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Abstract: Recently, C568 has emerged as a new carbon allotrope, which shows semiconducting properties with a band gap around
1  eV  and  has  attracted  much  attention.  In  this  work,  the  external  strain  effects  on  the  electronic  properties  of  C568 have  been
studied  theoretically  through  first-principle  calculations.  The  numerical  results  show  that  while  in-plane  uniaxial  and  biaxial
strains  both  reduces  the  band  gap  of  C568 in  case  of  tensile  strain,  their  effects  are  quite  different  in  the case  of  compressive
strain. With increasing compressive uniaxial strain, the band gap of C568 first increases, and then dramatically decreases. In con-
trast, the application of compressive biaxial strain up to –10% only leads to a slight increase of band gap. Moreover, an indirect-to-
direct  gap transition can be realized under  both types  of  compressive strain.  The results  also show that  the optical  anisotropy
of C568 can be induced under uniaxial  strain,  while biaxial  strain does not cause such an effect.  These results indicate good str-
ain tunability of the band structure of C568, which could be helpful for the design and optimization of C568-based nanodevices.
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1.  Introduction

The success  of  graphene have  triggered the  tide  of  sear-
ching novel two-dimensional (2D) materials with desired prop-
erties[1−3].  Graphene have been considered at  one time to  be
ideal  building  blocks  of  nanodevices.  However,  the  absence
of  a  band  gap  in  graphene  is  an  inevitable  obstacle,  which
hinders  its  application  in  electronic  devices  such  as  field-ef-
fect  transistors[4, 5].  Therefore,  searching for  new 2D materials
with  suitable  band  gaps  is  essential  to  the  development  of
next-generation  electronic  devices  in  nanoscale.  A  successful
example  is  the  discovery  of  single-layered  transition  metal
dichalcogenides  (TMDs).  They  exhibit  distinct  properties
compared  with  their  bulk  counterparts,  which  broaden  our
knowledge in 2D materials and are promising for device app-
lications[6−8].  Before  long,  phosphorene  is  fabricated  and
found  to  be  a  potential  material  in  the  electronic  and  opto-
electronic  applications,  due  to  its  semiconducting  character
and  high  carrier  mobility[9, 10].  In  recent  years,  the  study  on
monoelemental  2D  atomic  crystalline  materials  have  be-
come  cutting-edge  in  the  international  materials  resear-
ch[11, 12].  Many  monoelemental  2D  atomic  crystalline  materi-
als,  such  as  silicene,  germanene,  stanene,  tellurene,  have
been  prepared  experimentally  and  show  potential  in  design
of  optoelectronic  and  spintronic  devices[13−16].  Moreover,
they have the ability to make up for the zero-gap obstacle of
graphene  and  extend  the  application  in  electronic  devices.
Meanwhile, many new carbon structures have been come up,
such as phagraphene[17], T-graphene[18], graphyne[19, 20], graph-
diyne[21, 22],  graphenylene[23],  pentagraphene[24],  tetrahex-
carbon[25],  which  have  enriched  the  family  of  monoelement-

al 2D atomic crystalline materials.
Recently,  a  new  2D  carbon  allotrope  named  C568 has

been predicted,  which is  composed of  5,  6,  and 8-membered
rings  of  carbon[26].  It  is  a  semiconductor  and  with  an  indirect
band gap of 1.13 eV. Both phonon spectra and molecular dy-
namics calculations reveal its stability even at room temperat-
ure.  Moreover,  the  researchers  show  that  C568 possesses
many  good  intrinsic  properties.  It  is  found  to  be  more  stable
than many other predicted carbon allotropes like T-graphene,
T-carbon,  and  pentagraphene.  It  also  exhibits  higher  mobil-
ity (~104 cm2V–1s–1)  than black phosphorus monolayer,  which
make the C568 a potential candidate in fabrication of high-per-
formance  nanodevices[26].  In  this  work,  we  have  theoretically
studied  the  external  strain  effect  on  the  electronic  structures
of  C568 through  first-principle  calculations.  In-plane  uniaxial
and  biaxial  strains  have  been  considered.  The  calculations
show  that  the  electronic  structures  exhibit  different  features
under  in-plane  uniaxial  and  biaxial  strains.  When  compress-
ive  uniaxial  strain  is  applied,  the  band  gap  of  C568 increases
first,  and  then  decreases  dramatically.  However,  for  biaxial
strain,  the  band  gap  only  increases  slowly  when  C568 is  com-
pressed  up  to  –10%.  Moreover,  the  compressive  strain  can
change  C568 from  an  indirect-gap  semiconductor  to  a  direct-
gap  one.  It  also  shows  that  uniaxial  strain  can  induce  optical
anisotropy  in  C568.  These  findings  show  that  strain  can  be  an
effective  way  to  modulate  the  electronic  properties  of  C568,
which  could  be  helpful  for  the  design  of  C568-based  elec-
tronic and optoelectronic devices.

