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Abstract	
  
	
  

CdTe	
   is	
  a	
  p-­‐type	
  semiconductor	
  used	
   in	
   thin-­‐film	
  solar	
   cells.	
  To	
  achieve	
  high	
   light-­‐to-­‐
electricity	
  conversion,	
  annealing	
  in	
  the	
  presence	
  of	
  CdCl2	
  is	
  essential,	
  but	
  the	
  underlying	
  
mechanism	
  is	
  still	
  under	
  debate.	
  Recent	
  evidence	
  suggests	
  that	
  a	
  reduction	
  in	
  the	
  high	
  
density	
   of	
   stacking	
   faults	
   in	
   the	
   CdTe	
   grains	
   is	
   a	
   key	
   process	
   that	
   occurs	
   during	
   the	
  
chemical	
   treatment.	
   A	
   range	
   of	
   stacking	
   faults,	
   including	
   intrinsic,	
   extrinsic	
   and	
   twin	
  
boundary,	
  are	
  computationally	
   investigated	
   to	
   identify	
   the	
  extended	
  defects	
   that	
   limit	
  
performance.	
  The	
  low-­‐energy	
  faults	
  are	
  found	
  to	
  be	
  electrically	
  benign,	
  while	
  a	
  number	
  
of	
  higher	
  energy	
  faults,	
  consistent	
  with	
  atomic-­‐resolution	
  micrographs,	
  are	
  predicted	
  to	
  
be	
   hole	
   traps	
  with	
   fluctuations	
   in	
   the	
   local	
   electrostatic	
   potential.	
   It	
   is	
   expected	
   that	
  
stacking	
  faults	
  will	
  also	
  be	
  important	
  for	
  other	
  thin-­‐film	
  photovoltaic	
  technologies.	
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Cadmium	
   telluride	
   (CdTe)	
   is	
   a	
   II-­‐VI	
   semiconducting	
   material	
   used	
   in	
   thin-­‐film	
  
photovoltaic	
  (PV)	
  devices.	
  It	
  exhibits	
  intrinsic	
  p-­‐type	
  conductivity	
  with	
  a	
  direct	
  optical	
  
band	
  gap	
  close	
  to	
  1.5	
  eV,	
  as	
  well	
  as	
  a	
  high	
  optical	
  absorption	
  coefficient	
  of	
  5×105	
  cm−1.1	
  
Recently,	
  CdTe/CdS	
  devices	
  with	
  light-­‐to-­‐electricity	
  conversion	
  efficiencies	
  in	
  excess	
  of	
  
20	
  %	
  for	
  small	
  area	
  cells	
  and	
  16	
  %	
  for	
  modules	
  have	
  been	
  reported.2	
  
	
  
It	
  is	
  well	
  documented	
  that	
  an	
  annealing	
  treatment	
  in	
  the	
  presence	
  of	
  CdCl2	
  is	
  essential	
  
for	
  enhancing	
  the	
  photovoltaic	
  performance	
  of	
  CdTe.	
  However,	
  the	
  mechanisms	
  causing	
  
this	
   improvement	
   are	
   still	
   under	
   debate,	
   with	
   arguments	
   based	
   on	
   changes	
   in	
   point	
  
defect	
   concentrations,	
   passivation	
   of	
   recombination	
   centers	
   at	
   grain	
   boundaries	
   and	
  
changes	
   in	
   the	
   film	
   morphology.3,4	
   The	
   most	
   recent	
   model,	
   presented	
   by	
   Li	
   et	
   al.,5	
  
emphasised	
  the	
  substitution	
  of	
  Cl	
  atoms	
  for	
  Te	
  atoms	
  at	
  grain	
  boundaries,	
  which	
  form	
  
n-­‐type	
  regions	
  that	
  facilitate	
  electron-­‐hole	
  separation.	
  	
  
	
  

	
  
Figure	
  1.	
  Current-­‐voltage	
  characteristics	
  of	
  an	
  untreated	
  thin-­‐film	
  CdTe	
  photovoltaic	
  cell	
  
compared	
  with	
  a	
  cadmium	
  chloride	
  treated	
  device.	
  
