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Overview:	  2-‐D	  semiconductors	  with	  a	  honeycomb	  nanogeometry.	  
The	  interest	  in	  2-‐dimensional	  systems	  with	  a	  honeycomb	  lattice	  and	  related	  Dirac-‐type	  electronic	  bands	  has	  exceeded	  
the	  prototype	  graphene1.	  Currently,	  2-‐dimensional	  atomic2,3	  and	  nanoscale4-‐8	   systems	  are	  extensively	   investigated	   in	  
the	   search	   for	  materials	  with	  novel	   electronic	  properties	   that	   can	  be	   tailored	  by	   geometry.	  The	   immediate	  question	  
that	  arises	   is	   how	   to	   fabricate	  2-‐D	   semiconductors	   that	  have	  a	  honeycomb	  nanogeometry,	   and	  as	  a	   consequence	  of	  
that,	  display	  a	  Dirac-‐type	  band	  structure?	  	  
	  
Here,	  we	  show	  that	  atomically	  coherent	  honeycomb	  superlattices	  of	  rocksalt	  (PbSe,	  PbTe)	  and	  zincblende	  (CdSe,	  CdTe)	  
semiconductors	   can	   be	   obtained	   by	   nanocrystal	   self-‐assembly	   and	   facet-‐to-‐facet	   atomic	   bonding,	   and	   subsequent	  
cation	   exchange.	  We	   present	   a	   extended	   structural	   analysis	   of	   atomically	   coherent	   2-‐D	   honeycomb	   structures	   that	  
were	  recently	  obtained	  with	  self-‐assembly	  and	  facet-‐to-‐facet	  bonding9.	  We	  show	  that	  this	  process	  may	  in	  principle	  lead	  
to	   three	   different	   types	   of	   honeycomb	   structures,	   one	   with	   a	   graphene	   type-‐,	   and	   two	   others	   with	   a	   silicene-‐type	  
structure.	  Using	  TEM,	  electron	  diffraction,	  STM	  and	  GISAXS	   it	   is	  convincingly	  shown	  that	   the	  structures	  are	   from	  the	  
silicene-‐type.	  	  
	  
In	   the	  second	  part	  of	   this	  work,	  we	  describe	   the	  electronic	  structure	  of	  graphene-‐type	  and	  silicene	  type	  honeycomb	  
semiconductors.	   We	   present	   the	   results	   of	   advanced	   electronic	   structure	   calculations	   using	   the	  !"!!!!∗	  atomistic	  
tight-‐binding	  method10.	  For	  simplicity,	  we	  focus	  on	  semiconductors	  with	  a	  simple	  and	  single	  conduction	  band	  for	  the	  
native	   bulk	   semiconductor.	  When	   the	   3-‐D	   geometry	   is	   changed	   into	   2-‐D	   honeycomb,	   a	   conduction	   band	   structure	  
transformation	   to	   two	   types	  of	  Dirac	   cones,	   one	   for	   S-‐	   and	  one	   for	   P-‐orbitals,	   is	   observed.	   	   The	  width	  of	   the	  bands	  
depends	  on	  the	  honeycomb	  period	  and	  the	  coupling	  between	  the	  nanocrystals.	  	  Furthermore,	  there	  is	  a	  dispersionless	  
P-‐orbital	   band,	  which	   also	   forms	   a	   landmark	  of	   the	  honeycomb	   structure.	   The	   effects	   of	   considerable	   intrinsic	   spin-‐
orbit	  coupling	  are	  briefly	  considered.	  For	  heavy-‐element	  compounds	  such	  as	  CdTe,	  strong	  intrinsic	  spin-‐orbit	  coupling	  

opens	  a	  non-‐trivial	  gap	  at	  the	  P-‐orbital	  Dirac	  point,	  leading	  to	  a	  quantum	  Spin	  Hall	  effect10-‐12.	  
	  
Our	  work	  shows	  that	  well	  known	  semiconductor	  crystals,	  known	  for	  centuries,	  can	  lead	  to	  systems	  with	  entirely	  new	  
electronic	  properties,	  by	  the	  simple	  action	  of	  nanogeometry.	  It	  can	  be	  foreseen	  that	  such	  structures	  will	  play	  a	  key	  role	  
in	  future	  opto-‐electronic	  applications,	  provided	  that	  they	  can	  be	  fabricated	  in	  a	  straightforward	  way.	  	  
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Oriented	  attachment	  is	  a	  process	  in	  which	  two	  adjacent	  nanocrystals	  form	  a	  single	  one,	  due	  to	  an	  atomically	  matched	  
bond	   formation	  between	   two	  specific	   facets13,14.	  Controlled	  oriented	  attachment	   is	   currently	  emerging	  as	  a	   route	   to	  
form	  extended	  one-‐	  and	   two-‐dimensional	   single-‐crystalline	  semiconductors	  of	   II-‐VI	  and	   IV-‐VI	  compounds9,15-‐17.	  These	  
systems	  are	  of	  large	  interest	  in	  opto-‐electronics,	  and	  are	  commonly	  fabricated	  by	  expensive	  gas-‐phase	  methods.	  
	  