2.  Computational methods

The  electronic  structures  of  C568 are  calculated  through
density  functional  theory,  which  is  realized  in  the  Vienna ab
initio Simulation  Package  (VASP)[27].  The  generalized  gradi-
ent approximation (GGA) of Perdew–Burke–Ernzerhof (PBE)[28]
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α(ω) =√
ω[√ε (ω) + ε(ω) − ε(ω)] 

 ε(ω) ε(ω)
m∗ = [∂E(k)/∂k]−

is  chosen  as  the  exchange-correlation  functional.  The  meth-
od of projected augmented wave potential (PAW) is adopted,
with  the  plane  wave  cut-off  set  to  be  450  eV[29].  Due  to  the
unsatisfied  performance  of  PBE  on  predicting  the  band  gap,
the  Heyd–Scuseria–Ernzerhof  (HSE06)  functional  is  also  used
(with  the  PBE-relaxed  structure)  to  accurately  compute  the
electronic  band  structures  of  C568

[30] and  to  study  the  strain
effect.  The  Monkhorst–Pack k-mesh  of  11  ×  11  ×  1  is  selec-
ted to sample the Brillouin zone[31]. The Blöch correction is ad-
opted  to  calculate  the  density  of  states  of  C568.  The  isolated
monolayer  C568 is  simulated  by  adding  a  vacuum  space  of
20  Å  into  the  supercell.  The  convergence  criterion  of  force
and  energy  are  set  to  be  0.01  eV/Å  and  10–5 eV,  respecti-
vely,  in  the  structure  optimization.  The  optical  absorption
coefficient  is  calculated  through  the  equation  of 

,  the  and  are  the
real part and imaginary part of the dielectric function, respect-
ively. The effective mass of carrier is calculated through quad-
ratic  fitting  on  the  conduction  band  minimum  and  valence
band maximum through the formula[32]: .

3.  Results and discussion

3.1.  The crystalline structure and electronic structures

of C568

To  study  the  electronic  structures  of  C568,  the  crystalline
structure of C568 has been optimized (Fig. 1(a)).

As  seen,  C568 is  formed  of  5-,  6-,  and  8-membered  rings,
which  are  composed  of  sp2-  and  sp3-hybridized  carbon
atoms.  Different  from  sp2 hybridized  graphene,  the  carbon
rings  in  C568 are  not  in  the  same  plane,  due  to  the  presence
of  sp3-hybridization.  C568 possesses  a  space  group  of  P-
4m2(115)  with  tetragonal  lattice.  The  optimized C568 unit  cell
contains   13  carbon  atoms  with  lattice  parameters  of a =
b = 5.725 Å, which is consistent with the values reported in a
recent  work[26].  The  2D  charge  density  isosurfaces  of  C568 are
also  calculated  in Fig.  1(b).  The  covalent  bonds  are  formed
between  the  carbon  atoms  in  the  same  carbon  ring.  Mo-
reover,  the bond lengths  in  5-,  6-,  and 8-membered rings are
(1.557, 1.447, 1.414 Å), (1.414, 1.403 Å) and (1.447, 1.403 Å), re-
spectively,  which  indicate  the  strongest  covalent  bond  is
formed in the 6- and 8-membered rings.

The  electronic  band  structure  is  presented  in Fig.  2.  The
C568 possesses  an indirect  band structure  with  a  band gap of
1.06  eV,  which  is  consistent  with  the  recent  work[26].  The
conduction  band  minimum  (CBM)  is  located  at  the  Γ  point,
whereas the valence band maximum (VBM) is  at  the M point.
The  orbital  projected  density  of  states  shows  that  the  both
CBM and VBM are mainly contributed by the pz orbital  states
of carbon atoms. Besides the CBM at the Γ point, the conduc-
tion  band  also  has  a  local  minimum  at  the  M  point,  with  a
two-fold degeneracy. The charge densities of these key states
are  also  presented  in Fig.  2.  It  is  interesting  to  note  that  the
CBMs  at  the  Γ  point  and  the  M  point  exhibit  quite  different
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Fig.  1.  (Color  online)  (a)  The crystalline structures and (b)  2D charge density  difference plot  of  C568.  The square unit-cell  marked in green line,
where a and b represent unitcell vectors.
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Fig. 2. (Color online) The band structures and projected density of states of C568, with the Fermi level are set to zero. The charge densities of sever-
al key states are also presented.