	
  
Recently,	
   experimental	
   evidence	
   has	
   shown	
   that	
   a	
   high	
   density	
   of	
   stacking	
   faults	
   is	
  
present	
  in	
  the	
  as-­‐deposited	
  films	
  of	
  CdTe.6	
  Also,	
  it	
  is	
  now	
  established	
  that	
  the	
  stacking	
  
faults	
  are	
  removed	
  by	
  the	
  cadmium	
  chloride	
  annealing	
  treatment,	
  and	
  the	
  cell	
  efficiency	
  
is	
   dramatically	
   enhanced.	
   The	
   current-­‐voltage	
   curve	
   in	
   Figure	
   1	
   shows	
   the	
   radical	
  
change	
  in	
  performance	
  caused	
  by	
  the	
  chemical	
  treatment.	
  	
  Prior	
  to	
  treatment	
  the	
  device	
  
behaves	
   essentially	
   as	
   a	
   resistor;	
   after	
   the	
   treatment,	
   12%	
   conversion	
   efficiency	
   is	
  
achieved.	
  
	
  
The	
  application	
  of	
  first-­‐principles	
  techniques	
  to	
  investigate	
  stacking	
  faults	
  in	
  crystalline	
  
materials	
   is	
   well	
   developed7	
   and	
   stacking	
   faults	
   in	
   tetrahedral	
   semiconductors	
   have	
  
been	
   the	
   subject	
   of	
   many	
   investigations.8–11	
   Nonetheless,	
   there	
   is	
   currently	
   little	
  
understanding	
  of	
  the	
  connection	
  between	
  these	
  faults	
  and	
  photovoltaic	
  performance	
  in	
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CdTe	
  devices.	
  	
  
	
  
In	
   this	
  work,	
  we	
  report	
  a	
   joint	
  experimental	
  and	
  computational	
   investigation	
   into	
   the	
  
role	
   of	
   stacking	
   faults	
   in	
   CdTe	
   with	
   regards	
   to	
   the	
   thermodynamics	
   and	
   electronic	
  
structure.	
   We	
   construct	
   model	
   geometries	
   compatible	
   with	
   high-­‐resolution	
  
transmission	
   electron	
   microscopy	
   (HRTEM)	
   data	
   and	
   investigate	
   the	
   formation	
   of	
  
extended	
  defects	
  via	
  Kohn-­‐Sham	
  density-­‐functional	
  theory	
  (DFT).	
  The	
  faults	
  considered	
  
in	
   this	
   work	
   include	
   intrinsic	
   and	
   extrinsic	
   stacking	
   faults	
   with	
   two	
   kinds	
   of	
  
coordination,	
   as	
   well	
   as	
   twin	
   boundaries.	
   The	
   principal	
   finding	
   is	
   that	
   a	
   subset	
   of	
  
stacking	
  faults	
  introduce	
  hole	
  traps	
  into	
  the	
  material	
  that	
  will	
   inhibit	
  photo-­‐generated	
  
carrier	
   collection,	
  while	
   the	
  majority	
   of	
   low-­‐energy	
   faults	
   are	
   benign	
   and	
   should	
   not	
  
affect	
  device	
  performance.	
  The	
   faults	
  are	
  confirmed	
  experimentally	
   to	
  be	
  removed	
  by	
  
annealing	
  in	
  the	
  presence	
  of	
  CdCl2,	
  explaining	
  one	
  of	
  the	
  roles	
  of	
  this	
  treatment	
  in	
  the	
  
production	
  of	
  high-­‐quality	
  PV	
  material.	
  These	
  findings	
  are	
  important	
  for	
  the	
  design	
  of	
  
optimal	
   production	
   routes	
   of	
   CdTe	
   solar	
   cells.	
   Furthermore,	
   the	
   availability	
   of	
   high-­‐
quality	
  crystals	
  of	
  CdTe	
  makes	
  it	
  an	
  excellent	
  prototype	
  for	
  studying	
  the	
  formation	
  and	
  
properties	
  of	
   lattice	
  defects,	
  as	
  many	
  other	
   tetrahedral	
  semiconductors	
  are	
  promising	
  
PV	
  absorber	
  materials	
  (e.g.	
  kesterite	
  structured	
  Cu2ZnSnS4).	
  
