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  Ferguson	
  Brown	
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  of	
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  in	
  Engineering	
  –	
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  Science	
  and	
  Engineering	
  
	
  

University	
  of	
  California,	
  Berkeley	
  
	
  

Professor	
  Junqiao	
  Wu,	
  Chair	
  
	
  

	
   Thin	
  film	
  polycrystalline	
  photovoltaics,	
  typically	
  made	
  with	
  CIGS	
  and	
  CdTe	
  
absorber	
  layers,	
  are	
  promising	
  sources	
  of	
  renewable	
  energy	
  due	
  to	
  their	
  high	
  
efficiencies	
  (>10%)	
  and	
  low	
  cost.	
  	
  However,	
  a	
  fundamental	
  understanding	
  of	
  their	
  
device	
  physics	
  is	
  lacking.	
  	
  One	
  of	
  the	
  primary	
  reasons	
  for	
  this	
  is	
  the	
  difficulty	
  in	
  
modeling	
  and	
  quantifying	
  the	
  influence	
  of	
  electronic	
  non-­‐uniformities	
  on	
  device	
  
operation.	
  	
  Contrary	
  to	
  conventional	
  silicon	
  cells,	
  which	
  are	
  typically	
  cut	
  from	
  a	
  
monocrystalline	
  ingot	
  with	
  relatively	
  homogenous	
  electronic	
  properties,	
  CIGS	
  and	
  
CdTe	
  solar	
  cells	
  exhibit	
  both	
  intentional	
  and	
  unintentional	
  spatial	
  variations	
  in	
  
electronic	
  properties.	
  	
  Therefore,	
  in	
  order	
  to	
  develop	
  the	
  physics	
  of	
  these	
  
photovoltaics,	
  it	
  is	
  necessary	
  to	
  develop	
  new	
  characterization	
  techniques	
  and	
  
methods	
  to	
  probe	
  the	
  spatial	
  variation	
  in	
  electronic	
  properties	
  in	
  these	
  material	
  
systems.	
  
	
   CIGS	
  solar	
  cells	
  grown	
  at	
  the	
  National	
  Renewable	
  Energy	
  Laboratory	
  were	
  
studied	
  using	
  a	
  variety	
  of	
  techniques	
  to	
  quantitatively	
  determine	
  the	
  impact	
  of	
  both	
  
intentional	
  and	
  unintentional	
  electronic	
  non-­‐uniformities	
  on	
  device	
  performance.	
  	
  
The	
  method	
  of	
  electron	
  beam	
  induced	
  current	
  (EBIC)	
  was	
  extended	
  to	
  characterize	
  
the	
  depth	
  dependent	
  electronic	
  properties	
  in	
  compositionally	
  graded	
  absorbers.	
  	
  It	
  
was	
  experimentally	
  shown	
  using	
  this	
  EBIC	
  technique	
  that	
  gallium	
  gradients	
  along	
  
the	
  depth	
  of	
  the	
  CIGS	
  solar	
  cells	
  improve	
  carrier	
  collection	
  through	
  the	
  introduction	
  
of	
  quasi-­‐electric	
  fields.	
  	
  Furthermore,	
  the	
  improvements	
  in	
  the	
  EBIC	
  technique	
  
allowed	
  for	
  a	
  quantitative	
  determination	
  of	
  the	
  bulk	
  diffusion	
  length	
  in	
  
compositionally	
  graded	
  samples.	
  	
  It	
  was	
  experimentally	
  determined	
  that	
  the	
  bulk	
  
diffusion	
  length	
  in	
  CIGS	
  solar	
  cells	
  has	
  no	
  correlation	
  with	
  the	
  device	
  open	
  circuit	
  
voltage,	
  in	
  sharp	
  contrast	
  to	
  silicon	
  solar	
  cells.	
  	
  This	
  result	
  could	
  be	
  due	
  to	
  either	
  
lateral	
  non-­‐uniformities	
  in	
  the	
  CIGS	
  electronic	
  properties	
  or	
  different	
  defects	
  
dominating	
  recombination	
  in	
  the	
  space	
  charge	
  region.	
  	
  Therefore,	
  a	
  theory	
  of	
  
electroluminescence	
  intensity	
  was	
  developed	
  for	
  thin	
  film	
  photovoltaics	
  to	
  
quantitatively	
  determine	
  the	
  influence	
  of	
  lateral	
  electronic	
  non-­‐uniformities	
  on	
  
device	
  performance.	
  	
  Using	
  a	
  combination	
  of	
  electroluminescence	
  and	
  electron	
  
beam	
  induced	
  current,	
  it	
  was	
  determined	
  that	
  lateral	
  non-­‐uniformities	
  in	
  the	
  quasi-­‐
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neutral	
  bulk	
  electronic	
  properties	
  do	
  not	
  dictate	
  device	
  performance.	
  	
  These	
  results	
  
show	
  the	
  defect	
  properties	
  in	
  the	
  space	
  charge	
  region	
  strongly	
  influence	
  device	
  
performance	
  thereby	
  providing	
  a	
  theoretical	
  justification	
  for	
  the	
  gallium	
  depth	
  
profile	
  observed	
  in	
  the	
  highest	
  efficiency	
  CIGS	
  solar	
  cells.	
  	
  Furthermore,	
  non-­‐
uniform	
  secondary	
  blocking	
  barriers	
  were	
  experimentally	
  detected	
  on	
  CIGS	
  solar	
  
cells	
  using	
  electroluminescence	
  and	
  attributed	
  to	
  an	
  unpinned	
  Fermi-­‐level	
  at	
  the	
  
CIGS/CdS	
  interface	
  combined	
  with	
  a	
  conduction	
  band	
  offset.	
  	
  A	
  discussion	
  on	
  how	
  
these	
  results	
  influence	
  other	
  characterization	
  techniques	
  and	
  modeling	
  efforts	
  is	
  
provided.	
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List	
  of	
  Symbols	
  and	
  Abbreviations	
  
	
  

	
   Electric	
  Potential	
  (V)	
  

€ 

ς 	
   Electric	
  field	
  (V	
  cm-­‐1)	
  

€ 

ζ 	
   Normalized	
  field	
  
	
   Charge	
  density	
  (coulomb	
  cm-­‐3)	
  

€ 

Jn 	
   Electron	
  current	
  density	
  (A	
  cm-­‐2)	
  

€ 

Jp 	
   Hole	
  current	
  density	
  (A	
  cm-­‐2)	
  

€ 

G0 	
   Carrier	
  generation	
  rate	
  (cm-­‐2sec-­‐1)	
  

€ 

Gn 	
   Electron	
  generation	
  rate	
  (cm-­‐3sec-­‐1)	
  

€ 

Gp 	
   Hole	
  generation	
  rate	
  (cm-­‐3sec-­‐1)	
  

€ 

Un 	
   Electron	
  recombination	
  rate	
  (cm-­‐3sec-­‐1)	
  

€ 

Up 	
   Hole	
  recombination	
  rate	
  (cm-­‐3sec-­‐1)	
  

€ 

Urad 	
   Radiative	
  recombination	
  rate	
  (cm-­‐3sec-­‐1)	
  

€ 

USRH 	
   Shockley-­‐Read-­‐Hall	
  recombination	
  rate	
  (cm-­‐3sec-­‐1)	
  
	
   Conduction	
  band	
  minimum	
  (eV)	
  
	
   Valence	
  band	
  maximum	
  (eV)	
  
	
   Fermi	
  Level	
  (eV)	
  
	
   Bandgap	
  (eV)	
  

€ 

σEg 	
   Standard	
  deviation	
  of	
  bandgaps	
  (eV)	
  
QFL	
   Quasi-­‐Fermi	
  level	
  splitting	
  (eV)	
  

	
   Electron	
  quasi-­‐Fermi	
  level	
  (eV)	
  
	
   Hole	
  quasi-­‐Fermi	
  level	
  (eV)	
  
	
   Intrinsic	
  Fermi	
  level	
  (eV)	
  
	
   Trap	
  level	
  (eV)	
  

€ 

EionizationAverage	
  energy	
  to	
  create	
  and	
  electron-­‐hole	
  pair	
  (eV)	
  
	
   Free	
  electron	
  concentration	
  (cm-­‐3)	
  
	
   Free	
  hole	
  concentration	
  (cm-­‐3)	
  

€ 

ni	
   Intrinsic	
  carrier	
  concentration	
  (cm-­‐3)	
  
	
   Density	
  of	
  states	
  as	
  a	
  function	
  of	
  energy	
  (cm-­‐3eV-­‐1)	
  
	
   Probability	
  of	
  state	
  being	
  occupied	
  

	
   Probability	
  for	
  radiative	
  recombination	
  (cm3sec-­‐1)	
  	
  
	
   Number	
  of	
  equivalent	
  conduction	
  band	
  minima	
  
	
   Effective	
  density	
  of	
  states	
  in	
  the	
  conduction	
  band	
  (cm-­‐3)	
  
	
   Effective	
  density	
  of	
  states	
  in	
  the	
  valence	
  band	
  (cm-­‐3)	
  
	
   Density-­‐of-­‐state	
  effective	
  mass	
  for	
  electrons	
  (kg)	
  
	
   Dielectric	
  constant	
  (F	
  cm-­‐1)	
  
	
   Acceptor	
  concentration	
  (cm-­‐3)	
  
	
   Donor	
  concentration	
  (cm-­‐3)	
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€ 

p0	
   Free	
  hole	
  concentration	
  on	
  p-­‐side	
  (cm-­‐3)	
  

€ 

n0 	
   Free	
  electron	
  concentration	
  on	
  n-­‐side	
  (cm-­‐3)	
  

€ 

Vbi 	
   Built-­‐in	
  voltage	
  (V)	
  

€ 

VBL 	
   Voltage	
  drop	
  across	
  secondary	
  diodes	
  (V)	
  

€ 

W 	
   Space	
  charge	
  width	
  (cm)	
  

€ 

W '	
   Modified	
  space	
  charge	
  width	
  (cm)	
  
	
   Electron	
  capture	
  cross	
  section	
  (cm2)	
  
	
   Hole	
  capture	
  cross	
  section	
  (cm2)	
  
	
   Thermal	
  velocity	
  of	
  carriers	
  (cm	
  sec-­‐1)	
  
	
   Trap	
  density	
  (cm-­‐3)	
  
	
   Electron	
  lifetime	
  (sec)	
  
	
   Hole	
  lifetime	
  (sec)	
  

€ 

µn 	
   Electron	
  mobility	
  (cm2	
  V-­‐1sec-­‐1)	
  

€ 

µp 	
   Hole	
  mobility	
  (cm2	
  V-­‐1sec-­‐1)	
  

€ 

Dn 	
   Electron	
  diffusivity	
  (cm2	
  sec-­‐1)	
  

€ 

L 	
   Minority	
  carrier	
  diffusion	
  length	
  (cm)	
  

€ 

L' 	
   Field	
  modified	
  carrier	
  diffusion	
  length	
  (cm)	
  

€ 

Leff 	
   Effective	
  diffusion	
  length	
  (cm)	
  

€ 

ξ 	
   Correction	
  factor	
  for	
  diffusion	
  length	
  accounting	
  for	
  back	
  surface	
  

€ 

W + Lξ Collection	
  length	
  (µm)	
  

€ 

S 	
   Surface	
  recombination	
  velocity	
  (cm	
  sec-­‐1)	
  

€ 

S'	
   Field	
  modified	
  surface	
  recombination	
  velocity	
  (cm	
  sec-­‐1)	
  

€ 

Sg 	
   Grain	
  boundary	
  recombination	
  velocity	
  (cm	
  sec-­‐1)	
  

€ 

g 	
   Grain	
  size	
  (cm)	
  
	
   Planck’s	
  constant	
  (eV	
  sec)	
  
	
   Reduced	
  Planck’s	
  constant	
  (eV	
  sec)	
  
	
   Electric	
  charge	
  (coulomb)	
  
	
   Boltzmann	
  constant	
  (eV	
  K-­‐1)	
  
	
   Temperature	
  (K)	
  

€ 

φn 	
   Potential	
  barrier	
  at	
  CdS/CIGS	
  interface	
  (eV)	
  
D	
   Thickness	
  of	
  the	
  AZO,	
  IZO,	
  CdS	
  and	
  CIGS	
  layers	
  (µm)	
  

€ 

d 	
   Thickness	
  of	
  absorber	
  layer	
  (µm)	
  
C	
   Capacitance	
  (F)	
  
A	
   Sample	
  area	
  (cm2)	
  

€ 

J0	
   Diode	
  saturation	
  current	
  (A/cm2)	
  

€ 

jb 	
   Electron	
  beam	
  current	
  (A/cm2)	
  

€ 

F(z) 	
   Carrer	
  collection	
  efficiency	
  as	
  a	
  function	
  of	
  depth	
  

€ 

g(z)	
   Carrier	
  generation	
  rate	
  as	
  a	
  function	
  of	
  depth	
  (cm-­‐2sec-­‐1)	
  

€ 

C(z)	
   Probability	
  of	
  collecting	
  an	
  emitted	
  photon	
  as	
  a	
  function	
  of	
  depth	
  
b	
   Fraction	
  of	
  backscattered	
  electrons	
  
SRH	
   Shockley-­‐Read-­‐Hall	
  Recombination	
  
I-­‐V	
   Current-­‐voltage	
  curve	
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€ 

η	
   Device	
  Efficiency	
  

€ 

Jsc 	
   Short	
  circuit	
  current	
  (mA/cm2)	
  

€ 

Voc 	
   Open	
  circuit	
  voltage	
  (V)	
  
FF	
   Fill	
  factor	
  
CIGS	
   Cu(In,Ga)Se2	
  
CIS	
   CuInSe2	
  
CGS	
   CuGaSe2	
  
TCO	
   Transparent	
  Conducting	
  Oxide	
  
CBD	
   Chemical	
  Bath	
  Deposition	
  
IZO	
   Intrinsic	
  Zinc	
  Oxide	
  
AZO	
   Aluminum	
  doped	
  Zinc	
  Oxide	
  
DLTS	
   Deep	
  Level	
  Transient	
  Spectroscopy	
  
AS	
   Admittance	
  Spectroscopy	
  
N2	
   Defect	
  observed	
  in	
  CIGS	
  using	
  capacitance	
  techniques	
  
TRPL	
   Time	
  Resolved	
  Photoluminescence	
  
PL	
   Photoluminescence	
  
EL	
   Electroluminescence	
  
CL	
   Cathodoluminescence	
  
EQE	
   External	
  Quantum	
  Efficiency	
  
EBIC	
   Electron	
  Beam	
  Induced	
  Current	
  
eQE	
   EBIC	
  quantum	
  efficiency	
  
LBIC	
   Light	
  Beam	
  Induced	
  Current	
  
CV	
   Capaciance-­‐Voltage	
  measurements	
  
LCR	
   Inductance	
  (L),	
  Capacitance	
  (C)	
  and	
  Resistance	
  (R)	
  electronic	
  test	
  equipment	
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1.	
  Introduction	
  to	
  Thin	
  Film	
  Photovoltaics	
  
	
  
1.1	
  Thin	
  Film	
  Photovoltaics	
  Overview	
  
	
   The	
  world	
  currently	
  generates	
  most	
  of	
  its	
  electricity	
  from	
  fossil	
  fuels1.1.1.	
  	
  For	
  
centuries,	
  this	
  was	
  not	
  a	
  problem	
  because	
  fossil	
  fuel	
  consumption	
  was	
  small	
  relative	
  
to	
  world	
  fuel	
  reserves	
  and	
  the	
  environment	
  could	
  absorb	
  the	
  resulting	
  CO2	
  
emissions.	
  	
  This	
  last	
  century	
  of	
  human	
  history	
  provided	
  a	
  number	
  of	
  amazing	
  
accomplishments,	
  which	
  have	
  greatly	
  improved	
  the	
  standard	
  of	
  living	
  in	
  large	
  part	
  
due	
  to	
  the	
  use	
  of	
  electricity.	
  	
  However,	
  the	
  era	
  of	
  fossil	
  fuels	
  will	
  at	
  some	
  point	
  come	
  
to	
  an	
  end	
  due	
  to	
  the	
  finite	
  quantity	
  of	
  recoverable	
  reserves	
  on	
  Earth	
  as	
  well	
  as	
  the	
  
finite	
  amount	
  of	
  carbon	
  emissions	
  the	
  Earth	
  can	
  handle	
  while	
  maintaining	
  an	
  
environment	
  hospitable	
  to	
  the	
  human	
  economy.	
  	
  Furthermore,	
  the	
  overall	
  
population	
  of	
  the	
  Earth	
  continues	
  to	
  rise,	
  as	
  does	
  the	
  energy	
  used	
  per	
  each	
  human	
  
being.	
  	
  As	
  a	
  result,	
  it	
  is	
  expected	
  that	
  renewable	
  energy	
  sources	
  will	
  become	
  a	
  larger	
  
part	
  of	
  the	
  global	
  economy.	
  
	
   Fortunately,	
  the	
  sun	
  radiates	
  more	
  than	
  enough	
  energy	
  to	
  the	
  Earth	
  each	
  day	
  
to	
  cover	
  all	
  of	
  our	
  electrical	
  needs.	
  	
  The	
  direct	
  conversion	
  of	
  sunlight	
  into	
  electricity	
  
can	
  be	
  achieved	
  through	
  photovoltaics	
  (solar	
  cells).	
  	
  Almost	
  all	
  commercially	
  
available	
  solar	
  cells	
  are	
  made	
  of	
  inorganic	
  materials,	
  which	
  convert	
  the	
  suns	
  
photons	
  into	
  electron-­‐hole	
  pairs,	
  which	
  move	
  to	
  opposite	
  electrical	
  contacts	
  thereby	
  
generating	
  a	
  photocurrent.	
  	
  The	
  current-­‐voltage	
  (I-­‐V)	
  curve	
  of	
  a	
  typical	
  solar	
  cell	
  is	
  
shown	
  in	
  Fig.	
  1.1.	
  	
  The	
  most	
  important	
  output	
  parameter	
  for	
  a	
  solar	
  cell	
  is	
  the	
  
delivered	
  power,	
  which	
  is	
  the	
  maximum	
  product	
  of	
  current	
  and	
  voltage.	
  	
  The	
  
efficiency	
  of	
  a	
  solar	
  cell	
  is	
  defined	
  as	
  the	
  delivered	
  power	
  divided	
  by	
  the	
  incident	
  
power.	
  	
  The	
  efficiency	
  

€ 

η( )	
  of	
  a	
  solar	
  cell	
  is	
  typical	
  measured	
  using	
  the	
  AM	
  1.5	
  solar	
  
spectrum1.1.2,	
  which	
  is	
  meant	
  to	
  simulate	
  solar	
  radiation	
  under	
  a	
  certain	
  set	
  of	
  
atmospheric	
  conditions	
  thereby	
  offering	
  a	
  means	
  of	
  comparing	
  different	
  solar	
  cells.	
  	
  

	
  
Fig.	
  1.1:	
  Current-­‐voltage	
  curve	
  for	
  a	
  solar	
  cell.	
  	
  The	
  current	
  at	
  zero	
  voltage	
  is	
  equal	
  to	
  the	
  
short	
  circuit	
  current	
  (JSC).	
  	
  The	
  voltage	
  at	
  zero	
  current	
  is	
  equal	
  to	
  the	
  open	
  circuit	
  voltage	
  
(Voc).	
  	
  The	
  actual	
  power	
  delivered	
  to	
  the	
  external	
  load	
  is	
  determined	
  by	
  the	
  maximum	
  
power	
  point	
  (Max	
  PP).	
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   The	
  efficiency	
  of	
  a	
  solar	
  cell	
  is	
  generally	
  governed	
  by	
  four	
  loss	
  
mechanisms1.1.3	
  as	
  shown	
  in	
  Fig.	
  1.2.	
  	
  The	
  first	
  two	
  deal	
  with	
  incoming	
  photons	
  with	
  
energies	
  either	
  greater	
  than	
  or	
  less	
  than	
  the	
  optical	
  bandgap	
  of	
  the	
  absorber.	
  	
  
Photons	
  with	
  energies	
  below	
  the	
  bandgap	
  are	
  not	
  absorbed	
  and	
  therefore	
  do	
  not	
  
contribute	
  to	
  the	
  cell	
  current.	
  	
  Photons	
  with	
  energies	
  above	
  the	
  bandgap	
  will	
  
generate	
  hot	
  electrons	
  (holes),	
  which	
  produce	
  waste	
  heat	
  when	
  thermalizing	
  to	
  the	
  
bottom	
  (top)	
  of	
  the	
  conduction	
  (valence)	
  band.	
  	
  Furthermore,	
  due	
  to	
  the	
  reciprocity	
  
between	
  optical	
  absorption	
  and	
  emission,	
  radiative	
  recombination	
  between	
  
electrons	
  and	
  holes	
  limit	
  device	
  efficiencies	
  to	
  between	
  31%	
  and	
  41%	
  depending	
  on	
  
the	
  concentration	
  of	
  incoming	
  sunlight1.1.5.	
  	
  However,	
  in	
  most	
  practical	
  cases,	
  
radiative	
  recombination	
  is	
  insignificant	
  compared	
  to	
  Shockley-­‐Read-­‐Hall	
  
recombination	
  (SRH	
  recombination),	
  which	
  describes	
  the	
  recombination	
  of	
  
electrons	
  and	
  holes	
  through	
  deep	
  defects	
  in	
  the	
  bandgap1.1.6.	
  

Fig.	
  1.2:	
  A	
  diagram	
  showing	
  the	
  primary	
  losses	
  in	
  solar	
  cells	
  adopted	
  from	
  Ref.	
  1.1.4.	
  (1)	
  
Incoming	
  photons	
  with	
  energies	
  below	
  the	
  bandgap	
  are	
  not	
  absorbed.	
  	
  (2)	
  Incoming	
  
photons	
  with	
  energy	
  in	
  excess	
  of	
  the	
  bandgap	
  are	
  absorbed	
  but	
  the	
  electrons	
  and	
  holes	
  will	
  
relax	
  to	
  the	
  conduction	
  band	
  minimum	
  /	
  valence	
  band	
  maximum	
  by	
  producing	
  phonons	
  
(represented	
  by	
  dashed	
  lines).	
  	
  (3)	
  Electrons	
  and	
  holes	
  can	
  recombine	
  with	
  the	
  help	
  of	
  
electronic	
  states	
  within	
  the	
  bandgap.	
  	
  These	
  states	
  are	
  typically	
  defects	
  or	
  impurity	
  atoms	
  
and	
  the	
  recombination	
  event	
  produces	
  phonons.	
  	
  (4)	
  Electrons	
  and	
  holes	
  can	
  also	
  
recombine	
  radiatively	
  and	
  produce	
  a	
  photon	
  with	
  an	
  energy	
  equal	
  to	
  the	
  bandgap.	
  	
  Unlike	
  1,	
  
2	
  and	
  3,	
  this	
  radiated	
  energy	
  is	
  not	
  necessarily	
  lost	
  as	
  these	
  photons	
  can	
  be	
  reabsorbed.	
  	
  
However,	
  photons	
  emitted	
  from	
  the	
  front	
  of	
  the	
  cell	
  back	
  towards	
  the	
  incoming	
  sunlight	
  are	
  
lost	
  forever	
  and	
  ultimately	
  restrict	
  the	
  maximum	
  efficiency	
  of	
  the	
  cells.	
  
	
  
	
   The	
  highest	
  efficiency	
  single-­‐junction	
  solar	
  cells	
  are	
  made	
  from	
  silicon,	
  which	
  
has	
  received	
  immense	
  amounts	
  of	
  research	
  due	
  to	
  its	
  importance	
  in	
  computing1.1.7.	
  	
  
However,	
  silicon	
  is	
  an	
  indirect	
  semiconductor	
  and	
  therefore	
  has	
  a	
  very	
  low	
  
absorption	
  coefficient	
  requiring	
  thick	
  cells	
  to	
  absorb	
  all	
  the	
  incoming	
  light	
  
(>300µm).	
  	
  Direct	
  bandgap	
  semiconductors	
  typically	
  only	
  require	
  a	
  few	
  microns	
  of	
  
material	
  to	
  absorb	
  the	
  incoming	
  sunlight	
  and	
  therefore	
  can	
  potentially	
  be	
  made	
  
much	
  cheaper.	
  	
  However,	
  the	
  cost	
  savings	
  of	
  depositing	
  thin	
  absorbers	
  can	
  typically	
  
only	
  be	
  obtained	
  through	
  the	
  use	
  of	
  a	
  cheap	
  substrate	
  such	
  as	
  glass,	
  aluminum	
  or	
  
stainless	
  steel	
  resulting	
  in	
  a	
  polycrystalline	
  absorber.	
  	
  Therefore,	
  an	
  ideal	
  solar	
  cell	
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material	
  must	
  have	
  both	
  a	
  direct	
  bandgap	
  and	
  have	
  a	
  natural	
  resistance	
  to	
  
electronic	
  defects	
  enabling	
  high	
  efficiencies	
  with	
  polycrystalline	
  films.	
  
	
   Fortunately,	
  several	
  semiconductor	
  materials	
  have	
  been	
  identified	
  that	
  fulfill	
  
both	
  of	
  these	
  requirements.	
  	
  The	
  two	
  most	
  mature	
  technologies	
  are	
  based	
  on	
  
CdTe1.1.8	
  and	
  Cu(In,Ga)Se2	
  (CIGS)1.1.9,	
  which	
  have	
  achieved	
  efficiencies	
  of	
  over	
  16%	
  
and	
  20%,	
  respectively.	
  	
  However,	
  these	
  materials	
  have	
  not	
  been	
  under	
  investigation	
  
as	
  solar	
  cell	
  materials	
  for	
  as	
  long	
  as	
  silicon,	
  nor	
  have	
  they	
  received	
  anywhere	
  near	
  
the	
  same	
  levels	
  of	
  research	
  funding.	
  	
  This	
  is	
  demonstrated	
  in	
  Fig.	
  1.3	
  showing	
  the	
  
efficiency	
  versus	
  year	
  for	
  both	
  silicon	
  and	
  CIGS.	
  	
  Despite	
  the	
  very	
  high	
  efficiencies	
  of	
  
CIGS	
  solar	
  cells,	
  most	
  of	
  the	
  progress	
  made	
  has	
  been	
  empirical	
  in	
  nature.	
  	
  There	
  
currently	
  exists	
  no	
  model	
  based	
  on	
  the	
  electronic	
  and	
  physical	
  properties	
  of	
  the	
  
cells	
  that	
  allows	
  one	
  to	
  calculate	
  how	
  efficient	
  a	
  CIGS	
  solar	
  cell	
  will	
  be.	
  	
  Therefore,	
  
the	
  purpose	
  of	
  this	
  work	
  is	
  to	
  aid	
  the	
  development	
  of	
  such	
  a	
  model	
  by	
  developing	
  
new	
  techniques	
  to	
  measure	
  the	
  electronic	
  properties	
  of	
  thin	
  film	
  solar	
  cell	
  
absorbers,	
  with	
  a	
  particular	
  emphasis	
  on	
  CIGS	
  given	
  it’s	
  the	
  highest	
  efficiency	
  thin	
  
film	
  material.	
  	
  One	
  of	
  the	
  primary	
  complications	
  of	
  modeling	
  thin	
  film	
  photovoltaics	
  
is	
  the	
  inherent	
  lateral	
  and	
  depth	
  dependence	
  of	
  the	
  electronic	
  properties.	
  	
  Whereas	
  
crystalline	
  silicon	
  solar	
  cells	
  are	
  made	
  from	
  large	
  silicon	
  ingots	
  with	
  relatively	
  
homogenous	
  properties,	
  CIGS	
  solar	
  cells	
  are	
  deposited	
  with	
  both	
  intentional	
  and	
  
unintentional	
  electronic	
  non-­‐uniformities.	
  	
  For	
  this	
  reason,	
  one	
  of	
  the	
  major	
  goals	
  of	
  
this	
  work	
  is	
  to	
  provide	
  information	
  on	
  both	
  the	
  in-­‐depth	
  and	
  lateral	
  non-­‐
uniformities	
  in	
  the	
  electronic	
  properties	
  of	
  thin	
  film	
  photovoltaics,	
  so	
  that	
  their	
  
effects	
  on	
  device	
  performance	
  can	
  be	
  quantified.	
  

Fig.	
  1.3:	
  Maximum	
  solar	
  cell	
  efficiency	
  as	
  a	
  function	
  of	
  year	
  for	
  both	
  monocrystalline	
  Si	
  and	
  
polycrystalline	
  CIGS	
  solar	
  cells.	
  	
  The	
  data	
  in	
  this	
  figure	
  is	
  taken	
  from	
  Ref.	
  1.1.10.	
  
	
  
1.2	
   Cu(In,Ga)Se2	
  (CIGS)	
  Device	
  Structure	
  
	
   The	
  first	
  reported	
  efficiency	
  of	
  a	
  CdS/CuInSe2	
  heterojunction	
  solar	
  cell	
  was	
  in	
  
1975	
  from	
  a	
  group	
  at	
  Bell	
  labs1.2.1.	
  	
  The	
  power	
  conversion	
  efficiency	
  was	
  cited	
  as	
  
12%,	
  although	
  the	
  device	
  was	
  not	
  tested	
  in	
  a	
  solar	
  simulator	
  but	
  “on	
  a	
  clear	
  day	
  in	
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New	
  Jersey”.	
  	
  This	
  solar	
  cell	
  was	
  made	
  from	
  a	
  single	
  crystal	
  of	
  CuInSe2	
  with	
  a	
  thick	
  
(5-­‐10µm)	
  n-­‐type	
  CdS	
  layer	
  serving	
  as	
  the	
  heterojunction	
  partner.	
  	
  In	
  1976,	
  a	
  group	
  
at	
  the	
  University	
  of	
  Maine	
  developed	
  the	
  first	
  thin	
  film	
  polycrystalline	
  CdS/CuInSe2	
  
solar	
  cells	
  grown	
  on	
  a	
  Au-­‐metallized	
  glass	
  substrate	
  with	
  device	
  efficiencies	
  in	
  the	
  
range	
  of	
  4-­‐5%1.2.2.	
  	
  Boeing	
  was	
  the	
  first	
  group	
  to	
  obtain	
  thin	
  film	
  devices	
  with	
  
efficiencies	
  exceeding	
  10%	
  by	
  elemental	
  co-­‐evaporation	
  on	
  Mo-­‐coated	
  glass	
  
substrates1.2.3.	
  	
  Further	
  improvements	
  in	
  device	
  efficiencies	
  were	
  obtained	
  in	
  1986	
  
by	
  replacing	
  the	
  thick	
  CdS	
  heterojunction	
  partner	
  with	
  a	
  thin	
  CdS	
  layer	
  followed	
  by	
  
a	
  transparent	
  conducting	
  oxide	
  (TCO)	
  layer	
  made	
  of	
  ZnO	
  to	
  serve	
  as	
  the	
  top	
  
contact1.2.4.	
  	
  
	
   From	
  this	
  point	
  on,	
  substantial	
  progress	
  has	
  been	
  made	
  in	
  CIGS	
  solar	
  cell	
  
efficiencies	
  with	
  the	
  highest	
  efficiency	
  devices	
  reaching	
  almost	
  20%1.2.5.	
  	
  However,	
  
the	
  device	
  structure	
  itself	
  has	
  not	
  changed	
  much	
  since	
  the	
  1980’s.	
  	
  A	
  schematic	
  
showing	
  the	
  different	
  layers	
  in	
  a	
  CIGS	
  solar	
  cell	
  is	
  shown	
  in	
  Fig.	
  1.4.	
  	
  The	
  highest	
  
efficiency	
  solar	
  cells	
  are	
  currently	
  grown	
  on	
  soda	
  lime	
  glass	
  substrates	
  that	
  allow	
  
processing	
  temperatures	
  above	
  600oC	
  and	
  provide	
  a	
  good	
  match	
  to	
  the	
  thermal	
  
expansion	
  coefficient	
  of	
  CIGS1.2.6.	
  	
  It	
  has	
  been	
  shown	
  that	
  the	
  soda	
  lime	
  glass	
  has	
  an	
  
additional	
  benefit	
  as	
  it	
  allows	
  Na	
  to	
  diffuse	
  into	
  the	
  CIGS	
  film	
  during	
  growth,	
  
improving	
  device	
  performance.	
  
	
   The	
  back	
  contact	
  utilized	
  in	
  almost	
  all	
  CIGS	
  solar	
  cells	
  is	
  Mo.	
  	
  This	
  layer	
  
serves	
  as	
  a	
  low	
  resistivity	
  contact	
  responsible	
  for	
  transporting	
  photogenerated	
  
holes	
  to	
  the	
  electrical	
  leads	
  outside	
  of	
  the	
  cell.	
  	
  However,	
  experiments	
  have	
  
suggested	
  that	
  depositing	
  Mo	
  on	
  CIGS	
  under	
  vacuum	
  results	
  in	
  a	
  rectifying	
  contact,	
  
which	
  should	
  preclude	
  the	
  development	
  of	
  high	
  efficiency	
  devices1.2.7.	
  	
  Direct	
  
electrical	
  measurements	
  of	
  the	
  voltage	
  drop	
  across	
  the	
  CIGS/Mo	
  back	
  contact	
  
indicate	
  good	
  ohmic	
  contact1.2.8.	
  	
  This	
  apparent	
  contradiction	
  has	
  been	
  resolved	
  by	
  
experiments	
  showing	
  a	
  thin	
  layer	
  of	
  MoSe2	
  forms	
  during	
  CIGS	
  deposition	
  resulting	
  
in	
  a	
  high	
  quality	
  ohmic	
  contact1.2.9.	
  	
  MoSe2	
  is	
  typically	
  a	
  p-­‐type	
  semiconductor	
  with	
  a	
  
bandgap	
  of	
  roughly	
  1.3eV	
  and	
  is	
  also	
  expected	
  to	
  help	
  reduce	
  the	
  impact	
  of	
  back	
  
surface	
  recombination1.2.7.	
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Fig.	
  1.4:	
  Device	
  structure	
  for	
  a	
  typical	
  CIGS	
  solar	
  cell.	
  	
  All	
  device	
  thicknesses	
  are	
  
approximate	
  and	
  are	
  independently	
  optimized	
  for	
  device	
  performance.	
  
	
   	
  
	
   The	
  CdS	
  layer	
  serves	
  as	
  the	
  heterojunction	
  parnter	
  for	
  the	
  p-­‐type	
  CIGS.	
  	
  This	
  
layer	
  is	
  typically	
  grown	
  using	
  chemical	
  bath	
  deposition	
  (CBD),	
  which	
  results	
  in	
  a	
  
thin	
  (~50nm)	
  conformal	
  coating	
  on	
  top	
  of	
  the	
  CIGS1.2.10.	
  	
  As	
  previously	
  mentioned,	
  
this	
  layer	
  was	
  historically	
  used	
  as	
  the	
  n-­‐type	
  heterojunction	
  partner	
  for	
  CIGS	
  solar	
  
cells.	
  	
  However,	
  we	
  note	
  that	
  in	
  current	
  devices,	
  the	
  CdS	
  is	
  too	
  thin	
  and	
  too	
  lightly	
  
doped1.2.7	
  to	
  complete	
  the	
  junction	
  and	
  thus	
  it’s	
  somewhat	
  unclear	
  why	
  this	
  layer	
  is	
  
necessary.	
  	
  Several	
  explanations	
  for	
  the	
  beneficial	
  role	
  of	
  CdS	
  in	
  CIGS	
  solar	
  cells	
  have	
  
been	
  put	
  forth	
  such	
  as	
  the	
  CdS	
  protects	
  the	
  CIGS	
  surface	
  from	
  damage	
  in	
  the	
  
subsequent	
  ZnO	
  processing	
  and	
  the	
  CBD	
  process	
  removes	
  the	
  natural	
  oxide	
  on	
  the	
  
CIGS	
  surface1.2.7.	
  	
  The	
  CdS	
  layer	
  absorbs	
  photons	
  with	
  energies	
  above	
  2.4eV	
  and	
  has	
  
a	
  lower	
  collection	
  efficiency	
  than	
  the	
  CIGS	
  layer.	
  	
  Therefore,	
  it	
  would	
  be	
  beneficial	
  to	
  
replace	
  or	
  remove	
  this	
  layer	
  to	
  improve	
  the	
  short	
  circuit	
  current	
  of	
  the	
  device.	
  	
  
However,	
  most	
  attempts	
  at	
  either	
  removing	
  or	
  replacing	
  the	
  CdS	
  layer	
  have	
  resulted	
  
in	
  a	
  reduced	
  open	
  circuit	
  voltage	
  relative	
  to	
  the	
  best	
  CdS	
  containing	
  CIGS	
  solar	
  cells	
  
and	
  thus	
  a	
  reduced	
  efficiency1.2.11.	
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Fig.	
  1.5:	
  Optical	
  image	
  of	
  electrically	
  isolated	
  pixels	
  on	
  one	
  growth	
  plate.	
  	
  The	
  indium	
  pad	
  
connects	
  to	
  the	
  p-­‐type	
  side	
  of	
  the	
  device	
  while	
  the	
  aluminum	
  fingers	
  are	
  used	
  to	
  contact	
  the	
  
n-­‐type	
  side.	
  	
  
	
  
	
   The	
  final	
  two	
  layers	
  shown	
  in	
  Fig.	
  1.4	
  are	
  comprised	
  of	
  ZnO.	
  	
  The	
  first	
  ~50nm	
  
of	
  ZnO	
  is	
  intentionally	
  grown	
  with	
  a	
  high	
  resistivity	
  and	
  therefore	
  known	
  as	
  
intrinsic	
  ZnO	
  (IZO).	
  	
