is simulated
and  compared  with  previous  experiments[65, 66],  as
shown in Fig. 7. Clearly, the main peaks of P212121-C16,
including  (101),  (102),  (200),  (111),  (112),  (211),  and
(311),  appear  in  the  previous  chimney  soot  [65],  TNT/
diesel  soot [66]  and shock-compressed carbon black and
tetracyanoethylene  powder  mixture  [67].  Though  the
peak  at  29.3°  can  be  indexed  by  several  theoretical
results,  including Rh6 [51],  Tri-C18 [20],  and BCO-C16
[47],  there  are  several  peaks,  such  as  23.05°,  41.4°,  and
77.15°, are only exists in P212121-C16 and P212121-C16 is
more  stable  than  Rh6,  Tri-C18,  and  BCO-C16  at  high
pressure [Fig. 3(b)]. The good match between the simulated
XRD  and  experiments  indicates  that  P212121-C16  is  a
good candidate for explaining the unknown phase in the
experiments.

In  addition,  similar  to  M-carbon [68],  W-carbon [61],
H-  and  S-carbon  [69],  P212121-C16  can  be  transformed
from graphite. Figure 8 shows the hypothetically struc-
tural conversion paths. There are at least two transition
pathways. In the first one (top in Fig. 8), there are four
layers in the unit cell of P212121-C16, and the layers are
alternated by boat-1 and chair [70] configuration buckling
from  graphite  sheet.  The  initial  graphite  sheet  is  AA
stacking  or  AB  stacking  with  a  slide  (as  shown  in  the

Table  2  Bandgap of P212121-C16 and compared with other large-bandgap carbon allotropes.

Eg(PBE/LDA) (eV) Eg (HSE06/PBE0) (eV) Ref.
I-43d 5.91 7.24 [21]
Clathrate families – 7.3(VIII), 6.9(II-100), 6.8(IV-100), 6.7(I-100), 6.6(VI) [26]a

I-4[23] 5.25 6.55 [21]
tri-C18 5.01 6.32 [20]
tP12 [22] 4.98, 5.4 [22] 6.27 [21]
P212121-C16 4.81 6.23 This work
Pbam-32 4.76 5.97 [21]
O-carbon 4.54 5.87 [24]
W-carbon 4.39 [61] 5.69 [24]
BC14 – 5.64 [18]
C20-T carbon – 5.44 [62]
P412121 4.70 – [63]
Pbam-24 4.56, 4.57 [63] – [21]
Diamond 4.15 [21] 5.32 [21], 5.29 [20], 5.9 [23], 5.40 (This work) 5.47 (Exp) [15]
aNote: The bandgap is calculated with PBE0 functional in Karttunen’s work [26], which obviously overestimates the bandgap.

 
Fig. 6  Optical  properties  of  P212121-C16. (a) Dielectric
function; (b) Refractive index.
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left of Fig. 8).  In the second pathway (right in Fig. 8),
there  are  two  layers  in  the  unit  cell,  and  each  layer  is
composed of boat-1 (50%) and chair (50%) configuration.
In this way, the P212121-C16 can be formed by buckling
and  sliding  from  graphite  (as  shown  in  the  bottom  of
Fig.  8).  In  both  pathways,  the  layered  characteristics
indicate  that  the  P212121-C16  belongs  to  the  superhard
family proposed by Niu et al. [71] which can be synthesized
via cold compression of graphite and nanotubes.

 4   Conclusion

In  conclusion,  we  have  proposed  a  new  ultrahard  and
ultrawide-bandgap orthorhombic all-sp3 carbon allotrope
(P212121-C16)  and  made  a  comprehensive  investigation
of  the  structural  stability,  mechanical  and  electronic
properties by first-principles calculations. The energy of
P212121-C16  is  about  0.304  eV  higher  than  that  of
diamond  at  0  K  and  0  Pa,  which  is  lower  than  many

carbon  allotropes,  confirming  the  energetical  stability.
No imaginary frequency shown in the phonon spectrum
validates  the  dynamic  stability  and  the  satisfaction  of
the Born criterion according to elastic  constants proves
the mechanical stability. The thermal stability at 273 K
and 1000 K are confirmed by ab-initio molecular dynam-
ics. The hardness is about 88 GPa to 93 GPa according
to  different  models.  The  refractive  index  is  larger  than
that of diamond in the visible light region, meaning that
P212121-C16  is  more  shining  than  diamond.  The
bandgap  is  about  6.23  eV  by  HSE06,  which  is  larger
than  that  of  diamond  about  0.91  eV.  In  addition,  we
proposed  two  hypothetical  transition  pathways  from
graphite  to  synthesize  P212121-C16  and  the  simulated
XRD  indicates  the  possible  presence  of  P212121-C16  in
previous experiments.
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