	
  
Solar	
   Cell	
   Fabrication	
   –	
  Thin-­‐film	
   CdTe	
   solar	
   cells	
   were	
   deposited	
   using	
   close	
   space	
  
sublimation	
  (CSS)	
  in	
  an	
  all-­‐in-­‐one	
  vacuum	
  process.	
  The	
  devices	
  were	
  deposited	
  on	
  NSG-­‐
Pilkington	
   TEC10	
   fluorine-­‐doped	
   tin	
   oxide	
   coated	
   on	
   3	
   mm	
   soda	
   lime	
   glass	
   in	
   a	
  
superstrate	
  configuration.	
  The	
  glass	
  superstrate	
  was	
  passed	
  though	
  different	
  chambers	
  
at	
   40	
   mTorr	
   vacuum,	
   held	
   a	
   few	
   millimetres	
   above	
   graphite	
   boats.	
   The	
   boats	
   were	
  
heated	
  to	
  650°C	
  with	
  the	
  different	
  materials,	
  which	
  then	
  sublimed	
  onto	
  the	
  superstrate	
  
surface.	
   An	
   n-­‐type	
   cadmium	
   sulphide	
  was	
   deposited	
   followed	
   by	
   an	
   approximately	
   3	
  
µm	
   thick	
   layer	
   of	
   CdTe.	
   One	
   of	
   the	
   samples	
   remained	
   untreated,	
   while	
   the	
   second	
  
sample	
  was	
  exposed	
  to	
  the	
  activation	
  treatment.	
  The	
  cadmium	
  chloride	
  was	
  sublimated	
  
to	
  a	
  thickness	
  of	
  ~3	
  µm,	
  and	
  then	
  the	
  sample	
  was	
  heated	
  for	
  8	
  minutes	
  at	
  400°C	
  in	
  a	
  2%	
  
oxygen	
   atmosphere,	
   causing	
   the	
   CdCl2	
   layer	
   to	
   evaporate.	
   This	
   was	
   followed	
   by	
   a	
  
copper	
  doping	
  process	
  by	
  sublimating	
  CuCl	
  onto	
  the	
  CdTe	
  surface.	
  These	
  two	
  circular	
  
small	
  area	
  devices	
  of	
  1	
  cm2	
  area	
  were	
  then	
  finished	
  by	
  applying	
  a	
  graphite-­‐paste	
  back	
  
electrode.	
  
	
  
High-­‐resolution	
   Microscopy	
   –	
   Analysis	
   using	
   high-­‐resolution	
   transmission	
   electron	
  
microscopy	
   (HR-­‐TEM)	
  was	
   carried	
   out	
   using	
   an	
   FEI	
   Tecnai	
   F20	
   TEM.	
   The	
   grain	
  was	
  
tilted	
  to	
  the	
  <011>	
  zone	
  axis	
  to	
  observe	
  along	
  the	
  [111]	
  plane	
  to	
  enable	
  imaging	
  of	
  the	
  
lattice.	
   TEM	
   samples	
   were	
   prepared	
   by	
   focused	
   ion	
   beam	
   (FIB)	
  milling	
   using	
   a	
   dual	
  
beam	
  FEI	
  Nova	
   600	
  Nanolab.	
   A	
   standard	
   in	
   situ	
   lift	
   out	
  method	
  was	
   used	
   to	
   prepare	
  
cross-­‐sectional	
  samples	
  through	
  the	
  coating	
  into	
  the	
  glass	
  substrate.	
  A	
  platinum	
  over-­‐
layer	
   was	
   deposited	
   to	
   define	
   the	
   surface	
   and	
   homogenize	
   the	
   final	
   thinning	
   of	
   the	
  
samples.	
  Finally,	
  a	
   low	
  voltage	
   ion	
  clean-­‐up	
  was	
  used	
  on	
  each	
  side	
  of	
   the	
  sample.	
  The	
  
energy	
   of	
   the	
   ion	
   beam	
  was	
   reduced	
   to	
   5	
   keV	
   using	
   a	
   beam	
   current	
   of	
   70	
   pA.	
   	
   The	
  
sample	
  was	
  tilted	
  2°	
  extra	
  each	
  side	
  of	
  52°	
  (in-­‐line	
  with	
  the	
  ion	
  beam)	
  and	
  brushed	
  with	
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the	
  ion	
  beam	
  for	
  2	
  minutes.	
  This	
  procedure	
  reduces	
  the	
  amount	
  of	
  ion	
  implantation	
  and	
  
damage	
  and	
  results	
  in	
  improved	
  lattice	
  imaging.	
  