  This	
  layer	
  is	
  not	
  actually	
  intrinsic	
  but	
  is	
  slightly	
  n-­‐type1.2.7.	
  	
  It	
  
has	
  been	
  proposed	
  that	
  this	
  layer	
  improves	
  device	
  performance	
  by	
  minimizing	
  the	
  
impact	
  of	
  lateral	
  non-­‐uniformities	
  (such	
  as	
  shunts	
  or	
  weak	
  diodes)	
  by	
  providing	
  a	
  
finite	
  stack	
  resistance1.2.12.	
  	
  The	
  second	
  layer	
  of	
  ZnO	
  is	
  doped	
  with	
  aluminum	
  (AZO)	
  
to	
  form	
  a	
  low	
  resistivity	
  TCO	
  layer,	
  which	
  transports	
  photo-­‐generated	
  electrons	
  to	
  
the	
  metallic	
  fingers	
  on	
  the	
  surface	
  of	
  the	
  cell.	
  	
  Typically,	
  a	
  large	
  substrate	
  is	
  used	
  
during	
  the	
  growth	
  process	
  and	
  individual	
  pixels	
  are	
  lithographically	
  defined	
  after	
  all	
  
the	
  individual	
  layers	
  have	
  been	
  deposited.	
  	
  This	
  prevents	
  any	
  one	
  bad	
  region	
  on	
  the	
  
substrate	
  from	
  affecting	
  the	
  device	
  performance	
  of	
  every	
  pixel.	
  	
  A	
  typical	
  substrate	
  
with	
  individually	
  defined	
  pixels	
  measuring	
  0.42cm2	
  is	
  shown	
  in	
  Fig.	
  1.5.	
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Fig.	
  1.6:	
  Schematic	
  of	
  a	
  vacuum	
  co-­‐evaporation	
  system	
  used	
  for	
  growing	
  polycrystalline	
  
CIGS	
  films.	
  
	
  
	
   All	
  of	
  the	
  devices	
  measured	
  in	
  this	
  work	
  were	
  grown	
  by	
  vacuum	
  co-­‐
evaporation	
  at	
  the	
  National	
  Renewable	
  Energy	
  Laboratory.	
  	
  A	
  simple	
  schematic	
  of	
  
the	
  growth	
  chamber	
  is	
  shown	
  in	
  Fig.	
  1.6.	
  	
  The	
  substrate	
  is	
  placed	
  at	
  the	
  top	
  of	
  the	
  
chamber	
  on	
  a	
  heater,	
  which	
  controls	
  the	
  temperature	
  of	
  the	
  substrate.	
  	
  The	
  chamber	
  
is	
  pumped	
  down	
  to	
  roughly	
  10-­‐5	
  Pa	
  before	
  deposition	
  begins.	
  	
  Each	
  element	
  in	
  the	
  
CIGS	
  layer	
  (Cu,	
  In,	
  Ga	
  and	
  Se)	
  is	
  evaporated	
  from	
  a	
  separate	
  Knudsen	
  cell	
  to	
  control	
  
the	
  elemental	
  flux	
  on	
  the	
  substrate.	
  	
  The	
  highest	
  efficiency	
  CIGS	
  solar	
  cells	
  are	
  
grown	
  in	
  a	
  “three-­‐stage”	
  process,	
  which	
  is	
  shown	
  schematically	
  in	
  Fig.	
  1.71.2.13.	
  

	
  
Fig.	
  1.7:	
  Schematic	
  showing	
  the	
  three-­‐stage	
  process	
  used	
  to	
  grow	
  high	
  efficiency	
  CIGS	
  solar	
  
cells	
  by	
  vacuum	
  co-­‐evaporation.	
  	
  In	
  the	
  first	
  stage,	
  a	
  precursor	
  of	
  (In,Ga)2Se3	
  is	
  grown	
  in	
  the	
  
absence	
  of	
  Cu.	
  	
  During	
  the	
  second	
  stage,	
  Cu	
  is	
  added	
  to	
  the	
  system	
  until	
  the	
  film	
  reaches	
  a	
  
Cu-­‐rich	
  composition	
  (0.95	
  <	
  Cu/(In+Ga)	
  <	
  1.1)	
  at	
  which	
  point	
  a	
  liquid	
  film	
  of	
  CuxSe	
  
segregates	
  to	
  the	
  surface.	
  	
  The	
  third	
  stage	
  reintroduces	
  In	
  and	
  Ga	
  to	
  bring	
  the	
  final	
  
composition	
  of	
  the	
  film	
  to	
  the	
  desired	
  Cu-­‐poor	
  composition.	
  	
  The	
  film	
  is	
  then	
  cooled	
  in	
  a	
  Se	
  
environment.	
  
	
  
	
   In	
  the	
  first	
  stage	
  of	
  growth,	
  the	
  substrate	
  is	
  heated	
  up	
  to	
  over	
  300oC	
  after	
  
which	
  the	
  In,	
  Ga	
  and	
  Se	
  are	
  released	
  into	
  the	
  chamber.	
  	
  	
  In	
  this	
  stage,	
  a	
  thick	
  layer	
  of	
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(In,Ga)2Se3	
  is	
  grown	
  as	
  a	
  precursor.	
  	
  During	
  the	
  second	
  stage,	
  the	
  In	
  and	
  Ga	
  flux	
  is	
  
removed	
  and	
  replaced	
  with	
  Cu	
  while	
  the	
  substrate	
  temperature	
  is	
  heated	
  up	
  to	
  over	
  
550oC.	
  	
  The	
  Cu/Group	
  III	
  ratio	
  is	
  slowly	
  raised	
  to	
  above	
  0.95	
  at	
  which	
  point	
  it	
  is	
  
believed	
  a	
  liquid	
  film	
  of	
  CuxSe	
  appears	
  on	
  the	
  surface.	
  	
  This	
  liquid	
  is	
  believed	
  to	
  
facilitate	
  mass	
  transfer	
  during	
  the	
  growth	
  resulting	
  in	
  larger,	
  more	
  homogenous	
  
grains1.2.13.	
  	
  However,	
  excess	
  CuxSe	
  on	
  the	
  film	
  can	
  form	
  highly	
  conductive	
  shunts	
  
upon	
  cooling	
  and	
  therefore,	
  a	
  third	
  stage	
  is	
  introduced	
  where	
  the	
  Cu	
  flux	
  is	
  shut	
  off	
  
and	
  replaced	
  with	
  In	
  and	
  Ga	
  to	
  consume	
  excess	
  CuxSe	
  and	
  bring	
  the	
  final	
  
composition	
  of	
  the	
  film	
  to	
  Cu	
  poor	
  (Cu/Group	
  III	
  <	
  0.95).	
  During	
  the	
  entire	
  growth	
  
process,	
  the	
  Se	
  flux	
  ratio	
  is	
  always	
  kept	
  above	
  the	
  stoichiometry	
  of	
  the	
  film	
  to	
  
improve	
  overall	
  film	
  quality.	
  	
  One	
  of	
  the	
  most	
  important	
  consequences	
  of	
  this	
  film	
  
growth	
  is	
  the	
  development	
  of	
  a	
  natural	
  Ga	
  gradient	
  throughout	
  the	
  depth	
  of	
  the	
  
sample,	
  which	
  will	
  be	
  discussed	
  further	
  in	
  later	
  sections.	
  
	
   One	
  of	
  the	
  most	
  fascinating	
  characteristics	
  of	
  CIGS	
  solar	
  cells	
  is	
  the	
  wide	
  
range	
  of	
  chemical	
  compositions	
  over	
  which	
  one	
  can	
  achieve	
  high	
  performances.	
  	
  It	
  
has	
  been	
  shown	
  that	
  the	
  Cu/Group	
  III	
  ratio	
  can	
  vary	
  from	
  0.7	
  to	
  0.98	
  while	
  still	
  
obtaining	
  efficiencies	
  close	
  to	
  19%1.2.14.	
  	
  Furthermore,	
  Ga/Group	
  III	
  ratios	
  can	
  vary	
  
from	
  0.27	
  to	
  0.37	
  without	
  significantly	
  affecting	
  device	
  performance1.2.14.	
  	
  This	
  wide	
  
degree	
  of	
  flexibility	
  is	
  both	
  remarkably	
  useful,	
  from	
  the	
  standpoint	
  of	
  trying	
  to	
  make	
  
high	
  efficiency	
  cells,	
  and	
  frustrating,	
  from	
  the	
  standpoint	
  of	
  trying	
  to	
  correlate	
  any	
  
chemical	
  or	
  physical	
  changes	
  in	
  the	
  CIGS	
  cell	
  to	
  device	
  performance.	
  	
  An	
  example	
  of	
  
the	
  current	
  lack	
  of	
  understanding	
  can	
  be	
  found	
  in	
  a	
  quote	
  from	
  Ref.	
  1.2.14,	
  “Our	
  
results	
  not	
  only	
  reveal	
  a	
  lack	
  of	
  knowledge	
  with	
  regards	
  to	
  important	
  process	
  
parameters,	
  they	
  also	
  point	
  out	
  that	
  supposedly	
  dominant	
  variables	
  as	
  the	
  CIGS	
  
composition	
  and	
  crystal	
  structure	
  are	
  sometimes	
  over-­‐estimated	
  in	
  their	
  relevancy	
  
for	
  high	
  efficiency	
  CIGS	
  solar	
  cells.”	
  
	
   Given	
  the	
  number	
  of	
  layers	
  and	
  polycrystalline	
  nature	
  of	
  CIGS	
  solar	
  cells,	
  the	
  
actual	
  band	
  diagram	
  in	
  a	
  device	
  is	
  complicated	
  and	
  varies	
  in	
  all	
  three	
  dimensions.	
  	
  A	
  
simplified	
  one	
  dimensional	
  band	
  diagram	
  is	
  frequently	
  used1.2.7	
  and	
  one	
  version	
  is	
  
shown	
  in	
  Fig.	
  1.8.	
  	
  	
  The	
  Fermi-­‐level	
  in	
  the	
  AZO	
  is	
  located	
  either	
  very	
  close	
  to	
  or	
  
above	
  the	
  conduction	
  band	
  due	
  to	
  the	
  high	
  free	
  carrier	
  concentration	
  in	
  this	
  layer.	
  	
  
The	
  space	
  charge	
  region	
  begins	
  in	
  the	
  IZO	
  layer	
  and	
  typically	
  extends	
  a	
  few	
  hundred	
  
nanometers	
  into	
  the	
  CIGS	
  layer,	
  which	
  exhibits	
  carrier	
  concentrations	
  on	
  the	
  order	
  
of	
  1015	
  –	
  1016	
  cm-­‐3	
  1.2.15.	
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  Fig.	
  1.8:	
  A	
  simplified	
  band	
  diagram	
  of	
  a	
  typical	
  CIGS	
  solar	
  cell.	
  
	
  
	
   One	
  of	
  the	
  most	
  complicated	
  aspects	
  of	
  the	
  CIGS	
  band	
  diagram	
  is	
  the	
  
CdS/CIGS	
  interface	
  as	
  will	
  be	
  discussed	
  in	
  more	
  depth	
  in	
  Sec.	
  3.6.	
  	
  A	
  key	
  aspect	
  at	
  
this	
  interface	
  is	
  the	
  existence	
  of	
  a	
  conduction	
  band	
  offset	
  between	
  the	
  CdS	
  and	
  CIGS	
  
layers1.2.16,	
  1.2.17	
  resulting	
  in	
  a	
  potential	
  barrier	
  for	
  photo-­‐generated	
  electrons	
  equal	
  
to	
  Φn.	
  	
  It	
  has	
  been	
  shown	
  that	
  potential	
  barriers	
  below	
  ~0.4eV	
  do	
  not	
  significantly	
  
impede	
  current	
  collection1.2.18.	
  	
  A	
  similar	
  conduction	
  band	
  offset	
  has	
  been	
  observed	
  
at	
  the	
  CdS/ZnO	
  interface1.2.19.	
  	
  The	
  band	
  diagram	
  in	
  Fig.	
  1.8	
  does	
  not	
  include	
  the	
  
effects	
  of	
  any	
  interface	
  states	
  between	
  the	
  various	
  layers,	
  which	
  have	
  been	
  shown	
  in	
  
several	
  cases	
  to	
  significantly	
  modify	
  device	
  performance1.2.20.	
  
	
  
1.3	
   Physics	
  of	
  Photovoltaics	
  	
  
	
   There	
  are	
  two	
  requirements	
  for	
  designing	
  a	
  high	
  efficiency	
  solar	
  cell.	
  	
  First,	
  
the	
  solar	
  cell	
  must	
  absorb	
  as	
  much	
  of	
  the	
  incoming	
  sunlight	
  as	
  possible	
  and	
  have	
  the	
  
photo-­‐generated	
  electrons/holes	
  reach	
  the	
  contacts	
  of	
  the	
  sample.	
  	
  Second,	
  the	
  
forward	
  current	
  in	
  the	
  device	
  should	
  be	
  minimized	
  to	
  allow	
  for	
  the	
  highest	
  possible	
  
open	
  circuit	
  voltage.	
  	
  As	
  previously	
  discussed,	
  the	
  minimum	
  amount	
  of	
  forward	
  
current	
  is	
  achieved	
  when	
  all	
  recombination	
  is	
  radiative	
  in	
  nature.	
  	
  However,	
  very	
  
few	
  solar	
  cells	
  actually	
  achieve	
  this	
  and	
  instead	
  are	
  limited	
  by	
  other	
  recombination	
  
processes.	
  	
  To	
  quantitatively	
  determine	
  the	
  efficiency	
  of	
  a	
  solar	
  cell,	
  it’s	
  necessary	
  to	
  
review	
  the	
  equations	
  governing	
  these	
  two	
  requirements	
  to	
  better	
  understand	
  what	
  
electronic	
  parameters	
  are	
  needed	
  to	
  describe	
  the	
  operation	
  of	
  a	
  solar	
  cell.	
  	
  
	
   An	
  important	
  starting	
  point	
  is	
  the	
  behavior	
  of	
  a	
  semiconductor	
  in	
  the	
  dark.	
  	
  
The	
  following	
  equations	
  are	
  taken	
  directly	
  from	
  Ref.	
  1.3.1	
  unless	
  otherwise	
  
specified.	
  	
  All	
  of	
  the	
  variables	
  used	
  in	
  the	
  following	
  equations	
  are	
  described	
  on	
  pg.	
  i-­‐
iii	
  of	
  this	
  work.	
  	
  The	
  equilibrium	
  free	
  electron	
  concentration	
  

€ 

n( )	
  of	
  a	
  semiconductor	
  
in	
  the	
  dark	
  is	
  given	
  by	
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,	
   (1.1)	
  

where	
  

€ 

N(E)is	
  the	
  density	
  of	
  states,	
  

€ 

F(E) 	
  is	
  the	
  probability	
  of	
  the	
  state	
  being	
  
occupied	
  and	
  

€ 

EC 	
  is	
  the	
  energy	
  of	
  the	
  conduction	
  band	
  minimum.	
  	
  The	
  density	
  of	
  
states	
  in	
  the	
  conduction	
  band	
  can	
  be	
  approximated	
  by	
  

,	
   (1.2)	
  

where	
  

€ 

MC 	
  is	
  the	
  number	
  of	
  equivalent	
  conduction	
  band	
  minima	
  and	
  

€ 

mde is	
  the	
  
density-­‐of-­‐state	
  effective	
  mass	
  for	
  electrons.	
  	
  The	
  occupancy	
  of	
  each	
  level	
  is	
  given	
  by	
  
the	
  Fermi-­‐Dirac	
  distribution	
  function	
  

,	
   (1.3)	
  

where	
  

€ 

EF is	
  the	
  Fermi	
  level.	
  	
  If	
  the	
  Fermi	
  level	
  is	
  several	
  

€ 

kT 	
  below	
  the	
  conduction	
  
band,	
  Boltzmann	
  statistics	
  can	
  be	
  used	
  and	
  the	
  integral	
  in	
  Eqn.	
  1.1	
  becomes	
  

	
   (1.4)	
  

where	
  the	
  effective	
  density	
  of	
  states	
  in	
  the	
  conduction	
  band	
  

€ 

NC( ) 	
  is	
  approximately	
  

€ 

NC ≡ 2
2πmdekT

h2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
3 2

MC .	
   (1.5)	
  

By	
  similar	
  arguments,	
  the	
  equilibrium	
  hole	
  concentration	
  

€ 

p( ) 	
  is	
  given	
  by	
  

,	
   (1.6)	
  

where	
  

€ 

EV 	
  is	
  the	
  valence	
  band	
  maximum	
  and	
  

€ 

NV 	
  is	
  the	
  effective	
  density	
  of	
  states	
  for	
  
the	
  valence	
  band.	
  	
  In	
  the	
  absence	
  of	
  any	
  dopants,	
  the	
  only	
  carriers	
  in	
  the	
  conduction	
  
and	
  valence	
  band	
  are	
  provided	
  by	
  thermal	
  agitation.	
  	
  Therefore,	
  due	
  to	
  charge	
  
conservation,	
  the	
  number	
  of	
  free	
  electrons	
  and	
  holes	
  are	
  equivalent.	
  	
  By	
  equation	
  
Eqn.	
  1.4	
  and	
  1.6,	
  the	
  intrinsic	
  carrier	
  concentration	
  

€ 

ni( )	
  of	
  a	
  non-­‐degenerate	
  
semiconductor	
  is	
  equal	
  to	
  

,	
   (1.7)	
  

where	
  

€ 

Eg 	
  is	
  the	
  bandgap	
  of	
  the	
  semiconductor.	
  	
  Therefore,	
  in	
  the	
  dark,	
  the	
  free	
  
carrier	
  statistics	
  in	
  a	
  semiconductor	
  are	
  given	
  by	
  the	
  locations	
  of	
  the	
  conduction	
  
band,	
  valence	
  band	
  and	
  Fermi-­‐level	
  as	
  shown	
  in	
  Fig.	
  1.9.	
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Fig.	
  1.9:	
  (a)	
  A	
  generic	
  p-­‐type	
  semiconductor	
  in	
  the	
  dark	
  can	
  be	
  described	
  by	
  the	
  conduction	
  
band	
  (EC),	
  valence	
  band	
  (EV),	
  Fermi-­‐level	
  (Ef).	
  	
  (b)	
  Upon	
  illumination,	
  the	
  semiconductor	
  is	
  
no	
  longer	
  in	
  equilibrium	
  as	
  is	
  instead	
  described	
  by	
  separate	
  Fermi-­‐levels	
  for	
  the	
  conduction	
  
and	
  valence	
  band	
  (Efn	
  and	
  Efp).	
  	
  The	
  number	
  of	
  excess	
  holes	
  under	
  solar	
  illumination	
  is	
  
typically	
  much	
  lower	
  than	
  the	
  hole	
  concentration	
  in	
  the	
  dark.	
  The	
  number	
  of	
  excess	
  
electrons	
  greatly	
  exceeds	
  the	
  electron	
  concentration	
  in	
  the	
  dark	
  and	
  is	
  governed	
  primarily	
  
by	
  the	
  amount	
  of	
  illumination	
  and	
  the	
  properties	
  of	
  the	
  trap	
  levels	
  (Et).	
  
	
  
	
   However,	
  upon	
  illumination	
  or	
  charge	
  injection,	
  a	
  semiconductor	
  is	
  no	
  longer	
  
in	
  equilibrium	
  and	
  these	
  three	
  parameters	
  are	
  no	
  longer	
  sufficient	
  to	
  describe	
  the	
  
free	
  carrier	
  statistics.	
  	
  In	
  this	
  case,	
  it	
  is	
  necessary	
  to	
  define	
  separate	
  quasi-­‐Fermi	
  
levels	
  for	
  both	
  the	
  conduction	
  

€ 

EFn( ) 	
  and	
  valence	
  

€ 

EFp( ) 	
  band	
  as	
  
,	
   (1.8)	
  

,	
   (1.9)	
  

where	
  

€ 

Ei 	
  is	
  the	
  intrinsic	
  Fermi	
  level.	
  	
  The	
  location	
  of	
  quasi-­‐Fermi	
  levels	
  under	
  
illumination	
  or	
  applied	
  bias	
  is	
  primarily	
  determined	
  by	
  the	
  properties	
  of	
  defects	
  
states	
  located	
  within	
  the	
  bandgap.	
  
	
   Most	
  thin	
  film	
  photovoltaics	
  consist	
  of	
  several	
  separate	
  semiconductors	
  with	
  
different	
  properties	
  in	
  contact	
  with	
  one	
  another.	
  	
  A	
  full	
  description	
  of	
  the	
  entire	
  
device	
  under	
  illumination	
  can	
  be	
  given	
  by	
  the	
  carrier	
  concentration	
  at	
  every	
  point	
  
within	
  the	
  device.	
  	
  For	
  this	
  reason,	
  it	
  is	
  necessary	
  to	
  know	
  the	
  location	
  of	
  the	
  band	
  
edges	
  and	
  quasi-­‐Fermi	
  levels	
  throughout	
  the	
  device.	
  	
  This	
  can	
  be	
  accomplished	
  by	
  
self	
  consistently	
  solving	
  the	
  following	
  sets	
  of	
  equations,	
  shown	
  here	
  in	
  their	
  one-­‐
dimensional	
  form:	
  

€ 

∂2φ
∂x 2

= −
∂ς
∂x

=
−ρ
εs

=
q(n − p + NA − ND )

εs
,	
   (1.10)	
  

€ 

Jn = qµn nς +
kT
q
∂n
∂x

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ = µnn

∂EFn

∂x
,	
   (1.11)	
  

€ 

Jp = qµp pς − kT
q
∂p
∂x

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ = µp p

∂EFp

∂x
,	
   (1.12)	
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€ 

∂n
∂t

=Gn −Un +
1
q
∂Jn
∂x

,	
   (1.13)	
  

€ 

∂p
∂t

=Gp −Up −
1
q
∂Jp
∂x

	
   (1.14)	
  

where	
  

€ 

φ 	
  is	
  the	
  electric	
  potential,	
  

€ 

ς 	
  is	
  the	
  electric	
  field,	
  

€ 

ρ 	
  is	
  the	
  charge	
  density,	
  

€ 

εs 	
  is	
  
the	
  dielectric	
  constant,	
  

€ 

NA 	
  is	
  the	
  acceptor	
  concentration,	
  

€ 

ND 	
  is	
  the	
  donor	
  
concentration,	
  

€ 

Jn 	
  is	
  the	
  electron	
  current	
  density,	
  

€ 

Jp 	
  is	
  the	
  hole	
  current	
  density,	
  

€ 

µn 	
  is	
  
the	
  electron	
  mobility,	
  

€ 

µp 	
  is	
  the	
  hole	
  mobility,	
  

€ 

Gn 	
  is	
  the	
  electron	
  generation	
  rate,	
  

€ 

Gp 	
  
is	
  the	
  hole	
  generation	
  rate,	
  

€ 

Un 	
  is	
  the	
  electron	
  recombination	
  rate	
  and	
  

€ 

Up 	
  is	
  the	
  hole	
  
recombination	
  rate.	
  
	
   Eqn.	
  1.10	
  is	
  Poisson’s	
  equation	
  and	
  describes	
  the	
  change	
  in	
  potential	
  or	
  
electric	
  field	
  across	
  a	
  device.	
  	
  Eqn.	
  1.11	
  and	
  1.12	
  define	
  the	
  electron	
  and	
  hole	
  current	
  
densities	
  throughout	
  the	
  device.	
  	
  The	
  first	
  term	
  

€ 

nς( )	
  represents	
  the	
  drift	
  component	
  

of	
  current	
  and	
  the	
  second	
  term	
  

€ 

kT
q
∂n
∂x

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 	
  the	
  diffusion	
  component.	
  	
  Finally,	
  Eqn.	
  1.13	
  

and	
  1.14	
  are	
  the	
  continuity	
  equations	
  stating	
  the	
  net	
  change	
  in	
  carrier	
  concentration	
  
at	
  a	
  given	
  point	
  in	
  the	
  cell	
  is	
  given	
  by	
  the	
  generation	
  of	
  carriers,	
  recombination	
  of	
  
carriers	
  and	
  net	
  change	
  in	
  current	
  flowing	
  in	
  and	
  out	
  of	
  the	
  region	
  of	
  interest.	
  	
  
Under	
  quasi-­‐equilibrium	
  conditions,	
  such	
  as	
  constant	
  illumination,	
  the	
  net	
  change	
  of	
  
carriers	
  is	
  equal	
  to	
  zero	
  and	
  therefore	
  a	
  self-­‐consistent	
  solution	
  of	
  1.10	
  through	
  1.14	
  
can	
  be	
  obtained.	
  	
  	
  
	
   In	
  real	
  systems,	
  it	
  can	
  be	
  very	
  difficult	
  or	
  impossible	
  to	
  obtain	
  a	
  set	
  of	
  
analytic	
  solutions	
  describing	
  the	
  system	
  and	
  the	
  method	
  of	
  finite	
  element	
  analysis	
  
must	
  be	
  used	
  to	
  solve	
  these	
  equations.	
  	
  This	
  approach	
  involves	
  splitting	
  the	
  device	
  
structure	
  into	
  discrete	
  layers	
  where	
  all	
  properties	
  within	
  that	
  layer	
  are	
  held	
  
constant.	
  	
  The	
  solution	
  to	
  the	
  problem	
  is	
  guessed	
  and	
  then	
  equations	
  1.10	
  through	
  
1.14	
  are	
  calculated	
  between	
  each	
  layer.	
  	
  The	
  algorithm	
  then	
  modifies	
  the	
  initial	
  
guess	
  and	
  solves	
  the	
  set	
  of	
  equations	
  again,	
  proceeding	
  until	
  the	
  error	
  between	
  each	
  
layer	
  falls	
  below	
  some	
  threshold.	
  	
  Several	
  commercial	
  and	
  freeware	
  software	
  
packages	
  have	
  been	
  designed	
  to	
  solve	
  these	
  equations	
  with	
  varying	
  degrees	
  of	
  
complexity.	
  	
  In	
  this	
  work,	
  the	
  software	
  package	
  AMPS1.3.2	
  is	
  used	
  when	
  necessary.	
  	
  
However,	
  it	
  is	
  frequently	
  helpful	
  to	
  use	
  analytic	
  approximations	
  to	
  describe	
  solar	
  
cell	
  behavior	
  and	
  they	
  will	
  be	
  used	
  in	
  this	
  work	
  wherever	
  possible.	
  
	
   Equations	
  1.13	
  and	
  1.14	
  contain	
  terms	
  for	
  the	
  recombination	
  rate	
  at	
  a	
  given	
  
location	
  in	
  the	
  cell.	
  	
  There	
  are	
  several	
  types	
  of	
  recombination	
  events	
  that	
  can	
  occur	
  
and	
  they	
  are	
  summarized	
  in	
  Fig.	
  1.10.	
  	
  The	
  radiative	
  recombination	
  rate	
  

€ 

Urad( ) 	
  is	
  
given	
  by1.3.3	
  

€ 

Urad = Bnp ,	
   (1.15)	
  
where	
  

€ 

B	
  is	
  the	
  probability	
  for	
  radiative	
  recombination.	
  	
  It	
  is	
  frequently	
  helpful	
  to	
  
define	
  a	
  minority	
  carrier	
  lifetime	
  

€ 

τ n /τ p( )	
  in	
  a	
  semiconductor,	
  which	
  gives	
  the	
  
average	
  amount	
  of	
  time	
  a	
  free	
  electron/hole	
  will	
  remain	
  in	
  the	
  semiconductor	
  until	
  
it	
  recombines	
  with	
  an	
  electron/hole.	
  	
  In	
  the	
  case	
  of	
  radiative	
  recombination,	
  the	
  
lifetime	
  of	
  a	
  minority	
  carrier	
  is	
  a	
  function	
  of	
  the	
  number	
  of	
  majority	
  carriers	
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€ 

τ p,rad =
1
Bn

,	
   (1.16)	
  

€ 

τ n,rad =
1
Bp
.	
   (1.17)	
   	
  

Fig.	
  1.10:	
  The	
  primary	
  recombination	
  mechanisms	
  in	
  a	
  semiconductor.	
  	
  (a)	
  Shockley-­‐Read-­‐
Hall	
  recombination	
  describes	
  the	
  recombination	
  of	
  electrons	
  and	
  holes	
  through	
  trap	
  levels	
  
located	
  in	
  the	
  bandgap	
  where	
  the	
  excess	
  energy	
  is	
  typically	
  released	
  through	
  phonons.	
  	
  (b)	
  
Radiative	
  recombination	
  accounts	
  for	
  the	
  direct	
  recombination	
  of	
  electrons	
  and	
  holes	
  
through	
  the	
  emission	
  of	
  photons.	
  	
  (c)	
  Auger	
  recombination	
  allows	
  for	
  recombination	
  
between	
  two	
  electrons	
  and	
  one	
  hole	
  where	
  the	
  excess	
  energy	
  from	
  electron-­‐hole	
  
recombination	
  is	
  transferred	
  to	
  the	
  third	
  electron.	
  
	
  
	
   However,	
  semiconductors	
  usually	
  have	
  a	
  non-­‐negligible	
  density	
  of	
  states	
  
within	
  the	
  bandgap	
  through	
  which	
  recombination	
  is	
  more	
  probable.	
  	
  The	
  equation	
  
governing	
  trap-­‐assisted	
  recombination	
  was	
  originally	
  described	
  by	
  Shockley,	
  Read	
  
and	
  Hall	
  who	
  found	
  the	
  recombination	
  rate	
  equal	
  to1.3.4	
  

€ 

USRH =
σ pσ nvthNt (pn − ni

2)

σ n[n + ni exp
Et − Ei

kT
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ +σ p[p + ni exp

Ei − Et

kT
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
,	
   (1.18)	
  

where	
  

€ 

σ n 	
  is	
  the	
  electron	
  capture	
  cross	
  section,	
  

€ 

σ p 	
  is	
  the	
  hole	
  capture	
  cross	
  section,	
  

€ 

vth 	
  is	
  the	
  carrier	
  thermal	
  velocity,	
  

€ 

Nt 	
  is	
  the	
  trap	
  density	
  and	
  

€ 

Et 	
  is	
  the	
  trap	
  energy.	
  	
  
The	
  carrier	
  lifetime	
  for	
  SRH	
  recombination	
  is	
  a	
  strong	
  function	
  of	
  the	
  Fermi-­‐level	
  
position	
  in	
  the	
  semiconductor.	
  	
  However,	
  in	
  the	
  situation	
  where	
  the	
  semiconductor	
  
is	
  primarily	
  n-­‐	
  or	
  p-­‐type	
  (ie.	
  the	
  quasi-­‐neutral	
  region	
  of	
  the	
  absorber),	
  the	
  carrier	
  
lifetime	
  can	
  be	
  simplified	
  as	
  

,	
   (1.19)	
  

.	
   (1.20)	
   	
  

	
   To	
  determine	
  the	
  amount	
  of	
  forward	
  current	
  as	
  a	
  function	
  of	
  applied	
  bias	
  in	
  a	
  
solar	
  cell,	
  it	
  is	
  useful	
  to	
  isolate	
  the	
  region	
  of	
  the	
  cell	
  where	
  recombination	
  is	
  taking	
  
place.	
  	
  The	
  four	
  primary	
  areas	
  in	
  a	
  CIGS	
  solar	
  cell	
  where	
  recombination	
  is	
  expected	
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to	
  take	
  place	
  are	
  shown	
  in	
  Fig.	
  1.11.	
  	
  The	
  first	
  area	
  to	
  be	
  considered	
  is	
  within	
  the	
  
space	
  charge	
  region	
  (SCR).	
  	
  The	
  quasi-­‐Fermi	
  level	
  splitting	
  (QFL)	
  inside	
  the	
  SCR	
  is	
  
approximately	
  equal	
  to1.3.1	
  	
  

.	
   (1.21)	
  
From	
  combining	
  Eqn.	
  1.8	
  and	
  1.9,	
  one	
  arrives	
  at	
  

,	
   (1.22)	
  

which	
  can	
  be	
  inserted	
  into	
  Eqn.	
  1.16	
  to	
  give	
  

€ 

USCR (V ) =
σ pσ nvthNtni

2[exp(qV kT) −1]

σ n[n + ni exp
Et − Ei

kT
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ +σ p[p + ni exp

Ei − Et

kT
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
.	
   (1.23)	
  

In	
  the	
  case	
  that	
  the	
  trap	
  primarily	
  responsible	
  for	
  recombination	
  is	
  located	
  in	
  the	
  
mid-­‐gap	
  and	
  has	
  an	
  equal	
  capture	
  cross	
  section	
  for	
  electrons	
  and	
  holes,	
  the	
  
maximum	
  recombination	
  rate	
  is	
  equal	
  to	
  

€ 

USCR ,max ≈
1
2
σvthNtni exp

qV
2kT
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ .	
   	
  (1.24)	
  

By	
  integrating	
  Eqn.	
  1.23	
  through	
  the	
  space	
  charge	
  region,	
  the	
  forward	
  current	
  
density	
  as	
  a	
  function	
  of	
  voltage	
  can	
  be	
  expressed	
  as1.3.5:	
  	
  

€ 

J(V ) ≈ qW
'ni

2τ
exp(qV /2kT),	
   (1.25)	
  

where	
  the	
  modified	
  space	
  charge	
  width	
  

€ 

W '( ) 	
  is	
  given	
  by	
  

€ 

W ' =WkT q(Vbi −V ) ,	
   (1.26)	
  
where	
  

€ 

W 	
  is	
  the	
  space	
  charge	
  width	
  and	
  the	
  built-­‐in	
  voltage	
  

€ 

Vbi 	
  is	
  given	
  by	
  

€ 

Vbi ≈
kT
q
ln n0p0

ni
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,	
   (1.27)	
  

where	
  

€ 

n0 	
  is	
  the	
  free	
  electron	
  concentration	
  on	
  the	
  n-­‐side	
  of	
  the	
  junction	
  and	
  

€ 

p0	
  is	
  
the	
  free	
  hole	
  concentration	
  on	
  the	
  p-­‐side	
  of	
  the	
  junction.	
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Fig.	
  1.11:	
  The	
  physical	
  location	
  of	
  the	
  primary	
  recombination	
  paths	
  in	
  a	
  CIGS	
  solar	
  cell.	
  	
  
Recombination	
  can	
  take	
  place	
  through	
  interface	
  states,	
  within	
  the	
  space	
  charge	
  region	
  
(SCR),	
  within	
  the	
  quasi-­‐neutral	
  bulk	
  or	
  at	
  the	
  back	
  surface.	
  
	
   	
  
	
   To	
  illustrate	
  the	
  physical	
  model	
  of	
  recombination	
  given	
  by	
  Eqn.	
  1.23,	
  the	
  
normalized	
  recombination	
  rate	
  as	
  a	
  function	
  of	
  distance	
  of	
  a	
  n+p	
  heterojunction	
  was	
  
numerically	
  calculated	
  and	
  the	
  result	
  is	
  shown	
  in	
  Fig.	
  1.12.	
  	
  The	
  band	
  diagram	
  under	
  
forward	
  bias	
  was	
  obtained	
  using	
  the	
  depletion	
  approximation	
  and	
  the	
  analytic	
  
equations	
  derived	
  in	
  Ref.	
  1.3.1.	
  	
  Fig.	
  1.12	
  shows	
  three	
  different	
  cases	
  where	
  the	
  
recombination	
  is	
  controlled	
  by	
  a	
  generic	
  mid-­‐gap	
  state,	
  a	
  trap	
  state	
  closer	
  to	
  the	
  
valence	
  band	
  and	
  a	
  trap	
  state	
  with	
  a	
  higher	
  capture	
  cross	
  section	
  for	
  holes	
  than	
  
electrons.	
  	
  It	
  is	
  apparent	
  that	
  changing	
  the	
  type	
  of	
  trap	
  leads	
  to	
  a	
  shift	
  in	
  the	
  
recombination	
  profile.	
  	
  However,	
  in	
  general,	
  SCR	
  recombination	
  is	
  highest	
  close	
  to	
  
the	
  middle	
  of	
  the	
  depletion	
  region.	
  	
  This	
  can	
  be	
  understood	
  by	
  considering	
  
recombination	
  requires	
  the	
  presence	
  of	
  both	
  an	
  electron	
  and	
  a	
  hole.	
  	
  In	
  the	
  middle	
  
of	
  the	
  SCR	
  there	
  is	
  a	
  high	
  concentration	
  of	
  both	
  electrons	
  and	
  holes.	
  	
  The	
  
concentration	
  of	
  holes	
  falls	
  off	
  sharply	
  when	
  approaching	
  the	
  n-­‐side	
  of	
  the	
  junction	
  
while	
  the	
  concentration	
  of	
  electrons	
  falls	
  off	
  sharply	
  when	
  approaching	
  the	
  p-­‐side	
  of	
  
the	
  junction	
  leading	
  to	
  a	
  maximum	
  recombination	
  rate	
  in	
  the	
  middle	
  of	
  the	
  SCR.	
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Fig.	
  1.12:	
  (a)	
  Simplified	
  band	
  diagram	
  of	
  a	
  n+p	
  heterojunction	
  solar	
  cell	
  under	
  a	
  forward	
  
bias	
  of	
  0.4V.	
  	
  (b)	
  Calculated	
  recombination	
  profile	
  as	
  a	
  function	
  of	
  distance	
  through	
  the	
  cell	
  
assuming	
  different	
  defect	
  properties.	
  	
  The	
  first	
  case	
  (mid-­‐gap)	
  assumes	
  the	
  dominant	
  trap	
  
level	
  is	
  located	
  in	
  the	
  middle	
  of	
  the	
  bandgap	
  with	
  

€ 

Nt = 2 ⋅1013cm−3 	
  and	
  

€ 

σ n =σ p = 5 ⋅10−13cm2 .	
  	