Honeycomb	   semiconductors	   composed	   of	   PbSe.	   With	   truncated	   nanocubes	   of	   the	   Pb-‐chalcogenide	   family,	   2-‐D	  
atomically	   coherent	   ultra-‐thin	   quantum	   wells	   as	   well	   as	   superlattices	   with	   astounding	   square	   or	   honeycomb	  
nanogeometry	   have	   been	   recently	   reported9.	   The	   formation	   of	   such	   systems	   is	   highly	   remarkable,	   as	   several	  
demanding	   conditions	  have	   to	  be	   fulfilled:	   the	  nanocrystal	   building	  blocks	  must	  be	  nearly	  monodisperse	   in	   size	   and	  
shape,	  and	  attachment	   should	  only	  occur	  with	  a	  geometrically	  defined	  subset	  of	  nanocrystal	   facets	  of	  one	   sort.	  The	  
amazing	   atomic	   and	   nanoscale	   order	   in	   such	   systems	   is	   far	   from	   understood.	   This	   is	   most	   obvious	   for	   extended,	  
atomically	  coherent	  PbSe	  superlattices	  with	  honeycomb	  nanogeometry.	  In	  this	  case,	  immediate	  questions	  on	  the	  large-‐
scale	   crystallographic	   orientation	   of	   the	   nanocrystals,	   the	   release	   of	   the	   capping	   at	   specific	   facets,	   and	   the	   atomic	  
mechanism	  of	  attachment	  emerge.	  We	  now	  present	  a	  detailed	  structural	  analysis	  of	  these	  systems	  using	  methods	   in	  
real	   and	   wave	   vector	   space.	   This	   analysis	   also	   shines	   light	   on	   the	   mechanism	   of	   the	   self-‐assembly,	   the	   long-‐range	  
orientation	  of	  the	  nanocrystals	  before	  attachment,	  and	  the	  microscopic	  mechanism	  of	  the	  attachment	  process.	  	  
	  
Figure	  1	  presents	  the	  honeycomb	  structure	  obtained	  by	  oriented	  attachment	  of	  PbSe	  nanocrystal	  building	  blocks.	  The	  
initial	  building	  blocks	  have	  the	  shape	  of	  a	  truncated	  cube	  terminated	  with	  [100],	  [110],	  and	  [111]	  facets.	  To	  estimate	  
the	  nanoparticle	  size	  we	  determined	  the	  radially	  averaged	  diameter	  of	  the	  TEM	  projections,	  and	  found	  this	  to	  be	  5.4	  ±	  
0.4	  nm.	  The	  oriented	  attachment	  of	  these	  nanoparticles	  results	  in	  structures	  with	  long-‐range	  periodicity,	  as	  visualized	  
by	  means	   of	   an	   equilateral	   triangle	   in	   the	  HAADF-‐STEM	   image	   (Figure	   1A).	   Furthermore	   the	   structures	   have	   a	   high	  
degree	   of	   crystallinity,	   as	   observed	   by	   means	   of	   electron	   diffraction	   (Figure	   1C).	   Zooming	   in	   on	   the	   honeycomb	  
structure	  (Figure	  1B)	  reveals	  that	  the	  [111]	  facets	  of	  the	  nanocrystals	  are	  parallel	  to	  the	  honeycomb	  plane,	  and	  that	  the	  
symmetry	  axes	  of	  this	  facet	  (i.e.,	  the	  [1-‐10]	  atomic	  planes)	  are	  aligned	  with	  the	  nanocrystal-‐nanocrystal	  bonds.	  This	  is	  
also	  corroborated	  by	  the	  recorded	  electron	  diffraction	  patterns	  (Figure	  1C).	  	  
	  