	
  
Materials	
  Modelling	
  –	
   All	
   electronic	
   structure	
   calculations	
   are	
   performed	
   in	
   the	
  VASP	
  
code12,13	
  based	
   on	
   the	
   projector	
   augmented	
  wave	
   (PAW)	
   approach.14	
  The	
   plane-­‐wave	
  
basis	
  set	
  is	
  implemented	
  with	
  energy	
  cut-­‐off	
  of	
  300	
  eV	
  and	
  a	
  gamma-­‐centered	
  k-­‐point	
  
grid	
  of	
  6×6×6	
  is	
  used	
  for	
  the	
  reciprocal	
  space	
  sampling	
  of	
  zinc-­‐blende	
  (ZB)	
  structured	
  
CdTe	
  (6×6×1	
  for	
  the	
  (111)	
  oriented	
  supercells).	
  Structural	
  optimization	
  was	
  carried	
  out	
  
until	
  all	
  atomic	
  forces	
  are	
  less	
  than	
  0.01	
  eVÅ−1.	
  For	
  the	
  exchange-­‐correlation	
  functional,	
  
the	
  generalized	
  gradient	
  approximation	
  (GGA)	
  due	
  to	
  Perdew	
  et	
  al.,	
  known	
  as	
  PBEsol,15	
  
is	
  employed	
   for	
  structure	
  optimization.	
  The	
  HSE06	
  hybrid	
   functional16,17	
  is	
  used	
   for	
  a	
  
more	
  accurate	
  description	
  of	
  the	
  electronic	
  structure18–20	
  with	
  single-­‐point	
  calculations	
  
on	
  pre-­‐optimised	
  structures.	
  The	
  calculated	
  lattice	
  constant	
  and	
  band	
  gap	
  energy	
  of	
  ZB	
  
CdTe,	
  6.496Å	
  (from	
  PBEsol)	
  and	
  1.49	
  eV	
  (from	
  HSE06),	
  show	
  very	
  good	
  agreement	
  with	
  
the	
  experimental	
  and	
  theoretical	
  data,	
  6.482Å	
  and	
  1.50	
  eV.1,21,22	
  From	
  the	
  equilibrium	
  
bulk	
   structure,	
   (111)	
   oriented	
   supercells	
   containing	
   stacking	
   faults	
   (SF)	
   –	
   11	
   atomic	
  
layers	
  (AL)	
   for	
   intrinsic	
  SF	
  and	
  13	
  AL	
   for	
  other	
  SF	
  systems	
  –	
  have	
  been	
  generated	
  by	
  
lattice	
  transformations	
  in	
  the	
  code	
  VESTA.	
  
	
  
The	
  stacking-­‐fault	
  energy	
  (SFE),	
  conventionally	
  reported	
   in	
  units	
  of	
  mJ/m2,	
   is	
  defined	
  
here	
  as	
  the	
  total	
  energy	
  difference	
  between	
  structures	
  which	
  contain	
  SF	
  and	
  the	
  perfect	
  
bulk	
  crystal.35	
  Specifically,	
  the	
  SFE	
  is	
  calculated	
  from	
  

𝑆𝐹𝐸 =   
1
2𝐴 (𝐸!"  !"#$%&$''

!"!#$ − 𝑛𝐸!"  !"#$!"!#$ )	
  
	
  
where	
  A	
  is	
  the	
  area	
  of	
  the	
  stacking	
  fault,	
  	
  𝐸!"  !"#$%&$''!"!#$ 	
  is	
  the	
  total	
  energy	
  of	
  the	
  defective	
  
supercell	
  with	
  n	
  formular	
  units,	
  and	
  	
  𝐸!"  !!"#!"!#$ 	
  the	
  total	
  energy	
  of	
  bulk	
  CdTe.	
  
	
  
	
  
	
  

	
  
	
  

Figure	
   2.	
   High-­‐resolution	
   TEM	
   image	
   of	
   CdTe	
   before	
   (left)	
   and	
   after	
   (right)	
   annealing	
  
treatment.	
  An	
  atomistic	
  model	
  for	
  the	
  stacking	
  faults	
  observed	
  is	
  given	
  in	
  Figure	
  3.	
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Representative	
  HRTEM	
   images	
   from	
   the	
   cross-­‐section	
   of	
   a	
   CdTe	
   thin-­‐film	
  before	
   and	
  
after	
   annealing	
   treatment	
   are	
   shown	
   in	
   Figure	
   2.	
   The	
   micrographs	
   illustrate	
   the	
  
decrease	
   of	
   SF	
   density	
   due	
   to	
   annealing	
   treatment.	
   Simultaneously,	
   twin	
   boundaries	
  
appear	
  in	
  the	
  treated	
  sample	
  (or	
  their	
  presence	
  is	
  simply	
  highlighted	
  by	
  the	
  removal	
  of	
  
the	
  stacking	
  faults).	
  	