  The	
  second	
  case	
  (near	
  VB)	
  assumes	
  the	
  dominant	
  trap	
  level	
  is	
  
instead	
  300meV	
  above	
  the	
  valence	
  band.	
  	
  The	
  third	
  case	
  (acceptor-­‐like)	
  assumes	
  a	
  mid-­‐gap	
  
trap	
  but	
  with

€ 

σ n = 5 ⋅10−13cm2 	
  and	
  

€ 

σ p = 5 ⋅10−12cm2 .	
  
	
  
	
   The	
  next	
  area	
  of	
  recombination	
  considered	
  is	
  in	
  the	
  quasi-­‐neutral	
  bulk	
  of	
  the	
  
CIGS	
  and	
  the	
  back	
  interface.	
  	
  In	
  this	
  region,	
  Eqn.	
  1.18	
  is	
  approximately	
  equal	
  to	
  

€ 

U(x,V ) = n(x,V ) τ n .	
   (1.28)	
  
Therefore,	
  to	
  analytically	
  express	
  the	
  recombination	
  in	
  the	
  quasi-­‐neutral	
  bulk	
  it	
  is	
  
necessary	
  to	
  know	
  the	
  excess	
  electron	
  concentration	
  in	
  the	
  bulk.	
  	
  The	
  high	
  free	
  hole	
  
concentration	
  in	
  the	
  bulk	
  leads	
  to	
  a	
  negligible	
  gradient	
  in	
  the	
  hole	
  quasi-­‐Fermi	
  level.	
  	
  
Therefore,	
  Eqn.	
  1.11	
  and	
  1.13	
  can	
  be	
  combined	
  to	
  give	
  

€ 

1
qDn

∂Jn
∂x

=
ζ∂n
∂x

+
∂ 2n
∂x 2

=
n
L2
	
   (1.29)	
  

where	
  the	
  normalized	
  electric	
  field	
  

€ 

ζ( )	
  and	
  diffusion	
  length	
  

€ 

L( ) 	
  are	
  given	
  by	
  

€ 

ζ =
qς
kT
,	
   (1.30)	
  

€ 

L = Dnτ n ,	
   (1.31)	
  
and	
  the	
  electron	
  diffusivity	
  

€ 

Dn 	
  is	
  given	
  by	
  

€ 

Dn =
kT
q

µn .	
   (1.32)	
  

A	
  general	
  solution	
  of	
  Eqn.	
  1.29	
  can	
  be	
  obtained	
  by	
  assuming	
  there	
  is	
  no	
  electric	
  field	
  
in	
  the	
  quasi-­‐neutral	
  bulk1.3.6,	
  

€ 

n = Aexp(−x L) + Bexp(x L) .	
   (1.33)	
  
The	
  constants	
  in	
  Eqn.	
  1.33	
  can	
  be	
  obtained	
  by	
  assuming	
  the	
  electron	
  quasi-­‐Fermi	
  
level	
  varies	
  at	
  edge	
  of	
  the	
  SCR	
  by	
  the	
  applied	
  voltage	
  

€ 

n(W ) = n0(W )exp(qV kT) 	
   (1.34)	
  
and	
  the	
  current	
  at	
  the	
  back	
  of	
  the	
  cell	
  is	
  equal	
  to	
  

€ 

Jn (d −W ) = qn(d −W )S ,	
   (1.35)	
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where	
  

€ 

d( )	
  is	
  the	
  absorber	
  thickness	
  and	
  

€ 

S 	
  is	
  the	
  back	
  surface	
  recombination	
  
velocity.	
  	
  Combining	
  Eqn.	
  1.28,	
  1.33,	
  1.34	
  and	
  1.35	
  results	
  in1.3.6	
  

€ 

J(V ) ≈ q Dn

τ n

ni
2

p0
exp(qV kT) sinh((d −W ) L) + (SL Dn )cosh((d −W ) L)

cosh((d −W ) L) + (SL Dn )sinh((d −W ) L)
.	
   (1.36)	
  

	
   However,	
  high	
  efficiency	
  CIGS	
  solar	
  cells	
  feature	
  a	
  varying	
  bandgap	
  along	
  the	
  
depth	
  of	
  the	
  absorber.	
  	
  From	
  Ref.	
  1.3.6,	
  the	
  change	
  in	
  bandgap	
  results	
  in	
  a	
  quasi-­‐
electric	
  field	
  throughout	
  the	
  bulk	
  leading	
  to1.3.6	
  

€ 

ζ =
1
kT

∂Eg

∂x
.	
   (1.37)	
  

The	
  solution	
  to	
  Eqn.	
  1.29	
  changes	
  as	
  a	
  result	
  of	
  the	
  quasi-­‐electric	
  field	
  in	
  the	
  bulk	
  to	
  	
  

€ 

n = Aexp(−x L+) + Bexp(x L−) ,	
   (1.38)	
  
where	
  

€ 

L± = L 1+ (ζL 2)2 ± ζL 2[ ] .	
   (1.39)	
  

Using	
  the	
  same	
  boundary	
  conditions	
  shown	
  in	
  Eqn.	
  1.34	
  and	
  1.35,	
  one	
  obtains	
  

€ 

J(V ) ≈ qDn

L'
ni(W )

2

p0
sinh((d −W ) L') + (S'L' Dn )cosh((d −W ) L')
cosh((d −W ) L') + (S'L' Dn )sinh((d −W ) L')

− qDn
ni(W )

2

p0
ζ
2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ exp(qV kT) ,	
  	
   (1.40)	
  

where	
  the	
  modified	
  diffusion	
  length	
  

€ 

L'( )and	
  

€ 

S '( ) 	
  surface	
  recombination	
  velocity	
  are	
  
given	
  by	
  

€ 

L'= L 1+ (ζL 2)2 ,	
   (1.41)	
  

€ 

S'= S + ζDn 2.	
   (1.42)	
  
	
   However,	
  the	
  quasi-­‐electric	
  field	
  in	
  the	
  CIGS	
  absorber	
  is	
  not	
  constant	
  all	
  the	
  
way	
  through	
  the	
  depth	
  of	
  the	
  sample.	
  	
  This	
  is	
  shown	
  in	
  Fig.	
  1.13	
  for	
  a	
  high	
  efficiency	
  
CIGS	
  solar	
  cell	
  with	
  a	
  “saddle”	
  shaped	
  profile.	
  	
  This	
  can	
  be	
  accounted	
  for	
  by	
  dividing	
  
the	
  absorber	
  into	
  regions	
  of	
  approximately	
  constant	
  quasi-­‐electric	
  field.	
  	
  In	
  this	
  case,	
  
the	
  back	
  surface	
  recombination	
  velocity	
  in	
  the	
  first	
  layer	
  is	
  modified	
  by	
  using1.3.6	
  

€ 

S = J0 q ni
2(I)
p0

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 	
   (1.43)	
  

where	
  I	
  is	
  the	
  location	
  of	
  the	
  next	
  adjoining	
  region	
  and	
  

€ 

J0	
  is	
  the	
  diode	
  saturation	
  
current.	
  	
  In	
  this	
  way,	
  the	
  recombination	
  current	
  in	
  each	
  layer	
  is	
  defined	
  recursively,	
  
where	
  the	
  first	
  layer	
  has	
  a	
  back	
  surface	
  recombination	
  velocity	
  set	
  by	
  the	
  
subsequent	
  layers.	
  	
  In	
  a	
  similar	
  way,	
  the	
  splitting	
  of	
  the	
  quasi-­‐Fermi	
  level	
  at	
  the	
  
front	
  of	
  the	
  last	
  region	
  is	
  fixed	
  by	
  the	
  properties	
  of	
  the	
  proceedings	
  layers.	
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Fig.	
  1.13:	
  Ga/(In+Ga)	
  ratio	
  as	
  a	
  function	
  of	
  depth	
  through	
  a	
  high	
  efficiency	
  CIGS	
  solar	
  cell	
  
grown	
  at	
  NREL	
  with	
  a	
  “saddle”	
  shaped	
  profile.	
  	
  The	
  gallium	
  gradient	
  results	
  in	
  a	
  change	
  in	
  
bandgap	
  through	
  the	
  depth	
  of	
  the	
  film	
  shown	
  on	
  the	
  second	
  y-­‐axis.	
  	
  Due	
  to	
  the	
  p-­‐type	
  nature	
  
of	
  the	
  absorber	
  layer,	
  the	
  bandgap	
  profile	
  is	
  approximately	
  equal	
  to	
  the	
  conduction	
  band	
  
profile	
  in	
  the	
  quasi-­‐neutral	
  bulk.	
  
	
  
	
   As	
  the	
  absorber	
  is	
  polycrystalline	
  in	
  nature,	
  the	
  recombination	
  properties	
  at	
  
the	
  grain	
  boundaries	
  are	
  important.	
  	
  It	
  has	
  been	
  shown	
  that	
  this	
  can	
  be	
  incorporated	
  
into	
  the	
  preceding	
  equations	
  for	
  quasi-­‐neutral	
  bulk	
  recombination	
  by	
  replacing	
  the	
  
diffusion	
  length	
  with	
  1.3.7	
  

€ 

Leff = L−2 + 2Sg Dng( )
−1 2
	
   (1.44)	
  

where	
  

€ 

Sg 	
  is	
  the	
  grain	
  boundary	
  recombination	
  velocity	
  and	
  

€ 

g 	
  is	
  the	
  grain	
  size.	
  
	
   Finally,	
  recombination	
  at	
  the	
  CdS/CIGS	
  interface	
  is	
  also	
  expected	
  to	
  be	
  
important,	
  primarily	
  due	
  to	
  the	
  high	
  concentration	
  of	
  defects	
  expected	
  at	
  almost	
  any	
  
hetero-­‐interface.	
  	
  The	
  recombination	
  rate	
  at	
  this	
  interface	
  is	
  a	
  strong	
  function	
  of	
  the	
  
Fermi-­‐level	
  position	
  with	
  respect	
  to	
  the	
  band	
  edges.	
  	
  If	
  the	
  Fermi-­‐level	
  is	
  close	
  to	
  the	
  
conduction	
  band	
  (as	
  expected	
  in	
  high	
  efficiency	
  CIGS	
  solar	
  cells),	
  recombination	
  is	
  
primarily	
  determined	
  by	
  the	
  minority	
  hole	
  concentration.	
  	
  However,	
  in	
  general,	
  the	
  
recombination	
  rate	
  at	
  a	
  heterointerface	
  is	
  complicated	
  and	
  depends	
  strongly	
  on	
  the	
  
conduction	
  band	
  offsets	
  at	
  this	
  interface	
  as	
  well	
  as	
  the	
  absence	
  or	
  presence	
  of	
  
Fermi-­‐level	
  pinning.	
  	
  A	
  complete	
  discussion	
  of	
  the	
  recombination	
  rates	
  at	
  a	
  
heterojunction	
  interface	
  can	
  be	
  found	
  in	
  Ref.	
  1.3.8.	
  
	
   One	
  of	
  the	
  most	
  common	
  methods	
  to	
  try	
  and	
  separate	
  the	
  recombination	
  
processes	
  in	
  solar	
  cells	
  is	
  to	
  analyze	
  the	
  diode	
  ideality	
  factor	
  of	
  the	
  device.	
  	
  The	
  
ideality	
  factor	
  is	
  equal	
  to	
  the	
  denominator	
  of	
  the	
  exponential	
  term	
  in	
  the	
  current	
  
voltage	
  equation	
  (Eqn.	
  1.25,	
  1.36	
  or	
  1.40).	
  	
  Therefore	
  a	
  logarithmic	
  plot	
  of	
  the	
  
current	
  versus	
  the	
  voltage	
  can	
  be	
  used	
  to	
  experimentally	
  determine	
  diode	
  ideality	
  
factor	
  and	
  help	
  determine	
  which	
  region	
  of	
  the	
  device	
  controls	
  forward	
  current.	
  	
  In	
  
practice,	
  this	
  is	
  frequently	
  difficult	
  and	
  the	
  simplified	
  equivalent	
  circuit	
  used	
  in	
  
analyzing	
  solar	
  cells	
  leads	
  to	
  some	
  error.	
  	
  For	
  this	
  reason,	
  more	
  complex	
  techniques	
  
have	
  been	
  proposed	
  to	
  extract	
  the	
  diode	
  ideality	
  factor1.3.9.	
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   Using	
  the	
  ideal	
  diode	
  theory,	
  the	
  diode	
  ideality	
  factor	
  should	
  vary	
  between	
  1	
  
and	
  2	
  depending	
  on	
  the	
  dominant	
  recombination	
  process,	
  although	
  the	
  dominant	
  
recombination	
  process	
  itself	
  can	
  change	
  as	
  a	
  function	
  of	
  voltage.	
  	
  For	
  quasi-­‐neutral	
  
bulk	
  recombination,	
  the	
  free	
  electron	
  concentration	
  at	
  the	
  edge	
  of	
  the	
  space	
  charge	
  
region	
  is	
  the	
  only	
  voltage	
  dependent	
  term	
  determining	
  the	
  recombination	
  rate	
  (Eqn.	
  
1.34).	
  	
  As	
  the	
  quasi-­‐Fermi	
  level	
  splitting	
  at	
  the	
  edge	
  of	
  the	
  space	
  charge	
  region	
  is	
  
equal	
  to	
  the	
  applied	
  voltage,	
  the	
  increase	
  in	
  free	
  electron	
  concentration	
  is	
  
exponentially	
  proportional	
  to	
  

€ 

qV /kT( ) 	
  leading	
  to	
  an	
  ideality	
  factor	
  of	
  1.	
  
	
   Alternatively,	
  in	
  the	
  case	
  of	
  space	
  charge	
  region	
  recombination,	
  the	
  
recombination	
  rate	
  is	
  governed	
  by	
  the	
  excess	
  concentration	
  of	
  both	
  electrons	
  and	
  
holes	
  in	
  the	
  middle	
  of	
  the	
  space	
  charge	
  region.	
  	
  Again,	
  the	
  quasi-­‐Fermi	
  level	
  splitting	
  
is	
  equal	
  to	
  the	
  applied	
  voltage	
  and	
  since	
  both	
  the	
  electron	
  and	
  hole	
  quasi-­‐Fermi	
  
levels	
  are	
  moving,	
  each	
  level	
  only	
  changes	
  by	
  

€ 

V /2.	
  	
  For	
  this	
  reason,	
  the	
  exponential	
  
term	
  in	
  Eqn.	
  1.25	
  reads	
  

€ 

exp(qV 2kT) 	
  and	
  the	
  diode	
  ideality	
  factor	
  is	
  equal	
  to	
  2.	
  	
  
Again,	
  both	
  of	
  these	
  recombination	
  theories	
  are	
  only	
  approximations	
  of	
  the	
  device	
  
behavior	
  and	
  any	
  changes	
  in	
  their	
  underlying	
  assumptions	
  can	
  lead	
  to	
  a	
  variation	
  in	
  
the	
  diode	
  ideality	
  factor.	
  	
  Furthermore,	
  several	
  authors	
  have	
  noted	
  that	
  the	
  highly	
  
defective	
  nature	
  of	
  the	
  CIGS	
  and	
  CdS	
  layers	
  can	
  lead	
  to	
  an	
  increased	
  contribution	
  of	
  
tunneling	
  recombination,	
  which	
  is	
  not	
  explicitly	
  discussed	
  in	
  this	
  work1.3.10.	
  	
  In	
  this	
  
case,	
  the	
  diode	
  ideality	
  factor	
  can	
  even	
  exceed	
  2.	
  	
  Previous	
  attempts	
  to	
  use	
  the	
  diode	
  
ideality	
  factor	
  to	
  determine	
  the	
  location	
  of	
  recombination	
  in	
  CIGS	
  solar	
  cells	
  will	
  be	
  
discussed	
  in	
  more	
  detail	
  in	
  Sec.	
  1.4.	
  
	
   Ultimately,	
  by	
  reviewing	
  the	
  previous	
  equations,	
  it	
  is	
  apparent	
  that	
  the	
  most	
  
important	
  electronic	
  properties	
  governing	
  forward	
  current	
  are	
  the	
  bandgap,	
  defect	
  
density,	
  capture	
  cross	
  section	
  and	
  free	
  carrier	
  density	
  of	
  the	
  absorber.	
  	
  However,	
  the	
  
equations	
  describing	
  recombination	
  vary	
  depending	
  on	
  whether	
  the	
  recombination	
  
occurs	
  in	
  the	
  neutral	
  bulk,	
  space	
  charge	
  region	
  or	
  the	
  front	
  or	
  back	
  interface.	
  	
  
Furthermore,	
  the	
  influence	
  of	
  each	
  electronic	
  defect	
  on	
  device	
  performance	
  will	
  
vary	
  depending	
  on	
  its	
  spatial	
  location	
  in	
  the	
  CIGS	
  absorber.	
  	
  It	
  is	
  highly	
  likely	
  that	
  all	
  
of	
  the	
  electronic	
  parameters	
  vary	
  both	
  in	
  depth	
  and	
  laterally	
  across	
  the	
  sample	
  
making	
  it	
  imperative	
  to	
  develop	
  spatially	
  sensitive	
  techniques	
  to	
  determine	
  the	
  
parameters	
  responsible	
  for	
  controlling	
  device	
  operation.	
  
	
   The	
  second	
  requirement	
  of	
  solar	
  cells,	
  to	
  collect	
  all	
  the	
  photo-­‐generated	
  
carriers,	
  is	
  closely	
  related	
  to	
  the	
  first	
  requirement	
  of	
  minimizing	
  the	
  forward	
  
current.	
  	
  It	
  has	
  been	
  shown	
  that	
  the	
  carrier	
  collection	
  probability	
  

€ 

fc( ) 	
  in	
  the	
  quasi-­‐
neutral	
  bulk	
  is	
  related	
  to	
  the	
  carrier	
  concentration	
  in	
  the	
  dark	
  through	
  a	
  reciprocity	
  
theorem:	
  1.3.11	
  

€ 

fc (x) =
n(x)
n0(x)

	
   (1.45)	
  

In	
  the	
  case	
  of	
  bandgap	
  grading,	
  the	
  equilibrium	
  dark	
  carrier	
  concentration	
  can	
  be	
  
expressed	
  as1.3.6	
  

€ 

n0(x) = n0(W )exp(−ζx) .	
   (1.46)	
  
As	
  a	
  result,	
  the	
  collection	
  efficiency	
  in	
  the	
  quasi-­‐neutral	
  bulk	
  can	
  be	
  expressed	
  as	
  1.3.6	
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€ 

fc (x) = exp(ζx 2) cosh((d −W − x) L') + (S'L' Dn )sinh((d −W − x) L')
cosh((d −W ) L') + (S'L' Dn )sinh((d −W ) L')

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ .	
   (1.47)	
  

	
   Eqn.	
  1.47	
  expresses	
  the	
  carrier	
  collection	
  probability	
  in	
  the	
  quasi-­‐neutral	
  
bulk	
  of	
  the	
  CIGS	
  absorber.	
  	
  Within	
  the	
  SCR,	
  the	
  collection	
  probability	
  is	
  effectively	
  
unity	
  due	
  to	
  the	
  large	
  built-­‐in	
  electric	
  field	
  resulting	
  in	
  a	
  high	
  concentration	
  of	
  both	
  
carrier	
  types.	
  	
  As	
  a	
  result,	
  the	
  photogenerated	
  carriers	
  can	
  quickly	
  move	
  across	
  the	
  
SCR	
  resulting	
  in	
  a	
  negligible	
  recombination	
  loss.	
  	
  However,	
  some	
  photo-­‐generated	
  
carriers	
  are	
  also	
  absorbed	
  in	
  the	
  CdS	
  and	
  ZnO	
  layers	
  of	
  the	
  cell.	
  	
  It	
  is	
  difficult	
  to	
  
derive	
  the	
  collection	
  probability	
  in	
  these	
  layers	
  without	
  knowing	
  the	
  exact	
  band	
  
diagram	
  and	
  properties	
  of	
  these	
  layers.	
  	
  Experimentally,	
  it	
  has	
  been	
  shown	
  that	
  
roughly	
  50%	
  of	
  the	
  carriers	
  generated	
  in	
  the	
  CdS	
  are	
  lost	
  to	
  recombination	
  while	
  
almost	
  no	
  carriers	
  generated	
  in	
  the	
  ZnO	
  are	
  collected1.3.7.	
  
	
   Ultimately,	
  Eqn.	
  1.47	
  shows	
  that	
  the	
  primary	
  factors	
  controlling	
  short	
  circuit	
  
current	
  in	
  a	
  cell	
  are	
  the	
  space	
  charge	
  width,	
  quasi-­‐electric	
  field,	
  back	
  surface	
  
recombination	
  properties	
  and	
  the	
  diffusion	
  length	
  in	
  the	
  quasi-­‐neutral	
  bulk.	
  	
  
Furthermore,	
  many	
  of	
  these	
  parameters	
  also	
  show	
  up	
  in	
  the	
  equations	
  for	
  forward	
  
current	
  indicating	
  that	
  in	
  many	
  cases,	
  the	
  two	
  should	
  be	
  related.	
  
	
  
1.4	
   Electronic	
  properties	
  of	
  CIGS	
  	
  

The	
  equations	
  governing	
  recombination	
  in	
  a	
  solar	
  cell	
  can	
  be	
  generally	
  
applied	
  to	
  any	
  material	
  system.	
  	
  As	
  mentioned	
  previously,	
  the	
  two	
  primary	
  
requirements	
  for	
  a	
  high	
  efficiency	
  solar	
  cell	
  are	
  to	
  collect	
  as	
  many	
  of	
  the	
  
photogenerated	
  carriers	
  as	
  possible	
  and	
  to	
  minimize	
  the	
  amount	
  of	
  forward	
  current	
  
to	
  achieve	
  a	
  high	
  open	
  circuit	
  voltage.	
  	
  	
  Collecting	
  photogenerated	
  carriers	
  requires	
  
maximizing	
  the	
  collection	
  efficiency	
  throughout	
  the	
  quasi-­‐neutral	
  bulk.	
  	
  According	
  
to	
  Eqn.	
  1.47,	
  this	
  requires	
  maximizing	
  the	
  bulk	
  diffusion	
  length,	
  which	
  according	
  to	
  
Eqn.	
  1.31	
  requires	
  maximizing	
  the	
  minority	
  electron	
  lifetime.	
  	
  The	
  most	
  important	
  
variables	
  governing	
  the	
  minority	
  electron	
  lifetime	
  in	
  the	
  quasi-­‐neutral	
  bulk	
  are	
  the	
  
density	
  of	
  electron	
  traps	
  and	
  their	
  respective	
  capture	
  cross	
  sections.	
  	
  Additionally,	
  
as	
  the	
  device	
  thickness	
  can	
  be	
  smaller	
  than	
  the	
  bulk	
  diffusion	
  length,	
  it	
  is	
  also	
  
critical	
  to	
  obtain	
  a	
  low	
  back	
  surface	
  recombination	
  velocity.	
  

The	
  situation	
  is	
  similar	
  for	
  the	
  forward	
  current	
  contribution	
  from	
  the	
  neutral	
  
bulk.	
  	
  In	
  this	
  case,	
  eqn.	
  1.36	
  shows	
  it	
  is	
  also	
  important	
  to	
  maximize	
  the	
  bulk	
  diffusion	
  
length	
  and	
  therefore	
  reduce	
  the	
  density	
  of	
  electron	
  traps	
  in	
  the	
  material.	
  	
  However,	
  
two	
  other	
  variables	
  also	
  play	
  a	
  key	
  role	
  in	
  eqn.	
  1.36.	
  	
  	
  First,	
  the	
  recombination	
  
current	
  is	
  proportional	
  to	
  the	
  square	
  of	
  the	
  intrinsic	
  carrier	
  concentration	
  and	
  thus	
  
exponential	
  proportional	
  to	
  the	
  bandgap	
  of	
  the	
  absorber	
  (Eqn.	
  1.7).	
  	
  Second,	
  the	
  
recombination	
  current	
  is	
  inversely	
  proportional	
  to	
  the	
  hole	
  concentration	
  in	
  the	
  
quasi-­‐neutral	
  bulk.	
  

The	
  situation	
  is	
  somewhat	
  more	
  complex	
  for	
  recombination	
  in	
  the	
  space	
  
charge	
  region.	
  	
  Eqn.	
  1.23	
  shows	
  that	
  the	
  recombination	
  is	
  again	
  proportional	
  to	
  the	
  
intrinsic	
  carrier	
  concentration	
  while	
  eqns.	
  1.25-­‐1.27	
  show	
  recombination	
  is	
  also	
  
proportional	
  to	
  the	
  hole	
  concentration	
  in	
  the	
  absorber.	
  	
  However,	
  Eqn.	
  1.23	
  shows	
  
recombination	
  is	
  now	
  tied	
  to	
  both	
  the	
  electron	
  and	
  hole	
  trap	
  properties.	
  	
  In	
  the	
  
general	
  case	
  of	
  assuming	
  a	
  midgap	
  defect	
  with	
  equal	
  probability	
  for	
  electron	
  and	
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hole	
  capture,	
  one	
  can	
  arrive	
  at	
  Eqns.	
  1.24,1.25.	
  	
  However,	
  there	
  is	
  no	
  a	
  priori	
  reason	
  
to	
  assume	
  such	
  generic	
  defects	
  exist	
  in	
  the	
  material.	
  	
  To	
  gain	
  a	
  full	
  understanding	
  of	
  
how	
  CIGS	
  solar	
  cells	
  behave,	
  it	
  is	
  necessary	
  to	
  have	
  information	
  on	
  how	
  the	
  
chemistry	
  and	
  structure	
  of	
  the	
  material	
  affect	
  the	
  bandgap,	
  hole	
  concentration	
  and	
  
defect	
  levels	
  within	
  the	
  material.	
  	
  The	
  purpose	
  of	
  this	
  section	
  is	
  to	
  provide	
  a	
  brief	
  
literature	
  review	
  on	
  these	
  three	
  topics	
  followed	
  by	
  previous	
  attempts	
  to	
  describe	
  
recombination	
  in	
  CIGS	
  solar	
  cells.	
  

	
  
Fig.	
  1.14:	
  Chalcopyrite	
  crystal	
  structure	
  of	
  CuInSe2.	
  	
  Image	
  taken	
  directly	
  from	
  Ref.	
  1.4.1.	
  
	
  
	
   CIGS	
  has	
  the	
  chalcopyrite	
  crystal	
  structure	
  (Fig.	
  1.14)1.4.1	
  and	
  first	
  principles	
  
calculations	
  have	
  shown	
  the	
  bandgap	
  can	
  be	
  described	
  by	
  the	
  empirical	
  
relationship1.4.2	
  

€ 

Eg (CuIn1−xGaxSe2) =1.04(1− x) +1.68x − 0.21x(1− x) ,	
   (1.48)	
  
where	
  the	
  incorporation	
  of	
  gallium	
  primarily	
  modifies	
  the	
  conduction	
  band.	
  	
  
However,	
  deviations	
  from	
  stoichiometry	
  in	
  CIGS	
  thin	
  films	
  lead	
  to	
  significant	
  Urbach	
  
tails	
  below	
  the	
  conduction	
  band	
  minimum1.4.3.	
  	
  While	
  there	
  has	
  been	
  no	
  correlation	
  
between	
  the	
  Urbach	
  tail	
  energy	
  and	
  recombination	
  current	
  in	
  solar	
  cells,	
  a	
  
correlation	
  has	
  been	
  observed	
  with	
  the	
  short	
  circuit	
  current	
  of	
  devices	
  suggesting	
  
the	
  degree	
  of	
  sub-­‐bandgap	
  tails	
  may	
  influence	
  the	
  electron	
  mobility	
  and	
  hence	
  
carrier	
  collection1.4.4.	
  
	
   The	
  free	
  carrier	
  concentration	
  in	
  CIGS	
  is	
  primarily	
  controlled	
  by	
  native	
  
defects,	
  which	
  in	
  turn	
  can	
  be	
  controlled	
  by	
  changing	
  the	
  stoichiometry.	
  	
  It	
  has	
  been	
  
observed	
  that	
  the	
  carrier	
  concentration	
  and	
  carrier	
  type	
  of	
  a	
  film	
  can	
  be	
  altered	
  
through	
  the	
  Se/(Cu+In)	
  ratio	
  and	
  Cu/In	
  ratio1.4.5.	
  	
  In	
  general,	
  it	
  has	
  been	
  observed	
  
that	
  Cu-­‐rich	
  films	
  are	
  always	
  p-­‐type	
  while	
  In-­‐rich	
  films	
  can	
  be	
  made	
  either	
  n-­‐	
  or	
  p-­‐
type.	
  	
  When	
  the	
  Se/(Cu+In)	
  ratio	
  is	
  greater	
  than	
  1,	
  In-­‐rich	
  films	
  are	
  typically	
  p-­‐type	
  
while	
  in	
  the	
  opposite	
  case,	
  the	
  films	
  are	
  n-­‐type1.4.1.	
  	
  Solar	
  cell	
  quality	
  CIGS	
  films	
  are	
  
almost	
  always	
  Se-­‐rich	
  and	
  Cu-­‐poor.	
  	
  These	
  qualitative	
  trends	
  combined	
  with	
  first	
  
principles	
  calculations	
  suggest	
  that	
  VCu	
  and	
  CuIn	
  point	
  defects	
  are	
  acceptor	
  like	
  while	
  
InCu	
  are	
  donors1.4.6.	
  	
  Fig.	
  1.15	
  provides	
  a	
  rough	
  estimation	
  of	
  the	
  type	
  and	
  energy	
  
level	
  of	
  some	
  point	
  defects	
  in	
  CIS1.4.6.	
  	
  In	
  addition	
  to	
  those	
  shown,	
  it	
  has	
  been	
  
determined	
  that	
  VSe	
  acts	
  as	
  a	
  compensating	
  donor	
  in	
  p-­‐type	
  material1.4.1,1.4.7,1.4.8.	
  	
  It	
  
has	
  also	
  been	
  observed	
  that	
  the	
  incorporation	
  of	
  sodium	
  can	
  increase	
  the	
  hole	
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concentration	
  in	
  CIGS	
  films,	
  although	
  it	
  is	
  generally	
  thought	
  that	
  the	
  sodium	
  itself	
  is	
  
not	
  an	
  acceptor	
  but	
  is	
  simply	
  changing	
  the	
  relative	
  populations	
  of	
  the	
  intrinsic	
  
defects	
  1.4.1.	
  
	
   One	
  of	
  the	
  more	
  interesting	
  properties	
  of	
  CIGS	
  is	
  that	
  efficient	
  solar	
  cells	
  can	
  
be	
  made	
  with	
  extremely	
  off-­‐stoichiometric	
  material.	
  	
  Efficiencies	
  close	
  to	
  19.5%	
  
have	
  been	
  achieved	
  with	
  Cu/(In+Ga)	
  ratios	
  from	
  0.7	
  to	
  0.981.4.9.	
  	
  Even	
  in	
  this	
  large	
  
composition	
  range,	
  carrier	
  concentrations	
  on	
  the	
  order	
  of	
  1016cm-­‐3	
  are	
  typically	
  
observed1.4.1.	
  	
  This	
  has	
  been	
  explained	
  by	
  the	
  low	
  formation	
  energy	
  of	
  the	
  defect	
  pair	
  

€ 

2VCu
− +

€ 

InCu
2+ .	
  	
  First	
  principles	
  calculations	
  show	
  this	
  pairing	
  effectively	
  pushes	
  the	
  InCu	
  

defect	
  levels	
  closer	
  to	
  the	
  conduction	
  band	
  thereby	
  minimizing	
  their	
  influence	
  on	
  
recombination1.4.2.	
  

	
  
Fig.	
  1.15.	
  Location	
  of	
  several	
  point	
  defects	
  within	
  the	
  bandgap	
  of	
  CuInSe2.	
  	
  The	
  relative	
  
position	
  and	
  identification	
  of	
  these	
  defects	
  are	
  taken	
  from	
  Ref.	
  1.4.6.	
  
	
  
	
   While	
  the	
  bandgap	
  and	
  hole	
  concentration	
  in	
  CIGS	
  films	
  are	
  fairly	
  well	
  
established	
  experimentally,	
  the	
  same	
  cannot	
  be	
  said	
  for	
  deep	
  defects.	
  	
  Numerous	
  
publications	
  have	
  reported	
  various	
  defect	
  levels	
  in	
  CIGS	
  films,	
  typically	
  through	
  
capacitance	
  or	
  luminescence	
  techniques,	
  but	
  very	
  few	
  of	
  these	
  levels	
  have	
  been	
  
unambiguously	
  assigned	
  to	
  a	
  chemical	
  origin	
  or	
  been	
  found	
  to	
  directly	
  dictate	
  
device	
  performance.	
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   Defect	
  studies	
  have	
  been	
  carried	
  out	
  on	
  both	
  single	
  crystalline	
  and	
  
polycrystalline	
  samples.	
  	
  Several	
  hole	
  traps	
  have	
  been	
  observed	
  by	
  deep	
  level	
  
transient	
  spectroscopy	
  (DLTS)	
  in	
  single	
  crystal	
  homo	
  and	
  heterojunctions	
  of	
  CIS	
  
with	
  the	
  most	
  commonly	
  reported	
  defect	
  being	
  ~250meV	
  above	
  the	
  valence	
  band	
  
edge1.4.10.	
  	
  Admittance	
  spectroscopy	
  (AS)	
  and	
  DLTS	
  measurements	
  on	
  
polycrystalline	
  CIS	
  and	
  CIGS	
  solar	
  cells	
  have	
  also	
  observed	
  hole	
  traps	
  around	
  250	
  to	
  
320meV	
  from	
  the	
  valence	
  band	
  edge	
  1.4.11,1.4.12.	
  	
  Several	
  publications	
  refer	
  to	
  this	
  
defect	
  as	
  N2.	
  	
  Given	
  this	
  trap	
  is	
  observed	
  in	
  both	
  polycrystalline	
  and	
  
monocrystalline	
  samples,	
  it	
  is	
  believed	
  to	
  originate	
  from	
  the	
  CIGS	
  bulk.	
  	
  Generally,	
  
the	
  defect	
  concentration	
  is	
  found	
  to	
  be	
  around	
  1015	
  to	
  1016cm-­‐3.	
  	
  The	
  defect	
  is	
  not	
  a	
  
single	
  level	
  but	
  a	
  Gaussian	
  distribution	
  of	
  levels	
  with	
  some	
  tail	
  extending	
  into	
  the	
  
midgap1.4.13.	
  	
  This	
  defect	
  band	
  has	
  been	
  found	
  to	
  remain	
  fixed	
  relative	
  to	
  the	
  valence	
  
band	
  when	
  increasing	
  the	
  gallium	
  concentration	
  and	
  move	
  farther	
  away	
  from	
  the	
  
valence	
  band	
  when	
  adding	
  sulfur	
  to	
  the	
  system1.4.14.	
  	
  Therefore,	
  it	
  has	
  been	
  proposed	
  
that	
  the	
  defect	
  energy	
  remains	
  constant	
  relative	
  to	
  the	
  vacuum	
  level.	
  
	
   Some	
  groups	
  have	
  been	
  able	
  to	
  correlate	
  the	
  concentration	
  of	
  this	
  defect	
  with	
  
device	
  performance.	
  	
  In	
  one	
  case,	
  devices	
  with	
  varying	
  gallium-­‐contents	
  were	
  
fabricated	
  while	
  the	
  concentration	
  of	
  the	
  N2	
  defect	
  was	
  measured	
  using	
  AS.	
  	
  The	
  
concentration	
  was	
  found	
  to	
  correlate	
  well	
  with	
  

€ 

Eg −Voc 	
  indicating	
  the	
  defect	
  may	
  be	
  
responsible	
  for	
  controlling	
  forward	
  current	
  in	
  CIGS	
  devices1.4.15.	
  	
  Another	
  group	
  
used	
  electron	
  irradiation	
  to	
  damage	
  CIGS	
  solar	
  cells	
  and	
  found	
  the	
  reduction	
  in	
  open	
  
circuit	
  voltage	
  correlated	
  with	
  the	
  increase	
  of	
  the	
  N2	
  defect	
  in	
  the	
  device1.4.16.	
  	
  
However,	
  a	
  quantitative	
  comparison	
  between	
  the	
  observed	
  defect	
  concentrations	
  
and	
  capture	
  cross-­‐sections	
  found	
  that	
  the	
  N2	
  defect	
  does	
  not	
  easily	
  explain	
  many	
  
device	
  characteristics1.4.17.	
  	
  Specifically,	
  it	
  was	
  found	
  that	
  a	
  very	
  large	
  capture	
  cross	
  
section	
  for	
  electrons	
  

€ 

σ n = 2 ×10−13cm2( )	
  was	
  needed	
  to	
  explain	
  the	
  device	
  open	
  
circuit	
  voltage	
  which	
  would	
  in	
  turn	
  required	
  a	
  bulk	
  diffusion	
  length	
  below	
  0.3um.	
  	
  
Given	
  the	
  good	
  carrier	
  collection	
  typically	
  observed	
  in	
  CIGS	
  solar	
  cells,	
  this	
  low	
  
value	
  seems	
  unlikely.	
  	
  Furthermore,	
  the	
  hole	
  capture	
  cross-­‐section	
  for	
  this	
  defect	
  is	
  
only	
  

€ 

σ p = 2 ×10−15cm2 .	
  	