At	   this	   point	  we	   can	   assume	   three	   different	  models	   for	   attachment	   of	   the	   nanocrystals	   that	   result	   in	   a	   honeycomb	  
structure	  with	  the	  nanocrystal	  [111]	  facets	  parallel	  to	  the	  honeycomb	  plane,	  being	  attachment	  via	  the	  [110],	  [111],	  or	  
[100]	  facets,	  respectively	  (Figure	  1D-‐I).	  The	  three	  models	  look	  similar	  from	  the	  top,	  but	  have	  a	  very	  different	  3D	  shape.	  
The	   first	  model	   is	   a	  planar,	   trigonal	   structure	  with	  bond	  angles	  between	   the	  nanocrystals	  of	  120o	   (Figure	  1D,E).	   The	  
second	  model	  is	  slightly	  buckled,	  with	  tetrahedral	  symmetry	  and	  nanocrystal	  bond	  angles	  of	  109.5o	  (Figure	  1F,G).	  The	  
third	  model	  is	  highly	  buckled,	  with	  octahedral	  symmetry	  and	  nanocrystal	  bond	  angles	  of	  90o	  (Figure	  1H,I).	  The	  trigonal	  
model,	  where	  attachment	  takes	  place	  via	  the	  [110]	  facets,	  requires	  that	  the	  [1-‐10]	  atomic	  planes	  are	  under	  a	  30o	  angle	  
with	  the	  nanocrystal-‐nanocrystal	  bonds.	  This	   is	  visible	   in	  Figure	  1D	   in	  the	  pointing	  away	  of	   the	  [110]	   facets	   from	  the	  
nanocrystal-‐nanocrystal	   bonds.	  However,	   both	   the	   high-‐resolution	  HAADF-‐STEM	   images	   and	   the	   electron	   diffraction	  
patterns	   show	   that	   the	   [1-‐10]	  atomic	  planes	  are	  aligned	  with	   the	  nanocrystal	  bonds,	  allowing	   to	  quickly	  discard	   this	  
model.	  Another	  indication	  that	  the	  honeycomb	  structure	  is	  buckled	  is	  observed	  in	  the	  HAADF-‐STEM	  images	  where	  the	  
additional	   scattering	   strength	   on	   the	   nanocrystal	   bonds	   indicates	   a	   larger	   than	   average	   thickness	   of	   the	   sample.	  
However,	  both	  the	  tetrahedral	  and	  octahedral	  model	  are	  buckled	  and	  have	  the	  [1-‐10]	  atomic	  planes	  aligned	  with	  the	  
honeycomb	  nanogeometry,	  making	  it	  impossible	  to	  discriminate	  between	  the	  two	  on	  basis	  of	  high	  resolution	  HAADF-‐
STEM	  or	  electron	  diffraction.	  
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Figure	  1.	  Single	  crystalline	  PbSe	  honeycomb	  structures	  created	  by	  oriented	  attachment.	  A)	  HAADF-‐STEM	  image	  of	  the	  honeycomb	  
structure.	  The	  equilateral	  triangle	  shows	  the	  long-‐range	  ordering	  of	  the	  structure.	  B)	  High	  resolution	  HAADF-‐STEM	  image	  showing	  
that	   the	   [111]	   facets	   are	  parallel	   to	   the	   substrate,	   and	   that	   the	   symmetry	   axes	   of	   these	   facets	   are	   aligned	  with	   the	  nanocrystal-‐
nanocrystal	  bonds.	  C)	  Electron	  diffraction	  pattern	   showing	   the	  high	  degree	  of	   crystallinity.	   The	   first	   ring	  of	   clear	  diffraction	   spots	  
originates	  from	  the	  [2-‐20]	  atomic	  planes.	  The	  orientation	  of	  the	  diffraction	  spots	  with	  respect	  to	  the	  real	  space	  TEM	  image	  confirms	  
that	  these	  planes	  are	  parallel	  to	  the	  nanocrystal-‐nanocrystal	  bonds.	  D-‐I)	  Models	  of	  the	  honeycomb	  structure	  with	  truncated	  cubes	  
for	  the	  nanocrystals.	  The	  two	  inequivalent	  sites	  in	  the	  honeycomb	  lattice	  are	  indicated	  by	  yellow/red	  nanocrystals	  and	  blue/green	  
nanocrystals.	  The	  triangles	  (red,	  dark	  green)	  are	  the	  [111]	  facets,	  the	  rectangles	  (orange,	  light	  green)	  are	  the	  [110]	  facets,	  and	  the	  
squares	  (yellow,	  blue)	  are	  the	  [100]	  facets	  of	  the	  nanocrystals.	  (D,E)	  Top	  and	  side	  view	  of	  the	  trigonal	  structure.	  (F,G)	  Top	  and	  side	  
view	  of	  the	  tetrahedral	  structure.	  (H,I)	  Top	  and	  side	  view	  of	  the	  octahedral	  structure.	  
	  