  
	
  
Table	
   1.	
   Calculated	
   stacking-­‐fault	
   energy	
   (SFE)	
   and	
   band	
   gap	
   for	
   defective	
   CdTe.	
   Also	
  
listed	
   is	
   the	
   aligned	
   eigenvalue	
   difference	
   of	
   valence	
   band	
   maximum	
   (VBM)	
   and	
  
conduction	
  band	
  maximum	
  (CBM)	
  compared	
  to	
  that	
  of	
  pure	
  CdTe.	
  The	
  SFE	
  is	
  calculated	
  
using	
  PBEsol,	
  and	
  all	
  other	
  properties	
  using	
  the	
  hybrid	
  HSE06	
  functional.	
  
	
  

SF	
  type	
   	
   SFE	
   Eg	
   ΔVBM	
   ΔCBM	
  
	
   	
   (mJ/m2)	
   (eV)	
   (eV)	
   (eV)	
  
Intrinsic	
   	
   	
   	
   	
   	
  
	
   Tetrahedral	
   26.7	
   1.50	
   -­‐0.02	
   0.00	
  
	
   Polytype	
   219.5	
   1.38	
   0.11	
   0.00	
  
Extrinsic	
   	
   	
   	
   	
   	
  
	
   Tetrahedral	
   32.1	
   1.49	
   -­‐0.01	
   -­‐0.01	
  
	
   Polytype	
   234.6	
   1.30	
   0.16	
   -­‐0.03	
  
Twin	
   	
   16.2	
   1.48	
   -­‐0.03	
   -­‐0.04	
  
Intrinsic×2	
   	
   	
   	
   	
   	
  
	
   Tetrahedral	
   36.7	
   1.49	
   -­‐0.01	
   -­‐0.01	
  

	
  
	
  

	
  
	
  

Figure	
  3.	
  Structural	
  analysis	
  of	
  HRTEM	
  images	
  (from	
  Figure	
  2)	
  and	
  atomistic	
  modelling	
  
for	
   (a)	
   polytype	
   and	
   (b)	
   tetrahedral	
   intrinsic	
   stacking	
   faults	
   (11	
  atomic	
   layers)	
   and	
   (c)	
  
twin	
   boundary	
   (13	
   atomic	
   layers).	
   The	
   white	
   and	
   black	
   atoms	
   refer	
   to	
   Cd	
   and	
   Te,	
  
respectively.	
  The	
  purple	
  shaded	
  region	
  indicates	
  the	
  stacking	
  fault	
  location;	
  the	
  horizontal	
  
dotted	
   lines	
   represent	
   the	
   matching	
   of	
   the	
   Cd	
   atomic	
   layers	
   in	
   the	
   model	
   and	
   HRTEM	
  
structures.	
   Upper-­‐	
   and	
   lower-­‐case	
   letters	
   represent	
   Cd	
   and	
   Te,	
   respectively,	
   where	
   the	
  
perfect	
  fcc	
  crystal	
  follows	
  AaBbCc.	
  

	
  
In	
   order	
   to	
   investigate	
   the	
   role	
   of	
   stacking	
   faults,	
   we	
  model	
   the	
   supercell	
   structures	
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with	
   a	
   range	
   of	
   SFs.	
   We	
   considered	
   stacking	
   faults	
   of	
   the	
   following	
   types:	
   intrinsic	
  
(ABCACABC),	
   extrinsic	
   (ABCABACABC),	
   double	
   intrinsic	
   (ABCACACABC),	
   and	
   the	
  
formation	
   of	
   a	
   twin	
   boundary	
   (ABCABACBA).	
   Within	
   the	
   categories	
   of	
   intrinsic	
   and	
  
extrinsic	
   stacking	
   faults,	
   two	
   further	
   categorizations	
   are	
   possible,	
   based	
   on	
   the	
   local	
  
coordination	
  environment	
  of	
  Te	
  at	
  the	
  stacking	
  fault.	
  The	
  first	
  is	
  octahedral	
  with	
  six	
  Cd	
  
neighbours,	
   shown	
   in	
   Figure	
   3(a).	
   The	
   second	
   is	
   tetrahedral	
   with	
   respect	
   to	
   Cd	
  
coordination	
   as	
   shown	
   in	
   Figure	
   3(b).	
   All	
   structures	
   were	
   analysed	
   in	
   terms	
   of	
  
formation	
  enthalpy,	
  geometric	
  structure	
  and	
  electronic	
  structure.	
  