  Acceptor-­‐like	
  defects	
  typically	
  have	
  larger	
  capture	
  cross-­‐
sections	
  for	
  holes	
  than	
  electrons	
  due	
  to	
  their	
  columbic	
  attraction.	
  	
  One	
  proposed	
  
explanation	
  is	
  the	
  density	
  of	
  the	
  N2	
  defects	
  increases	
  towards	
  the	
  CIGS/CdS	
  
interface	
  and	
  therefore	
  AS	
  measurements	
  underestimate	
  the	
  actual	
  defect	
  
concentration1.4.17.	
  
	
   One	
  additional	
  complication/problem	
  with	
  correlating	
  device	
  performance	
  
with	
  the	
  N2	
  defect	
  is	
  that	
  the	
  N2	
  defect	
  is	
  metastable.	
  	
  It	
  has	
  been	
  found	
  that	
  both	
  
light	
  and	
  forward	
  bias	
  causes	
  a	
  reduction	
  in	
  shall	
  electron	
  traps	
  and	
  an	
  increase	
  in	
  
the	
  N2	
  defect1.4.18.	
  	
  Furthermore,	
  the	
  increase	
  in	
  the	
  N2	
  defect	
  concentration	
  is	
  
connected	
  to	
  an	
  increase	
  in	
  the	
  free	
  hole	
  concentration	
  in	
  the	
  film1.4.18.	
  	
  This	
  
metastability	
  has	
  been	
  used	
  to	
  explain	
  the	
  apparent	
  increase	
  in	
  open	
  circuit	
  voltage	
  
of	
  CIGS	
  devices	
  upon	
  light-­‐soaking1.4.19,1.4.20.	
  	
  We	
  note	
  that	
  the	
  observation	
  of	
  
forward	
  bias	
  increasing	
  the	
  device	
  open	
  circuit	
  voltage	
  and	
  N2	
  defect	
  concentration	
  
suggests	
  the	
  N2	
  defect	
  concentration	
  is	
  not	
  responsible	
  for	
  device	
  performance.	
  	
  A	
  
detailed	
  investigation	
  of	
  the	
  N2	
  defect	
  and	
  its	
  metastabilities	
  have	
  attributed	
  its	
  
origin	
  to	
  a	
  VSe-­‐VCu	
  complex1.4.21.	
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   The	
  lack	
  of	
  correlation	
  between	
  defect	
  densities	
  and	
  device	
  performance	
  has	
  
made	
  it	
  difficult	
  to	
  develop	
  theories	
  describing	
  what	
  fundamentally	
  controls	
  
recombination	
  current	
  in	
  CIGS	
  solar	
  cells.	
  	
  As	
  shown	
  in	
  the	
  previous	
  section,	
  there	
  
are	
  four	
  primary	
  areas	
  within	
  a	
  solar	
  cell	
  where	
  recombination	
  can	
  take	
  place:	
  the	
  
interface,	
  space	
  charge	
  region,	
  quasi-­‐neutral	
  bulk	
  and	
  back	
  surface.	
  	
  Furthermore,	
  
within	
  those	
  areas	
  the	
  recombination	
  can	
  be	
  further	
  subdivided	
  into	
  recombination	
  
through	
  bulk	
  defects,	
  grain	
  boundaries	
  or	
  interface	
  states.	
  
	
   Interface	
  recombination	
  was	
  initially	
  suspected	
  to	
  be	
  responsible	
  for	
  
determining	
  the	
  open	
  circuit	
  voltage	
  of	
  devices1.4.22.	
  	
  This	
  was	
  thought	
  to	
  occur	
  due	
  
to	
  the	
  comparable	
  doping	
  on	
  the	
  CdS	
  and	
  CIGS	
  side	
  of	
  the	
  device	
  resulting	
  in	
  the	
  
Fermi-­‐level	
  being	
  close	
  to	
  midgap	
  at	
  the	
  CdS/CIGS	
  interface.	
  	
  As	
  discussed	
  in	
  the	
  
previous	
  section,	
  recombination	
  is	
  most	
  likely	
  to	
  occur	
  where	
  the	
  Fermi-­‐level	
  is	
  at	
  
midgap	
  due	
  to	
  the	
  high	
  concentration	
  of	
  both	
  electrons	
  and	
  holes.	
  	
  As	
  interfaces	
  are	
  
typically	
  highly	
  defective,	
  it	
  was	
  proposed	
  that	
  recombination	
  occurred	
  primarily	
  at	
  
this	
  interface.	
  	
  However,	
  the	
  current	
  device	
  structure	
  only	
  uses	
  a	
  thin	
  CdS	
  layer	
  and	
  
is	
  therefore	
  closer	
  to	
  an	
  n+p	
  heterojunction	
  where	
  the	
  Fermi-­‐level	
  at	
  the	
  CdS/CIGS	
  
interface	
  is	
  closer	
  to	
  the	
  CIGS	
  conduction	
  band1.4.23.	
  	
  Furthermore,	
  it	
  has	
  been	
  
observed	
  that	
  the	
  bandgap	
  at	
  the	
  surface	
  of	
  CIGS	
  films	
  is	
  increased	
  relative	
  to	
  the	
  
bulk	
  due	
  to	
  a	
  substantially	
  lower	
  Cu	
  concentration,	
  giving	
  rise	
  to	
  an	
  ordered	
  defect	
  
compound	
  at	
  the	
  surface1.4.24.	
  	
  This	
  would	
  further	
  reduce	
  the	
  impact	
  of	
  interface	
  
recombination	
  by	
  lowering	
  the	
  minority-­‐hole	
  density	
  at	
  this	
  interface.	
  	
  However,	
  
there	
  is	
  no	
  definitive	
  proof	
  that	
  recombination	
  at	
  the	
  CdS/CIGS	
  interface	
  is	
  not	
  
responsible	
  for	
  the	
  forward	
  current	
  in	
  the	
  device.	
  
	
   Alternatively,	
  it	
  has	
  been	
  proposed	
  that	
  recombination	
  in	
  the	
  space	
  charge	
  
region	
  is	
  responsible	
  for	
  device	
  performance.	
  	
  It	
  has	
  frequently	
  been	
  observed	
  that	
  
the	
  ideality	
  factor	
  in	
  CIGS	
  solar	
  cells	
  lies	
  somewhere	
  between	
  1.2	
  and	
  21.4.25,	
  
although	
  there	
  are	
  frequent	
  cases	
  where	
  the	
  ideality	
  factor	
  exceeds	
  21.4.26.	
  	
  The	
  
ideality	
  factor	
  greater	
  than	
  1	
  would	
  suggest	
  from	
  the	
  ideal	
  diode	
  theory	
  that	
  
recombination	
  is	
  occurring	
  primarily	
  in	
  the	
  space	
  charge	
  region.	
  	
  Furthermore,	
  it	
  
was	
  observed	
  that	
  the	
  diode	
  ideality	
  factor	
  frequently	
  increases	
  as	
  the	
  temperature	
  
of	
  the	
  cell	
  is	
  decreased.	
  	
  To	
  explain	
  these	
  effects,	
  it	
  has	
  been	
  proposed	
  that	
  
recombination	
  in	
  CIGS	
  occurs	
  in	
  the	
  space	
  charge	
  region	
  via	
  trap	
  states	
  
exponentially	
  decaying	
  from	
  the	
  band	
  edges	
  into	
  the	
  bandgap	
  which	
  can	
  be	
  
enhanced	
  at	
  low	
  temperatures	
  by	
  tunneling1.4.26.	
  
	
   However,	
  beyond	
  the	
  observations	
  of	
  ideality	
  factors	
  greater	
  than	
  1,	
  there	
  
exists	
  little	
  direct	
  evidence	
  that	
  recombination	
  occurs	
  primarily	
  in	
  the	
  space	
  charge	
  
region.	
  	
  Furthermore,	
  recent	
  time	
  resolved	
  photoluminescence	
  (TRPL)	
  
measurements	
  on	
  CIGS	
  samples	
  from	
  NREL	
  indicate	
  minority	
  carrier	
  lifetimes	
  of	
  up	
  
to	
  250ns1.4.27.	
  	
  Generally,	
  recombination	
  in	
  the	
  space	
  charge	
  region	
  should	
  dominate	
  
only	
  for	
  low	
  quality	
  absorbers.	
  	
  To	
  illustrate	
  this,	
  the	
  open	
  circuit	
  voltage	
  versus	
  
minority	
  carrier	
  lifetime	
  was	
  numerically	
  calculated	
  based	
  on	
  the	
  previously	
  
presented	
  equations	
  and	
  assuming	
  a	
  bulk	
  mobility	
  of	
  10cm2V-­‐1sec-­‐1,	
  back	
  surface	
  
recombination	
  velocity	
  of	
  103cm-­‐sec-­‐1	
  and	
  a	
  constant	
  density	
  of	
  midgap	
  states	
  in	
  the	
  
CIGS.	
  	
  The	
  results	
  of	
  the	
  calculation	
  are	
  shown	
  in	
  Fig.	
  1.16.	
  	
  It	
  is	
  apparent	
  from	
  this	
  
graph	
  that	
  one	
  would	
  expect	
  the	
  recombination	
  to	
  occur	
  primarily	
  in	
  the	
  quasi-­‐
neutral	
  bulk	
  once	
  the	
  minority	
  carrier	
  lifetime	
  exceeds	
  10ns.	
  	
  Therefore,	
  it	
  is	
  not	
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immediately	
  apparent	
  why	
  the	
  ideality	
  factor	
  of	
  high	
  quality	
  devices	
  is	
  not	
  closer	
  to	
  
1.	
  
	
   Recent	
  publications	
  have	
  offered	
  an	
  alternative	
  explanation	
  for	
  the	
  high	
  
ideality	
  factors.	
  	
  First,	
  any	
  form	
  of	
  non-­‐uniformity	
  in	
  the	
  device	
  can	
  lead	
  to	
  ideality	
  
factors	
  greater	
  than	
  1.	
  	
  In	
  the	
  simplest	
  case,	
  the	
  geometry	
  of	
  the	
  finger	
  pattern	
  
across	
  the	
  cell	
  combined	
  with	
  the	
  finite	
  conductance	
  of	
  the	
  TCO	
  leads	
  to	
  a	
  
distribution	
  of	
  voltages	
  across	
  the	
  cell.	
  	
  As	
  each	
  point	
  on	
  the	
  cell	
  is	
  effectively	
  under	
  
a	
  different	
  bias,	
  the	
  assumption	
  of	
  an	
  equipotential	
  front	
  contact	
  in	
  the	
  ideal	
  diode	
  
equation	
  is	
  no	
  longer	
  valid	
  and	
  as	
  a	
  result	
  the	
  measured	
  diode	
  ideality	
  factor	
  can	
  
increase.	
  	
  This	
  mechanism	
  essentially	
  describes	
  the	
  high	
  ideality	
  factor	
  as	
  an	
  artifact	
  
of	
  the	
  equivalent	
  circuit	
  being	
  used	
  to	
  fit	
  the	
  current-­‐voltage	
  curve.	
  

Fig.	
  1.16:	
  Open	
  circuit	
  voltage	
  versus	
  minority	
  carrier	
  lifetime	
  in	
  a	
  CIGS	
  sample	
  with	
  30%	
  
gallium	
  and	
  a	
  uniform	
  midgap	
  defect	
  concentration.	
  	
  At	
  low	
  lifetimes,	
  the	
  open	
  circuit	
  is	
  
dominated	
  by	
  recombination	
  in	
  the	
  space	
  charge	
  region	
  while	
  at	
  high	
  lifetimes,	
  it	
  is	
  
dominated	
  by	
  recombination	
  in	
  the	
  quasi-­‐neutral	
  bulk.	
  
	
  
	
   A	
  second	
  origin	
  of	
  non-­‐uniformities	
  are	
  lateral	
  variations	
  in	
  any	
  of	
  the	
  key	
  
electrical	
  properties	
  affecting	
  the	
  diode	
  current.	
  	
  These	
  non-­‐uniformities	
  lead	
  to	
  
different	
  parts	
  of	
  the	
  device	
  having	
  different	
  current-­‐voltage	
  characteristics.	
  	
  As	
  a	
  
result,	
  the	
  superposition	
  of	
  all	
  the	
  individual	
  current-­‐voltage	
  curves	
  leads	
  to	
  an	
  
increase	
  in	
  the	
  diode	
  ideality	
  factor.	
  	
  Lateral	
  non-­‐uniformities	
  in	
  electrical	
  
properties	
  have	
  been	
  observed	
  on	
  CIGS	
  solar	
  cells	
  over	
  several	
  lengths	
  scales	
  using	
  
techniques	
  such	
  as	
  photoluminescence	
  (PL)1.4.28,	
  cathodoluminescence	
  (CL)1.4.29,	
  
scanning	
  tunneling	
  microscopy1.4.30	
  and	
  photocapacitance	
  spectroscopy1.4.4.	
  	
  	
  
However,	
  it	
  has	
  generally	
  been	
  difficult	
  to	
  quantitatively	
  describe	
  the	
  effect	
  of	
  these	
  
non-­‐uniformities	
  on	
  the	
  diode	
  ideality	
  factor.	
  
	
   Finally,	
  it	
  has	
  also	
  been	
  proposed	
  that	
  small	
  scale	
  electrostatic	
  non-­‐
uniformities	
  can	
  lead	
  to	
  a	
  large	
  increase	
  in	
  the	
  diode	
  ideality	
  factor1.4.31.	
  	
  In	
  this	
  
model,	
  the	
  electrostatic	
  non-­‐uniformities	
  are	
  screened	
  upon	
  illumination/forward	
  
bias	
  leading	
  to	
  a	
  large	
  ideality	
  factor.	
  	
  This	
  theory	
  therefore	
  implies	
  that	
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recombination	
  is	
  occurring	
  in	
  the	
  quasi-­‐neutral	
  bulk	
  of	
  the	
  CIGS	
  and	
  the	
  high	
  
ideality	
  factor	
  occurs	
  as	
  a	
  consequence	
  of	
  electrostatic	
  non-­‐uniformities1.4.31.	
  
	
   Ultimately,	
  there	
  is	
  no	
  consensus	
  as	
  to	
  where	
  recombination	
  occurs	
  in	
  CIGS	
  
solar	
  cells.	
  	
  This	
  information	
  is	
  not	
  only	
  of	
  scientific	
  interest	
  but	
  is	
  key	
  to	
  improving	
  
device	
  efficiencies.	
  	
  Therefore,	
  it	
  is	
  useful	
  to	
  consider	
  the	
  specific	
  features	
  of	
  the	
  
highest	
  performance	
  devices	
  for	
  clues	
  as	
  to	
  what	
  ultimately	
  controls	
  recombination	
  
in	
  high	
  efficiency	
  CIGS	
  solar	
  cells.	
  	
  	
  
	
   There	
  are	
  at	
  least	
  two	
  unique	
  features	
  of	
  high	
  quality	
  CIGS	
  solar	
  cells.	
  	
  First,	
  
these	
  cells	
  feature	
  CdS/IZO	
  buffer	
  layers,	
  which	
  from	
  a	
  current	
  collection	
  standpoint	
  
should	
  be	
  detrimental	
  to	
  device	
  performance	
  due	
  to	
  parasitic	
  absorption.	
  	
  
Therefore,	
  one	
  would	
  assume	
  these	
  layers	
  are	
  necessary	
  to	
  obtain	
  very	
  high	
  open	
  
circuit	
  voltages	
  to	
  offset	
  their	
  negative	
  impact	
  on	
  device	
  current.	
  	
  Second,	
  these	
  cells	
  
exhibit	
  a	
  pronounced	
  bandgap	
  grading	
  through	
  the	
  depth	
  of	
  the	
  absorber.	
  	
  In	
  an	
  
ideal	
  solar	
  cell,	
  the	
  existence	
  of	
  a	
  bandgap	
  grading	
  is	
  detrimental	
  to	
  device	
  
performance,	
  as	
  the	
  open	
  circuit	
  voltage	
  will	
  be	
  fixed	
  by	
  the	
  lowest	
  bandgap	
  section	
  
of	
  the	
  device	
  leading	
  to	
  current	
  losses	
  stemming	
  from	
  incomplete	
  absorption.	
  	
  
Therefore,	
  any	
  theory	
  of	
  recombination	
  in	
  CIGS	
  solar	
  cells	
  should	
  offer	
  an	
  
explanation	
  for	
  these	
  two	
  features.	
  
	
   The	
  first	
  point,	
  the	
  existence	
  of	
  a	
  CdS/IZO	
  buffer	
  layer,	
  has	
  been	
  justified	
  in	
  
several	
  ways1.4.23.	
  	
  First,	
  the	
  CdS	
  deposition	
  occurs	
  in	
  a	
  low	
  temperature	
  chemical	
  
bath,	
  which	
  may	
  exhibit	
  better	
  interface	
  properties	
  than	
  a	
  sputtered	
  ZnO/CIGS	
  
interface.	
  	
  Second,	
  the	
  IZO	
  buffer	
  layer	
  increases	
  the	
  stack	
  resistance	
  of	
  the	
  device,	
  
which	
  can	
  limit	
  the	
  amount	
  of	
  current	
  traveling	
  through	
  the	
  cell.	
  	
  In	
  a	
  1D	
  device,	
  
such	
  an	
  effect	
  would	
  be	
  detrimental	
  to	
  performance	
  by	
  reducing	
  the	
  fill	
  factor	
  of	
  the	
  
device.	
  	
  However,	
  it	
  has	
  been	
  proposed	
  that	
  in	
  the	
  presence	
  of	
  2D	
  lateral	
  non-­‐
uniformities,	
  stack	
  resistance	
  can	
  be	
  beneficial	
  by	
  limiting	
  the	
  amount	
  of	
  current	
  
that	
  can	
  flow	
  through	
  any	
  weak	
  diode1.4.32,	
  1.4.33.	
  	
  For	
  this	
  reason,	
  it	
  has	
  been	
  
theorized	
  by	
  several	
  groups	
  that	
  lateral	
  non-­‐uniformities	
  in	
  bandgap,	
  defect	
  density	
  
and	
  free	
  carrier	
  density	
  limit	
  the	
  performance	
  of	
  CIGS	
  solar	
  cells1.4.28,1.4.30,1.4.31,1.4.34.	
  	
  
Furthermore,	
  some	
  groups	
  have	
  proposed	
  that	
  these	
  non-­‐uniformities	
  have	
  reached	
  
their	
  theoretical	
  minimum	
  making	
  it	
  difficult	
  to	
  expect	
  large	
  improvements	
  in	
  
device	
  performance	
  in	
  coming	
  years1.4.31.	
  
	
   The	
  second	
  observation	
  of	
  a	
  non-­‐uniform	
  bandgap	
  gradient	
  has	
  been	
  
explained	
  in	
  two	
  ways.	
  	
  First,	
  the	
  increase	
  in	
  gallium	
  concentration	
  towards	
  the	
  back	
  
of	
  the	
  cell	
  should	
  result	
  in	
  a	
  quasi-­‐electric	
  field,	
  which	
  aids	
  in	
  the	
  collection	
  of	
  photo-­‐
generated	
  minority	
  carriers.	
  	
  Therefore,	
  it	
  has	
  been	
  proposed	
  that	
  the	
  increased	
  
carrier	
  collection	
  offsets	
  the	
  decreased	
  photon	
  absorption	
  resulting	
  in	
  an	
  
improvement	
  of	
  the	
  device	
  current1.4.35.	
  	
  Additionally,	
  an	
  increase	
  in	
  gallium	
  
concentration	
  towards	
  the	
  back	
  of	
  the	
  sample	
  has	
  also	
  been	
  credited	
  with	
  reducing	
  
the	
  impact	
  of	
  the	
  back	
  surface	
  recombination	
  velocity	
  on	
  the	
  device	
  open	
  circuit	
  
voltage1.4.36.	
  	
  The	
  increase	
  of	
  gallium	
  concentration	
  towards	
  the	
  front	
  of	
  the	
  sample	
  
has	
  also	
  been	
  credited	
  with	
  increasing	
  the	
  device	
  open	
  circuit	
  voltage	
  by	
  minimizing	
  
the	
  recombination	
  in	
  the	
  space	
  charge	
  region1.4.37.	
  	
  However,	
  it’s	
  unlikely	
  that	
  both	
  
of	
  these	
  explanations	
  are	
  true	
  at	
  the	
  same	
  time	
  for	
  the	
  same	
  device	
  given	
  they	
  point	
  
to	
  the	
  dominant	
  recombination	
  occurring	
  at	
  both	
  the	
  front	
  and	
  very	
  back	
  of	
  the	
  
device.	
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   Therefore,	
  the	
  purpose	
  of	
  this	
  work	
  is	
  to	
  develop	
  new	
  techniques	
  to	
  
quantitatively	
  determine	
  the	
  spatial	
  variation	
  in	
  electronic	
  properties	
  in	
  thin	
  film	
  
photovoltaics	
  both	
  in-­‐depth	
  and	
  laterally	
  across	
  the	
  sample	
  and	
  their	
  influence	
  on	
  
device	
  properties.	
  	
  In	
  doing	
  so,	
  it	
  will	
  be	
  possible	
  to	
  isolate	
  the	
  areas	
  of	
  the	
  solar	
  cell	
  
responsible	
  for	
  efficiency	
  losses	
  which	
  will	
  in	
  turn	
  provide	
  fundamental	
  insights	
  
into	
  the	
  properties	
  of	
  CIGS.	
  	
  As	
  shown	
  in	
  the	
  preceding	
  sections,	
  there	
  are	
  several	
  
open	
  questions	
  regarding	
  the	
  physics	
  of	
  CIGS	
  solar	
  cells	
  including	
  what	
  impact	
  the	
  
gallium	
  gradient	
  has	
  on	
  the	
  device	
  operation	
  and	
  what	
  role	
  lateral	
  non-­‐uniformities	
  
play	
  in	
  limiting	
  device	
  performance.	
  
	
   This	
  work	
  focuses	
  on	
  samples	
  obtained	
  from	
  the	
  National	
  Renewable	
  Energy	
  
Laboratory	
  grown	
  using	
  vacuum	
  co-­‐evaporation.	
  	
  However,	
  it’s	
  important	
  to	
  note	
  
that	
  there	
  are	
  frequent	
  contradictions	
  in	
  experimental	
  data	
  obtained	
  by	
  different	
  
laboratories	
  around	
  the	
  world.	
  	
  Therefore,	
  it	
  is	
  imperative	
  to	
  develop	
  techniques	
  
and	
  analysis	
  methods	
  that	
  are	
  applicable	
  to	
  all	
  types	
  of	
  thin	
  film	
  photovoltaics	
  and	
  
restrict	
  the	
  conclusions	
  to	
  the	
  devices	
  being	
  measured.	
  	
  
	
  
2	
   Depth	
  Dependent	
  Electronic	
  Properties	
  
	
  
2.1	
   Background	
  
	
   Thin	
  film	
  photovoltaics	
  inherently	
  have	
  depth	
  dependent	
  electronic	
  
properties	
  due	
  to	
  their	
  multi-­‐layer	
  structure.	
  	
  As	
  previously	
  shown	
  in	
  Fig.	
  1.11,	
  there	
  
are	
  multiple	
  recombination	
  pathways	
  along	
  the	
  depth	
  of	
  the	
  film	
  that	
  can	
  affect	
  
device	
  performance.	
  	
  One	
  of	
  the	
  most	
  important	
  features	
  of	
  a	
  solar	
  cell	
  is	
  the	
  ability	
  
to	
  collect	
  photogenerated	
  carriers.	
  	
  For	
  this	
  reason,	
  it	
  has	
  been	
  shown	
  both	
  
theoretically2.1.1	
  and	
  experimentally2.1.2	
  that	
  the	
  carrier	
  collection	
  efficiency	
  of	
  a	
  cell	
  
can	
  be	
  improved	
  by	
  intentionally	
  modifying	
  the	
  electronic	
  properties	
  as	
  a	
  function	
  
of	
  depth	
  through	
  compositional	
  grading.	
  	
  However,	
  there	
  are	
  currently	
  no	
  
established	
  characterization	
  techniques	
  that	
  can	
  extract	
  key	
  electrical	
  parameters	
  
such	
  as	
  the	
  minority	
  carrier	
  diffusion	
  length	
  in	
  thin	
  film	
  photovoltaics	
  featuring	
  
compositional	
  gradients.	
   	
  
	
   The	
  minority	
  carrier	
  diffusion	
  length	
  is	
  one	
  of	
  the	
  most	
  critical	
  parameters	
  in	
  
a	
  solar	
  cell	
  for	
  device	
  performance.	
  	
  As	
  previously	
  shown,	
  maintaining	
  a	
  high	
  
diffusion	
  length	
  and	
  low	
  back	
  surface	
  recombination	
  velocity	
  is	
  critical	
  for	
  collecting	
  
photo-­‐generated	
  carriers	
  and	
  minimizing	
  forward	
  current.	
  	
  Two	
  established	
  
techniques	
  for	
  determining	
  the	
  minority	
  carrier	
  diffusion	
  length	
  in	
  a	
  
compositionally	
  uniform	
  solar	
  cell	
  are	
  measuring	
  the	
  sample	
  external	
  quantum	
  
efficiency	
  (EQE)	
  and	
  electron	
  beam	
  induced	
  current	
  (EBIC).	
  	
  The	
  basic	
  experimental	
  
setup	
  for	
  these	
  two	
  techniques	
  is	
  shown	
  in	
  Fig.	
  2.1.	
  	
  The	
  techniques	
  are	
  
fundamentally	
  very	
  similar	
  in	
  that	
  both	
  generate	
  a	
  known	
  number	
  of	
  excess	
  carriers	
  
in	
  the	
  solar	
  cell,	
  which	
  is	
  then	
  compared	
  to	
  the	
  photocurrent	
  to	
  determine	
  how	
  
many	
  of	
  the	
  carriers	
  were	
  collected.	
  
	
   Mathematically,	
  the	
  purpose	
  of	
  both	
  techniques	
  is	
  to	
  determine	
  the	
  carrier	
  
collection	
  probability	
  as	
  a	
  function	
  of	
  depth	
  

€ 

F(z)( )2.1.3.	
  	
  This	
  can	
  be	
  determined	
  by	
  
the	
  following	
  expression	
  for	
  the	
  quantum	
  efficiency	
  (QE):	
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€ 

QE =
F(z)g(z)dz

0

D

∫

g(z)dz
0

D

∫
,	
   (2.1)	
  

where	
  D	
  is	
  the	
  combined	
  thickness	
  of	
  the	
  ZnO,	
  CdS	
  and	
  CIGS	
  layers	
  and	
  

€ 

g(z)( ) 	
  is	
  the	
  
carrier	
  generation	
  rate	
  as	
  a	
  function	
  of	
  depth.	
  	
  In	
  order	
  to	
  determine	
  the	
  depth	
  
dependent	
  carrier	
  collection	
  probability,	
  it	
  is	
  necessary	
  to	
  vary	
  the	
  carrier	
  
generation	
  rate	
  as	
  a	
  function	
  of	
  depth.	
  	
  In	
  external	
  quantum	
  efficiency	
  
measurements,	
  the	
  generation	
  function	
  is	
  varied	
  by	
  selecting	
  different	
  wavelengths	
  
of	
  light	
  to	
  probe	
  deeper	
  into	
  the	
  sample2.1.4.	
  	
  In	
  electron	
  beam	
  induced	
  current,	
  the	
  
generation	
  function	
  is	
  modified	
  by	
  changing	
  the	
  electron	
  beam	
  accelerating	
  voltage,	
  
as	
  will	
  be	
  explained	
  latter2.1.5.	
  	
  The	
  exact	
  shape	
  of	
  the	
  generation	
  function	
  is	
  different	
  
for	
  the	
  two	
  techniques	
  and	
  is	
  shown	
  qualitatively	
  in	
  Fig.	
  2.1.	
  

	
  
Fig.	
  2.1:	
  (a)	
  Setup	
  of	
  an	
  external	
  quantum	
  efficiency	
  (EQE)	
  measurement.	
  	
  A	
  narrow	
  band	
  of	
  
light	
  is	
  selected	
  by	
  a	
  spectrometer	
  from	
  a	
  broad	
  band	
  light	
  source	
  and	
  directed	
  at	
  the	
  
sample.	
  	
  The	
  measured	
  current	
  is	
  compared	
  to	
  the	
  incident	
  photon	
  flux	
  to	
  determine	
  the	
  
quantum	
  efficiency.	
  	
  (b)	
  Setup	
  of	
  an	
  electron	
  beam	
  induced	
  current	
  measurement	
  (EBIC).	
  	
  
Here,	
  the	
  excess	
  carriers	
  are	
  generated	
  by	
  high	
  energy	
  electrons	
  directed	
  at	
  the	
  sample	
  
surface.	
  	
  The	
  measured	
  current	
  is	
  compared	
  to	
  the	
  number	
  of	
  excess	
  carriers	
  generated	
  in	
  
the	
  semiconductor	
  layers.	
  	
  (c)	
  Comparison	
  of	
  the	
  carrier	
  generation	
  rate	
  as	
  a	
  function	
  of	
  
distance	
  from	
  the	
  surface	
  for	
  the	
  two	
  methods.	
  
	
  
	
   EQE	
  and	
  EBIC	
  measurements	
  have	
  previously	
  been	
  performed	
  on	
  CIGS	
  solar	
  
cells.	
  	
  EQE	
  measurements	
  have	
  indicated	
  bulk	
  diffusion	
  lengths	
  on	
  the	
  order	
  of	
  
0.7µm2.1.6.	
  	
  However,	
  the	
  problem	
  with	
  EQE	
  measurements	
  is	
  that	
  they	
  are	
  very	
  
sensitive	
  to	
  the	
  absorption	
  coefficient	
  of	
  the	
  absorbing	
  layer,	
  as	
  this	
  ultimately	
  
determines	
  the	
  shape	
  of	
  

€ 

g(z)( ) .	
  	
  This	
  is	
  problematic	
  in	
  high	
  efficiency	
  solar	
  cells	
  
since	
  the	
  bandgap	
  is	
  graded	
  along	
  the	
  depth	
  of	
  the	
  film	
  and	
  therefore	
  the	
  absorption	
  
coefficient	
  is	
  also	
  rapidly	
  changing	
  along	
  the	
  depth	
  of	
  the	
  film.	
  	
  Furthermore,	
  as	
  the	
  
bandgap	
  increases	
  towards	
  the	
  back	
  of	
  high	
  efficiency	
  cells,	
  it	
  can	
  be	
  impossible	
  to	
  
generate	
  significant	
  excess	
  carriers	
  at	
  the	
  back	
  of	
  the	
  film	
  by	
  illuminating	
  the	
  cell	
  
from	
  the	
  front	
  surface.	
  	
  Some	
  groups	
  have	
  attempted	
  to	
  rectify	
  this	
  by	
  growing	
  films	
  
on	
  transparent	
  back	
  contacts,	
  but	
  these	
  devices	
  typically	
  have	
  much	
  lower	
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efficiencies,	
  suggesting	
  the	
  results	
  are	
  not	
  comparable	
  with	
  high	
  efficiency	
  cells	
  
grown	
  on	
  a	
  conventional	
  opaque	
  Mo	
  layer2.1.7.	
  
	
   EBIC	
  measurements	
  have	
  been	
  performed	
  on	
  CIGS	
  solar	
  cells	
  in	
  the	
  past	
  but	
  
only	
  for	
  samples	
  featuring	
  no	
  compositional	
  grading2.1.8-­‐2.1.10.	
  	
  Some	
  of	
  these	
  studies	
  
had	
  to	
  assume	
  either	
  a	
  carrier	
  collection	
  probability	
  in	
  the	
  CIGS	
  that	
  did	
  not	
  
monotonically	
  decrease2.1.8	
  or	
  the	
  method	
  of	
  analysis	
  left	
  a	
  wide	
  range	
  of	
  possible	
  
fitting	
  parameters2.1.10.	
  	
  As	
  will	
  be	
  shown	
  in	
  the	
  following	
  sections,	
  EBIC	
  has	
  several	
  
key	
  features	
  making	
  it	
  the	
  ideal	
  technique	
  to	
  study	
  the	
  bulk	
  diffusion	
  length	
  in	
  
compositionally	
  graded	
  samples	
  and	
  the	
  effect	
  of	
  quasi-­‐electric	
  fields	
  on	
  carrier	
  
collection.	
  
	
  
2.2	
   Electron	
  Beam	
  Carrier	
  Generation	
  Function	
  	
  
	
   The	
  carrier	
  generation	
  function	
  

€ 

g(z)( ) 	
  in	
  electron	
  beam	
  induced	
  current	
  
measurements	
  is	
  primarily	
  dictated	
  by	
  the	
  energy	
  of	
  the	
  incoming	
  electron	
  beam	
  
and	
  the	
  material	
  properties	
  of	
  the	
  sample.	
  	
  The	
  electron	
  beam	
  energy	
  and	
  material	
  
properties	
  directly	
  affect	
  the	
  manner	
  in	
  which	
  hot	
  electrons	
  lose	
  their	
  energy	
  upon	
  
entering	
  the	
  material.	
  	
  This	
  interaction	
  can	
  be	
  expressed	
  by	
  the	
  electron	
  energy	
  
dissipation	
  function,	
  which	
  describes	
  over	
  what	
  volume	
  hot	
  electrons	
  will	
  lose	
  their	
  
energy.	
  	
  For	
  this	
  study,	
  the	
  electron	
  energy	
  dissipation	
  function	
  was	
  calculated	
  for	
  a	
  
typical	
  ZnO/CdS/CIGS	
  solar	
  cell	
  structure	
  using	
  the	
  Monte-­‐Carlo	
  simulation	
  
program	
  CASINO2.2.1.	
  
	
   The	
  program	
  simulates	
  an	
  individual	
  electron	
  striking	
  a	
  material	
  and	
  how	
  
that	
  electron	
  dissipates	
  energy	
  before	
  it	
  reaches	
  thermal	
  equilibrium.	
  	
  There	
  are	
  two	
  
important	
  interactions	
  the	
  hot	
  electron	
  will	
  have	
  with	
  the	
  material.	
  	
  First,	
  the	
  hot	
  
electron	
  can	
  elastically	
  scatter	
  off	
  one	
  of	
  the	
  atomic	
  nuclei	
  thereby	
  altering	
  its	
  
direction	
  in	
  the	
  material.	
  	
  Second,	
  the	
  hot	
  electron	
  will	
  inelastically	
  interact	
  with	
  the	
  
core	
  and	
  valence	
  electrons	
  in	
  the	
  material	
  thereby	
  producing	
  additional	
  free	
  
electrons.	
  	
  CASINO	
  models	
  these	
  effects	
  by	
  simulating	
  the	
  path	
  of	
  thousands	
  of	
  
electrons	
  entering	
  the	
  sample.	
  	
  The	
  distance	
  between	
  nuclei	
  collisions	
  is	
  calculated	
  
based	
  on	
  a	
  random	
  number	
  and	
  mean	
  free	
  electron	
  path2.2.2.	
  	
  The	
  scattering	
  angle	
  
for	
  each	
  collision	
  is	
  then	
  calculated	
  based	
  on	
  the	
  scattering	
  cross	
  section	
  of	
  the	
  atom	
  
involved	
  in	
  the	
  collision2.2.2.	
  	
  Between	
  collisions,	
  the	
  electron	
  is	
  assumed	
  to	
  lose	
  
some	
  energy	
  per	
  path	
  length	
  in	
  the	
  continuous	
  slowing	
  down	
  approximation2.2.3.	
  	
  
The	
  program	
  continues	
  to	
  monitor	
  the	
  path	
  of	
  the	
  electron	
  until	
  it	
  either	
  leaves	
  the	
  
sample	
  or	
  reaches	
  an	
  energy	
  below	
  50eV2.2.1.	
  
	
   The	
  result	
  of	
  these	
  calculations	
  is	
  a	
  three	
  dimensional	
  description	
  of	
  the	
  
electron	
  energy	
  dissipation	
  rate.	
  	
  The	
  simulations	
  for	
  a	
  ZnO/CdS/CIGS	
  sample	
  are	
  
shown	
  in	
  Fig.	
  2.2.	
  	
  It	
  is	
  apparent	
  from	
  the	
  simulations	
  that	
  the	
  energy	
  dissipation	
  
volume	
  increases	
  as	
  the	
  beam	
  energy	
  increases.	
  	
  This	
  is	
  expected	
  given	
  the	
  higher	
  
energy	
  electrons	
  must	
  travel	
  along	
  a	
  longer	
  path	
  before	
  they	
  reach	
  thermal	
  
equilibrium.	
  	
  The	
  width	
  and	
  depth	
  of	
  the	
  electron	
  interaction	
  volume	
  are	
  roughly	
  
equivalent	
  and	
  around	
  300nm	
  at	
  10kV.	
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Fig.	
  2.2.	
  (a)	
  Shape	
  of	
  the	
  energy	
  dissipation	
  function	
  for	
  an	
  incident	
  electron	
  beam	
  
(originating	
  from	
  the	
  bottom	
  of	
  the	
  plot)	
  at	
  10kV.	
  	
  The	
  region	
  in	
  white	
  is	
  >=	
  5%	
  of	
  the	
  
maximum	
  of	
  the	
  dissipation	
  function.	
  	
  (b)	
  The	
  shape	
  of	
  the	
  energy	
  dissipation	
  function	
  for	
  
an	
  incident	
  electron	
  beam	
  at	
  15kV.	
  	
  The	
  interaction	
  volume	
  between	
  the	
  incident	
  electrons	
  
and	
  sample	
  increases	
  when	
  the	
  accelerating	
  voltage	
  is	
  increased.	
  