	  
The	   ability	   to	   discriminate	   between	   the	   tetrahedral	   and	   octahedral	   honeycomb	   structure	   is	   essential	   for	   both	  
understanding	   the	   oriented	   attachment	   process	   as	   well	   as	   modelling	   the	   electric	   properties	   of	   the	   honeycomb	  
structure.	  Here,	  we	  use	  a	  combination	  of	  scanning	  tunnelling	  microscopy	  (STM)	  and	  grazing-‐incidence	  small-‐angle	  X-‐ray	  
scattering	   (GISAXS)	   to	   fully	   resolve	   the	  honeycomb	  structure.	   (Figure	  2).	  We	  can	  extract	   the	  next-‐nearest	  neighbour	  
(NNN)	   distances	   from	   STM	   and	   find	   these	   to	   be	   8.5	   ±	   0.8	   nm.	   In	   GISAXS	  we	   find	   scattering	   peaks	   arising	   from	   the	  

hexagonal	  order	  of	  the	  holes	  in	  the	  honeycomb	  structure	  with	  relative	  positions	  of	  1: 3 :2: 7 ,	  as	  expected	  from	  a	  
honeycomb	   structure	   (Figure	   2).	   Looking	   at	   the	   absolute	   peak	   positions	  we	   find	   a	   hole-‐hole	   distance	   of	   8.5	   nm,	   in	  
accordance	   with	   the	   NNN	   distances	   observed	   in	   STM.	   Assuming	   perfect	   honeycomb	   models,	   this	   distance	   would	  
correspond	  to	  a	  bond	  length	  of	  5.2	  nm	  for	  the	  tetrahedral	  and	  6.0	  nm	  for	  the	  octahedral	  honeycomb	  structure.	  Hence,	  
the	   above	   results	   strongly	   indicate	   that	   our	   structures	   have	   the	   octahedral	   honeycomb	   nanogeometry.	   This	   is	  
corroborated	  by	  recent	  HAADF-‐STEM	  tomography,	  discussed	  elsewhere.	  	  
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Figure	  2.	  STM	  and	  GISAXS	  measurements	  on	  the	  PbSe	  honeycomb	  structures.	  (A)	  STM	  topography	  showing	  that	  the	  nanocrystals	  
are	   at	   different	   height.	   (B)	   Height	   profile	   along	   the	   blue	   line	   indicated	   in	   (A).	   The	   position	   of	   a	   high	   nanocrystal	   (star),	   low	  
nanocrystal	   (triangle),	   and	   hollow	   site	   (diamond)	   are	   indicated.	   (C)	   GISAXS	   pattern	   a	   honeycomb	   structure	   on	   top	   of	   a	   Si(100)	  
substrate,	  under	  an	  angle	  of	  incidence	  of	  0.7	  degrees.	  (D)	  Line	  trace	  in	  the	  horizontal	  direction	  indicated	  in	  (C),	  revealing	  the	  in-‐plane	  

order.	  Red	  disks	  mark	  diffraction	  peaks	  with	  relative	  positions	  of	  1: 3 :2: 7 ,	  arising	  from	  the	  hexagonal	  order	  of	  the	  holes	  in	  the	  
structure.	   This	   corresponds	   to	   bond	   lengths	   of	   either	   5.18	   nm	   for	   the	   tetrahedral	   honeycomb	   structure,	   or	   6.00	   nm	   for	   the	  
octahedral	  honeycomb	  structure.	  (E)	  Line	  trace	  in	  the	  vertical	  direction	  indicated	  in	  (C),	  representing	  the	  electron	  density	  profile	  in	  
the	  direction	  normal	  to	  the	  surface.	  The	  Fourier	  transform	  of	  the	  electron	  density	  profile	  calculated	  for	  the	  tetrahedral	  honeycomb	  
(blue)	  	  structure	  and	  for	  the	  octahedral	  honeycomb	  structure	  (red).	  From	  the	  vertical	  and	  horizontal	  line	  traces,	  it	  can	  be	  concluded	  
that	  the	  structures	  that	  are	  formed	  are	  silicene-‐type	  honeycombs,	  of	  the	  octahedral	  type	  (see	  Fig.	  1	  H,	  I).	  
	  