2 Journal of Semiconductors      doi: 10.1088/1674-4926/41/8/082005

 

 
Q Gao et al.: Strain tunable band structure of a new 2D carbon allotrope C  568

 



characters. While the CBM at Γ shows more anti-bonding char-
acter, the CBMs at M show more bonding character. The differ-
ent  characters  of  these  states  can  lead  to  distinct  strain  re-
sponse as will be discussed in the following.

3.2.  The external strain effects

External  strain  is  one  of  the  most  common  effects  in  the
practical  applications  of  materials,  which  can  significantly
modify  the  electronic  properties  of  materials.  To  understand
possible  effects  of  the  external  strain  effect  on  the  electronic
properties of C568, we have considered in-plane uniaxial strain
and biaxial  strain.  Through calculations,  three unique proper-
ties have been found: 1) an indirect-to-direct band gap trans-
ition occurs under compressive strain; 2) uniaxial strain and bi-
axial  strain  have  different  effects  on  the  band  gap  of  C568;
and  3)  uniaxial  can  induce  large  optical  anisotropy,  while  bi-
axial  strain  cannot.  In  the  following  sections,  these  findings
are discussed in detail.

The  uniaxial  strain  effect  is  firstly  studied.  The  electronic
band  structures  with  different  strain  are  shown  in Fig.  3.
When tensile strain is applied, the band structures show indir-
ect  character.  The  locations  of  the  CBM  and  VBM  remain  un-
changed.  Moreover,  it  can  be  clearly  seen  that  with  increas-
ing  tensile  strain,  the  band  gap  decreases.  Under  a  10%
strain, the band gap is 0.630 eV smaller than that of the equi-
librium  state.  The  situation  is  different  when  compressive
strain  is  applied.  Under  a  small  strain  (–2%),  the  band  gap  is
still  indirect.  However,  when  the  strain  is  increased  to  –6%,
the  band  gap  become  direct.  While  the  VBM  position  re-
mains  at  the  M  point,  the  CBM  changes  from  the  Γ  to  the  M
point.  When  compressive  strain  is  further  enhanced,  the  dir-

ect band structures are still kept. For the direct band gap, the
optical  transition  between  VBM  and  CBM  becomes efficient.
Electrons can be excited from VBM to CBM without the assist-
ance of  lattice  phonons,  which is  very  beneficial  to  the opto-
electronic  applications.  To  clearly  show  the  change  of  band
gap,  in Fig.  4,  we present the evolution of  band gap with ex-
ternal uniaxial strain. It can be seen that the band gap of C568

decreases  with  the  increasing  tensile  strain,  and  the  indirect
character  is  preserved.  When  compressive  strain  increase
from 0 to –4%, the band gap increases,  however,  it  begins to
decrease  when  the  compressive  strain  exceeds  –4%,  and  be-
comes direct as discussed above.

The transition from the indirect to direct band gap can be
understood  from  the  change  of  band  edge  positions  at  dif-
ferent k points  with  the  applications  of  strain,  as  shown  in
Fig.  4(b).  The  absolute  band  edge  position  is  calculated
through setting the vacuum level (Evac) as the zero energy ref-
erence  of  calculation[33].  Here  we  look  at  the  evaluation  of
the  VBM  at  the  M  point  and  the  CBM  at  the  Γ  and  the  M
points.  When  tensile  strain  is  increased  from  0  to  10%,  the
VBM  and  CBM_M  only  exhibit  a  slight  decrease,  while  the
CBM_Γ moves  down in  energy  space  rapidly,  leading to  a  re-
duction  of  band  gap.  However,  the  application  of  com-
pressed strain is different from the case of tensile strain. The re-
sponses of the CBM at the Γ and the M points are quite differ-
ent. When compressive strain is applied, the energy of VBM is
almost  unchanged,  and  CBM_M  decreases  monotonously  as
the  strain  increases,  whereas  the  energy  of  CBM_Γ  increases
monotonously. As shown in Fig. 2, the CBM_M has more bond-
ing character whereas the CBM_Γ has more anti-bonding char-
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Fig. 3. (Color online) Band structures of C568 with different uniaxial strains, with the Fermi level set at zero and marked with the black dashed line.
Positive and negative values of strains indicate tensile and compressive cases, respectively.
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acter. Under compression, the distance between atoms is sm-
aller,  which  lowers  the  energy  of  bonding  states  but  in-
creases  the energy of  anti-bonding states.  Thus,  the  different
strain  response  of  the  CBM_Γ  and  CBM_M  can  be  attributed
to their different wavefunction characters.