	
  
	
   The	
  full	
  three	
  dimensional	
  electron	
  energy	
  dissipation	
  function	
  will	
  be	
  used	
  
in	
  Sec.	
  2.6	
  to	
  interpret	
  cross	
  sectional	
  EBIC	
  results.	
  	
  However,	
  for	
  the	
  sake	
  of	
  
calculation	
  time,	
  it	
  is	
  preferable	
  to	
  have	
  an	
  analytic	
  formula	
  to	
  approximate	
  the	
  
energy	
  dissipation	
  function.	
  	
  To	
  our	
  knowledge,	
  there	
  are	
  no	
  accurate	
  formulas	
  for	
  
the	
  radial	
  and	
  depth	
  dependence	
  of	
  the	
  energy	
  dissipation	
  function.	
  	
  However,	
  Wu	
  
and	
  Wittry2.2.4	
  previously	
  published	
  an	
  analytic	
  approximation	
  for	
  the	
  depth	
  
dependence	
  of	
  the	
  energy	
  dissipation	
  function,	
  provided	
  the	
  thickness	
  of	
  every	
  layer	
  
is	
  normalized	
  by	
  the	
  material	
  density.	
  	
  This	
  approximation	
  works	
  relatively	
  well	
  as	
  
the	
  material	
  density	
  is	
  a	
  strong	
  component	
  determining	
  the	
  energy	
  loss	
  per	
  path	
  
length	
  for	
  an	
  electron2.2.2.	
  	
  	
  

	
  
Fig.	
  2.3.	
  Comparison	
  of	
  the	
  energy	
  dissipation	
  function	
  calculated	
  using	
  an	
  analytical	
  
approximation	
  versus	
  Monte-­‐Carlo	
  simulations.	
  	
  
	
  



	
   31	
  

	
   A	
  comparison	
  between	
  the	
  Wu	
  and	
  Wittry	
  approximation	
  and	
  the	
  Monte-­‐
Carlo	
  simulation	
  results	
  are	
  shown	
  in	
  Fig.	
  2.3.	
  	
  The	
  calculations	
  agree	
  very	
  well	
  with	
  
one	
  another	
  and	
  therefore	
  the	
  analytic	
  formula	
  given	
  by	
  Wu	
  and	
  Wittry	
  will	
  be	
  used	
  
in	
  the	
  subsequent	
  EBIC	
  analysis.	
  
	
   In	
  order	
  to	
  turn	
  the	
  electron	
  energy	
  dissipation	
  function	
  into	
  the	
  carrier	
  
generation	
  function	
  

€ 

g(z)( ) ,	
  it	
  is	
  necessary	
  to	
  divide	
  the	
  energy	
  dissipation	
  rate	
  by	
  
the	
  mean	
  energy	
  required	
  to	
  generate	
  an	
  electron	
  hole	
  pair	
  

€ 

Eionization( ) 	
  at	
  every	
  point	
  
in	
  the	
  sample.	
  	
  Qualitatively,	
  hot	
  electrons	
  lose	
  their	
  energy	
  in	
  a	
  material	
  either	
  
through	
  impact	
  ionization	
  or	
  optical	
  phonon	
  generation,	
  as	
  shown	
  in	
  Fig.	
  2.4.	
  	
  The	
  
carriers	
  generated	
  by	
  each	
  hot	
  electron	
  also	
  have	
  a	
  chance	
  of	
  undergoing	
  additional	
  
impact	
  ionization	
  events,	
  until	
  finally	
  the	
  carrier	
  energy	
  is	
  insufficient	
  to	
  generate	
  
additional	
  electron	
  hole	
  pairs	
  

€ 

E < Eg( ) 	
  and	
  the	
  remaining	
  carrier	
  energy	
  is	
  
dissipated	
  as	
  heat.	
  

	
  
Fig.	
  2.4.	
  Model	
  of	
  the	
  energy-­‐loss	
  mechanisms	
  for	
  hot	
  carriers	
  in	
  a	
  semiconductor,	
  taken	
  
from	
  Ref.	
  2.2.5.	
  
	
  
	
   Theoretical	
  calculations	
  of	
  the	
  average	
  energy	
  to	
  generate	
  an	
  electron	
  hole	
  
pair	
  are	
  complicated	
  and	
  depend	
  on	
  many	
  properties	
  of	
  the	
  semiconductor	
  such	
  as	
  
the	
  band	
  structure	
  of	
  the	
  material	
  and	
  the	
  phonon	
  properties.	
  	
  However,	
  it	
  has	
  been	
  
experimentally	
  shown	
  that	
  the	
  average	
  energy	
  to	
  generate	
  an	
  electron	
  hole	
  pair	
  is	
  
linear	
  with	
  the	
  bandgap	
  of	
  the	
  material	
  over	
  a	
  wide	
  range	
  of	
  bandgaps	
  and	
  even	
  
with	
  different	
  ionizing	
  radiation	
  as	
  shown	
  in	
  Fig.	
  2.52.2.6.	
  	
  Therefore,	
  in	
  the	
  following	
  
work,	
  we	
  use	
  the	
  empirical	
  relationship2.2.4:	
  

€ 

Eionization = 2.596Eg + 0.714 .	
   (2.2)	
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Fig.	
  2.5.	
  Energy	
  required	
  to	
  generate	
  an	
  electron	
  hole	
  pair	
  versus	
  the	
  bandgap	
  energy	
  for	
  
several	
  materials.	
  	
  Previous	
  measurements	
  indicate	
  there	
  is	
  a	
  linear	
  relationship	
  between	
  
the	
  material	
  bandgap	
  energy	
  and	
  energy	
  required	
  to	
  generate	
  an	
  electron	
  hole	
  pair.	
  	
  Figure	
  
is	
  taken	
  from	
  Ref.	
  2.2.6.	
  
	
  
	
   Finally,	
  the	
  quantitative	
  number	
  of	
  electron	
  hole	
  pairs	
  generated	
  per	
  distance	
  
is	
  determined	
  by	
  scaling	
  the	
  carrier	
  generation	
  function	
  by	
  the	
  total	
  carrier	
  
generation	
  rate	
  

€ 

G0( ) 2.2.4:	
  

€ 

G0(cm
−2 sec−1) =

6.25 ×1021Vjb (1− b)
Eionization

,	
   (2.3)	
  

where	
  V	
  is	
  the	
  beam	
  voltage	
  in	
  kV,	
  

€ 

jb 	
  is	
  the	
  beam	
  current	
  in	
  A/cm2	
  and	
  b	
  is	
  the	
  
fraction	
  of	
  backscattered	
  electrons	
  (assumed	
  to	
  be	
  a	
  constant	
  value	
  equal	
  to	
  
0.322.2.7).	
  
	
   Overall,	
  the	
  carrier	
  generation	
  function	
  in	
  a	
  structure	
  is	
  primarily	
  dependent	
  
on	
  the	
  incoming	
  electron	
  beam	
  energy,	
  material	
  density	
  and	
  bandgap.	
  	
  The	
  material	
  
density	
  does	
  not	
  change	
  significantly	
  between	
  CIS	
  and	
  CGS	
  and	
  furthermore,	
  the	
  
change	
  in	
  the	
  carrier	
  generation	
  rate	
  is	
  only	
  linear	
  with	
  bandgap	
  making	
  it	
  easy	
  to	
  
calculate	
  the	
  shape	
  of	
  the	
  carrier	
  generation	
  function	
  in	
  a	
  graded	
  bandgap	
  structure.	
  
Furthermore,	
  by	
  using	
  an	
  electron	
  beam,	
  it	
  is	
  possible	
  to	
  generate	
  carriers	
  towards	
  
the	
  back	
  of	
  a	
  graded	
  film	
  thereby	
  directly	
  probing	
  the	
  influence	
  of	
  quasi-­‐electric	
  
fields	
  on	
  carrier	
  collection.	
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2.3	
   Carrier	
  Collection	
  Function	
  	
  
	
   Now	
  that	
  the	
  carrier	
  generation	
  function	
  in	
  Eqn.	
  2.1	
  is	
  know,	
  it’s	
  necessary	
  to	
  
determine	
  the	
  carrier	
  collection	
  probability	
  as	
  a	
  function	
  of	
  depth

€ 

F(z)( ) .	
  	
  The	
  
carrier	
  collection	
  probability	
  for	
  a	
  p-­‐n	
  junction	
  can	
  be	
  subdivided	
  into	
  two	
  regions,	
  
the	
  space	
  charge	
  region	
  and	
  the	
  quasi-­‐neutral	
  bulk.	
  	
  Almost	
  all	
  carriers	
  generated	
  in	
  
the	
  space	
  charge	
  region	
  are	
  collected	
  due	
  to	
  the	
  high	
  electric	
  field	
  in	
  the	
  space	
  
charge	
  region	
  (evidence	
  for	
  this	
  assumption	
  will	
  be	
  discussed	
  in	
  the	
  experimental	
  
results),	
  while	
  carriers	
  generated	
  in	
  the	
  quasi-­‐neutral	
  bulk	
  will	
  have	
  a	
  collection	
  
probability	
  determined	
  by	
  how	
  far	
  from	
  the	
  space	
  charge	
  region	
  they	
  are	
  generated	
  
and	
  what	
  the	
  bulk	
  diffusion	
  length	
  is	
  in	
  the	
  quasi-­‐neutral	
  bulk.	
  	
  Therefore,	
  in	
  order	
  
to	
  accurately	
  extract	
  the	
  bulk	
  diffusion	
  length,	
  it	
  is	
  necessary	
  to	
  know	
  the	
  space	
  
charge	
  width	
  of	
  the	
  sample.	
  	
  
	
   The	
  space	
  charge	
  width	
  is	
  most	
  easily	
  determined	
  by	
  measuring	
  the	
  
capacitance	
  

€ 

C( ) 	
  of	
  a	
  sample2.3.1:	
  

€ 

C A = dQ dV = ε W ,	
   (2.4)	
  
where	
  A	
  is	
  the	
  sample	
  area	
  (0.42cm2	
  for	
  the	
  samples	
  in	
  this	
  study).	
  	
  The	
  permittivity	
  
of	
  CIGS	
  used	
  in	
  the	
  following	
  calculations	
  is	
  

€ 

13.6ε02.3.2.	
  	
  A	
  LCR	
  meter	
  was	
  used	
  to	
  
measure	
  the	
  capacitance	
  of	
  each	
  sample	
  and	
  calculate	
  the	
  width	
  of	
  the	
  space	
  charge	
  
region.	
  	
  The	
  bias	
  on	
  the	
  sample	
  was	
  swept	
  from	
  -­‐1.0V	
  to	
  0.6V	
  to	
  obtain	
  a	
  
capacitance-­‐voltage	
  (CV)	
  curve.	
  	
  The	
  CV	
  curve	
  could	
  then	
  be	
  used	
  to	
  determine	
  the	
  
free	
  carrier	
  concentration	
  profile	
  in	
  the	
  sample	
  through	
  the	
  equation2.3.3:	
  

€ 

p = −
2

qεA2
d 1/C2( )
dV

⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 

−1

.	
   (2.5)	
  

	
   However,	
  it	
  is	
  also	
  apparent	
  from	
  Eqn.	
  2.4	
  that	
  the	
  sample	
  capacitance	
  is	
  
affected	
  by	
  any	
  change	
  in	
  charge	
  as	
  a	
  function	
  of	
  bias.	
  	
  For	
  materials	
  with	
  a	
  low	
  
density	
  of	
  deep	
  defects,	
  the	
  change	
  in	
  charge	
  comes	
  almost	
  entirely	
  from	
  the	
  free	
  
carriers	
  at	
  the	
  edge	
  of	
  the	
  space	
  charge	
  region.	
  	
  However,	
  in	
  polycrystalline	
  CIGS	
  
materials,	
  there	
  are	
  often	
  large	
  numbers	
  of	
  interface	
  and	
  bulk	
  defects	
  which	
  can	
  
charge	
  and	
  discharge	
  upon	
  a	
  change	
  in	
  bias	
  as	
  shown	
  schematically	
  in	
  Fig.	
  2.6.	
  	
  This	
  
leads	
  to	
  an	
  increase	
  in	
  the	
  measured	
  capacitance	
  and	
  as	
  a	
  result,	
  an	
  underestimation	
  
of	
  the	
  space	
  charge	
  width.	
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Fig.	
  2.6:	
  Schematic	
  indicating	
  the	
  influence	
  of	
  deep	
  traps	
  and	
  interface	
  defects	
  on	
  the	
  
measured	
  capacitance	
  of	
  a	
  sample.	
  	
  Capacitance	
  measurements	
  are	
  sensitive	
  to	
  both	
  the	
  
bulk	
  free	
  carrier	
  concentration	
  of	
  the	
  film	
  and	
  any	
  deep	
  traps	
  near	
  the	
  Fermi-­‐level.	
  
	
  	
  	
  
	
   To	
  alleviate	
  this	
  problem,	
  the	
  sample	
  capacitance	
  was	
  measured	
  at	
  high	
  
frequencies	
  (100kHz)	
  and	
  low	
  temperatures	
  (-­‐110°C)	
  to	
  reduce	
  the	
  impact	
  of	
  deep	
  
defects.	
  	
  In	
  order	
  for	
  a	
  deep	
  defect	
  to	
  contribute	
  to	
  the	
  sample	
  capacitance,	
  it	
  must	
  
be	
  able	
  to	
  charge	
  and	
  discharge	
  at	
  a	
  rate	
  faster	
  than	
  the	
  change	
  in	
  applied	
  voltage.	
  	
  
By	
  using	
  a	
  high	
  frequency	
  voltage,	
  the	
  deep	
  defects	
  have	
  less	
  time	
  to	
  respond	
  to	
  the	
  
change	
  in	
  bias.	
  	
  Furthermore,	
  in	
  order	
  for	
  a	
  deep	
  defect	
  to	
  discharge,	
  the	
  trapped	
  
carrier	
  must	
  be	
  thermally	
  emitted	
  into	
  the	
  conduction	
  or	
  valence	
  band.	
  	
  Therefore,	
  
by	
  using	
  low	
  temperatures,	
  the	
  deep	
  defects	
  take	
  longer	
  to	
  discharge	
  and	
  contribute	
  
less	
  to	
  the	
  measured	
  capacitance.	
  	
  An	
  experimental	
  example	
  of	
  the	
  change	
  in	
  space	
  
charge	
  width	
  as	
  a	
  function	
  of	
  temperature	
  is	
  shown	
  in	
  Fig.	
  2.7	
  for	
  a	
  CIGS	
  device.	
  	
  The	
  
figure	
  shows	
  that	
  the	
  space	
  charge	
  width	
  is	
  underestimated	
  by	
  a	
  factor	
  of	
  two	
  at	
  
room	
  temperature	
  due	
  to	
  the	
  contribution	
  of	
  deep	
  levels	
  which	
  are	
  suppressed	
  
upon	
  cooling	
  to	
  -­‐110°C.	
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Fig.	
  2.7:	
  Measured	
  space	
  charge	
  width	
  versus	
  temperature	
  for	
  a	
  CIGS	
  solar	
  cell.	
  	
  The	
  space	
  
charge	
  width	
  is	
  underestimated	
  at	
  high	
  temperatures	
  due	
  to	
  the	
  influence	
  of	
  deep	
  levels	
  on	
  
the	
  measurement.	
  	
  By	
  lowering	
  the	
  temperature	
  of	
  the	
  device,	
  these	
  levels	
  can	
  be	
  frozen	
  out	
  
yielding	
  a	
  more	
  accurate	
  space	
  charge	
  width.	
  
	
  
2.4	
   Influence	
  of	
  Gallium	
  Gradients	
  on	
  Collection	
  	
  

As	
  previously	
  discussed,	
  one	
  of	
  the	
  most	
  intriguing	
  applications	
  of	
  EBIC	
  is	
  to	
  
determine	
  the	
  carrier	
  collection	
  efficiency	
  and	
  minority	
  carrier	
  diffusion	
  length	
  in	
  
compositionally	
  graded	
  samples2.4.1.	
  	
  To	
  study	
  this	
  effect,	
  samples	
  with	
  four	
  different	
  
gallium	
  gradients	
  were	
  grown	
  by	
  the	
  National	
  Renewable	
  Energy	
  Lab	
  using	
  vacuum	
  
co-­‐evaporation.	
  	
  All	
  four	
  of	
  these	
  samples	
  were	
  grown	
  with	
  similar	
  growth	
  
conditions	
  to	
  a	
  thickness	
  of	
  2µm	
  before	
  being	
  finished	
  by	
  an	
  80nm	
  layer	
  of	
  CdS	
  
grown	
  by	
  CBD	
  and	
  a	
  sputtered	
  bi-­‐layer	
  of	
  IZO/AZO.	
  	
  The	
  gallium	
  to	
  group	
  III	
  ratio	
  
was	
  intentionally	
  varied	
  during	
  the	
  growth	
  process	
  to	
  modify	
  the	
  gallium	
  gradient	
  
through	
  the	
  film	
  and	
  experimentally	
  determined	
  using	
  secondary	
  ion	
  mass	
  
spectrometry.	
  	
  The	
  appropriate	
  calibration	
  factors	
  to	
  convert	
  the	
  gallium	
  and	
  
indium	
  counts	
  into	
  atomic	
  ratios	
  were	
  determined	
  using	
  compositionally	
  uniform	
  
calibration	
  samples.	
  	
  	
  

The	
  resulting	
  gallium	
  depth	
  profile	
  and	
  associated	
  variation	
  in	
  bandgap	
  along	
  
the	
  depth	
  of	
  the	
  film	
  is	
  shown	
  in	
  Fig.	
  2.8.	
  	
  One	
  sample	
  has	
  a	
  uniform	
  gallium	
  
concentration,	
  two	
  samples	
  have	
  a	
  roughly	
  linearly	
  increasing	
  gallium	
  
concentrations	
  (Monotonic	
  A	
  and	
  B)	
  and	
  the	
  final	
  sample	
  has	
  a	
  saddle	
  shaped	
  
profile,	
  which	
  is	
  standard	
  for	
  high	
  efficiency	
  devices	
  grown	
  by	
  NREL.	
  

In	
  order	
  to	
  properly	
  model	
  the	
  variation	
  in	
  carrier	
  collection	
  efficiency	
  as	
  a	
  
function	
  of	
  depth	
  in	
  these	
  samples,	
  it	
  is	
  necessary	
  to	
  include	
  the	
  effects	
  of	
  the	
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gallium	
  gradient	
  induced	
  quasi-­‐electric	
  field,	
  which	
  can	
  aid	
  in	
  carrier	
  collection.	
  	
  As	
  
previously	
  shown,	
  the	
  carrier	
  collection	
  probability	
  in	
  the	
  quasi-­‐neutral	
  bulk	
  can	
  be	
  
obtained	
  through	
  the	
  reciprocity	
  theorem	
  in	
  Eqn.	
  1.45.	
  	
  In	
  the	
  case	
  of	
  bandgap	
  
gradients,	
  the	
  carrier	
  collection	
  probability	
  is	
  modified	
  by	
  the	
  quasi-­‐electric	
  field	
  as	
  
shown	
  in	
  eqn.	
  1.47.	
  	
  However,	
  this	
  equation	
  only	
  accounts	
  for	
  a	
  sample	
  with	
  a	
  
constant	
  quasi-­‐electric	
  field	
  whereas	
  the	
  samples	
  in	
  Fig.	
  2.8	
  have	
  the	
  quasi-­‐electric	
  
field	
  varying	
  through	
  the	
  depth	
  of	
  the	
  sample.	
  	
  Fortunately,	
  it	
  has	
  been	
  shown	
  that	
  a	
  
sample	
  can	
  be	
  subdivided	
  into	
  regions	
  with	
  a	
  constant	
  quasi-­‐electric	
  field,	
  provided	
  
the	
  boundary	
  conditions	
  at	
  the	
  front	
  and	
  back	
  of	
  each	
  region	
  are	
  modified2.4.2.	
  	
  

Fig.	
  2.8:	
  	
  Gallium	
  to	
  group	
  III	
  ratio	
  depth	
  profile	
  as	
  determined	
  by	
  secondary	
  ion	
  mass	
  
spectrometry.	
  	
  The	
  right	
  axis	
  shows	
  the	
  expected	
  change	
  in	
  bandgap	
  as	
  a	
  function	
  of	
  depth.	
  
	
  

In	
  this	
  case,	
  the	
  gallium	
  gradient	
  as	
  a	
  function	
  of	
  depth	
  through	
  the	
  film	
  was	
  
subdivided	
  into	
  three	
  regions	
  with	
  approximately	
  constant	
  quasi-­‐electric	
  fields.	
  	
  The	
  
first	
  region’s	
  front	
  surface	
  boundary	
  condition	
  is	
  determined	
  by	
  the	
  edge	
  of	
  the	
  
space	
  charge	
  region	
  while	
  the	
  back	
  surface	
  is	
  determined	
  by	
  Eqn.	
  1.43.	
  	
  The	
  second	
  
region	
  of	
  the	
  absorber	
  then	
  has	
  the	
  front	
  surface	
  boundary	
  condition	
  specified	
  by	
  
the	
  preceding	
  layer	
  and	
  back	
  surface	
  boundary	
  condition	
  specified	
  by	
  Eqn.	
  1.43.	
  	
  
Finally,	
  the	
  last	
  region	
  of	
  the	
  cell	
  has	
  the	
  front	
  surface	
  boundary	
  condition	
  specified	
  
by	
  the	
  preceding	
  two	
  sections	
  and	
  the	
  back	
  surface	
  boundary	
  specified	
  by	
  the	
  
surface	
  recombination	
  velocity	
  of	
  the	
  CIGS/Mo	
  interface.	
  	
  The	
  end	
  result	
  of	
  this	
  
analysis	
  is	
  that	
  each	
  region	
  of	
  the	
  absorber	
  has	
  its	
  recombination	
  properties	
  
determined	
  by	
  the	
  properties	
  of	
  all	
  the	
  other	
  regions	
  plus	
  the	
  back	
  surface	
  
recombination	
  velocity.	
  
	
   To	
  illustrate	
  the	
  influence	
  of	
  quasi-­‐electric	
  fields,	
  calculations	
  of	
  the	
  carrier	
  
collection	
  probability	
  as	
  a	
  function	
  of	
  depth	
  for	
  the	
  four	
  samples	
  with	
  different	
  
gallium	
  gradients	
  are	
  shown	
  in	
  Fig.	
  2.9	
  assuming	
  a	
  bulk	
  diffusion	
  length	
  of	
  0.7µm,	
  
space	
  charge	
  width	
  of	
  0.5µm	
  and	
  back	
  surface	
  recombination	
  velocity	
  to	
  carrier	
  
diffusivity	
  ratio	
  of	
  

€ 

4 ×104cm−1 .	
  	
  It	
  is	
  apparent	
  from	
  the	
  calculation	
  that	
  the	
  quasi-­‐
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electric	
  fields	
  generated	
  by	
  the	
  gallium	
  depth	
  profile	
  aid	
  in	
  carrier	
  collection	
  
compared	
  to	
  the	
  uniform	
  bandgap	
  profile.	
  
	
   The	
  current-­‐voltage	
  characteristics	
  of	
  the	
  four	
  samples	
  with	
  varying	
  gallium	
  
gradients	
  were	
  measured	
  with	
  a	
  solar	
  simulator	
  and	
  the	
  results	
  are	
  shown	
  in	
  Fig.	
  
2.10.	
  	
  It	
  is	
  apparent	
  that	
  the	
  varied	
  gallium	
  gradients	
  have	
  a	
  significant	
  impact	
  on	
  
device	
  performance	
  by	
  modifying	
  both	
  the	
  short	
  circuit	
  current	
  density	
  and	
  open	
  
circuit	
  voltage	
  significantly.	
  Table	
  2.1	
  shows	
  the	
  relevant	
  device	
  characteristics	
  as	
  
well	
  as	
  the	
  space	
  charge	
  width	
  and	
  bulk	
  diffusion	
  length,	
  which	
  will	
  be	
  discussed	
  in	
  
the	
  following	
  sections.	
  

	
  
Fig.	
  2.9:	
  The	
  calculated	
  collection	
  probability	
  as	
  a	
  function	
  of	
  distance	
  from	
  the	
  CdS/CIGS	
  
interface	
  for	
  the	
  various	
  bandgap	
  profiles	
  shown	
  in	
  Fig.	
  2.8.	
  	
  The	
  calculations	
  assume	
  a	
  bulk	
  
minority	
  carrier	
  diffusion	
  length	
  of	
  0.7µm.	
  	
  The	
  variation	
  in	
  collection	
  efficiency	
  as	
  a	
  
function	
  of	
  depth	
  is	
  due	
  to	
  the	
  different	
  quasi-­‐electric	
  fields	
  produced	
  by	
  the	
  gallium	
  
gradient.	
  
	
  

Sample	
   Jsc	
  
(mA/cm2)	
  

Voc	
  
(mV)	
  

Fill	
  
Factor	
  

Efficiency	
  

€ 

η	
  
SCR	
  
(µm)	
   L	
  (µm)	
  

Uniform	
   30.44	
   656.2	
   0.769	
   15.36	
   0.42	
   >0.91	
  
Monotonic	
  A	
   27.97	
   736.9	
   0.741	
   15.27	
   0.56	
   0.30	
  
Monotonic	
  B	
   34.28	
   666.3	
   0.752	
   17.17	
   0.70	
   0.35	
  
Saddle	
   32.16	
   668.2	
   0.790	
   16.97	
   1.18	
   0.52	
  

	
  
Table	
  2.1:	
  Solar	
  simulator	
  results	
  showing	
  the	
  operating	
  characteristics	
  of	
  the	
  four	
  devices.	
  	
  
The	
  space	
  charge	
  width	
  (SCR)	
  is	
  obtained	
  by	
  the	
  low	
  temperature	
  capacitance	
  of	
  each	
  
sample.	
  	
  The	
  minority	
  carrier	
  diffusion	
  length	
  (L)	
  is	
  obtained	
  by	
  the	
  EBIC	
  quantum	
  
efficiency	
  versus	
  electron	
  beam	
  voltage.	
  	
  
	
  
	
   As	
  previously	
  discussed,	
  the	
  carrier	
  collection	
  efficiency	
  of	
  a	
  solar	
  cell	
  is	
  
typically	
  determined	
  using	
  external	
  quantum	
  efficiency.	
  	
  However,	
  the	
  external	
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quantum	
  efficiency	
  depends	
  strongly	
  on	
  the	
  variation	
  in	
  absorption	
  coefficient	
  
through	
  the	
  depth	
  of	
  the	
  film	
  making	
  quantitative	
  analysis	
  difficult.	
  	
  This	
  is	
  
illustrated	
  in	
  Fig.	
  2.11	
  where	
  the	
  external	
  quantum	
  efficiency	
  is	
  measured	
  on	
  the	
  
four	
  samples	
  exhibiting	
  different	
  gallium	
  gradients.	
  	
  In	
  the	
  absence	
  of	
  strong	
  gallium	
  
gradients,	
  the	
  long	
  wavelength	
  external	
  quantum	
  efficiency	
  is	
  primarily	
  affected	
  by	
  
the	
  bulk	
  diffusion	
  length,	
  space	
  charge	
  width	
  and	
  free	
  carrier	
  absorption	
  from	
  the	
  
AZO.	
  	
  However,	
  it	
  is	
  apparent	
  from	
  looking	
  at	
  the	
  Monotonic	
  A	
  sample	
  that	
  there	
  are	
  
significant	
  losses	
  in	
  the	
  long	
  wavelength	
  region	
  of	
  the	
  curve,	
  which	
  is	
  most	
  likely	
  
due	
  to	
  incomplete	
  absorption	
  originating	
  from	
  the	
  strong	
  gallium	
  gradient.	
  	
  As	
  such,	
  
it’s	
  difficult	
  to	
  make	
  quantitative	
  statements	
  on	
  the	
  carrier	
  collection	
  properties	
  of	
  
these	
  films	
  without	
  resorting	
  to	
  electron	
  beam	
  induced	
  current.	
  

	
  
Fig.	
  2.10:	
  The	
  I-­‐V	
  characteristics	
  of	
  the	
  four	
  samples	
  featuring	
  different	
  gallium	
  gradients.	
  
	
  

	
  
Fig.	
  2.11:	
  External	
  quantum	
  efficiency	
  plots	
  for	
  the	
  four	
  samples	
  featuring	
  different	
  gallium	
  
gradients.	
  	
  It’s	
  difficult	
  to	
  determine	
  from	
  these	
  plots	
  which	
  cells	
  exhibit	
  the	
  best	
  carrier	
  
collection	
  due	
  to	
  the	
  complicated	
  interaction	
  between	
  the	
  varying	
  collection	
  probability	
  and	
  
absorption	
  coefficient.	
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   Energy	
  dependent	
  EBIC	
  measurements	
  were	
  collected	
  for	
  the	
  four	
  samples	
  
exhibiting	
  different	
  gallium	
  gradients.	
  	
  The	
  measurements	
  were	
  obtained	
  with	
  a	
  
Hitachi	
  SU-­‐1500	
  scanning	
  electron	
  microscope	
  using	
  accelerating	
  voltages	
  between	
  
4	
  and	
  30kV.	
  	
  The	
  EBIC	
  and	
  beam	
  current	
  were	
  measured	
  using	
  a	
  current	
  
preamplifier	
  (Stanford	
  Research	
  Systems	
  SR570).	
  	
  The	
  electron	
  beam	
  was	
  
intentionally	
  defocused	
  to	
  eliminate	
  the	
  lateral	
  spreading	
  of	
  the	
  generation	
  volume	
  
shown	
  in	
  Fig.	
  2.2.	
  	
  The	
  electron	
  beam	
  current	
  was	
  kept	
  constant	
  at	
  100pA	
  as	
  
measured	
  by	
  a	
  faraday	
  cup	
  mounted	
  on	
  the	
  specimen	
  holder.	
  	
  The	
  electron	
  beam	
  
current	
  was	
  kept	
  low	
  to	
  ensure	
  low	
  injection	
  conditions	
  

€ 

Δn < p0( ) 	
  as	
  verified	
  from	
  
the	
  linear	
  relationship	
  between	
  the	
  electron	
  beam	
  current	
  and	
  measured	
  EBIC.	
  
	
   As	
  previously	
  discussed,	
  it	
  is	
  necessary	
  to	
  measure	
  the	
  space	
  charge	
  width	
  to	
  
accurately	
  calculate	
  the	
  bulk	
  diffusion	
  length	
  in	
  each	
  sample.	
  	
  The	
  space	
  charge	
  
width	
  and	
  depth	
  dependent	
  free	
  carrier	
  concentration	
  for	
  all	
  four	
  samples	
  is	
  shown	
  
in	
  Fig.	
  2.12.	
  	
  For	
  the	
  purposes	
  of	
  modeling	
  the	
  extracted	
  EBIC	
  data,	
  it	
  was	
  assumed	
  
that	
  the	
  collection	
  probability	
  within	
  the	
  space	
  charge	
  region	
  is	
  equal	
  to	
  unity.	
  	
  This	
  
is	
  typically	
  a	
  good	
  assumption	
  due	
  to	
  the	
  high	
  electric	
  fields	
  in	
  the	
  space	
  charge	
  
region.	
  	
  Furthermore,	
  the	
  EQE	
  plots	
  shown	
  in	
  Fig.	
  2.11	
  do	
  not	
  show	
  any	
  evidence	
  of	
  
weak	
  carrier	
  collection	
  in	
  the	
  wavelength	
  region	
  between	
  600	
  and	
  800nm.	
  	
  In	
  this	
  
wavelength	
  region,	
  under-­‐absorption	
  in	
  the	
  CIGS	
  is	
  typically	
  not	
  a	
  problem	
  and	
  
therefore,	
  the	
  only	
  losses	
  come	
  from	
  either	
  reflection	
  or	
  imperfect	
  collection	
  in	
  the	
  
space	
  charge	
  region.	
  	
  Given	
  all	
  four	
  samples	
  have	
  close	
  to	
  90%	
  quantum	
  efficiency	
  in	
  
this	
  region,	
  it	
  is	
  reasonable	
  to	
  assume	
  perfect	
  collection	
  within	
  the	
  space	
  charge	
  
region.	
  

Fig.	
  2.12.	
  	
  Carrier	
  concentration	
  versus	
  distance	
  for	
  the	
  four	
  samples	
  featuring	
  different	
  
gallium	
  gradients	
  as	
  determined	
  by	
  capacitance-­‐voltage	
  measurements	
  at	
  100kHz	
  and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
-­‐110°C.	
  	
  The	
  zero-­‐bias	
  depletion	
  width	
  is	
  indicated	
  by	
  a	
  filled	
  symbol.	
  



	
   40	
  

	
   A	
  constant	
  carrier	
  collection	
  probability	
  of	
  0	
  (0.2)	
  was	
  assumed	
  for	
  the	
  ZnO	
  
(CdS)	
  layers.	
  	
  To	
  fit	
  the	
  measured	
  EBIC	
  versus	
  beam	
  voltage,	
  the	
  carrier	
  diffusion	
  
length	
  for	
  each	
  sample	
  was	
  allowed	
  to	
  vary	
  while	
  the	
  electron	
  mobility	
  was	
  fixed	
  at	
  
100cm2/Vsec	
  and	
  the	
  back	
  surface	
  recombination	
  velocity	
  was	
  set	
  at	
  105	
  cm/sec.	
  	
  	
  
Finally,	
  the	
  simulated	
  EBIC	
  quantum	
  efficiency	
  (eQE)	
  	
  curve	
  was	
  scaled	
  by	
  a	
  
constant	
  factor	
  to	
  account	
  for	
  the	
  shunt	
  resistance	
  of	
  the	
  cell.	
  	
  The	
  shunt	
  correction	
  
factor	
  is	
  necessary	
  given	
  the	
  input	
  impedance	
  on	
  the	
  current	
  preamplifier	
  can	
  be	
  on	
  
the	
  order	
  of	
  the	
  shunt	
  resistance	
  of	
  the	
  cell.	
  	
  However,	
  for	
  these	
  four	
  high	
  quality	
  
CIGS	
  solar	
  cells,	
  the	
  shunt	
  correction	
  factor	
  was	
  typically	
  negligible	
  and	
  modified	
  the	
  
simulated	
  eQE	
  curve	
  by	
  less	
  than	
  5%.	
  	
  	
  
	
   The	
  measured	
  eQE	
  and	
  fitted	
  quantum	
  efficiency	
  are	
  shown	
  in	
  Fig.	
  2.13.	
  	
  It	
  is	
  
apparent	
  from	
  these	
  figures	
  that	
  good	
  fits	
  can	
  be	
  obtained	
  using	
  this	
  methodology	
  
even	
  for	
  samples	
  with	
  very	
  strong	
  compositional	
  gradients.	
  	
  The	
  EBIC	
  quantum	
  
efficiency	
  curves	
  show	
  measureable	
  differences	
  between	
  the	
  four	
  cells,	
  even	
  though	
  
all	
  four	
  exhibit	
  high	
  efficiencies	
  (over	
  15%).	
  	
  The	
  two	
  highest	
  efficiency	
  cells	
  with	
  
monotonic	
  B	
  and	
  saddle	
  profiles	
  exhibited	
  the	
  highest	
  quantum	
  efficiencies	
  with	
  the	
  
least	
  falloff	
  at	
  high	
  beam	
  voltage.	
  	
  The	
  falloff	
  at	
  high	
  beam	
  voltage	
  is	
  most	
  strongly	
  
dependent	
  on	
  the	
  composition	
  gradient	
  and	
  minority	
  carrier	
  diffusion	
  length.	
  	
  This	
  
effect	
  is	
  most	
  easily	
  seen	
  in	
  Fig.	
  2.14	
  where	
  the	
  collection	
  probability	
  remains	
  high	
  
towards	
  the	
  back	
  of	
  the	
  sample.	
  	
  The	
  monotonic	
  A	
  sample	
  also	
  features	
  a	
  large	
  
composition	
  gradient,	
  but	
  most	
  of	
  it	
  is	
  located	
  towards	
  the	
  front	
  of	
  the	
  sample	
  
thereby	
  reducing	
  its	
  benefit	
  for	
  carrier	
  collection.	
  	
  The	
  uniform	
  sample	
  suffers	
  from	
  
a	
  reduced	
  collection	
  probability	
  due	
  to	
  the	
  lack	
  of	
  a	
  composition	
  gradient.	
  

Fig.	
  2.13:	
  The	
  EBIC	
  quantum	
  efficiency	
  (eQE)	
  versus	
  electron	
  beam	
  voltage	
  for	
  the	
  four	
  
samples	
  featuring	
  different	
  gallium	
  gradients.	
  	
  The	
  symbols	
  show	
  the	
  experimental	
  data	
  
while	
  the	
  solid	
  lines	
  are	
  theoretical	
  fits.	
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Fig.	
  2.14.	
  The	
  carrier	
  collection	
  probability	
  as	
  a	
  function	
  of	
  distance	
  from	
  the	
  CdS/CIGS	
  
interface	
  for	
  the	
  four	
  samples	
  featuring	
  different	
  gallium	
  gradients.	
  	
  These	
  carrier	
  collection	
  
probability	
  functions	
  were	
  used	
  to	
  generate	
  the	
  theoretical	
  fits	
  in	
  Fig.	
  2.13.	
  
	
  	
  	
  
	
   The	
  minority	
  carrier	
  diffusion	
  lengths	
  used	
  to	
  simulate	
  the	
  quantum	
  
efficiency	
  plots	
  are	
  shown	
  in	
  Table	
  2.1.	
  	
  The	
  two	
  samples	
  with	
  the	
  largest	
  gradients	
  
have	
  diffusion	
  lengths	
  of	
  0.3	
  and	
  0.35	
  µm,	
  while	
  the	
  saddle	
  shaped	
  sample	
  has	
  a	
  
diffusion	
  length	
  of	
  0.52	
  µm.	
  	