	
  
The	
   calculated	
   heat	
   of	
   formation	
   for	
   each	
   SF	
   is	
   shown	
   in	
   Table	
   I.	
   The	
   tetrahedral	
  
stacking	
   faults	
  have	
   significantly	
   lower	
   formation	
  energies,	
   ranging	
   from	
  26.7	
   to	
  36.7	
  
mJ/m2,	
  than	
  those	
  of	
  the	
  polytype	
  structures.	
  These	
  values	
  are	
  in	
  good	
  agreement	
  with	
  
those	
   found	
   in	
   other	
   tetrahedral	
   semiconductors.	
   The	
   SFEs	
   of	
   both	
   intrinsic	
   and	
  
extrinsic	
   SF	
   systems	
   with	
   polytype	
   coordination	
   are	
   219.5	
   and	
   234.6	
   mJ/m2,	
  
respectively.	
   Based	
   on	
   the	
   calculated	
   stacking	
   fault	
   energies,	
   under	
   a	
   regime	
   of	
  
thermodynamic	
  control,	
  one	
  would	
  expect	
  a	
   statistical	
  distribution	
  of	
   tetrahedral	
  and	
  
polytype	
  SFs,	
  with	
  an	
  abundance	
  of	
  the	
  former.	
  The	
  twin	
  boundary	
  structures,	
  Figure	
  3	
  
(c),	
  display	
  the	
  smallest	
  SFE	
  of	
  only	
  16.2	
  mJ/m2,	
  which	
  is	
  consistent	
  with	
  their	
  apparent	
  
resistance	
  to	
  annealing.	
  
	
  
In	
  order	
  to	
  assess	
  which	
  stacking	
  faults	
  are	
  present	
  in	
  the	
  as-­‐grown	
  films	
  of	
  CdTe,	
  we	
  
have	
  performed	
  a	
  direct	
   comparison	
  of	
   the	
   stacking	
   sequences	
  observable	
   in	
  HRTEM	
  
with	
  the	
  geometry	
  optimised	
  model	
  stacking	
  sequences.	
  This	
  structural	
  analysis	
  reveals	
  
an	
   excellent	
   agreement	
   between	
   the	
   DFT	
   calculated	
   structure	
   of	
   the	
   intrinsic	
   SF	
  
geometry	
  and	
  the	
  micrograph,	
  Figure	
  3(a)	
  and	
  (b).	
  A	
  systematic	
  search	
  of	
  HRTEM	
  over	
  
larger	
   areas	
   did	
   not	
   reveal	
   any	
   structures	
   with	
   the	
   characteristics	
   of	
   an	
   extrinsic	
  
stacking	
   fault;	
   therefore,	
   we	
   conclude	
   that	
   such	
   structures	
   are	
   not	
   present	
   in	
   any	
  
significant	
   concentration.	
   We	
   have	
   also	
   developed	
   an	
   atomistic	
   model	
   for	
   the	
   twin	
  
boundary,	
   which	
   shows	
   very	
   good	
   agreement	
   with	
   the	
   feature	
   that	
   emerges	
   in	
   the	
  
treated	
  sample	
  in	
  Figure	
  3(c).	
  
	
  
Having	
   established	
   the	
   geometric	
   structure	
   of	
   the	
   experimentally	
   observed	
   stacking	
  
faults,	
  we	
   can	
  analyse	
   the	
   changes	
   in	
  electronic	
   structure	
   to	
  assess	
   their	
   effect	
  on	
  PV	
  
performance.	
   The	
   electrostatic	
   (Hartree)	
   potential	
   in	
   the	
   plane	
   of	
   the	
   defect	
   is	
  
calculated	
  as:	
  

𝑣 𝑧 =   
1
2 𝑣 𝑥,𝑦, 𝑧 𝑑𝑥𝑑𝑦

!
	
  

where	
   A	
   is	
   the	
   area	
   of	
   the	
   unit	
   cell	
   in	
   the	
   plane.	
   Since	
   variations	
   in	
   the	
   electrostatic	
  
potential	
  can	
  be	
  obscured	
  by	
  the	
  periodic	
  fluctuations	
  of	
  potential	
  with	
  the	
  lattice,	
  we	
  
have	
   also	
   calculated	
   a	
   macroscopic	
   average	
   of	
   the	
   potential	
   that	
   smears	
   out	
   lattice-­‐
related	
  oscillations:	
  

𝑣 𝑧 =   
1
𝑎 𝑣 𝑧! 𝑑𝑧′

!  !  ! !

!  !  ! !