The  difference  responses  lead  to  a  crossover  for  the
CBM_M and CBM_Γ when the compressive strain increases to
–4%.  Thus,  the  indirect  band  structures  transform  to  direct.
Moreover,  under  compressive  strain,  due  to  the  energy  de-
crease  of  the  CBM_M  state,  the  band  gap  value  decreases
when compressive strain is at the range of –4% to –10%.

The  optical  anisotropy  is  also  a  critical  factor  in  design
of  polarized  optoelectronic  devices[34].  To  examine  the  ani-
sotropic optical response with the external uniaxial strain, the
optical  absorption  is  considered.  The  optical  absorption  of
C568 with the uniaxial strain of –6% is calculated in Fig. 4(c).  It
is because that the direct band gap can be obtained with the
strain  of  –6%.  Thus,  the  relative  high  optical  absorption  can
be  expected.  The  calculation  shows  that  the  optical  absorp-
tion is different along x and y direction, indicating large optic-
al  anisotropy.  Meanwhile,  the  optical  absorption  can  reach
the  order  of  105.  These  two  optical  features  indicate  that  the
external  uniaxial  strain can enhance the optical  anisotropy of
C568.  It  is  very  useful  for  optical  applications,  such  as  polar-
ized  photodetectors[35].  The  effective  mass  of  charge  carriers
of  C568 is  also  calculated  with  different  uniaxial  strain,  which
is depicted in Fig.  4(d).  Apparently,  the effective mass of hole

and  electron  decrease  with  tensile  strain.  The  compressive
strain  makes  the  effective  masses  of  hole  and  electron  de-
crease and increase, respectively. It is because that the tensile
strain makes energy bands at the VBM and CBM become flat.
For  the  increase  of  the  effective  mass  of  electron  with  com-
pressive strain, it can be understood from the change of CBM
from  Γ  point  to  M  point.  At  the  Γ  point,  the  energy  band  is
flat, while at the M point, the energy band is more dispersive.
This  result  indicates that  the effective mass of  carriers  can be
modulated  through  applying  external  strain,  which  may  be
useful for related experiments.

In the following part, the effect of biaxial strain is investig-
ated.  We  have  firstly  calculated  the  band  structures  of  C568

with different biaxial strain, which are shown in Fig. 5. For the
case  of  tensile  strain,  the  evaluation  of  band  structures  is  si-
milar to the case of uniaxial  strain.  The indirect gap character
is intact, and the gap value is smaller under larger stain.

For  compressive  biaxial  strain,  the  band  structures  show
some  difference  with  the  case  of  uniaxial  strain.  When  com-
pressive biaxial strain increases to –6%, the direct band struc-
tures  can be obtained,  with the both CBM and VBM at  the M
point. When the compressive strain increases to –10%, the dir-
ect band structures become indirect again. Another point can
be  found  that  the  biaxial  does  not  lift  the  double  degener-
acy  of  CBM  at  the  M  point.  However,  in  the  case  of  uniaxial
strain,  the  degeneracy  is  lifted  due  to  the  breaking  of  sym-
metry  along  the  two  lattice  vectors.  Thus,  the  optical  trans-
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Fig.  4.  (Color  online) (a)  Band gap,  (b)  band edge position,  (c)  optical  absorption,  and (d)  effective mass  of  C568 with different  uniaxial  strains.
CBM_Γ and CBM_M are the conduction band minimum at Γ and M points. The vacuum level is taken as the zero energy reference in (b).
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ition  may  be  different  in  the  case  of  uniaxial  and  biaxial
strain.

In Fig. 6, we have also calculated the band gap with differ-
ent biaxial  strain.  It  can be seen that the change of band gap
is  different  from  the  case  of  uniaxial  strain.  When  tensile
strain is exerted to C568, the band gap keeps dropping. As the
tensile  strain  is  enlarged  from  0  to  10%,  the  band  gap  de-
creases  from  1.062  to  0.380  eV.  The  trend  is  the  same  in  the
case of uniaxial strain.