  The	
  uniform	
  sample	
  has	
  a	
  diffusion	
  length	
  on	
  the	
  order	
  
of	
  the	
  film	
  thickness,	
  such	
  that	
  its	
  collection	
  probability	
  is	
  primarily	
  determined	
  by	
  
the	
  back	
  surface	
  recombination	
  velocity.	
  	
  Previous	
  experiments	
  have	
  suggested	
  an	
  
extremely	
  high	
  back	
  surface	
  recombination	
  velocity	
  to	
  carrier	
  diffusivity	
  ratio	
  

€ 

SMo De( ) ≥107cm−12.4.3.	
  	
  However,	
  this	
  experimental	
  result	
  for	
  the	
  uniform	
  sample	
  
sets	
  an	
  upper	
  limit	
  of	
  

€ 

4 ×104cm−1for	
  the	
  

€ 

SMo De ratio.	
  	
  Furthermore,	
  some	
  samples	
  
discussed	
  in	
  Sec.	
  2.7	
  indicate	
  an	
  even	
  lower	
  back	
  surface	
  recombination	
  velocity.	
  
	
   Energy	
  dependent	
  EBIC	
  is	
  an	
  accurate	
  method	
  to	
  determine	
  small	
  diffusion	
  
lengths.	
  	
  However,	
  it	
  is	
  less	
  reliable	
  when	
  the	
  diffusion	
  length	
  is	
  on	
  the	
  order	
  of	
  the	
  
film	
  thickness	
  as	
  it	
  is	
  necessary	
  to	
  assume	
  some	
  

€ 

SMo De ratio.	
  	
  This	
  is	
  most	
  
pronounced	
  for	
  the	
  uniform	
  sample	
  where	
  the	
  diffusion	
  length	
  can	
  range	
  from	
  0.91	
  
µm	
  to	
  the	
  film	
  thickness	
  depending	
  on	
  which	
  

€ 

SMo De ratio	
  is	
  used.	
  	
  On	
  the	
  other	
  
hand,	
  the	
  choice	
  of	
  

€ 

SMo De ratio	
  has	
  no	
  effect	
  on	
  the	
  monotonic	
  samples	
  due	
  to	
  their	
  
lower	
  diffusion	
  lengths	
  and	
  compositional	
  grading.	
  	
  It	
  should	
  be	
  noted	
  that	
  other	
  
techniques	
  used	
  to	
  determine	
  the	
  carrier	
  diffusion	
  lengths	
  via	
  collection	
  efficiency	
  
(such	
  as	
  external	
  quantum	
  efficiency)	
  have	
  the	
  same	
  limitations.	
  	
  It	
  was	
  found	
  that	
  
errors	
  in	
  the	
  measured	
  ZnO	
  thickness	
  and	
  space	
  charge	
  width	
  have	
  the	
  most	
  
influence	
  on	
  the	
  EBIC	
  fitting.	
  	
  For	
  the	
  monotonic	
  A	
  sample,	
  a	
  10%	
  error	
  in	
  the	
  
measured	
  ZnO	
  thickness	
  or	
  space	
  charge	
  width	
  would	
  change	
  the	
  diffusion	
  length	
  
by	
  roughly	
  6%.	
  	
  All	
  other	
  assumptions	
  (carrier	
  mobility,	
  CdS	
  collection	
  efficiency,	
  
etc.)	
  used	
  to	
  fit	
  the	
  monotonic	
  A	
  data	
  were	
  found	
  to	
  affect	
  the	
  diffusion	
  length	
  by	
  
less	
  than	
  1%.	
  	
  However,	
  as	
  the	
  back	
  surface	
  gallium	
  gradient	
  is	
  diminished,	
  these	
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assumptions	
  have	
  a	
  larger	
  influence	
  on	
  the	
  EBIC	
  fitting	
  due	
  to	
  the	
  increasing	
  effect	
  
of	
  the	
  back	
  surface.	
  
	
   In	
  summary,	
  the	
  energy	
  dependent	
  EBIC	
  measurements	
  shown	
  here	
  on	
  
samples	
  with	
  different	
  gallium	
  profiles	
  provide	
  direct	
  evidence	
  that	
  quasi-­‐electric	
  
fields	
  due	
  to	
  the	
  compositional	
  grading	
  are	
  beneficial	
  for	
  improving	
  carrier	
  
collection	
  and	
  reducing	
  the	
  impact	
  of	
  back	
  surface	
  recombination.	
  	
  It	
  is	
  also	
  
interesting	
  to	
  note	
  that	
  the	
  increased	
  amount	
  of	
  compositional	
  grading	
  also	
  lowers	
  
the	
  minority	
  carrier	
  diffusion	
  length	
  thereby	
  making	
  the	
  grading	
  less	
  beneficial	
  for	
  
charge	
  collection	
  than	
  if	
  the	
  material	
  quality	
  remained	
  the	
  same.	
  	
  However,	
  the	
  next	
  
section	
  will	
  show	
  that	
  the	
  diminished	
  bulk	
  diffusion	
  length	
  in	
  compositionally	
  
graded	
  samples	
  may	
  not	
  be	
  detrimental	
  to	
  the	
  performance	
  of	
  CIGS	
  solar	
  cells.	
  
	
  
2.5	
   Influence	
  of	
  Gallium	
  Gradients	
  on	
  Forward	
  Current	
  	
  

The	
  extension	
  of	
  electron	
  beam	
  induced	
  current	
  to	
  compositionally	
  graded	
  
materials	
  provides	
  an	
  additional	
  opportunity	
  to	
  look	
  beyond	
  the	
  effect	
  of	
  
compositional	
  grading	
  on	
  current	
  collection	
  and	
  into	
  how	
  the	
  grading	
  affects	
  the	
  
device	
  open	
  circuit	
  voltage.	
  	
  As	
  was	
  previously	
  discussed,	
  the	
  device	
  open	
  circuit	
  
voltage	
  is	
  obtained	
  when	
  the	
  short	
  circuit	
  current	
  is	
  equal	
  to	
  the	
  forward	
  diode	
  
current.	
  	
  The	
  forward	
  diode	
  current	
  can	
  occur	
  due	
  to	
  recombination	
  in	
  several	
  
regions	
  of	
  the	
  cell	
  such	
  as	
  in	
  the	
  space	
  charge	
  region	
  or	
  within	
  the	
  quasi-­‐neutral	
  
bulk	
  of	
  the	
  CIGS	
  layer.	
  	
  	
  

The	
  development	
  of	
  compositionally	
  graded	
  samples	
  was	
  historically	
  driven	
  
by	
  maximizing	
  device	
  efficiency	
  and	
  it	
  is	
  only	
  after	
  the	
  fact	
  that	
  researchers	
  have	
  
attempted	
  to	
  explain	
  why	
  this	
  growth	
  method	
  results	
  in	
  higher	
  efficiency	
  cells.	
  	
  As	
  
has	
  been	
  discussed	
  in	
  Sec.	
  1.4,	
  the	
  influence	
  of	
  the	
  bandgap	
  gradient	
  on	
  device	
  open	
  
circuit	
  voltage	
  has	
  been	
  simulated	
  by	
  several	
  groups	
  using	
  different	
  input	
  
parameters	
  leading	
  to	
  different	
  conclusions.	
  	
  It	
  is	
  fairly	
  simple	
  to	
  understand	
  at	
  least	
  
qualitatively	
  why	
  a	
  saddle	
  shaped	
  bandgap	
  profile	
  could	
  be	
  good	
  for	
  the	
  open	
  circuit	
  
voltage	
  without	
  resorting	
  to	
  finite	
  element	
  simulations.	
  

	
  First,	
  the	
  interface	
  recombination	
  velocity	
  between	
  CdS	
  and	
  CIGS	
  is	
  a	
  strong	
  
function	
  of	
  the	
  bandgap	
  at	
  the	
  surface2.5.1.	
  	
  Therefore,	
  one	
  possible	
  explanation	
  for	
  
the	
  improvement	
  of	
  device	
  performance	
  through	
  bandgap	
  gradients	
  is	
  that	
  the	
  
increase	
  in	
  gallium	
  content	
  towards	
  the	
  front	
  of	
  the	
  cell	
  raises	
  the	
  interface	
  bandgap	
  
thereby	
  reducing	
  the	
  recombination	
  current.	
  	
  Second,	
  recombination	
  through	
  the	
  
space	
  charge	
  region	
  is	
  also	
  sensitive	
  to	
  the	
  bandgap	
  at	
  the	
  point	
  of	
  maximum	
  
recombination	
  (Eqn.	
  1.24)	
  and	
  therefore	
  increasing	
  the	
  gallium	
  content	
  towards	
  the	
  
front	
  of	
  the	
  cell	
  would	
  again	
  be	
  expected	
  to	
  improve	
  performance.	
  	
  Third,	
  
recombination	
  in	
  the	
  quasi-­‐neutral	
  bulk	
  is	
  a	
  function	
  of	
  the	
  quasi-­‐electric	
  field	
  in	
  the	
  
bulk	
  (Eqn.	
  1.40)	
  and	
  therefore	
  the	
  increase	
  in	
  gallium	
  composition	
  towards	
  the	
  back	
  
of	
  the	
  cell	
  would	
  serve	
  to	
  reduce	
  quasi-­‐neutral	
  bulk	
  recombination.	
  	
  Finally,	
  the	
  
influence	
  of	
  the	
  back	
  surface	
  recombination	
  velocity	
  can	
  be	
  strongly	
  diminished	
  by	
  
the	
  quasi-­‐electric	
  field	
  towards	
  the	
  back	
  of	
  the	
  cell,	
  which	
  helps	
  to	
  repel	
  minority	
  
electrons	
  from	
  this	
  defective	
  interface	
  (Eqn.	
  1.40).	
  

To	
  help	
  differentiate	
  these	
  various	
  theories,	
  samples	
  with	
  the	
  saddle	
  shaped	
  
gallium	
  profile	
  were	
  grown	
  by	
  the	
  National	
  Renewable	
  Energy	
  Labortatory.	
  	
  The	
  
cells	
  were	
  first	
  measured	
  with	
  a	
  solar	
  simulator	
  to	
  determine	
  the	
  device	
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characteristics.	
  	
  A	
  large	
  variation	
  in	
  device	
  open	
  circuit	
  voltage	
  was	
  observed	
  
between	
  various	
  cells,	
  making	
  it	
  possible	
  to	
  directly	
  compare	
  the	
  devices	
  to	
  
determine	
  what	
  variation	
  in	
  electrical	
  properties	
  was	
  driving	
  the	
  change	
  in	
  device	
  
performance.	
  	
  The	
  device	
  I-­‐V	
  characteristics	
  are	
  shown	
  in	
  Fig.	
  2.15	
  and	
  summarized	
  
in	
  Table	
  2.2.	
  	
  Table	
  2.2	
  shows	
  that	
  two	
  of	
  the	
  devices	
  exhibit	
  a	
  60mV	
  difference	
  in	
  
open	
  circuit	
  voltage	
  from	
  one	
  another.	
  

	
  
Fig.	
  2.15:	
  Current-­‐voltage	
  characteristics	
  for	
  four	
  high	
  efficiency	
  samples	
  with	
  a	
  saddle	
  
shaped	
  gallium	
  depth	
  profile.	
  	
  The	
  four	
  samples	
  are	
  from	
  the	
  same	
  growth	
  run	
  and	
  
therefore	
  had	
  almost	
  identical	
  growth	
  conditions.	
  
	
  

Device	
   Voc	
  
(mV)	
  

Jsc	
  
(mA/cm2)	
  

Fill	
  
Factor	
  

Efficiency	
  

€ 

η	
  
SCR	
  
(µm)	
  

Eg	
  
(eV)	
  

L	
  
(µm)	
  

L	
  expected	
  
(µm)	
  

Sample	
  A	
   617.4	
   31.79	
   0.732	
   14.36	
   0.417	
   1.136	
   0.82	
   0.459	
  
Sample	
  B	
   636.7	
   31.14	
   0.733	
   14.54	
   0.417	
   1.135	
   0.79	
   0.540	
  
Sample	
  C	
   652.2	
   31.82	
   0.752	
   15.60	
   0.479	
   1.122	
   0.82	
   0.789	
  
Sample	
  D	
   674.3	
   32.18	
   0.765	
   16.60	
   0.439	
   1.127	
   0.98	
   0.946	
  
	
  
Table	
  2.2:	
  Solar	
  simulator	
  results	
  showing	
  the	
  operating	
  characteristics	
  of	
  the	
  four	
  high	
  
efficiency	
  devices.	
  	
  The	
  space	
  charge	
  width	
  (SCR)	
  is	
  obtained	
  by	
  the	
  low	
  temperature	
  
capacitance	
  of	
  each	
  sample.	
  	
  The	
  bandgap	
  was	
  determined	
  by	
  extrapolating	
  long	
  
wavelength	
  region	
  of	
  the	
  EQE	
  curve	
  to	
  zero.	
  	
  The	
  minority	
  carrier	
  diffusion	
  length	
  (L)	
  is	
  
obtained	
  by	
  the	
  EBIC	
  quantum	
  efficiency	
  versus	
  beam	
  voltage.	
  	
  	
  The	
  expected	
  minority	
  
carrier	
  diffusion	
  length	
  indicates	
  how	
  much	
  the	
  bulk	
  diffusion	
  length	
  would	
  need	
  to	
  vary	
  to	
  
account	
  for	
  the	
  change	
  in	
  device	
  open	
  circuit	
  voltage.	
  
	
  

For	
  further	
  analysis,	
  capacitance-­‐voltage	
  measurements	
  were	
  performed	
  on	
  
the	
  samples	
  to	
  determine	
  if	
  there	
  was	
  a	
  large	
  change	
  in	
  free	
  carrier	
  concentration	
  
between	
  samples.	
  	
  Free	
  carrier	
  concentration	
  would	
  be	
  expected	
  to	
  have	
  a	
  large	
  
influence	
  on	
  recombination	
  in	
  the	
  space	
  charge	
  region	
  (Eqn.	
  1.27),	
  quasi-­‐neutral	
  
bulk	
  and	
  back	
  interface	
  (Eqn.	
  1.40).	
  	
  The	
  free	
  carrier	
  concentration	
  profiles	
  for	
  these	
  
four	
  devices	
  are	
  shown	
  in	
  Fig.	
  2.16.	
  	
  Very	
  little	
  difference	
  in	
  free	
  carrier	
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concentration	
  is	
  observed	
  between	
  the	
  samples	
  pointing	
  to	
  a	
  difference	
  mechanism	
  
underlying	
  the	
  variation	
  in	
  device	
  performance.	
  

	
  
Fig.	
  2.16:	
  Carrier	
  concentration	
  profiles	
  obtained	
  through	
  capacitance-­‐voltage	
  
measurements.	
  
	
  

Alternatively,	
  a	
  variation	
  in	
  bandgap	
  from	
  sample	
  to	
  sample	
  could	
  also	
  drive	
  
the	
  variation	
  in	
  device	
  open	
  circuit	
  voltage.	
  	
  The	
  minimum	
  bandgap	
  of	
  a	
  sample	
  can	
  
be	
  estimated	
  from	
  external	
  quantum	
  efficiency	
  measurements	
  by	
  extrapolating	
  the	
  
low	
  energy	
  portion	
  of	
  the	
  QE	
  curve	
  to	
  zero.	
  	
  External	
  quantum	
  efficiency	
  
measurements	
  for	
  these	
  samples	
  are	
  shown	
  in	
  Fig.	
  2.17.	
  	
  In	
  this	
  case,	
  it	
  was	
  found	
  
that	
  the	
  samples	
  only	
  exhibited	
  a	
  20meV	
  variation	
  in	
  bandgap.	
  	
  Furthermore,	
  the	
  
lowest	
  bandgaps	
  correspond	
  to	
  the	
  two	
  devices	
  with	
  the	
  highest	
  open	
  circuit	
  
voltage,	
  which	
  is	
  opposite	
  to	
  what	
  one	
  would	
  expect	
  if	
  the	
  device	
  performance	
  were	
  
driven	
  by	
  changes	
  in	
  bandgap.	
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Fig.	
  2.17:	
  External	
  quantum	
  efficiency	
  measurements	
  obtained	
  for	
  the	
  four	
  high	
  efficiency	
  
cells.	
  
	
  

Therefore,	
  the	
  simplest	
  explanation	
  for	
  the	
  variation	
  in	
  performance	
  
between	
  samples	
  would	
  be	
  variations	
  in	
  the	
  defect	
  concentration	
  and	
  a	
  
corresponding	
  change	
  in	
  the	
  bulk	
  diffusion	
  length	
  (Eqn.	
  1.20	
  and	
  1.31).	
  	
  To	
  test	
  this,	
  
the	
  minority	
  carrier	
  diffusion	
  length	
  in	
  each	
  sample	
  was	
  measured	
  using	
  electron	
  
beam	
  induced	
  current	
  with	
  the	
  analysis	
  being	
  performed	
  in	
  the	
  same	
  manner	
  as	
  the	
  
previous	
  section.	
  	
  The	
  EBIC	
  quantum	
  efficiency	
  data	
  for	
  the	
  four	
  devices	
  is	
  shown	
  in	
  
Fig.	
  2.18	
  and	
  the	
  corresponding	
  bulk	
  diffusion	
  length	
  in	
  Table	
  2.2.	
  	
  Surprisingly,	
  no	
  
significant	
  variation	
  in	
  the	
  carrier	
  collection	
  probability	
  or	
  bulk	
  diffusion	
  length	
  was	
  
detected	
  between	
  the	
  samples2.5.2.	
  

This	
  result	
  has	
  important	
  implications	
  for	
  understanding	
  both	
  the	
  device	
  
performance	
  and	
  electronic	
  properties	
  of	
  CIGS.	
  	
  The	
  similar	
  bulk	
  diffusion	
  lengths	
  
between	
  all	
  four	
  devices	
  suggests	
  that	
  recombination	
  in	
  the	
  quasi-­‐neutral	
  bulk	
  and	
  
back	
  surface	
  is	
  an	
  insignificant	
  factor	
  in	
  determining	
  the	
  device	
  open	
  circuit	
  voltage.	
  	
  
This	
  in	
  turn	
  makes	
  it	
  unlikely	
  that	
  the	
  strong	
  gallium	
  gradient	
  towards	
  the	
  back	
  
surface	
  of	
  the	
  device	
  has	
  a	
  significant	
  impact	
  on	
  the	
  device	
  open	
  circuit	
  voltage	
  as	
  
was	
  previously	
  suggested	
  by	
  some	
  groups2.5.3.	
  	
  However,	
  it	
  is	
  important	
  to	
  note	
  that	
  
other	
  groups	
  are	
  measuring	
  not	
  only	
  different	
  samples	
  but	
  in	
  many	
  cases	
  samples	
  
grown	
  at	
  different	
  laboratories	
  by	
  different	
  growth	
  methods	
  and	
  therefore	
  it’s	
  quite	
  
possible	
  that	
  different	
  recombination	
  mechanisms	
  dominate	
  the	
  forward	
  current	
  in	
  
different	
  cells.	
  



	
   46	
  

	
  
Fig.	
  2.18:	
  EBIC	
  quantum	
  efficiency	
  versus	
  beam	
  voltage	
  for	
  four	
  high	
  efficiency	
  cells.	
  	
  
Despite	
  having	
  open	
  circuit	
  voltages	
  that	
  vary	
  by	
  60mV,	
  the	
  cells	
  exhibit	
  almost	
  identical	
  
carrier	
  collection	
  properties.	
  
	
  

Additionally,	
  this	
  result	
  indicates	
  that	
  forward	
  current	
  in	
  CIGS	
  solar	
  cells	
  is	
  
not	
  correlated	
  with	
  the	
  bulk	
  diffusion	
  length.	
  	
  Therefore,	
  current	
  collection	
  and	
  open	
  
circuit	
  voltage	
  appear	
  to	
  be	
  controlled	
  by	
  separate	
  defects.	
  	
  To	
  illustrate	
  this	
  point,	
  
the	
  variation	
  in	
  defect	
  density	
  necessary	
  to	
  account	
  for	
  the	
  wide	
  variation	
  in	
  device	
  
open	
  circuit	
  voltage	
  was	
  calculated	
  for	
  each	
  device	
  assuming	
  recombination	
  is	
  
primarily	
  in	
  the	
  space	
  charge	
  region	
  (Eqn.	
  1.25).	
  	
  This	
  defect	
  density	
  was	
  then	
  
converted	
  into	
  the	
  expected	
  change	
  in	
  bulk	
  diffusion	
  length	
  (Eqn.	
  1.31)	
  if	
  the	
  same	
  
defects	
  also	
  controlled	
  recombination	
  in	
  the	
  quasi-­‐neutral	
  bulk.	
  	
  The	
  results	
  of	
  this	
  
calculation	
  are	
  shown	
  in	
  Table	
  2.2.	
  	
  The	
  results	
  indicate	
  that	
  one	
  would	
  expect	
  a	
  
factor	
  of	
  2	
  difference	
  in	
  the	
  bulk	
  diffusion	
  length,	
  which	
  is	
  not	
  observed	
  in	
  the	
  EBIC	
  
data.	
  	
  
	
   There	
  are	
  several	
  possible	
  explanations	
  for	
  this	
  effect.	
  	
  First,	
  the	
  CIGS	
  
samples	
  are	
  grown	
  in	
  a	
  multistage	
  process,	
  which	
  may	
  result	
  in	
  very	
  different	
  
properties	
  throughout	
  the	
  depth	
  of	
  the	
  sample2.5.4.	
  	
  Second,	
  it	
  has	
  been	
  observed	
  
that	
  CIGS	
  has	
  large	
  lateral	
  non-­‐uniformities	
  in	
  its	
  electronic	
  properties	
  on	
  several	
  
lengths	
  scales2.5.5.	
  	
  The	
  techniques	
  used	
  here	
  measure	
  the	
  average	
  bulk	
  diffusion	
  
length	
  and	
  are	
  not	
  sensitive	
  to	
  these	
  variations,	
  which	
  may	
  dictate	
  device	
  
performance2.5.6.	
  	
  This	
  second	
  point	
  will	
  be	
  explored	
  in	
  more	
  detail	
  in	
  Sec.	
  3	
  where	
  it	
  
is	
  shown	
  that	
  lateral	
  non-­‐uniformities	
  in	
  the	
  bulk	
  diffusion	
  length	
  and	
  bandgap	
  are	
  
not	
  responsible	
  for	
  the	
  observed	
  variation	
  in	
  device	
  performance.	
  	
  Finally,	
  given	
  the	
  
large	
  variety	
  of	
  defects	
  founds	
  in	
  CIGS2.5.7,	
  it	
  is	
  possible	
  that	
  the	
  traps	
  responsible	
  for	
  
recombination	
  in	
  the	
  space	
  charge	
  region	
  do	
  not	
  dominate	
  minority	
  electron	
  



	
   47	
  

recombination	
  in	
  the	
  neutral	
  bulk2.5.8.	
  	
  One	
  specific	
  case	
  that	
  has	
  been	
  discussed	
  in	
  
the	
  CIGS	
  literature	
  is	
  the	
  VSe-­‐VCu	
  complex2.5.9.	
  	
  This	
  defect	
  has	
  been	
  predicted	
  to	
  exist	
  
in	
  two	
  different	
  atomic	
  configurations	
  corresponding	
  to	
  two	
  different	
  electronic	
  
behaviors.	
  	
  The	
  transition	
  between	
  these	
  two	
  states	
  is	
  predicted	
  to	
  have	
  a	
  strong	
  
Fermi-­‐level	
  dependence	
  and	
  has	
  been	
  connected	
  to	
  persistent	
  photoconductivity	
  in	
  
CIGS2.5.10.	
  	
  For	
  this	
  reason,	
  one	
  could	
  hypothesize	
  that	
  this	
  vacancy	
  complex	
  controls	
  
recombination	
  in	
  CIGS	
  solar	
  cells,	
  but	
  is	
  only	
  a	
  strong	
  recombination	
  center	
  in	
  the	
  
space	
  charge	
  region	
  where	
  the	
  Fermi-­‐level	
  position	
  stabilizes	
  the	
  acceptor	
  charge	
  
state.	
  
	
  
2.6	
   Cross	
  Sectional	
  EBIC	
  	
  

In	
  addition	
  to	
  the	
  EBIC	
  approach	
  described	
  in	
  the	
  previous	
  section,	
  it	
  is	
  also	
  
possible	
  to	
  use	
  EBIC	
  to	
  probe	
  a	
  sample	
  cross	
  section	
  and	
  more	
  directly	
  access	
  the	
  
change	
  in	
  collection	
  probability	
  along	
  the	
  depth	
  of	
  the	
  sample.	
  	
  This	
  approach	
  has	
  
been	
  used	
  previously	
  on	
  CIGS,	
  as	
  will	
  be	
  discussed	
  below,	
  but	
  no	
  attempts	
  have	
  been	
  
made	
  to	
  compare	
  the	
  results	
  from	
  cross	
  sectional	
  to	
  top-­‐down	
  EBIC	
  approaches.	
  	
  
Furthermore,	
  this	
  analysis	
  has	
  not	
  been	
  performed	
  on	
  samples	
  exhibiting	
  
compositional	
  gradients.	
  	
  The	
  purpose	
  of	
  this	
  section	
  is	
  to	
  provide	
  a	
  direct	
  
comparison	
  of	
  the	
  two	
  approaches	
  to	
  both	
  confirm	
  the	
  validity	
  of	
  the	
  top-­‐down	
  EBIC	
  
approach	
  and	
  gain	
  additional	
  understanding	
  of	
  the	
  depth	
  dependent	
  carrier	
  
collection	
  probability	
  in	
  CIGS	
  samples.	
  
	
   Cross	
  sectional	
  EBIC	
  is	
  inherently	
  a	
  difficult	
  experiment	
  due	
  to	
  sample	
  
preparation	
  difficulties	
  and	
  interpretation	
  of	
  the	
  data.	
  	
  Sample	
  preparation	
  is	
  
difficult	
  because	
  EBIC	
  inherently	
  requires	
  a	
  working	
  p-­‐n	
  junction	
  with	
  a	
  high	
  sample	
  
shunt	
  resistance.	
  	
  Cross	
  sectional	
  EBIC	
  samples	
  are	
  typically	
  prepared	
  by	
  
mechanical	
  cleaving,	
  which	
  inherently	
  creates	
  a	
  risk	
  of	
  shunting	
  the	
  device.	
  	
  
Furthermore,	
  as	
  will	
  be	
  discussed	
  shortly,	
  the	
  sample	
  must	
  typically	
  be	
  polished	
  in	
  
order	
  to	
  prevent	
  surface	
  artifacts	
  from	
  dominating	
  the	
  measurement,	
  which	
  again	
  
increases	
  the	
  chance	
  of	
  shunting	
  the	
  sample.	
  	
  Interpretation	
  of	
  the	
  EBIC	
  data	
  is	
  
complicated	
  by	
  the	
  shape	
  of	
  the	
  energy	
  dissipation	
  volume	
  discussed	
  in	
  Sec.	
  2.2	
  and	
  
by	
  the	
  presence	
  of	
  an	
  additional	
  air/CIGS	
  interface	
  which	
  can	
  modify	
  the	
  sample	
  
recombination	
  properties.	
  	
  Furthermore,	
  it	
  is	
  unknown	
  if	
  the	
  air/CIGS	
  interface	
  
modifies	
  the	
  band	
  bending	
  in	
  the	
  CIGS	
  layer	
  in	
  a	
  manner	
  that	
  would	
  affect	
  the	
  
carrier	
  collection	
  probability.	
  
	
   To	
  compare	
  the	
  top-­‐down	
  and	
  cross	
  sectional	
  EBIC	
  approaches,	
  a	
  sample	
  
from	
  the	
  same	
  growth	
  run	
  presented	
  in	
  Sec.	
  2.5	
  was	
  measured	
  first	
  using	
  the	
  top	
  
down	
  EBIC	
  method	
  established	
  in	
  the	
  previous	
  two	
  sections.	
  	
  The	
  sample	
  was	
  then	
  
mechanically	
  cleaved	
  by	
  scribing	
  the	
  glass	
  substrate	
  and	
  applying	
  mechanical	
  force	
  
to	
  the	
  sample.	
  	
  The	
  sample	
  was	
  then	
  immediately	
  loaded	
  into	
  the	
  scanning	
  electron	
  
microscope	
  for	
  EBIC	
  imaging.	
  	
  A	
  representative	
  cross	
  sectional	
  image	
  of	
  the	
  high	
  
efficiency	
  saddle	
  profile	
  sample	
  is	
  shown	
  in	
  Fig.	
  2.19.	
  	
  It	
  is	
  apparent	
  from	
  looking	
  at	
  
the	
  image	
  that	
  the	
  EBIC	
  signal	
  varies	
  significantly	
  across	
  the	
  sample	
  and	
  is	
  strongly	
  
correlated	
  with	
  the	
  sample	
  topography.	
  	
  This	
  is	
  likely	
  due	
  to	
  a	
  non-­‐negligible	
  
air/CIGS	
  recombination	
  velocity	
  combined	
  with	
  the	
  three	
  dimensional	
  surface	
  
topology.	
  	
  As	
  a	
  result,	
  electron-­‐hole	
  pairs	
  generated	
  on	
  a	
  grain	
  protruding	
  from	
  the	
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sample	
  surface	
  will	
  have	
  both	
  a	
  longer	
  path	
  length	
  to	
  reach	
  the	
  space	
  charge	
  region	
  
and	
  an	
  increased	
  probability	
  of	
  recombining	
  at	
  the	
  air/CIGS	
  interface.	
  

	
  
Fig.	
  2.19:	
  (a)	
  Secondary	
  electron	
  image	
  of	
  a	
  high	
  efficiency	
  NREL	
  sample	
  with	
  a	
  saddle	
  
shaped	
  profile.	
  	
  (b)	
  EBIC	
  image	
  of	
  the	
  corresponding	
  region.	
  	
  The	
  EBIC	
  image	
  is	
  strongly	
  
influence	
  by	
  the	
  topography	
  seen	
  in	
  the	
  secondary	
  electron	
  image.	
  	
  
	
  	
  
	
   As	
  seen	
  in	
  Fig.	
  2.19,	
  a	
  direct	
  determination	
  of	
  the	
  depth	
  dependent	
  carrier	
  
collection	
  probability	
  in	
  cross	
  sectional	
  EBIC	
  images	
  is	
  very	
  difficult	
  for	
  
polycrystalline	
  samples	
  due	
  to	
  the	
  strong	
  influence	
  of	
  surface	
  topography.	
  	
  
However,	
  this	
  point	
  has	
  not	
  been	
  taken	
  into	
  account	
  in	
  many	
  previous	
  publications.	
  	
  
For	
  instance,	
  one	
  previous	
  publication	
  used	
  cross-­‐sectional	
  EBIC	
  images	
  to	
  show	
  
that	
  the	
  maximum	
  in	
  carrier	
  collection	
  probability	
  moves	
  into	
  the	
  bulk	
  of	
  the	
  CIGS	
  
film	
  when	
  the	
  gallium	
  content	
  is	
  below	
  30%2.6.1.	
  	
  This	
  data	
  point	
  was	
  then	
  used	
  as	
  
evidence	
  for	
  surface	
  inversion	
  at	
  the	
  CdS/CIGS	
  interface	
  for	
  low	
  gallium	
  content	
  
CIGS	
  solar	
  cells.	
  	
  However,	
  these	
  measurements	
  were	
  carried	
  out	
  on	
  unpolished	
  
cross	
  sectional	
  samples	
  making	
  it	
  difficult	
  to	
  determine	
  whether	
  the	
  maximum	
  in	
  
carrier	
  collection	
  probability	
  was	
  different	
  between	
  the	
  samples.	
  	
  Furthermore,	
  
many	
  additional	
  papers	
  discuss	
  EBIC	
  depth	
  profiles	
  on	
  CIGS	
  samples	
  but	
  make	
  no	
  
indication	
  as	
  to	
  the	
  degree	
  of	
  surface	
  roughness	
  on	
  the	
  cross	
  sectional	
  sample2.6.2-­‐
2.6.4.	
  
	
   In	
  order	
  to	
  minimize	
  the	
  influence	
  of	
  surface	
  topography	
  on	
  the	
  EBIC	
  signal,	
  
the	
  cross	
  sectional	
  sample	
  was	
  polished	
  using	
  an	
  Argon	
  ion	
  beam	
  for	
  30	
  minutes.	
  	
  
The	
  sample	
  was	
  loaded	
  with	
  the	
  glass	
  substrate	
  facing	
  the	
  ion	
  beam	
  at	
  a	
  5°	
  angle	
  to	
  
allow	
  the	
  Argon	
  beam	
  to	
  impact	
  the	
  side	
  of	
  the	
  sample.	
  	
  This	
  geometry	
  was	
  found	
  to	
  
provide	
  a	
  higher	
  probability	
  of	
  maintaining	
  a	
  high	
  shunt	
  resistance	
  after	
  polishing.	
  
	
   The	
  sample	
  was	
  loaded	
  into	
  the	
  SEM	
  for	
  imaging	
  after	
  argon	
  ion	
  polishing.	
  	
  
The	
  polished	
  EBIC	
  image	
  is	
  shown	
  in	
  Fig.	
  2.20.	
  	
  The	
  impact	
  of	
  surface	
  topology	
  was	
  
greatly	
  diminished	
  using	
  this	
  polishing	
  procedure.	
  	
  The	
  EBIC	
  image	
  in	
  Fig.	
  2.20	
  
shows	
  a	
  high	
  collection	
  probability	
  all	
  the	
  way	
  through	
  the	
  depth	
  of	
  the	
  CIGS	
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absorber	
  layer.	
  	
  An	
  EBIC	
  line	
  scan	
  through	
  a	
  thin	
  section	
  of	
  the	
  sample	
  is	
  shown	
  in	
  
Fig.	
  2.21.	
  	
  To	
  quantitatively	
  compare	
  this	
  line	
  scan	
  to	
  the	
  top-­‐down	
  EBIC	
  approach,	
  
the	
  theoretically	
  expected	
  EBIC	
  line	
  scan	
  was	
  calculated	
  and	
  shown	
  in	
  Fig.	
  2.21.	
  	
  
This	
  theoretical	
  EBIC	
  curve	
  was	
  obtained	
  by	
  convoluting	
  the	
  carrier	
  collection	
  
probability	
  determined	
  using	
  the	
  top-­‐down	
  EBIC	
  approach	
  and	
  the	
  electron	
  energy	
  
dissipation	
  function	
  simulated	
  using	
  Monte-­‐Carlo	
  methods	
  described	
  in	
  Sec.	
  2.2.	
  	
  
The	
  experimentally	
  obtained	
  EBIC	
  line	
  scan	
  and	
  theoretically	
  simulated	
  line	
  scan	
  
show	
  relatively	
  good	
  agreement	
  validating	
  the	
  top-­‐down	
  EBIC	
  approach.	
  	
  

Fig.	
  2.20:	
  (a)	
  Secondary	
  electron	
  image	
  of	
  the	
  same	
  sample	
  shown	
  in	
  Fig.	
  2.19	
  	
  (b)	
  EBIC	
  
image	
  overlaid	
  on	
  top	
  of	
  secondary	
  electron	
  image.	
  	
  The	
  EBIC	
  image	
  shows	
  strong	
  carrier	
  
collection	
  through	
  the	
  depth	
  of	
  the	
  CIGS	
  absorber.	
  
	
  

Fig.	
  2.21:	
  (a)	
  Subsection	
  of	
  the	
  EBIC	
  image	
  show	
  in	
  Fig	
  2.20.	
  (b)	
  Normalized	
  line	
  scan	
  of	
  the	
  
electron	
  beam	
  induced	
  current	
  along	
  the	
  depth	
  of	
  the	
  sample.	
  	
  The	
  dashed	
  line	
  indicates	
  the	
  
expected	
  EBIC	
  line	
  scan	
  based	
  on	
  the	
  current	
  collection	
  probability	
  determined	
  in	
  top-­‐down	
  
EBIC	
  measurements	
  and	
  the	
  electron	
  energy	
  dissipation	
  volume	
  simulated	
  using	
  Monte-­‐
Carlo	
  methods.	
  
	
  
	
   However,	
  the	
  close	
  relationship	
  between	
  the	
  top-­‐down	
  EBIC	
  approach	
  and	
  
cross-­‐sectional	
  EBIC	
  data	
  is	
  somewhat	
  surprising	
  given	
  that	
  the	
  cross-­‐sectional	
  
carrier	
  collection	
  probability	
  should	
  be	
  influenced	
  by	
  recombination	
  at	
  the	
  air/CIGS	
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surface,	
  which	
  inherently	
  doesn’t	
  exist	
  in	
  the	
  top-­‐down	
  sample	
  configuration.	
  	
  To	
  
understand	
  the	
  influence	
  of	
  the	
  air/CIGS	
  surface	
  recombination	
  velocity,	
  EBIC	
  
images	
  were	
  taken	
  at	
  several	
  beam	
  voltages	
  to	
  generate	
  the	
  electron-­‐hole	
  pairs	
  at	
  a	
  
varying	
  distance	
  from	
  the	
  air/CIGS	
  interface.	
  	
  The	
  resulting	
  images	
  are	
  shown	
  in	
  Fig.	
  
2.22.	
  	
  Two	
  things	
  are	
  apparent	
  from	
  these	
  images.	
  	
  First,	
  the	
  region	
  of	
  the	
  sample	
  
producing	
  current	
  becomes	
  broader	
  at	
  higher	
  energies,	
  as	
  expected	
  from	
  the	
  
increased	
  lateral	
  spreading	
  of	
  the	
  electron	
  beam.	
  	