Above,	  we	   have	   shown	   that	   the	   honeycomb	   structures	   attach	   via	   the	   [100]	   facets	   into	   a	   structure	  with	   octahedral	  
symmetry.	  We	  now	  reconsider	  the	  bond	  lengths	  of	  the	  honeycomb	  structure,	  as	  extracted	  from	  TEM,	  STM,	  GISAXS,	  and	  
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tomography.	  All	  four	  techniques	  give	  an	  independent	  measure	  of	  6.0	  nm	  for	  the	  nanocrystal	  bond	  lengths,	  an	  increase	  
of	  10%	  of	  the	  original	  nanocrystal	  diameter.	  The	  increased	  bond	  lengths	  shine	  light	  on	  the	  microscopic	  mechanism	  of	  
facet-‐to-‐facet	  atomic	  attachment.	  D.	  Li	  et	  al.14	  showed	  that,	  in	  the	  process	  of	  oriented	  attachment,	  the	  nanocrystals	  are	  
continuously	  rotating	  and	  moving	  in	  close	  proximity	  by	  means	  Brownian	  motion,	  in	  this	  way	  trying	  to	  find	  an	  optimum	  
configuration	  before	  enduring	  attachment	  takes	  place.	  Our	  results	  show	  that	  two	  facing	  nanocrystals	  can	  be	  separated	  
by	   about	   half	   a	   nanometer	   after	   the	   attachment.	   We	   therefore	   propose	   the	   following	   mechanism	   for	   oriented	  
attachment	  of	  organically	  capped	  nanocrystals	  in	  apolar	  media:	  during	  the	  rotation	  and	  Brownian	  motion	  as	  described	  
by	  D.	  Li	  et	  al.14,	  atomic	  scale	  necking	  takes	  place	  as	  a	  first	  step	  in	  the	  attachment.	  After	  necking	  has	  started,	  the	  capping	  
molecules	  can	  be	  gradually	  removed	  and	  the	  neck	  extends	  perpendicular	  to	  the	  bond	  axis	  by	  vast	  atomic	  motion.	  For	  
PbSe	  nanocrystals	  considerable	  atomic	  reconfigurations	  have	  been	  monitored	  by	  high	  resolution	  TEM	  in	  vacuum18-‐20.	  
The	   necking	   explains	   the	   elongation	   of	   the	   bond	   lengths,	  which	   also	   results	   in	   considerably	  more	   open	   honeycomb	  
structure	   than	   can	   be	   obtained	   from	  geometric	   attachment	   of	   rigid	   block	  models	   (compare	   Figure	   1H	  with	   the	   real	  
structures	   in	  Figures	  1	  and	  3).	   In	  this	  necking	  mechanism,	  not	  all	   the	  capping	  molecules	  have	  to	  be	  released	  at	  once	  
from	  a	  facet,	  allowing	  for	  attachment	  pathways	  with	  lower	  activation	  energy.	  	  
	  
Honeycomb	   semiconductors	   composed	   of	   zinc	   blende	   CdSe.	   An	   important	   question	   is	   if	   the	   formation	   of	   2-‐D	  
honeycomb	  structures	  is	  limited	  to	  Pb-‐chalcogenide	  materials	  or	  not?	  It	  should	  be	  remarked	  that	  the	  specific	  shape	  of	  
the	  building	  blocks	   –	   rock	   salt	   nanocrystals	  with	   a	   truncated	   cubic	   shape	   -‐	   is	   a	   key	   element	   in	   the	   formation	  of	   the	  
honeycomb	  structures.	  The	  tight-‐binding	  calculations	  predict	  Dirac	  conduction	  bands,	  if	  the	  inherent	  conduction	  band	  
structure	   is	  a	  simple	  parabolic	  band,	  as	   for	  zinc	  blende.	  For	   this	   reason,	  we	  have	  attempted	  to	   fabricate	  honeycomb	  
semiconductors	  of	  CdSe	  with	  a	  zinc	  blende	  atomic	  structure,	  using	  Cd-‐for-‐Pb	  ion	  exchange.	  	  	  

	  