However,  applying  compressive  strain  from  0  to  –10%
can  make  the  band  gap  increase  from  1.062  to  1.612  eV,
which is different from the case of uniaxial strain. However, ap-
plying compressive strain from 0 to –10% can make the band
gap  increase  from  1.062  to  1.612  eV,  which  is  different  from
the  case  of  uniaxial  strain.  The  tunable  range  of  band  gap  is
0.381–1.612  eV,  which  can  cover  the  near-infrared  region
and visible light region. It indicates that, in the experiment, ap-
plying  biaxial  strain  can  be  effective  to  control  the  band  gap
of  C568.  It  is  suitable  for  the  design  of  optoelectronic  devices
which can work  at  near-infrared light  or  visible  light.  Further,
the band gap keeps direct in the strain range of –4% to –9%,
which  is  desired  for  the  optical  performance.  To  understand
the transition from indirect to direct band gap, we also calcu-
late  the  band  edge  positions,  considering  the  CBM  at  the  M
and  the  Γ  points,  as  well  as  the  VBM  at  the M  point.  We  can
see from Fig.  6(b) that  the CBM_M shifts  downwards with in-
creasing compressive  strain,  and becomes lower  than CBM_Γ
in  the  range  from  –4%  to  –9%,  indicating  the  conduction
band minimum changes from the M to the Γ points. The down-
ward  shift  is  also  consistent  with  the  bonding  character  of

CBM_M.  Thus,  the  direct  band  gap  is  formed.  In  addition,  in
the direct  gap region the VBM also shift  down with a  slightly
larger rate compared with the CBM_M, resulting in the tiny in-
crease of the band gap value with enhanced strain. The optic-
al  absorption  for  C568 with  the  strain  of  –6%  is  also  calcu-
lated  in Fig.  6(c).  The  results  show  that  the  absorption  is  iso-
tropic along the x and y direction, which is  different from the
optical anisotropy in case of uniaxial strain. It is because uniaxi-
al  strain  makes  the  lattice  become  rectangle.  Compared  to
the  square  lattice  caused  by  biaxial  strain,  the  lattice  sym-
metry  decreases  in  the  rectangle  lattice.  The  decrease  of  lat-
tice symmetry along x and y direction renders the optical an-
isotropy  along x and y direction.  The  effective  mass  of  hole
and electron with the external  biaxial  strain is  also calculated
(see Fig.  6(d)).  Compared  to  the  effective  mass  with  uniaxial
strain, the effective mass for electron and hole is relatively lar-
ger.

In  experiments,  some  flexible  materials  can  be  the  ideal
substrate  for  the  growth  of  2D  C568,  such  as  graphene  and
plastic  substrates.  Compressive and tensile  strains  can be ap-
plied  on  C568 by  twisting  and  stretching  the  substrate.  Pre-
vious  works  show  that  using  flexible  PVA  substrate  to  enc-
apsulate  monolayer  2D  material,  and  twisting  soft  polyme-
ric  substrates  with  materials  are  practical  ways  to  modulate
the  electronic  properties  of  materials  and  design  flexible
devices[36−38].

4.  Conclusion

Through first-principle calculations, the effect of the exter-
nal  strain  on  the  electronic  properties  of  C568 have  been  in-
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Fig. 5. (Color online) Band structures of C568 with different biaxial strains, with the Fermi level set at zero and marked with blacked dashed line. Pos-
itive and negative values of strains indicate tensile and compressive cases, respectively.
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vestigated  theoretically.  The  calculations  show  that  while
in-plane  uniaxial  and  biaxial  strains  both  reduces  the  band
gap of C568 in case of tensile strain,  their  effects are quite dif-
ferent in case of compressive strain. With increasing compres-
sive  uniaxial  strain,  the  band  gap  of  C568 first  increases,  and
then  dramatically  decreases.  In  contrast,  the  application  of
compressive  biaxial  strain  up  to  –10%  only  leads  to  a  slight
increase  of  band  gap.  Moreover,  an  indirect-to-direct  gap
transition  can  be  realized  under  both  types  of  compressive
strain.  The  results  also  show  that  the  optical  anisotropy  of
C568 can  be  induced under  uniaxial  strain,  while  biaxial  strain
does not  cause such an effect.  These results  could be helpful
to  experimentally  modulate  the  electronic  properties  of  C568-
based nanodevices.
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