  Second,	
  at	
  low	
  beam	
  voltages	
  
(<10kV),	
  certain	
  areas	
  of	
  the	
  sample	
  produce	
  less	
  current	
  and	
  begin	
  to	
  show	
  
features	
  consistent	
  with	
  surface	
  topography	
  variations.	
  	
  This	
  suggests	
  that	
  the	
  
air/CIGS	
  interface	
  has	
  a	
  non-­‐negligible	
  surface	
  recombination	
  velocity	
  and	
  
therefore,	
  the	
  area	
  imaged	
  during	
  the	
  cross	
  sectional	
  EBIC	
  experiment	
  likely	
  has	
  an	
  
even	
  better	
  carrier	
  collection	
  probability	
  than	
  the	
  cross	
  sectional	
  EBIC	
  line	
  scan	
  
indicates.	
  

	
  
Fig.	
  2.22:	
  	
  Subsection	
  of	
  the	
  EBIC	
  image	
  shown	
  in	
  Fig.	
  2.20	
  taken	
  at	
  different	
  electron	
  beam	
  
voltages.	
  	
  Increasing	
  the	
  electron	
  beam	
  voltage	
  increases	
  the	
  width	
  of	
  the	
  EBIC	
  image	
  due	
  to	
  
the	
  increased	
  spreading	
  of	
  the	
  electron	
  energy	
  dissipation	
  function.	
  	
  Below	
  10kV,	
  surface	
  
topography	
  affects	
  begin	
  to	
  dominate	
  the	
  EBIC	
  image.	
  
	
  
	
   It	
  is	
  important	
  to	
  note	
  that	
  the	
  area	
  analyzed	
  using	
  the	
  top-­‐down	
  EBIC	
  
approach	
  is	
  on	
  the	
  order	
  of	
  100µm	
  x	
  100µm	
  while	
  the	
  area	
  in	
  one	
  cross	
  sectional	
  
EBIC	
  image	
  is	
  only	
  about	
  5µm	
  wide.	
  	
  Therefore,	
  if	
  the	
  current	
  collection	
  probability	
  
is	
  laterally	
  non-­‐uniform	
  across	
  the	
  CIGS	
  layer,	
  one	
  would	
  expect	
  some	
  regions	
  
would	
  appear	
  to	
  have	
  better	
  current	
  collection	
  in	
  cross	
  sectional	
  EBIC	
  while	
  others	
  
would	
  appear	
  worse.	
  	
  However,	
  on	
  average,	
  the	
  cross	
  sectional	
  EBIC	
  line	
  scans	
  
would	
  agree	
  with	
  the	
  top-­‐down	
  approach.	
  	
  This	
  situation	
  is	
  demonstrated	
  in	
  Fig.	
  
2.23	
  where	
  a	
  region	
  of	
  CIGS	
  is	
  found	
  where	
  the	
  current	
  collection	
  does	
  not	
  extend	
  all	
  
the	
  way	
  to	
  the	
  back	
  of	
  the	
  CIGS	
  layer	
  indicating	
  worse	
  carrier	
  collection.	
  	
  However,	
  it	
  
is	
  inherently	
  difficult	
  to	
  measure	
  the	
  degree	
  of	
  lateral	
  non-­‐uniformity	
  in	
  current	
  
collection	
  using	
  the	
  cross	
  sectional	
  EBIC	
  method	
  given	
  only	
  a	
  very	
  small	
  area	
  of	
  the	
  
cell	
  can	
  be	
  polished	
  and	
  analyzed.	
  	
  This	
  makes	
  it	
  difficult	
  to	
  form	
  general	
  
conclusions	
  about	
  the	
  degree	
  of	
  current	
  collection	
  non-­‐uniformities.	
  	
  However,	
  it	
  
will	
  be	
  shown	
  in	
  Sec.	
  3.4	
  that	
  the	
  top-­‐down	
  EBIC	
  approach	
  can	
  be	
  extended	
  to	
  
quickly	
  map	
  the	
  carrier	
  collection	
  non-­‐uniformities	
  over	
  an	
  entire	
  sample.	
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Fig.	
  2.23:	
  EBIC	
  image	
  taken	
  from	
  a	
  different	
  location	
  on	
  the	
  same	
  sample	
  shown	
  in	
  Fig.	
  2.20.	
  	
  
In	
  this	
  area,	
  the	
  carrier	
  collection	
  probability	
  is	
  reduced	
  indicating	
  laterally	
  non-­‐uniform	
  
current	
  collection	
  properties	
  across	
  these	
  CIGS	
  films.	
  
	
  
	
   As	
  seen	
  in	
  Fig.	
  2.22,	
  the	
  CIGS/air	
  interface	
  has	
  some	
  influence	
  on	
  the	
  EBIC	
  
profile.	
  	
  It	
  has	
  previously	
  been	
  shown	
  that	
  by	
  changing	
  the	
  electron	
  beam	
  
accelerating	
  voltage,	
  it	
  is	
  possible	
  to	
  directly	
  determine	
  the	
  surface	
  recombination	
  
velocity	
  at	
  a	
  semiconductor/air	
  interface	
  by	
  fitting	
  the	
  line	
  scans	
  at	
  each	
  beam	
  
voltage2.6.5.	
  	
  However,	
  this	
  method	
  has	
  previously	
  been	
  used	
  on	
  CIGS	
  solar	
  cells	
  with	
  
a	
  uniform	
  gallium	
  profile	
  and	
  it	
  has	
  been	
  found	
  that	
  in	
  many	
  cases,	
  it’s	
  not	
  possible	
  
to	
  fit	
  the	
  line	
  scans	
  at	
  every	
  beam	
  voltage2.6.6.	
  	
  The	
  authors	
  in	
  Ref.	
  2.6.6	
  could	
  not	
  
explain	
  the	
  lack	
  of	
  fit.	
  	
  However,	
  they	
  did	
  find	
  that	
  the	
  current	
  collection	
  probability	
  
varies	
  significantly	
  from	
  grain	
  to	
  grain	
  in	
  a	
  CIGS	
  sample	
  (similar	
  to	
  the	
  variations	
  
observed	
  between	
  Fig.	
  2.20	
  and	
  Fig.	
  2.23).	
  	
  Therefore,	
  one	
  likely	
  explanation	
  is	
  that	
  
by	
  varying	
  the	
  electron	
  beam	
  energy,	
  carriers	
  are	
  being	
  generated	
  in	
  different	
  grains	
  
in	
  the	
  depth	
  of	
  the	
  cross	
  section.	
  	
  Without	
  knowing	
  the	
  full	
  three	
  dimensional	
  
microstructure	
  of	
  the	
  sample	
  being	
  studied,	
  it	
  is	
  in	
  most	
  cases	
  not	
  possible	
  to	
  use	
  
the	
  method	
  described	
  in	
  Ref.	
  2.6.5	
  to	
  correct	
  for	
  the	
  CIGS/air	
  surface	
  recombination	
  
velocity.	
  
	
  
2.7	
   Upper	
  Limits	
  on	
  Back	
  Surface	
  Recombination	
  Velocity	
  	
  

One	
  inherent	
  complication	
  in	
  using	
  a	
  current	
  collection	
  method	
  to	
  determine	
  
the	
  minority	
  carrier	
  diffusion	
  length	
  in	
  a	
  thin	
  film	
  sample	
  is	
  the	
  influence	
  of	
  the	
  back	
  
surface	
  recombination	
  velocity.	
  	
  In	
  many	
  cases,	
  it	
  is	
  not	
  directly	
  possible	
  to	
  separate	
  
a	
  high	
  back	
  surface	
  recombination	
  velocity	
  from	
  a	
  low	
  bulk	
  diffusion	
  length	
  making	
  
it	
  only	
  possible	
  to	
  give	
  a	
  range	
  of	
  possible	
  values.	
  	
  Fortunately,	
  two	
  high	
  efficiency	
  
samples	
  with	
  the	
  prototypical	
  saddle	
  shaped	
  gallium	
  profile	
  were	
  measured	
  and	
  
found	
  to	
  have	
  extremely	
  high	
  collection	
  through	
  the	
  depth	
  of	
  the	
  film	
  making	
  it	
  
possible	
  to	
  set	
  a	
  new	
  upper	
  limit	
  on	
  the	
  back	
  surface	
  recombination	
  velocity.	
  
	
   The	
  I-­‐V	
  characteristics	
  of	
  the	
  two	
  samples	
  in	
  question	
  are	
  shown	
  in	
  Fig.	
  2.24.	
  	
  
It	
  is	
  important	
  to	
  point	
  out	
  the	
  similarity	
  between	
  these	
  two	
  curves	
  and	
  the	
  ones	
  in	
  
Fig.	
  2.15.	
  	
  The	
  short	
  circuit	
  currents	
  in	
  both	
  cases	
  are	
  almost	
  identical	
  indicating	
  that	
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any	
  change	
  in	
  collection	
  efficiency	
  between	
  the	
  samples	
  has	
  a	
  relatively	
  minor	
  effect	
  
on	
  device	
  performance.	
  	
  This	
  can	
  be	
  understood	
  by	
  considering	
  the	
  very	
  high	
  
absorption	
  coefficient	
  of	
  CIGS	
  combined	
  with	
  the	
  saddle	
  shaped	
  gallium	
  profile,	
  
which	
  in	
  practice	
  leads	
  to	
  the	
  collection	
  of	
  almost	
  every	
  photo-­‐carrier	
  that	
  is	
  
generated.	
  	
  

	
  
Fig.	
  2.24.	
  	
  I-­‐V	
  curves	
  for	
  two	
  CIGS	
  samples	
  grown	
  at	
  NREL	
  with	
  the	
  saddle	
  shaped	
  gallium	
  
profile.	
  	
  EBIC	
  measurements	
  of	
  these	
  samples	
  indicate	
  nearly	
  perfect	
  collection	
  through	
  the	
  
depth	
  of	
  the	
  sample.	
  
	
  
	
   However,	
  the	
  samples	
  do	
  show	
  large	
  differences	
  when	
  measured	
  using	
  the	
  
top-­‐down	
  EBIC	
  approach	
  developed	
  in	
  the	
  previous	
  sections.	
  	
  The	
  EBIC	
  quantum	
  
efficiency	
  data	
  for	
  Sample	
  1	
  is	
  shown	
  in	
  Fig.	
  2.25.	
  	
  It	
  was	
  found	
  that	
  the	
  data	
  could	
  
only	
  be	
  fit	
  assuming	
  a	
  diffusion	
  length	
  much	
  larger	
  than	
  the	
  thickness	
  of	
  the	
  film	
  and	
  
a	
  back	
  surface	
  recombination	
  velocity	
  below	
  

€ 

104 cm sec .	
  	
  Based	
  on	
  the	
  previous	
  
assumption	
  of	
  a	
  bulk	
  electron	
  mobility	
  of	
  

€ 

100cm2 V sec ,	
  this	
  leads	
  to	
  an	
  upper	
  
limit

€ 

4 ×103cm−1for	
  the	
  

€ 

SMo De ratio.	
  	
  Therefore,	
  these	
  results	
  show	
  that	
  for	
  some	
  
samples,	
  the	
  back	
  surface	
  has	
  a	
  negligible	
  impact	
  on	
  device	
  performance.	
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Fig.	
  2.25:	
  	
  EBIC	
  quantum	
  efficiency	
  curve	
  for	
  Sample	
  1	
  shown	
  in	
  Fig.	
  2.24.	
  	
  The	
  solid	
  lines	
  
show	
  fits	
  to	
  the	
  data	
  assuming	
  different	
  values	
  for	
  the	
  back	
  surface	
  recombination	
  velocity.	
  
	
  

3	
   Lateral	
  Variations	
  in	
  Electronic	
  Properties	
  
	
  
3.1	
   Background	
  
	
   Thin	
  film	
  photovoltaics	
  are	
  inherently	
  prone	
  to	
  lateral	
  non-­‐uniformities	
  in	
  
their	
  electronic	
  properties.	
  	
  Typical	
  grain	
  sizes	
  in	
  CIGS	
  solar	
  cells	
  are	
  on	
  the	
  order	
  of	
  
microns	
  while	
  device	
  areas	
  are	
  on	
  the	
  order	
  of	
  centimeteres.	
  	
  For	
  this	
  reason,	
  no	
  
matter	
  what	
  technique	
  is	
  used	
  to	
  deposit	
  the	
  absorber	
  layer,	
  one	
  would	
  expect	
  
variations	
  in	
  the	
  current-­‐voltage	
  characteristics	
  across	
  the	
  cell.	
  	
  The	
  physics	
  of	
  non-­‐
uniform	
  electronic	
  properties	
  on	
  device	
  behavior	
  has	
  previously	
  been	
  explored	
  by	
  
several	
  groups3.1.1,3.1.2.	
  	
  These	
  studies	
  have	
  found	
  that	
  lateral	
  non-­‐uniformities	
  in	
  
current-­‐voltage	
  characteristics	
  across	
  the	
  cell	
  can	
  significantly	
  lower	
  device	
  
efficiencies.	
  
	
   This	
  concept	
  can	
  be	
  easily	
  explained	
  in	
  the	
  case	
  of	
  lateral	
  bandgap	
  non-­‐
uniformities.	
  	
  In	
  a	
  given	
  CIGS	
  solar	
  cell,	
  there	
  will	
  be	
  regions	
  of	
  the	
  cell	
  with	
  a	
  below	
  
average	
  gallium	
  concentration.	
  	
  Even	
  if	
  all	
  the	
  other	
  electronic	
  properties	
  of	
  the	
  cell	
  
were	
  identical,	
  the	
  regions	
  of	
  low	
  gallium	
  content	
  would	
  have	
  a	
  lower	
  bandgap	
  and	
  
therefore	
  a	
  higher	
  short	
  circuit	
  and	
  lower	
  open	
  circuit	
  voltage.	
  	
  As	
  all	
  regions	
  of	
  the	
  
cell	
  are	
  connnected	
  in	
  parallel,	
  the	
  I-­‐V	
  curve	
  of	
  the	
  entire	
  device	
  will	
  be	
  the	
  sum	
  of	
  
the	
  I-­‐V	
  curves	
  of	
  each	
  individual	
  region.	
  	
  The	
  net	
  result	
  on	
  the	
  I-­‐V	
  curve	
  is	
  shown	
  
qualitatively	
  in	
  Fig.	
  3.1	
  where	
  the	
  whole	
  device	
  has	
  a	
  slightly	
  higher	
  short	
  circuit	
  
current	
  than	
  expected	
  but	
  a	
  significantly	
  lower	
  open	
  circuit	
  voltage	
  resulting	
  in	
  
diminshed	
  device	
  performance.	
  	
  The	
  same	
  concept	
  can	
  be	
  applied	
  to	
  other	
  
electronic	
  non-­‐uniformities	
  such	
  as	
  lateral	
  variations	
  in	
  the	
  free	
  hole	
  concentration	
  
or	
  defect	
  concention	
  in	
  the	
  absorber	
  layer.	
  	
  Lateral	
  non-­‐uniformities	
  are	
  always	
  
problematic	
  for	
  device	
  performance	
  while	
  intentional	
  non-­‐uniformities	
  along	
  the	
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depth	
  of	
  the	
  cell	
  (such	
  as	
  the	
  bandgap	
  gradient	
  discussed	
  in	
  the	
  last	
  section)	
  can	
  in	
  
some	
  cases	
  be	
  good	
  for	
  device	
  performance.	
  

	
  
Fig.	
  3.1:	
  Qualitative	
  I-­‐V	
  curves	
  showing	
  the	
  effect	
  of	
  gallium	
  non-­‐uniformities	
  on	
  device	
  
performance.	
  	
  Adding	
  a	
  low	
  gallium	
  cell	
  and	
  average	
  gallium	
  cell	
  in	
  parallel	
  produces	
  an	
  I-­‐V	
  
curve	
  with	
  a	
  lower	
  efficiency	
  than	
  the	
  two	
  curves	
  separately.	
  
	
  
	
   A	
  common	
  way	
  of	
  treating	
  electronic	
  non-­‐uniformities	
  in	
  solar	
  cells	
  is	
  to	
  
subdivide	
  the	
  active	
  area	
  into	
  nodes	
  that	
  are	
  homogenous	
  and	
  can	
  be	
  described	
  by	
  
the	
  equivalent	
  circuit	
  in	
  Fig.	
  3.2.	
  	
  In	
  this	
  way,	
  each	
  node	
  on	
  the	
  cell	
  behaves	
  as	
  if	
  it	
  
has	
  uniform	
  electronic	
  properties.	
  	
  The	
  diode	
  at	
  each	
  node	
  is	
  connected	
  in	
  series	
  to	
  a	
  
resistor	
  corresponding	
  to	
  the	
  stack	
  resistance	
  provided	
  by	
  the	
  CdS/IZO	
  layers.	
  	
  Each	
  
node	
  is	
  then	
  connected	
  to	
  one	
  another	
  in	
  parallel	
  by	
  resistors	
  representing	
  the	
  finite	
  
resistance	
  of	
  the	
  AZO	
  layer.	
  	
  It	
  has	
  previously	
  been	
  shown	
  that	
  the	
  prescence	
  of	
  a	
  
non-­‐nelgible	
  stack	
  resistance	
  in	
  such	
  a	
  model	
  can	
  be	
  beneficial	
  for	
  device	
  
performance	
  by	
  limiting	
  the	
  amount	
  of	
  current	
  that	
  can	
  go	
  through	
  any	
  node	
  in	
  the	
  
cell3.1.3.	
  	
  This	
  model	
  therefore	
  explains	
  the	
  CdS	
  and	
  IZO	
  layers	
  as	
  being	
  necessary	
  to	
  
prevent	
  localized	
  weak	
  diodes	
  from	
  dominating	
  the	
  behavior	
  of	
  the	
  entire	
  cell.	
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Fig.	
  3.2:	
  Equivalent	
  circuit	
  of	
  one	
  node	
  in	
  a	
  thin	
  film	
  solar	
  cell.	
  	
  Each	
  node	
  is	
  connected	
  by	
  
resistors	
  corresponding	
  to	
  the	
  sheet	
  resistance	
  of	
  the	
  TCO.	
  	
  J0	
  and	
  n	
  are	
  the	
  local	
  diode	
  
saturation	
  current	
  and	
  ideality	
  factor.	
  	
  Each	
  diode	
  is	
  connected	
  in	
  series	
  with	
  a	
  resistor	
  
corresponding	
  to	
  the	
  stack	
  resistance	
  and	
  in	
  parallel	
  with	
  a	
  shunt.	
  
	
  
	
   Bandgap	
  fluctuations	
  have	
  theoretically	
  been	
  shown	
  to	
  significantly	
  reduce	
  
device	
  efficiencies3.1.4.	
  	
  The	
  fluctuations	
  are	
  expected	
  to	
  arise	
  from	
  local	
  variations	
  in	
  
atomic	
  concentrations	
  (particularily	
  the	
  gallium	
  to	
  group	
  III	
  ratio)	
  or	
  strain	
  induced	
  
bandgap	
  fluctions3.1.2.	
  	
  It	
  has	
  also	
  been	
  proposed	
  that	
  CIGS	
  is	
  thermodynamically	
  
driven	
  to	
  phase	
  separation	
  into	
  In-­‐rich	
  and	
  Ga-­‐rich	
  clusters	
  around	
  room	
  
temperature	
  leading	
  to	
  large	
  efficeicny	
  losses3.1.5.	
  
	
   Several	
  different	
  techniques	
  have	
  been	
  proposed	
  to	
  measure	
  the	
  bandgap	
  
fluctuations	
  in	
  the	
  absorber	
  layer.	
  	
  One	
  approach	
  is	
  to	
  use	
  the	
  photoluminescence	
  
(PL)	
  spectra	
  to	
  determine	
  the	
  bandgap	
  distribution	
  in	
  the	
  material3.1.6.	
  	
  Ref.	
  3.4.6	
  
showed	
  that	
  an	
  analytical	
  function	
  can	
  be	
  derived	
  for	
  the	
  PL	
  spectra	
  assuming	
  a	
  
Gaussian	
  distribution	
  of	
  bandgaps	
  with	
  a	
  step	
  function	
  absorption	
  coefficient.	
  	
  This	
  
method	
  of	
  fitting	
  was	
  applied	
  to	
  PL	
  spectra	
  obtained	
  on	
  high	
  efficiciency	
  CIGS	
  
samples	
  grown	
  at	
  NREL.	
  	
  A	
  representative	
  spectra	
  and	
  fit	
  are	
  shown	
  in	
  Fig.	
  3.3	
  
where	
  it’s	
  apparent	
  that	
  the	
  local	
  standard	
  deviation	
  of	
  bandgaps	
  is	
  on	
  the	
  order	
  of	
  
30-­‐40meV.	
  	
  This	
  result	
  is	
  typical	
  for	
  PL	
  spectra	
  measured	
  in	
  this	
  work	
  and	
  other	
  
reports	
  using	
  this	
  technique	
  have	
  found	
  standard	
  deviations	
  from	
  15	
  to	
  
65meV3.1.6,3.1.7.	
  	
  However,	
  PL	
  spectra	
  are	
  typically	
  only	
  obtained	
  from	
  a	
  small	
  laser	
  
spot	
  making	
  it	
  difficult	
  to	
  make	
  conclusions	
  about	
  the	
  uniformity	
  over	
  the	
  entire	
  
sample.	
  	
  Electroluminescence	
  (EL)	
  spectra	
  measurements	
  have	
  been	
  used	
  to	
  
circumvent	
  this	
  problem	
  but	
  these	
  measurements	
  do	
  not	
  provide	
  any	
  spatial	
  
information	
  about	
  where	
  the	
  non-­‐uniformities	
  are	
  located3.1.7.	
  	
  Furthermore,	
  
techniques	
  which	
  depend	
  on	
  fitting	
  emission	
  spectra	
  can	
  not	
  differentiate	
  between	
  
intentional	
  bandgap	
  non-­‐uniformities	
  along	
  the	
  depth	
  of	
  the	
  film	
  and	
  unintentional	
  
lateral	
  non-­‐uniformities.	
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Fig.	
  3.3:	
  Experimental	
  PL	
  spectrum	
  from	
  a	
  CIGS	
  solar	
  cell.	
  	
  The	
  PL	
  data	
  are	
  fit	
  assuming	
  a	
  
Gaussian	
  distribution	
  of	
  bandgaps	
  with	
  a	
  standard	
  deviation	
  equal	
  to	
  37meV.	
  
	
  
	
   Several	
  other	
  techniques	
  have	
  been	
  shown	
  to	
  measure	
  bandgap	
  non-­‐
uniformities	
  including	
  photo-­‐capacitance	
  spectroscopy3.1.8	
  and	
  scanning	
  tunneling	
  
microscopy3.1.9.	
  	
  Photo-­‐capacitance	
  spectroscopy	
  measurements	
  also	
  have	
  found	
  
exponentional	
  bandtails	
  with	
  a	
  characteristic	
  energy	
  dependence	
  around	
  20meV3.1.8.	
  	
  
However,	
  these	
  measurements	
  again	
  suffer	
  from	
  not	
  providing	
  any	
  spatial	
  
information	
  about	
  the	
  bandgap	
  non-­‐uniformities.	
  	
  Scanning	
  tunneling	
  microscopy	
  
experiments	
  have	
  found	
  much	
  larger	
  bandgap	
  fluctuations	
  on	
  the	
  length	
  scale	
  of	
  
several	
  atomic	
  spacings3.1.9.	
  	
  However,	
  the	
  interpretation	
  of	
  this	
  data	
  is	
  complicated	
  
and	
  it’s	
  still	
  unclear	
  how	
  much	
  the	
  observed	
  fluctuations	
  affect	
  device	
  performance.	
  	
  
Overall,	
  there	
  is	
  a	
  strong	
  need	
  to	
  develop	
  rapid	
  characterizaiton	
  techniques	
  to	
  look	
  
at	
  the	
  bandgap	
  non-­‐uniformities	
  across	
  an	
  entire	
  sample	
  in	
  order	
  to	
  properly	
  
ascertain	
  whether	
  or	
  not	
  these	
  non-­‐uniformities	
  are	
  strongly	
  influencing	
  the	
  device	
  
physics.	
  
	
   Lateral	
  variations	
  in	
  defect	
  concentration	
  across	
  polycrystalline	
  thin-­‐film	
  
photovoltaics	
  are	
  also	
  expected	
  to	
  modify	
  device	
  performance.	
  	
  The	
  most	
  common	
  
techniques	
  for	
  analyzing	
  defect	
  concentrations	
  involve	
  measuring	
  the	
  capacitance	
  of	
  
a	
  sample,	
  which	
  inherently	
  gives	
  a	
  weighted	
  average	
  over	
  the	
  entire	
  device	
  and	
  
therefore	
  provides	
  no	
  spatial	
  information3.1.10.	
  	
  Similarily,	
  external	
  quantum	
  
efficiency	
  measurements	
  have	
  previously	
  been	
  used	
  to	
  measure	
  the	
  bulk	
  diffusion	
  
length	
  in	
  thin	
  film	
  solar	
  cells,	
  but	
  these	
  measurements	
  again	
  provide	
  no	
  spatial	
  
information3.1.11.	
  
	
   In	
  order	
  to	
  obtain	
  spatial	
  information	
  about	
  the	
  defect	
  density	
  across	
  a	
  film,	
  
it	
  is	
  necessary	
  to	
  either	
  scan	
  a	
  small	
  probe	
  across	
  the	
  sample	
  surface	
  to	
  measure	
  
many	
  individual	
  points	
  on	
  the	
  cell	
  or	
  rely	
  on	
  a	
  luminescence	
  based	
  technique	
  which	
  
can	
  be	
  directly	
  imaged	
  with	
  a	
  camera.	
  	
  Both	
  approaches	
  have	
  been	
  used	
  to	
  study	
  
thin	
  film	
  solar	
  cells.	
  	
  A	
  variety	
  of	
  scanning	
  techniques	
  have	
  been	
  used	
  to	
  measure	
  the	
  
electronic	
  properties	
  of	
  CIGS	
  films	
  including	
  photo/cathodoluminescence3.1.12,3.1.13	
  
and	
  surface	
  photo-­‐voltage3.1.14	
  (or	
  electron-­‐beam	
  induced	
  voltage3.1.15).	
  
	
   Variations	
  in	
  the	
  photoluminescence	
  intensity	
  and	
  spectra	
  have	
  been	
  
observed	
  on	
  CIGS	
  samples	
  on	
  length	
  scales	
  down	
  to	
  200nm3.1.16.	
  	
  These	
  lateral	
  non-­‐
uniformities	
  have	
  been	
  related	
  to	
  the	
  splitting	
  of	
  the	
  electron	
  and	
  hole	
  quasi-­‐Fermi	
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levels	
  under	
  illumination,	
  which	
  in	
  turn	
  are	
  related	
  to	
  the	
  device	
  open	
  circuit	
  
voltage3.1.17.	
  	
  The	
  differences	
  in	
  quasi-­‐Fermi	
  level	
  splitting	
  across	
  the	
  sample	
  can	
  be	
  
deconvoluted	
  between	
  variations	
  in	
  the	
  minorty	
  carrier	
  lifetime	
  and	
  bandgap3.1.16.	
  	
  
The	
  origin	
  of	
  these	
  fluctuations	
  is	
  generally	
  not	
  known	
  and	
  does	
  not	
  appear	
  
correlated	
  with	
  the	
  structural	
  properties	
  of	
  the	
  film3.3116.	
  	
  This	
  technique	
  is	
  very	
  
useful	
  for	
  looking	
  at	
  non-­‐uniformities,	
  although	
  it	
  has	
  three	
  shortcomings.	
  	
  First,	
  the	
  
technique	
  is	
  inherently	
  slow	
  making	
  it	
  difficult	
  to	
  probe	
  the	
  entire	
  sample	
  area.	
  	
  As	
  a	
  
result,	
  quantitative	
  comparison	
  between	
  observed	
  non-­‐uniformities	
  and	
  device	
  
performance	
  is	
  difficult.	
  	
  Second,	
  at	
  high	
  resolutions,	
  the	
  laser	
  power	
  approaches	
  
105	
  suns	
  and	
  therefore	
  the	
  CIGS	
  can	
  be	
  in	
  high	
  injection	
  conditions	
  where	
  the	
  
number	
  of	
  excess	
  carriers	
  exceeds	
  the	
  equilibrium	
  free	
  carrier	
  concentration.	
  	
  In	
  
this	
  regime,	
  other	
  electronic	
  properties	
  of	
  the	
  sample	
  such	
  as	
  the	
  majority	
  hole	
  
lifetime	
  and	
  auger	
  recombination	
  rates	
  can	
  dominate	
  recombination	
  leading	
  to	
  no	
  
correlation	
  between	
  the	
  measurements	
  and	
  device	
  performance3.1.18.	
  	
  Finally,	
  PL	
  
measurements	
  are	
  done	
  on	
  cells	
  before	
  TCO	
  deposition	
  in	
  order	
  to	
  prevent	
  carrier	
  
seperation	
  from	
  dominating	
  the	
  measurements.	
  	
  However,	
  the	
  Fermi-­‐level	
  in	
  the	
  
CIGS	
  changes	
  significantly	
  upon	
  TCO	
  deposition.	
  	
  If	
  the	
  defects	
  resposible	
  for	
  
recombination	
  are	
  only	
  active	
  when	
  the	
  Fermi-­‐level	
  moves	
  away	
  from	
  the	
  valence	
  
band3.1.19,	
  PL	
  measurements	
  on	
  CIGS	
  or	
  CIGS/CdS	
  layers	
  will	
  not	
  be	
  representative	
  
of	
  the	
  defect	
  density	
  when	
  the	
  solar	
  cell	
  is	
  in	
  operation.	
  
	
   A	
  closely	
  related	
  technique	
  used	
  to	
  characterize	
  lateral	
  non-­‐uniformities	
  in	
  
CIGS	
  electronic	
  properties	
  is	
  cathodoluminescence.	
  	
  This	
  technique	
  has	
  been	
  used	
  to	
  
analyze	
  high	
  efficiency	
  CIGS	
  cells	
  over	
  a	
  range	
  of	
  temperatures	
  and	
  injection	
  
levels3.1.13.	
  	
  It	
  was	
  found	
  that	
  at	
  low	
  temperatures,	
  quasi-­‐donor-­‐to-­‐acceptor	
  
transitions	
  dominate	
  the	
  luminescence.	
  	
  The	
  emission	
  spectrum	
  was	
  found	
  to	
  vary	
  
from	
  grain	
  to	
  grain	
  and	
  attributed	
  to	
  defect	
  ordering.	
  	
  However,	
  there	
  was	
  no	
  
attempt	
  to	
  quantify	
  the	
  observed	
  lateral	
  fluctuations	
  in	
  terms	
  of	
  performance	
  losses.	
  
	
   Surface	
  photo-­‐voltage	
  and	
  electron	
  beam	
  induced	
  voltage	
  measurements	
  
have	
  also	
  been	
  used	
  to	
  determine	
  the	
  lateral	
  non-­‐uniformities	
  in	
  electronic	
  
properties	
  across	
  CIGS	
  solar	
  cells.	
  	
  In	
  one	
  case,	
  a	
  scanning	
  tunneling	
  microscope	
  
combined	
  with	
  a	
  laser	
  was	
  used	
  to	
  map	
  the	
  distirbution	
  in	
  photo-­‐voltage	
  across	
  a	
  
CdS/CIGS	
  sample3.1.14.	
  	
  In	
  another	
  case,	
  the	
  lateral	
  non-­‐uniformities	
  in	
  electron	
  beam	
  
induced	
  voltage	
  was	
  measured	
  on	
  CdS/CIGS	
  samples	
  using	
  an	
  SEM3.1.15.	
  	
  Both	
  
approaches	
  found	
  large	
  changes	
  in	
  photo/electron	
  beam	
  induced	
  voltage	
  across	
  the	
  
sample	
  which	
  were	
  interpreted	
  as	
  variations	
  in	
  material	
  properties	
  that	
  would	
  
affect	
  the	
  final	
  device	
  performance.	
  	
  However,	
  a	
  key	
  problem	
  with	
  these	
  is	
  obtaining	
  
high	
  resolutions	
  if	
  the	
  full	
  p-­‐n	
  junction	
  is	
  formed	
  after	
  CdS	
  deposition.	
  	
  The	
  lateral	
  
resolution	
  obtained	
  using	
  these	
  techniques	
  is	
  governed	
  by	
  the	
  sheet	
  resistance	
  of	
  
the	
  n-­‐type	
  layer	
  as	
  the	
  Mo	
  contact	
  on	
  the	
  p-­‐type	
  CIGS	
  side	
  keeps	
  the	
  back	
  surface	
  at	
  
equipotential3.1.21.	
  	
  A	
  100nm	
  layer	
  of	
  CdS	
  would	
  need	
  more	
  than	
  1016cm-­‐3	
  free	
  
carriers	
  to	
  form	
  a	
  complete	
  p-­‐n	
  junction	
  with	
  the	
  CIGS	
  layer.	
  	
  The	
  resulting	
  sheet	
  
resistsance	
  (assuming	
  a	
  mobility	
  of	
  10	
  cm2V-­‐1sec-­‐1)	
  of	
  the	
  CdS	
  would	
  result	
  in	
  
screening	
  lengths	
  above	
  2µm3.1.21.	
  	
  The	
  fact	
  that	
  scanning	
  tunneling	
  microscopy	
  
measurments	
  of	
  the	
  surface	
  photovoltage	
  after	
  CdS	
  shows	
  large	
  lateral	
  non-­‐
uniformities	
  on	
  the	
  sub-­‐micron	
  length	
  scale	
  strongly	
  suggests	
  the	
  CdS	
  has	
  
insufficient	
  doping	
  to	
  form	
  the	
  n-­‐type	
  part	
  of	
  the	
  junction.	
  	
  This	
  point	
  will	
  be	
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addressed	
  in	
  more	
  detial	
  in	
  Sec.	
  3.6	
  where	
  experimental	
  evidence	
  will	
  be	
  provided	
  
that	
  the	
  full	
  p-­‐n	
  junction	
  is	
  not	
  formed	
  after	
  CdS	
  deposition.	
  	
  Ultimately,	
  whether	
  the	
  
junction	
  is	
  fully	
  formed	
  is	
  extremely	
  important	
  for	
  interpreting	
  surface	
  photovoltage	
  
or	
  electron	
  beam	
  induced	
  voltage	
  measurements	
  as	
  they	
  will	
  be	
  affected	
  by	
  
electronic	
  properties	
  that	
  are	
  not	
  expected	
  to	
  have	
  much	
  influence	
  on	
  the	
  overall	
  
device	
  performance	
  such	
  as	
  the	
  CdS	
  free	
  carrier	
  concentraiton.	
  
	
   Two	
  potentially	
  very	
  useful	
  techniques	
  for	
  understanding	
  lateral	
  non-­‐
uniformities	
  in	
  electronic	
  properties	
  are	
  EBIC	
  and	
  electroluminescence.	
  	
  As	
  
discussed	
  in	
  the	
  previous	
  section,	
  EBIC	
  can	
  be	
  used	
  to	
  measure	
  the	
  collection	
  
properties	
  of	
  the	
  CIGS	
  absorber	
  layer.	
  	
  The	
  experiments	
  previously	
  done	
  used	
  a	
  
defocused	
  electron	
  beam	
  to	
  provide	
  average	
  depth	
  dependent	
  measurements.	
  	
  
However,	
  the	
  electron	
  beam	
  can	
  be	
  focused	
  to	
  a	
  spot	
  size	
  of	
  roughly	
  1nm	
  enabling	
  
lateral	
  non-­‐uniformities	
  in	
  the	
  carrier	
  collection	
  probability	
  to	
  be	
  measured	
  across	
  
the	
  sample	
  and	
  quantified.	
  	
  
	
   Electroluminescence	
  (EL)	
  imaging	
  is	
  a	
  powerful	
  tool	
  for	
  characterizing	
  
defects	
  such	
  as	
  localized	
  shunts	
  and	
  top	
  electrode	
  sheet	
  resistance	
  in	
  solar	
  
cells3.1.22,3.1.23.	
  	
  EL	
  images	
  have	
  been	
  used	
  to	
  characterize	
  thin	
  film	
  solar	
  cells	
  such	
  as	
  
Cu(In,Ga)Se2	
  (CIGS)3.1.22	
  and	
  CdTe3.1.24.	
  	
  However,	
  EL	
  imaging	
  can	
  also	
  provide	
  more	
  
fundamental	
  information	
  about	
  the	
  diode	
  behavior	
  of	
  a	
  cell	
  due	
  to	
  the	
  reciprocity	
  
between	
  EL	
  efficiency	
  and	
  solar	
  cell	
  performance3.1.25.	
  	
  This	
  has	
  already	
  been	
  
expressed	
  in	
  analytic	
  equations	
  for	
  silicon	
  connecting	
  the	
  EL	
  intensity	
  with	
  diffusion	
  
length3.1.26.	
  	
  However,	
  thin	
  film	
  solar	
  cells	
  exhibit	
  different	
  diode	
  behavior	
  due	
  to	
  
secondary	
  barriers	
  and	
  the	
  increased	
  contribution	
  of	
  the	
  diode	
  current	
  from	
  the	
  
space	
  charge	
  region	
  (SCR)	
  relative	
  to	
  silicon,	
  making	
  it	
  imperative	
  to	
  develop	
  
equations	
  connecting	
  EL	
  intensity	
  to	
  material	
  parameters	
  in	
  thin	
  film	
  solar	
  cells.	
  