	
  

where	
  a	
  is	
  the	
  length	
  of	
  the	
  shortest	
  periodically	
  repeating	
  unit	
  of	
  the	
  structure	
  in	
  the	
  
direction	
  perpendicular	
  to	
  the	
  SF	
  plane.	
  Both	
  potentials	
  are	
  plotted	
  in	
  Figure	
  4.	
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Analysis	
  of	
  the	
  electrostatic	
  potential	
  reveals	
  a	
  fluctuation	
  of	
  0.89	
  V	
  in	
  the	
  macroscopic	
  
average	
  of	
  the	
  potential	
  for	
  the	
  polytype	
  SF	
  in	
  the	
  vicinity	
  of	
  the	
  defect.	
  Conversely,	
  the	
  
tetrahedral	
  SF	
  shows	
  no	
  appreciable	
  effect	
  (see	
  Figure	
  4).	
  	
  
	
  
The	
  valence	
  and	
  conduction	
  bands	
  of	
  CdTe	
  are	
  formed	
  as	
  a	
  result	
  of	
  periodic	
  potential	
  
including	
   the	
   Cd	
   and	
   Te	
   atomic	
   positions;	
   defects	
   that	
   alter	
   the	
   periodicity	
   can	
  
introduce	
  hole	
  or	
  electron	
  trap	
  states	
  due	
  to	
  a	
  spatial	
  inhomogeneity	
  in	
  the	
  electrostatic	
  
potential.	
   Examples	
   of	
   this	
   behavior	
   in	
   solar	
   cell	
  materials	
   are	
  disorder	
  of	
   Cu	
   and	
  Zn	
  
atoms	
   in	
   Cu2ZnSnS4	
   and	
   alignment	
   of	
   molecular	
   dipoles	
   on	
   CH3NH3PbI3.24,25	
   The	
  
perturbation	
  of	
  the	
  electrostatic	
  potential	
  fluctuation,	
  caused	
  by	
  the	
  stacking	
  faults,	
  on	
  
the	
  band	
  structure	
  of	
  CdTe	
  is	
  presented	
  in	
  Table	
  I.	
  The	
  valence	
  band	
  maximum	
  (VBM),	
  
composed	
  primarily	
  of	
  Te	
  5p	
  orbitals,	
   is	
  destablised	
  by	
   the	
  positive	
  potential	
   change.	
  
The	
  perturbation,	
  following	
  dielectric	
  screening,	
  amounts	
  to	
  a	
  VBM	
  shift	
  of	
  0.16	
  eV,	
  and	
  
a	
  relative	
  decrease	
  of	
  0.11	
  eV	
  in	
  the	
  band	
  gap.	
  	
  
	
  
The	
   calculations	
   suggest	
   that	
   these	
   stacking	
   faults	
   will	
   be	
   a	
   source	
   of	
   non-­‐radiative	
  
recombination.	
   The	
   valence	
   band	
   energy	
   is	
   destabilized	
   in	
   the	
   region	
   of	
   the	
   defect	
  
(lower	
   ionization	
   potential),	
   such	
   that	
   they	
  will	
   attract	
   hole	
   carriers.	
   Trap	
   states	
   are	
  
introduced	
   into	
   the	
   band	
   gap	
   (at	
   VBM+0.16eV)	
   that	
   will	
   capture	
   free	
   holes	
   in	
   the	
  
material,	
   resulting	
   in	
   an	
   increased	
   probability	
   of	
   electron-­‐hole	
   recombination	
   and	
  
lower	
  cell	
  voltages.	
  The	
  effect	
  may	
  be	
  particularly	
  strong	
  owing	
  to	
  the	
  two	
  dimensional	
  
nature	
   of	
   the	
  defects	
   (and	
   the	
   associated	
   fluctuations	
   in	
   potential),	
   in	
   contrast	
   to	
   the	
  
localized	
  perturbation	
   caused	
  by	
  an	
   isolated	
  point	
  defect.	
  The	
   recombination	
  kinetics	
  
should	
   be	
   similar	
   to	
   those	
   found	
   for	
   interface	
   and	
   grain	
   boundary	
   effects,	
  where	
   the	
  
trap	
  density	
  and	
  recombination	
  flux	
  per	
  unit	
  area	
  are	
  the	
  critical	
  descriptors.	
  