Figure	  3.	  Single	  crystalline	  CdSe	  honeycomb	  structures	  created	  by	  cation	  exchange.	  A)	  Energy-‐dispersive	  X-‐ray	  spectrum	  of	  the	  CdSe	  
honeycomb	   structure,	   showing	   a	   total	   absence	   of	   Pb	   and	   a	   1:1	   ratio	   of	   Cd:Se.	   B)	   HAADF-‐STEM	   image	   of	   the	   CdSe	   honeycomb	  
structure.	  The	  equilateral	  triangle	  shows	  that	  the	  long	  range	  ordering	  of	  the	  structure	  is	  retained.	  C)	  High	  resolution	  HAADF-‐STEM	  
image	  showing	  that	  orientation	  of	  the	  Se	  anion	  lattice	  with	  respect	  to	  the	  nanogeometry	  is	  preserved.	  D)	  Electron	  diffraction	  pattern	  
showing	  that	  the	  high	  degree	  of	  crystallinity	  is	  preserved.	  The	  orientation	  of	  the	  diffraction	  spots	  with	  respect	  to	  the	  real	  space	  TEM	  
image	  confirms	  that	  the	  [1-‐10]	  facets	  are	  oriented	  along	  the	  nanocrystal-‐nanocrystal	  bond	  axis.	  	  
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Figure	  3	  presents	  the	  successful	  exchange	  of	  our	  PbSe	  honeycomb	  lattices	  into	  CdSe.	  The	  complete	  transformation	  of	  
the	  PbSe	  lattice	  into	  CdSe	  is	  confirmed	  by	  means	  of	  energy-‐dispersive	  X-‐ray	  spectroscopy	  (Figure	  3A).	  HAADF-‐STEM	  and	  
electron	  diffraction	  measurements	   show	   that	   the	  orientation	  of	   the	  Se	  anion	   lattice	  with	   respect	   to	   the	  honeycomb	  
periodicity	   is	   preserved	   (Figure	   3B-‐D).	   This	   is	   in	   line	   with	   earlier	   described	   mechanisms	   where	   the	   anion	   lattice	   is	  
preserved	   during	   cation	   exchange21,22,	   and	   is	   corroborated	   by	   high	   resolution	   HAADF-‐STEM	   measurements	   of	  
honeycomb	  structures	  at	  intermediate	  stages	  of	  cation	  exchange	  (not	  shown).	  	  
	  
Dirac	  conduction	  bands	  in	  honeycomb	  semiconductors	  
Based	  on	   the	   effective	  mass	   approach,	  Dirac-‐type	  bands	  of	   considerable	  width	   can	   be	   expected	   for	   semiconductors	  
with	  a	  honeycomb	  nanogeometry5.	  However,	  a	  detailed	  understanding	  of	   the	  electronic	   structure	  and	   the	  effects	  of	  
spin-‐orbit	   coupling,	   in	   relation	   to	   the	   atomic	   structure	   and	   nanoscale	   geometry	   of	   these	   systems	   requires	   more	  
advanced	  calculation	  methods	  beyond	  the	  “artificial	  atom”	  approach.	  We	  have,	  therefore,	  calculated	  the	  energy	  bands	  
of	  honeycomb	  superlattices	  composed	  of	  rock	  salt	  PbSe	  (PbTe)	  and	  zinc	  blende	  CdSe	  (CdTe)	  using	  an	  atomistic	  semi-‐
empirical	  tight-‐binding	  method	  applied	  to	  realistic	  atomic	  configurations.	  In	  the	  foregoing	  section	  we	  reviewed	  that	  the	  
self-‐assembly	   and	   attachment	   of	   truncated	   nanocrystal	   cubes	   may	   result	   in	   three	   different	   types	   of	   honeycomb	  
structures,	   either	  with	   the	   nanocrystals	   in	   plane	   (i.e.	   a	   graphene	   type	   structure),	   or	   buckled,	   i.e.	  with	   the	   two	   sub-‐
lattices	   at	   a	   different	   height	   (silicene	   type).	   	   For	   this	   reason,	   we	   present	   results	   for	   both	   types	   of	   honeycomb	  
superlattices.	  Each	  atom	  in	  the	  superlattice	  is	  described	  by	  a	  double	  set	  of	  !"!!!!∗	  atomic	  orbitals	  including	  the	  spin	  
degree	   of	   freedom.	   We	   include	   spin-‐orbit	   interaction	   and	   we	   use	   tight-‐binding	   parameterizations	   that	   give	   very	  
accurate	  band	  structures	  for	  bulk	  PbSe,	  CdSe	  and	  CdTe.	  	  
	  
The	  electronic	  structure	  of	  the	  superlattices	   is	  always	  composed	  of	  a	  succession	  of	  several	  mini-‐bands	  and	  mini-‐gaps	  
due	  to	  the	  honeycomb	  nanogeometry	  of	  the	  superlattice.	  The	  band	  structure	  of	  the	  PbSe	  superlattices	  is	  clouded	  due	  
to	   inter-‐valley	   coupling.	   In	   the	   following,	  we	   discuss	   the	   simpler	   case	   in	  which	   the	   native	   3-‐D	   semiconductor	   has	   a	  
simple	   single	   conduction	  band.	  This	   is,	   for	   instance,	   the	  case	   for	   the	  honeycomb	  semiconductors	   composed	  of	  CdSe	  
that	  we	  could	  prepare	  from	  a	  PbSe	  honeycomb	  lattice	  by	  Cd-‐for-‐Pb	  cation	  exchange	  (see	  above).	  The	  conduction	  band	  
of	  CdSe	  (CdTe)	  superlattices	  (Figure	  4a,	  b)	   is	  always	  composed	  of	  two	  well-‐separated	  manifolds	  of	  two	  and	  six	  bands	  
(four	  and	  twelve	  bands	  including	  spin).	  In	  graphene-‐type	  superlattices,	  these	  bands	  are	  connected	  just	  at	  the	  K	  and	  K’	  
points	  of	  the	  Brillouin	  zone	  where	  the	  dispersion	  is	  linear	  (Dirac	  points).	  	  In	  the	  second	  manifold	  higher	  in	  energy,	  four	  
bands	  have	  a	  small	  dispersion	  and	  two	  others	   form	  very	  dispersive	  Dirac	  bands.	  The	  presence	  of	  Dirac	  points	  at	  two	  
different	   energies	   is	   remarkable;	   it	   can	   be	   understood	   from	   the	   electronic	   structure	   of	   individual	   CdSe	   (CdTe)	  
nanocrystals	  characterized	  by	  a	   spin-‐degenerate	  electron	  state	  with	  a	  1S	  envelope	  wave-‐function	  and	  by	   three	  spin-‐
degenerate	  1P	  excited	  states	  higher	   in	  energy.	  The	  two	  manifolds	  of	  bands	  arise	   from	  the	   inter-‐nanocrystal	  coupling	  
between	   these	   1S	   and	   1P	   states,	   respectively.	   	   Interestingly,	   with	   this	   nanoscale	   geometry,	   the	   coupling	   between	  
nanocrystal	  wave-‐functions	  is	  strong	  enough	  to	  form	  dispersive	  bands	  with	  high	  velocity	  at	  the	  Dirac	  points,	  but	  small	  
enough	  to	  avoid	  mixing	   (hybridization)	  between	  1S	  and	  1P	  states.	  Similar	   results	  are	   reached	  with	  an	  effective	  mass	  
theory	  applied	  to	  a	  hexagonal	  array	  of	  repulsive	  gates	  that	  act	  on	  a	  2-‐D	  electron	  gas8,	  and	  we	  should	  remark	  that	  this	  
simple	  model	  provides	  generic	  insight.	  	  
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A	   fingerprint	   of	   the	   electronic	   states	   at	   the	  Dirac	   cones	   in	   graphene	   is	   their	   chirality	  with	   respect	   to	   a	   pseudo-‐spin	  
associated	  with	  the	  two	  components	  of	  the	  wave-‐function	  on	  the	  two	  atoms	  of	  the	  unit-‐cell1.	  We	  have	  proved	  that	  also	  
in	   the	  case	  of	   the	  nanocrystal	  honeycomb	  superlattices,	   the	  pseudo-‐spin	   is	  well	  defined	  near	   the	  Dirac	  points	   for	  all	  
atoms	  on	  both	  sites	  of	  the	  honeycomb	  superlattice10	  (result	  not	  shown).	  
	  
	  

	  
	  
Figure	  4	  |	  Conduction	  bands	  of	  atomically	  coherent	  graphene-‐type	  and	  silicene-‐type	  honeycomb	  superlattices	  of	  the	  compound	  
CdSe.	  	  

a,	   First	   8	   conduction	  bands	   in	   a	   K-‐Γ-‐M-‐K	   representation	   for	   the	   graphene-‐type	   superlattice	  made	  of	   truncated	  nanocubes	  with	   a	  
body	  diagonal	  of	  4.30	  nm.	  The	  first	  two	  bands	  formed	  by	  nanocrystal	  1S	  orbitals	  present	  a	  Dirac	  cone.	  Bands	  4	  and	  5	  give	  rise	  to	  a	  
second	  Dirac	  cone,	  derived	  from	  the	  nanocrystal	  1P	  orbitals.	  The	  third	  band	  and	  the	  top	  bands	  formed	  by	  the	  nanocrystal	  1P	  orbitals	  
are	  nearly	  dispersionless	  due	   to	   the	  geometry	   (1Px,y)	  or	  weak	  coupling	   (1Pz).	  b,	   Same	   for	   the	  silicene-‐type	  superlattice	   (truncated	  
nanocube	  diagonal	  =	  5.27	  nm).	  c,	  For	  the	  silicene	  lattice:	  evolution	  of	  the	  gap	  at	  K	  between	  the	  1S	  (blue	  squares)	  and	  between	  the	  
1P	  (red	  circles)	  Dirac	  bands	  versus	  the	  electric	  field	  strength	  applied	  perpendicular	  to	  the	  honeycomb	  plane.	  