	
  
In	
  contrast	
  to	
  the	
  polytype	
  SF,	
  the	
  twin	
  boundary	
  considered	
  here	
  shows	
  an	
  electrically	
  
benign	
  behavior.	
  The	
  electrostatic	
  potential,	
  shown	
  in	
  Figure	
  3(c),	
  causes	
  no	
  significant	
  
perturbation	
  in	
  the	
  region	
  of	
  the	
  boundary.	
  The	
  changes	
  in	
  both	
  the	
  VBM	
  and	
  band	
  gap	
  
are	
  negligible,	
  within	
  the	
  accuracy	
  of	
  the	
  computational	
  method.	
  While	
  twin	
  boundaries	
  
are	
   frequency	
  observed	
   in	
   thin-­‐film	
  samples,26,27	
   the	
   type	
  considered	
  here	
   should	
  not	
  
have	
  any	
  appreciable	
  impact	
  on	
  photovoltaic	
  device	
  performance	
  for	
  CdTe.	
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Figure	
  4.	
  Calculated	
  electrostatic	
  potential	
  of	
   intrinsic	
   stacking	
   faults	
  with	
   (a)	
  polytype,	
  
(b)	
  tetrahedral	
  and	
  (c)	
  twin	
  boundary	
  systems.	
  The	
  blue	
  solid,	
  red	
  solid	
  and	
  orange	
  dotted	
  
lines	
   represent	
   the	
   planar	
   averaged	
   electrostatic	
   potential,	
   macroscopic	
   averaged	
  
electrostatic	
   potential	
   and	
   location	
   of	
   SF,	
   respectively.	
   Simultaneously,	
   the	
   supercells	
   of	
  
each	
   SF	
   system	
  are	
   shown	
   in	
   below	
  of	
   graph	
  with	
  Cd	
   (white	
   empty	
   ball)	
   and	
  Te	
   (black	
  
solid	
  ball).	
  

In	
   conclusion,	
  we	
   have	
   studied	
   the	
   origin	
   of	
   the	
   performance	
   increase	
   in	
   CdTe	
   solar	
  
cells	
  annealed	
  in	
  the	
  presence	
  of	
  CdCl2.	
  A	
  combination	
  of	
  experimental	
  measurements	
  
and	
  computations	
  suggest	
  a	
  coherent	
  picture,	
  whereby	
  extended	
  stacking	
  fault	
  defects	
  –	
  
acting	
  as	
  source	
  of	
  hole	
  traps	
  –	
   limit	
   the	
  performance.	
  Experimentally,	
   the	
  removal	
  of	
  
high	
   density	
   of	
   SFs	
   and	
   the	
   appearance	
   of	
   twin	
   boundaries	
   are	
   observed	
   in	
   HRTEM	
  
micrographs	
   of	
   CdTe	
   thin-­‐films	
   before	
   and	
   after	
   annealing	
   treatment.	
   From	
   a	
  
computational	
  screening,	
  we	
  find	
  that	
   the	
   intrinsic	
  polytype	
  SF	
  results	
   in	
  a	
  significant	
  
fluctuation	
   of	
   the	
   electrostatic	
   potential	
   (0.89	
   V)	
   and	
   an	
   upward	
   shift	
   of	
   the	
   valence	
  
band	
  in	
  the	
  region	
  of	
  the	
  SF.	
  Moreover,	
  we	
  confirm	
  that	
  twin	
  boundaries	
  are	
  electrically	
  
benign	
   and	
   should	
   not	
   affect	
   the	
   photovoltaic	
   performance.	
   This	
   correlates	
   with	
   the	
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observation	
  that	
  twin	
  boundaries	
  are	
  always	
  observed	
  in	
  the	
  cadmium	
  chloride	
  treated	
  
material	
   and	
   that	
   this	
   material	
   generates	
   high-­‐conversion	
   efficiency	
   devices.	
   The	
  
microscopic	
  role	
  of	
  CdCl2	
  	
  (and	
  the	
  recently	
  reported	
  MgCl2)28	
  n	
  this	
  process	
  is	
  not	
  yet	
  
clear,	
  e.g.	
  the	
  effect	
  of	
  mass	
  transport	
  on	
  the	
  rate	
  of	
  polytype	
  conversion,	
  and	
  will	
  be	
  the	
  
subject	
   of	
   further	
   investigations.	
   This	
   study	
   highlights	
   the	
   potentially	
   critical	
   role	
   of	
  
stacking	
   fault	
  defects	
  and	
  has	
   implications	
   for	
   the	
   treatment	
  and	
  production	
  of	
  CdTe,	
  
and	
  indeed	
  tetrahedral	
  semiconductors	
  in	
  general,	
  for	
  solar	
  cell	
  applications.	
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