In	  the	  case	  of	  the	  graphene	  superlattice,	  the	  1S	  and	  1P	  bands	  are	  always	  characterized	  by	  well-‐defined	  Dirac	  points.	  At	  
G,	  the	  width	  of	   the	  1S	  band	   increases	  with	  decreasing	  nanocrystal	  size	  and	   increasing	  number	  of	  contact	  atoms.	  We	  
predict	   a	   bandwidth	   above	   100	  meV	   for	   realistic	   configurations.	  Note	   that	   the	  width	   of	   the	  Dirac	   1P	   bands	   is	   even	  
considerably	   larger	  than	  that	  of	  the	  1S	  bands.	  For	  artificial	  silicene	  superlattices	  there	  are	  gaps	  with	  varying	  width	  at	  
the	   K	   points	   (Figure	   2b)	   due	   to	   the	   absence	   of	   mirror	   symmetry	   with	   respect	   to	   the	   [111]	   contact	   plane	   between	  
neighbour	   nanocrystals.	   However,	   it	   is	   shown	   in	   Figure	   4c	   that	   these	   gaps	   can	   be	   (almost)	   completely	   closed	   by	  
application	  of	  an	  electric	  field	  perpendicular	  to	  the	  honeycomb	  plane.	  The	  systematic	  presence	  of	  nearly	  flat	  1P	  bands	  
is	  another	  remarkable	  consequence	  of	  the	  absence	  of	  S-‐P	  hybridization.	  The	  existence	  of	  dispersionless	  bands	  has	  been	  
predicted	  in	  honeycomb	  optical	  lattices	  of	  cold	  atoms	  with	  !	  orbitals23,24.	  In	  our	  case,	  two	  1P	  bands	  are	  built	  from	  the	  
1Pz	  states	  perpendicular	  to	  the	  lattice,	  they	  are	  not	  very	  dispersive	  simply	  because	  1Pz-‐1Pz	  (p-‐p)	  interactions	  are	  weak.	  
Two	  other	  1P	  bands	   (1Px,y)	   are	   flat	  due	   to	  destructive	   interferences	  of	   electron	  hopping	   induced	  by	   the	  honeycomb	  
geometry23,24.	  	  
	  
The	   original	   proposal	   for	   the	   realization	   of	   the	   quantum	   spin	   Hall	   effect	   in	   graphene25,	   has	   triggered	   a	   flurry	   of	  
experimental	  and	  theoretical	  studies26.	  Here,	  we	  show	  that	  by	  using	  heavy	  elements	  that	  results	  in	  strong	  intrinsic	  spin-‐
orbit	   coupling,	   it	   is	   possible	   to	   engineer	   honeycomb	   nanocrystal	   superlattices	   that	   exhibit	   a	   non-‐trivial	   gap	   of	  
considerable	  magnitude.	  Especially	  for	  CdTe,	  our	  calculations	  show	  a	  considerable	  gap	  of	  several	  meV	  at	  the	  K	  point	  in	  
the	  1P	  Dirac	  bands	  and	  the	  emergence	  of	  dispersionless	  edge	  states	  (manuscript	  in	  preparation).	  This	  effect	  is	  almost	  
totally	  absent	  in	  real	  graphene,	  for	  which	  the	  intrinsic	  spin-‐orbit	  coupling	  is	  ~50	  µeV1.	  	  
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Future	  experimental	  study	  of	  the	  band	  structure.	  	  	  	  	  
Numerous	  directions	  are	  open	  for	  the	  experimental	  investigation	  of	  these	  systems.	  The	  electronic	  structure	  and	  carrier	  
transport	   can	   be	   studied	   by	   local	   scanning	   tunnelling	   microscopy	   and	   spectroscopy,	   and	   in	   a	   field-‐effect	   transistor	  
geometry.	  With	  illumination	  and/or	  gating	  the	  conduction	  band	  can	  be	  controllably	  filled	  with	  electrons	  up	  to	  several	  
electrons	   per	   nanocrystal33	   allowing	   for	   the	   Fermi-‐level	   to	   cross	   the	   Dirac	   points.	  We	   also	   should	   remark	   that	   the	  
physics	  of	  honeycomb	  lattices	  of	  !	  orbitals	  with	  strong	  spin-‐orbit	  coupling	  is	  completely	  unexplored.	  Our	  work	  provides	  
evidence	  for	  a	  non-‐trivial	  dispersionless	  P-‐band	  that	  can	  be	  reached	  at	  a	  nanocrystal	  filling	  between	  2	  and	  3	  electrons.	  	  
Electron-‐electron	   interactions	   should	   then	  play	  a	   crucial	   role	  and	  may	   lead	   to	  Wigner	   crystallization23	  or	   to	   the	   long	  
sought	  realization	  of	  fractional	  Chern	  insulators	  or	  the	  fractional	  quantum-‐spin	  Hall	  effect27.	  	  	  
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