	
   The	
  purpose	
  of	
  the	
  following	
  sections	
  is	
  to	
  extend	
  the	
  theory	
  of	
  electron	
  
beam	
  induced	
  current	
  and	
  electroluminescence	
  to	
  thin	
  film	
  solar	
  cells	
  thereby	
  
making	
  it	
  possible	
  to	
  quantitatively	
  characterize	
  electron	
  non-­‐uniformities	
  in	
  solar	
  
cells	
  and	
  their	
  effect	
  on	
  device	
  performance.	
  	
  These	
  techniques	
  will	
  then	
  be	
  applied	
  
to	
  various	
  CIGS	
  solar	
  cells	
  grown	
  at	
  the	
  National	
  Renewable	
  Energy	
  Laboratory	
  to	
  
provided	
  quantitative	
  information	
  about	
  the	
  degree	
  of	
  electronic	
  non-­‐uniformity	
  
and	
  how	
  important	
  the	
  non-­‐uniformities	
  are	
  for	
  device	
  performance.	
  	
  Furthermore,	
  
based	
  on	
  the	
  results	
  obtained	
  from	
  electroluminescence	
  imaging,	
  new	
  insights	
  will	
  
be	
  developed	
  into	
  the	
  junction	
  formation	
  process	
  in	
  CIGS	
  solar	
  cells.	
  
	
  
3.2	
   Theory	
  of	
  Electroluminescence	
  (EL)	
  Intensity	
  in	
  Thin	
  Film	
  Solar	
  Cells	
  
	
   As	
  previously	
  mentioned,	
  thin	
  film	
  solar	
  cells	
  made	
  of	
  CIGS	
  and	
  CdTe	
  can	
  be	
  
approximately	
  described	
  as	
  a	
  n+p	
  heterojunction3.2.1.	
  	
  Due	
  to	
  the	
  large	
  valence	
  band	
  
discontinuity	
  at	
  the	
  buffer/absorber	
  interface,	
  the	
  pn	
  product	
  under	
  forward	
  bias	
  is	
  
significantly	
  higher	
  in	
  the	
  absorber.	
  	
  For	
  this	
  reason,	
  the	
  EL	
  coming	
  from	
  other	
  
layers	
  of	
  the	
  device	
  is	
  negligible	
  and	
  can	
  be	
  ignored.	
  The	
  EL	
  intensity	
  as	
  a	
  function	
  of	
  
applied	
  voltage	
  can	
  be	
  expressed	
  as3.2.2:	
  

€ 

EL(V )∝ C(x)n(x,V −VBL )p(x,V −VBL )dx
−W

d−W

∫ 	
   	
   (3.1)	
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where	
  

€ 

C(x) 	
  is	
  the	
  probability	
  of	
  an	
  electron	
  hole	
  pair	
  recombining	
  radiatively	
  in	
  the	
  
film	
  and	
  being	
  collected	
  by	
  the	
  external	
  detector,	
  d	
  is	
  the	
  film	
  thickness	
  and	
   	
  is	
  
the	
  voltage	
  drop	
  across	
  any	
  secondary	
  diodes3.2.3.	
  	
  The	
  influence	
  of	
  the	
  secondary	
  
diodes	
  on	
  EL	
  intensity	
  will	
  be	
  discussed	
  in	
  more	
  detail	
  in	
  Sec.	
  3.6.	
  	
  For	
  now,	
  we	
  will	
  
assume	
  the	
  probability	
  of	
  radiative	
  recombination	
  is	
  constant	
  throughout	
  the	
  film.	
  	
  
In	
  this	
  case,	
  

€ 

C(x)can	
  be	
  taken	
  out	
  of	
  the	
  integral	
  and	
  set	
  equal	
  to	
  a	
  constant	
  (

€ 

C0).	
  
The	
  EL	
  in	
  a	
  uniform	
  bandgap	
  semiconductor	
  can	
  be	
  split	
  into	
  contributions	
  from	
  the	
  
quasi-­‐neutral	
  bulk	
  and	
  the	
  SCR:	
  

€ 

EL(V )∝C0(p0 n(x)dx
0

d−W

∫ +Wni
2)exp(q(V −VBL ) /kT) .	
   (3.2)	
  

Assuming	
  the	
  injected	
  carriers	
  do	
  not	
  modify	
  the	
  original	
  band	
  diagram	
  in	
  the	
  quasi-­‐
neutral	
  bulk,	
  the	
  depth	
  dependent	
  electron	
  concentration	
  is	
  given	
  by3.2.4:	
  

€ 

n(x) = n(0) cosh[(d −W − x) /L]+ (SL /De )sinh[(d −W − x) /L]
cosh[(d −W ) /L]+ (SL /De )sinh[(d −W ) /L)

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 	
   (3.3)	
  

Inserting	
  equation	
  3.3	
  into	
  equation	
  3.2	
  and	
  integrating	
  gives3.2.5:	
  

€ 

EL(V )∝C0ni
2(W + Lξ)exp(q(V −VBL ) /kT) 	
   	
   (3.4)	
  

where 	
  is	
  given	
  by:	
  

	
   (3.5)	
  

Eq.	
  3.4	
  shows	
  the	
  electroluminescence	
  intensity	
  is	
  strongly	
  affected	
  by	
  the	
  bandgap,	
  
collection	
  length	
   	
  and	
  applied	
  voltage.	
  	
  Equation	
  3.4	
  is	
  also	
  valid	
  for	
  silicon	
  
solar	
  cells	
  although	
  the	
  dependence	
  of	
  EL	
  intensity	
  on	
  space	
  charge	
  width	
  is	
  usually	
  
ignored,	
  as	
  it	
  is	
  much	
  smaller	
  than	
  the	
  bulk	
  diffusion	
  length3.2.6.	
  	
  	
  
	
   It	
  is	
  important	
  to	
  note	
  that	
  Eqn.	
  3.4	
  contains	
  no	
  terms	
  reflecting	
  the	
  defect	
  
concentration	
  in	
  the	
  space	
  charge	
  region.	
  	
  This	
  was	
  confirmed	
  by	
  performing	
  finite	
  
element	
  simulations3.2.7	
  on	
  an	
  asymmetric	
  n+p	
  heterojunction.	
  	
  The	
  first	
  case	
  
considered	
  was	
  a	
  semiconductor	
  with	
  a	
  constant	
  defect	
  concentration	
  (Nt)	
  of	
  2x1013	
  
cm-­‐3	
  and	
  symmetric	
  electron/hole	
  capture	
  cross	
  sections	
  equal	
  to	
  5x10-­‐13	
  cm2.	
  	
  The	
  
second	
  case	
  assumes	
  a	
  250nm	
  layer	
  at	
  the	
  front	
  of	
  the	
  semiconductor	
  where	
  Nt	
  is	
  
increased	
  to	
  6x1013	
  cm-­‐3.	
  	
  The	
  product	
  of	
  the	
  electron	
  and	
  hole	
  concentration	
  and	
  
the	
  recombination	
  rate	
  through	
  the	
  device	
  are	
  displayed	
  in	
  Fig.	
  3.4	
  at	
  400mV	
  
forward	
  bias.	
  	
  Fig.	
  3.4	
  shows	
  the	
  defective	
  layer	
  increases	
  the	
  total	
  recombination	
  
yet	
  the	
  integrated	
  pn	
  product	
  (i.e.	
  EL	
  intensity)	
  only	
  drops	
  by	
  12%.	
  	
  The	
  small	
  
dependence	
  of	
  EL	
  intensity	
  on	
  Nt	
  	
  in	
  the	
  space	
  charge	
  region	
  comes	
  from	
  the	
  quasi-­‐
Fermi	
  level	
  separation	
  no	
  longer	
  being	
  constant	
  through	
  the	
  space	
  charge	
  region	
  as	
  
is	
  assumed	
  in	
  Eqn.	
  3.4.	
  	
  The	
  increased	
  recombination	
  in	
  the	
  defective	
  layer	
  lowers	
  
the	
  device	
  open	
  circuit	
  voltage	
  by	
  roughly	
  30mV.	
  	
  By	
  comparison,	
  a	
  30mV	
  drop	
  in	
  

	
  for	
  a	
  silicon	
  solar	
  cell	
  would	
  require	
  an	
  80%	
  change	
  in	
  bulk	
  diffusion	
  length	
  
thereby	
  resulting	
  in	
  an	
  80%	
  variation	
  in	
  EL	
  intensity	
  (Eqn.	
  1.34).	
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Fig.	
  3.4:	
  (a)	
  Product	
  of	
  the	
  electron	
  and	
  hole	
  concentration	
  as	
  a	
  function	
  of	
  depth	
  through	
  
the	
  absorber.	
  	
  One	
  case	
  has	
  a	
  constant	
  defect	
  concentration	
  and	
  the	
  other	
  has	
  a	
  defect	
  
concentration	
  three	
  times	
  higher	
  in	
  the	
  space	
  charge	
  region.	
  	
  (b)	
  Recombination	
  rate	
  as	
  a	
  
function	
  of	
  depth	
  for	
  the	
  two	
  cases.	
  
	
  
	
   The	
  dependence	
  of	
  the	
  EL	
  intensity	
  on	
  injection	
  current	
  can	
  be	
  expressed	
  
analytically	
  assuming	
  the	
  forward	
  current	
  is	
  controlled	
  by	
  recombination	
  in	
  the	
  SCR	
  
through	
  a	
  midgap	
  defect	
  with	
  equal	
  capture	
  cross	
  sections	
  for	
  electrons	
  and	
  holes.	
  	
  
In	
  this	
  case,	
  the	
  diode	
  current	
  is	
  given	
  by	
  Eqn.	
  1.25.	
  	
  Inserting	
  Eqn.	
  1.25	
  into	
  Eqn.	
  3.4	
  
gives:	
  

	
   	
   (3.6)	
  

Using	
  Eqn.	
  1.25,	
  the	
  open	
  circuit	
  voltage	
  of	
  a	
  device	
  dominated	
  by	
  SCR	
  
recombination	
  is	
  roughly:	
  

	
   	
   (3.7)	
  

where	
   	
  is	
  the	
  short	
  circuit	
  current	
  of	
  the	
  device.	
  	
  It	
  is	
  apparent	
  that	
  both	
  the	
  
and	
  EL	
  intensity	
  at	
  constant	
  injection	
  current	
  strongly	
  depend	
  on	
  the	
  lifetime	
  in	
  

the	
  SCR.	
  	
  However,	
  the	
  intrinsic	
  carrier	
  concentration	
  does	
  not	
  factor	
  into	
  the	
  EL	
  
intensity	
  at	
  constant	
  injection	
  current,	
  making	
  it	
  is	
  possible	
  to	
  separate	
  the	
  effects	
  of	
  
bandgap	
  and	
  recombination	
  on	
  forward	
  current	
  using	
  EL	
  measurements.	
  
	
  
3.3	
   Extracting	
  Shunt	
  and	
  Sheet	
  Resistance	
  from	
  EL	
  Images	
  
	
   One	
  useful	
  application	
  of	
  EL	
  imaging	
  comes	
  from	
  the	
  voltage	
  dependence	
  of	
  
Eqn.	
  3.4	
  thereby	
  making	
  EL	
  images	
  sensitive	
  to	
  lateral	
  variations	
  in	
  voltage	
  across	
  
the	
  TCO	
  front	
  contact.	
  	
  This	
  can	
  be	
  used	
  to	
  measure	
  the	
  effect	
  of	
  both	
  shunt	
  
resistance	
  and	
  sheet	
  resistance	
  on	
  device	
  performance.	
  	
  Furthermore,	
  accurately	
  
accounting	
  for	
  the	
  effects	
  of	
  shunt	
  and	
  sheet	
  resistance	
  is	
  critical	
  to	
  avoid	
  
misinterpreting	
  other	
  lateral	
  non-­‐uniformities	
  present	
  in	
  EL	
  images.	
  
	
   Localized	
  shunts	
  can	
  be	
  particularly	
  damaging	
  to	
  solar	
  cell	
  efficiencies	
  by	
  
reducing	
  the	
  fill	
  factor	
  of	
  a	
  cell.	
  	
  Localized	
  shunts	
  will	
  draw	
  current	
  from	
  the	
  cell	
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over	
  a	
  specified	
  area	
  given	
  by	
  the	
  screening	
  length	
  of	
  the	
  TCO,	
  which	
  is	
  typically	
  on	
  
the	
  order	
  of	
  a	
  millimeter3.3.1.	
  	
  The	
  high	
  currents	
  flowing	
  through	
  the	
  shunt	
  result	
  in	
  a	
  
potential	
  gradient	
  along	
  the	
  TCO.	
  	
  This	
  causes	
  a	
  decrease	
  in	
  the	
  applied	
  voltage	
  in	
  
the	
  vicinity	
  of	
  the	
  shunt3.3.2.	
  	
  As	
  such,	
  shunts	
  appear	
  in	
  electroluminescence	
  images	
  
as	
  “dark”	
  funnels.	
  
	
   An	
  example	
  of	
  an	
  electroluminescence	
  image	
  showing	
  the	
  effect	
  of	
  a	
  localized	
  
shunt	
  is	
  given	
  in	
  Fig.	
  3.5.	
  	
  The	
  image	
  was	
  taken	
  with	
  a	
  Xenics	
  Peltier	
  cooled	
  InGaAs	
  
camera.	
  	
  The	
  sample	
  was	
  grown	
  by	
  vacuum	
  co-­‐evaporation	
  at	
  NREL	
  with	
  an	
  un-­‐
optimized	
  two-­‐stage	
  growth	
  process	
  where	
  the	
  selenium	
  flux	
  was	
  intentionally	
  kept	
  
low.	
  	
  Fig.	
  3.5	
  shows	
  an	
  EL	
  image	
  of	
  the	
  cell	
  at	
  460mV	
  forward	
  bias	
  (9.5mA/cm2).	
  	
  
EBIC	
  imaging	
  of	
  the	
  shunted	
  area	
  shows	
  a	
  feature	
  roughly	
  20μm	
  wide	
  producing	
  no	
  
current	
  indicating	
  the	
  presence	
  of	
  a	
  shunt.	
  	
  

FIG.	
  3.5:	
  	
  (a)	
  EL	
  image	
  at	
  460mV	
  and	
  (b)	
  560mV	
  forward	
  bias.	
  	
  (c)	
  The	
  I-­‐V	
  curve	
  of	
  the	
  cell	
  
under	
  1-­‐sun	
  illumination.	
  
	
  
	
   Fig.	
  3.5	
  also	
  shows	
  the	
  cell	
  with	
  a	
  560mV	
  applied	
  bias	
  (64mA/cm2).	
  	
  In	
  
addition	
  to	
  the	
  EL	
  contrast	
  provided	
  by	
  the	
  shunt,	
  contrast	
  is	
  also	
  observed	
  around	
  
the	
  cell	
  fingers.	
  	
  This	
  contrast	
  is	
  due	
  to	
  the	
  large	
  forward	
  current	
  flowing	
  across	
  the	
  
TCO	
  and	
  has	
  been	
  used	
  to	
  determine	
  the	
  local	
  sheet	
  resistance	
  in	
  silicon	
  solar	
  
cells3.3.3.	
  	
  However,	
  in	
  the	
  case	
  of	
  CIGS	
  solar	
  cells,	
  the	
  direct	
  determination	
  of	
  the	
  
TCO	
  sheet	
  resistance	
  is	
  complicated	
  by	
  the	
  additional	
  stack	
  resistance	
  of	
  the	
  
CdS/IZO	
  layers	
  which	
  do	
  not	
  exist	
  in	
  silicon	
  solar	
  cells.	
  
	
   In	
  order	
  to	
  quantitatively	
  determine	
  both	
  the	
  TCO	
  resistance	
  and	
  the	
  shunt	
  
resistance,	
  it	
  is	
  necessary	
  to	
  use	
  numerical	
  simulations.	
  	
  NGSPICE3.3.4	
  was	
  used	
  to	
  
model	
  a	
  5mm	
  x	
  1.3mm	
  section	
  of	
  the	
  cell	
  using	
  a	
  grid	
  of	
  100	
  x	
  26	
  nodes.	
  	
  Each	
  node	
  
is	
  represented	
  by	
  the	
  equivalent	
  circuit	
  shown	
  in	
  Fig.	
  3.2.	
  	
  The	
  simulation	
  results	
  
were	
  first	
  compared	
  to	
  a	
  line	
  scan	
  between	
  two	
  fingers	
  away	
  from	
  the	
  shunt	
  to	
  
determine	
  the	
  TCO	
  sheet	
  resistance.	
  	
  The	
  local	
  shunt	
  resistance	
  was	
  then	
  
determined	
  by	
  comparing	
  the	
  simulation	
  results	
  to	
  a	
  line	
  scan	
  through	
  the	
  shunt.	
  	
  
The	
  original	
  image,	
  simulated	
  image	
  and	
  line	
  scan	
  comparison	
  is	
  shown	
  in	
  Fig.	
  3.6	
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along	
  with	
  the	
  simulation	
  parameters.	
  	
  In	
  order	
  to	
  describe	
  the	
  large	
  area	
  affected	
  
by	
  the	
  shunt	
  in	
  Fig.	
  3.6,	
  a	
  shunt	
  resistance	
  of	
  500Ω	
  had	
  to	
  be	
  used.	
  	
  However,	
  the	
  
slope	
  of	
  the	
  I-­‐V	
  curve	
  near	
  zero	
  bias	
  in	
  Fig.	
  3.5	
  suggests	
  a	
  linear	
  shunt	
  resistance	
  of	
  
over	
  1500Ω.	
  	
  Therefore,	
  the	
  shunt	
  in	
  question	
  may	
  be	
  non-­‐linear.	
  	
  In	
  this	
  respect,	
  EL	
  
imaging	
  can	
  be	
  very	
  helpful	
  in	
  determining	
  the	
  effect	
  of	
  shunts	
  on	
  cell	
  performance	
  
as	
  the	
  image	
  can	
  be	
  obtained	
  near	
  the	
  maximum	
  power	
  point	
  where	
  the	
  cell	
  
operates.	
  

FIG.	
  3.6:	
  (a)	
  Simulated	
  and	
  (b)	
  experimentally	
  observed	
  EL	
  contrast	
  around	
  a	
  localized	
  
shunt.	
  	
  (c)	
  Experimental	
  and	
  simulated	
  line	
  scans	
  through	
  the	
  localized	
  shunt	
  at	
  various	
  
voltages.	
  	
  	
  
	
  
3.4	
   Quantifying	
  Lateral	
  Variations	
  in	
  Bandgap	
  and	
  Collection	
  Length	
  
	
   EL	
  images	
  will	
  also	
  show	
  contrast	
  due	
  to	
  variations	
  in	
  the	
  diode	
  properties	
  
across	
  the	
  cell.	
  	
  By	
  taking	
  images	
  at	
  low	
  forward	
  current	
  and	
  under	
  UV	
  illumination	
  
(the	
  importance	
  of	
  using	
  UV	
  illumination	
  will	
  be	
  discussed	
  in	
  Sec.	
  3.6),	
  it	
  is	
  possible	
  
to	
  minimize	
  the	
  voltage	
  dependence	
  of	
  Eqn.	
  3.4	
  and	
  directly	
  view	
  the	
  variation	
  in	
  
diode	
  properties.	
  	
  This	
  is	
  shown	
  in	
  Fig.	
  3.7	
  on	
  a	
  2μm	
  thick	
  CuIn0.7Ga0.3Se2	
  solar	
  cell	
  
taken	
  at	
  640mV	
  (5mA/cm2)	
  forward	
  bias.	
  	
  This	
  sample	
  was	
  also	
  grown	
  at	
  NREL	
  by	
  a	
  
two-­‐stage	
  vacuum	
  co-­‐evaporation	
  process	
  under	
  high	
  selenium	
  flux.	
  	
  The	
  image	
  
shows	
  non-­‐uniformities	
  in	
  EL	
  intensity	
  due	
  to	
  variations	
  in	
  either	
  the	
  local	
  bandgap	
  
or	
  collection	
  length .	
  	
  As	
  the	
  EL	
  intensity	
  is	
  proportional	
  to	
  both	
  properties,	
  
additional	
  techniques	
  are	
  needed	
  to	
  decouple	
  the	
  two	
  effects.	
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Fig.	
  3.7:	
  (a)	
  EL	
  image	
  at	
  640mV	
  forward	
  bias.	
  	
  (b)	
  Corresponding	
  I-­‐V	
  curve	
  under	
  1-­‐sun	
  
illumination.	
  
	
  
	
   For	
  further	
  analysis,	
  a	
  small	
  section	
  of	
  the	
  sample	
  was	
  imaged	
  using	
  infrared	
  
light	
  beam	
  induced	
  current	
  (IR-­‐LBIC)	
  and	
  EBIC.	
  	
  The	
  EL,	
  IR-­‐LBIC	
  and	
  EBIC	
  images	
  
are	
  shown	
  together	
  in	
  Fig.	
  3.8.	
  	
  The	
  IR-­‐LBIC	
  image	
  was	
  obtained	
  by	
  focusing	
  an	
  
1107-­‐nm	
  laser	
  onto	
  the	
  sample	
  mounted	
  on	
  a	
  motorized	
  stage.	
  	
  The	
  quantum	
  
efficiency	
  at	
  long	
  wavelengths	
  is	
  primarily	
  affected	
  by	
  variations	
  in	
  the	
  local	
  
absorption	
  coefficient	
  due	
  to	
  bandgap	
  fluctuations	
  as	
  well	
  as	
  variations	
  in	
  the	
  
collection	
  length.	
  	
  For	
  this	
  reason,	
  the	
  EL	
  and	
  IR-­‐LBIC	
  images	
  shown	
  in	
  Fig.	
  3.8	
  are	
  
similar.	
  	
  EBIC	
  images	
  were	
  obtained	
  using	
  ~200pA	
  of	
  beam	
  current	
  as	
  measured	
  
using	
  a	
  faraday	
  cup	
  mounted	
  on	
  the	
  sample	
  holder.	
  	
  The	
  EBIC	
  images	
  contain	
  
information	
  about	
  the	
  collection	
  length	
  convoluted	
  with	
  the	
  electron	
  energy	
  
dissipation	
  function	
  as	
  discussed	
  below.	
  
	
   A	
  qualitative	
  comparison	
  of	
  the	
  images	
  in	
  Fig.	
  3.8	
  indicates	
  all	
  three	
  imaging	
  
techniques	
  show	
  similar	
  features	
  on	
  a	
  sub-­‐millimeter	
  length	
  scale.	
  	
  Local	
  bright	
  and	
  
dark	
  spots	
  are	
  observed	
  using	
  all	
  three	
  techniques	
  suggesting	
  a	
  common	
  origin.	
  	
  On	
  
the	
  millimeter	
  length	
  scale,	
  a	
  gradient	
  in	
  intensity	
  is	
  observed	
  from	
  left	
  to	
  right	
  on	
  
both	
  the	
  EL	
  and	
  IR-­‐LBIC	
  images	
  but	
  not	
  on	
  the	
  EBIC	
  image.	
  	
  This	
  suggests	
  the	
  long	
  
range	
  fluctuations	
  have	
  a	
  different	
  physical	
  origin,	
  which	
  does	
  not	
  affect	
  the	
  electron	
  
beam	
  induced	
  current.	
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Fig.	
  3.8:	
  (a)	
  EL	
  image	
  taken	
  at	
  640mV	
  forward	
  bias	
  with	
  enhanced	
  contrast	
  to	
  highlight	
  the	
  
non-­‐uniformities.	
  	
  (b)	
  IR-­‐LBIC	
  and	
  (c)	
  EBIC	
  images	
  taken	
  in	
  the	
  same	
  location.	
  
	
  
	
   The	
  measured	
  EBIC,	
  as	
  previously	
  shown,	
  can	
  be	
  described	
  by	
  Eqn.	
  2.1.	
  If	
  

were	
  constant	
  throughout	
  the	
  depth	
  of	
  the	
  sample	
  and	
  there	
  were	
  no	
  gallium	
  
gradients,	
  the	
  integral	
  of	
  Eq.	
  2.1	
  would	
  be	
  proportional	
  to	
  the	
  collection	
  
length .	
  	
  This	
  result	
  is	
  trivial	
  given	
  the	
  reciprocity	
  theorem	
  connecting	
  the	
  
excess	
  minority	
  carrier	
  density	
  and	
  carrier	
  collection3.4.1.	
  	
  However,	
  an	
  important	
  
distinction	
  is	
  the	
  integrated	
  excess	
  minority	
  carrier	
  density	
  depends	
  on	
  the	
  local	
  
bandgap	
  (Eq.	
  3.4).	
  	
  Therefore,	
  if	
  the	
  electron-­‐hole	
  pair	
  generation	
  rate	
  ( )	
  is	
  
approximately	
  constant	
  through	
  the	
  sample	
  depth	
  and	
  only	
  weakly	
  dependent	
  on	
  
the	
  local	
  bandgap,	
  a	
  direct	
  comparison	
  between	
  EBIC	
  and	
  EL	
  images	
  would	
  allow	
  
the	
  separation	
  of	
  bandgap	
  and	
  the	
  collection	
  length 	
  fluctuations.	
  	
  The	
  
strongest	
  bandgap	
  dependence	
  in	
  the	
  function comes	
  from	
  the	
  energy	
  
required	
  to	
  create	
  an	
  electron	
  hole	
  pair	
  (Eqn.	
  2.2).	
  	
  A	
  20meV	
  variation	
  in	
  bandgap	
  
would	
  lead	
  to	
  only	
  a	
  1.5%	
  change	
  in	
  EBIC	
  but	
  over	
  a	
  50%	
  change	
  in	
  EL	
  intensity.	
  	
  
Therefore,	
  it	
  is	
  reasonable	
  to	
  assume	
  lateral	
  variations	
  in	
  bandgap	
  do	
  not	
  affect	
  the	
  
EBIC	
  images.	
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   As	
  mentioned	
  before,	
  the	
  electron	
  beam	
  induced	
  current	
  is	
  proportional	
  to	
  
the	
  collection	
  length	
  of	
  the	
  sample	
  if	
  the	
  energy	
  dissipation	
  function	
  is	
  constant	
  
through	
  the	
  sample.	
  	
  This	
  can	
  be	
  approximately	
  obtained	
  by	
  using	
  high	
  accelerating	
  
voltages,	
  which	
  leads	
  to	
  a	
  broader,	
  more	
  constant	
  generation	
  rate.	
  	
  The	
  electron-­‐
hole	
  pair	
  generation	
  rate	
  at	
  30kV	
  is	
  shown	
  in	
  Fig.	
  3.9.	
  	
  This	
  figure	
  shows	
  that	
  the	
  
electron-­‐hole	
  pair	
  generation	
  rate	
  is	
  not	
  flat	
  but	
  peaks	
  at	
  around	
  0.7μm.	
  	
  Therefore,	
  
the	
  electron	
  beam	
  induced	
  current	
  will	
  also	
  be	
  somewhat	
  sensitive	
  to	
  the	
  shape	
  of	
  
the	
  collection	
  function	
  (Eq.	
  1.47)	
  and	
  not	
  just	
  the	
  collection	
  length .	
  	
  	
  
	
   To	
  quantify	
  this	
  effect,	
  the	
  integral	
  in	
  Eq.	
  2.1	
  was	
  numerically	
  calculated	
  for	
  
collection	
  functions	
  (Eq.	
  1.47)	
  obtained	
  using	
  different	
  values	
  for	
  the	
  space	
  charge	
  
width	
  and	
  bulk	
  diffusion	
  length.	
  The	
  space	
  charge	
  width	
  in	
  the	
  CIGS	
  absorber	
  was	
  
varied	
  from	
  0.2	
  to	
  0.7μm	
  and	
  the	
  quasi-­‐neutral	
  bulk	
  diffusion	
  length	
  from	
  0.25	
  to	
  
2μm.	
  	
  Fig.	
  3.9	
  shows	
  the	
  calculated	
  EBIC	
  quantum	
  efficiency	
  in	
  a	
  2μm	
  thick	
  CIGS	
  
sample	
  at	
  30kV	
  as	
  a	
  function	
  of	
  the	
  collection	
  length.	
  	
  The	
  properties	
  and	
  
thicknesses	
  of	
  the	
  CdS	
  and	
  ZnO	
  layers	
  used	
  in	
  the	
  simulation	
  were	
  the	
  same	
  as	
  
described	
  in	
  Sec.	
  2.4.	
  	
  Fig.	
  3.9	
  shows	
  that	
  the	
  EBIC	
  quantum	
  efficiency	
  is	
  linear	
  with	
  
respect	
  to	
  the	
  collection	
  length,	
  even	
  though	
  the	
  electron	
  energy	
  dissipation	
  
function	
  is	
  not	
  constant	
  through	
  the	
  depth	
  of	
  the	
  sample.	
  	
  Therefore,	
  EBIC	
  images	
  
obtained	
  at	
  high	
  accelerating	
  voltages	
  can	
  be	
  used	
  to	
  map	
  non-­‐uniformities	
  in	
  the	
  
collection	
  length	
  and	
  compared	
  directly	
  to	
  EL	
  images.	
  

Fig.	
  3.9:	
  (a)	
  Electron-­‐hole	
  pair	
  (EHP)	
  generation	
  rate	
  as	
  a	
  function	
  of	
  depth	
  through	
  the	
  
sample	
  at	
  30kV.	
  (b)	
  Expected	
  EBIC	
  quantum	
  efficiency	
  at	
  30kV	
  versus	
  the	
  collection	
  length	
  
assuming	
  a	
  range	
  of	
  possible	
  space	
  charge	
  widths	
  and	
  bulk	
  diffusion	
  lengths.	
  	
  The	
  straight	
  
line	
  fit	
  shows	
  the	
  EBIC	
  quantum	
  efficiency	
  is	
  linearly	
  proportional	
  to	
  the	
  collection	
  length.	
  
	
  
	
   In	
  order	
  to	
  obtain	
  quantitative	
  values	
  of	
  the	
  collection	
  length	
  at	
  each	
  point	
  on	
  
an	
  EBIC	
  image,	
  it	
  is	
  necessary	
  to	
  first	
  determine	
  the	
  average	
  collection	
  
efficiency 	
  through	
  the	
  depth	
  of	
  the	
  sample.	
  	
  This	
  can	
  be	
  obtained	
  using	
  the	
  
EBIC	
  technique	
  described	
  in	
  Sec.	
  2.	
  	
  The	
  relationship	
  between	
  the	
  collection	
  length	
  
and	
  EBIC	
  quantum	
  efficiency	
  shown	
  in	
  Fig.	
  3.9	
  can	
  then	
  be	
  used	
  to	
  convert	
  an	
  EBIC	
  
image	
  into	
  a	
  map	
  of	
  the	
  collection	
  length	
  across	
  the	
  sample.	
  	
  The	
  average	
  EBIC	
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quantum	
  efficiency	
  and	
  fit	
  are	
  shown	
  in	
  Fig.	
  3.10.	
  	
  The	
  fit	
  was	
  obtained	
  by	
  assuming	
  
a	
  space	
  charge	
  width	
  of	
  500nm,	
  neutral	
  bulk	
  diffusion	
  length	
  of	
  0.92μm	
  and	
  

ratio	
  of	
  3800cm-­‐1	
  resulting	
  in	
  a	
  collection	
  length	
  of	
  1.29μm.	
  	
  	
  

	
  
Fig.	
  3.10:	
  	
  Average	
  EBIC	
  quantum	
  efficiency	
   	
  versus	
  accelerating	
  voltage	
  taken	
  by	
  
defocusing	
  the	
  electron	
  beam.	
  	
  The	
  solid	
  line	
  shows	
  the	
  fit	
  to	
  the	
  data.	
  
	
  
	
   A	
  histogram	
  of	
  the	
  collection	
  length	
  is	
  shown	
  in	
  Fig.	
  3.11	
  along	
  with	
  the	
  
regions	
  of	
  the	
  cell	
  where	
  the	
  collection	
  length	
  varies	
  by	
  more	
  than	
  two	
  standard	
  
deviations	
  (0.05μm)	
  from	
  the	
  average.	
  	
  It	
  is	
  apparent	
  in	
  Fig.	
  3.11	
  that	
  variations	
  in	
  
the	
  collection	
  length	
  appear	
  across	
  the	
  sample	
  on	
  a	
  length	
  scale	
  above	
  100μm.	
  	
  
Variations	
  in	
  the	
  collection	
  length	
  on	
  a	
  smaller	
  length	
  scale	
  (~1μm)	
  are	
  also	
  
observed	
  in	
  Figure	
  3.12.	
  	
  It	
  should	
  be	
  noted	
  that	
  these	
  images	
  are	
  taken	
  at	
  high	
  
accelerating	
  voltage,	
  which	
  limits	
  the	
  lateral	
  resolution	
  to	
  around	
  2μm	
  due	
  to	
  the	
  
shape	
  of	
  the	
  electron	
  energy	
  dissipation	
  function	
  as	
  discussed	
  in	
  Sec.	
  2.2.	
  	
  Variations	
  
in	
  the	
  collection	
  length	
  on	
  this	
  length	
  scale	
  were	
  also	
  observed	
  in	
  CIGS	
  samples	
  in	
  
Sec.	
  2.6	
  and	
  by	
  other	
  research	
  groups	
  using	
  cross	
  sectional	
  EBIC3.4.2.	
  

	
  
Fig.	
  3.11:	
  (a)	
  Map	
  of	
  the	
  collection	
  length	
  across	
  the	
  sample	
  as	
  determined	
  by	
  EBIC.	
  	
  The	
  
white	
  (black)	
  areas	
  correspond	
  to	
  areas	
  with	
  a	
  collection	
  length	
  0.1μm	
  higher	
  (lower)	
  than	
  
the	
  mean.	
  	
  (b)	
  Histogram	
  of	
  the	
  collection	
  lengths	
  observed	
  on	
  the	
  sample.	
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Fig.	
  3.12:	
  (a)	
  Histogram	
  and	
  EBIC	
  image	
  of	
  the	
  sample	
  taken	
  at	
  medium	
  and	
  (b)	
  high	
  
resolution.	
  
	
  
	
   By	
  using	
  a	
  map	
  of	
  the	
  collection	
  length,	
  it	
  is	
  possible	
  to	
  modify	
  the	
  EL	
  image	
  
to	
  display	
  only	
  bandgap	
  variations	
  by	
  dividing	
  the	
  EL	
  image	
  by	
  the	
  collection	
  length	
  
at	
  each	
  point.	
  	
  The	
  resulting	
  image	
  of	
  bandgap	
  fluctuations	
  is	
  shown	
  in	
  Fig.	
  3.13.	
  	
  
The	
  most	
  notable	
  difference	
  between	
  the	
  bandgap	
  map	
  and	
  original	
  EL	
  image	
  is	
  the	
  
enhanced	
  contrast	
  on	
  the	
  length	
  scale	
  of	
  1mm.	
  	
  This	
  is	
  explicitly	
  shown	
  in	
  Fig.	
  3.13	
  
where	
  the	
  average	
  bandgap	
  is	
  plotted	
  laterally	
  across	
  the	
  cell.	
  	
  From	
  this	
  figure,	
  the	
  
variation	
  in	
  bandgap	
  across	
  the	
  sample	
  is	
  less	
  than	
  ~5meV.	
  	
  Furthermore,	
  it	
  is	
  
apparent	
  that	
  some	
  areas	
  of	
  high	
  bandgap	
  coincide	
  with	
  low	
  collection	
  efficiency.	
  

	
  
Fig.	
  3.13:	
  (a)	
  Bandgap	
  map	
  across	
  the	
  sample	
  as	
  determined	
  by	
  the	
  EL	
  and	
  EBIC	
  images.	
  	
  (b)	
  
Average	
  bandgap	
  across	
  the	
  width	
  of	
  the	
  sample.	
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   Additional	
  complications	
  may	
  occur	
  when	
  comparing	
  EL	
  and	
  EBIC	
  images	
  for	
  
samples	
  with	
  a	
  non-­‐uniform	
  bandgap	
  through	
  the	
  depth	
  of	
  the	
  absorber.	
  	
  For	
  
example,	
  if	
  sample	
  had	
  a	
  linearly	
  increasing	
  bandgap	
  the	
  minority	
  electron	
  density	
  
throughout	
  the	
  bulk	
  would	
  be	
  3.4.3:	
  

€ 

n(z) = n(0)exp(−ζz /2) cosh[(d −W − z) / ʹ′ L ]+ ( ʹ′ S ʹ′ L /Dn )sinh[(d −W − z) / ʹ′ L ]
cosh[ d −W( ) / ʹ′ L ]+ ( ʹ′ S ʹ′ L /Dn )sinh[ d −W( ) / ʹ′ L ]

.	
   (3.8)	
  

For	
  comparison,	
  the	
  collection	
  efficiency	
  throughout	
  the	
  cell	
  is	
  given	
  by	
  Eqn.	
  1.47.	
  	
  
Comparing	
  Eq.	
  3.8	
  and	
  Eq.	
  1.47,	
  the	
  normalized	
  electric	
  field	
  has	
  the	
  opposite	
  effect	
  
on	
  the	
  minority	
  carrier	
  density	
  compared	
  to	
  the	
  collection	
  efficiency.	
  	
  Therefore,	
  the	
  
electric	
  field	
  will	
  increase	
  the	
  collection	
  efficiency	
  but	
  decrease	
  the	
  EL	
  intensity.	
  	
  
This	
  effect	
  will	
  be	
  further	
  compounded	
  by	
  reabsorption	
  of	
  the	
  electroluminescence	
  
emitted	
  from	
  the	
  high	
  gallium	
  region.	
  	
  While	
  it	
  is	
  possible	
  to	
  correct	
  for	
  this,	
  it’s	
  
necessary	
  to	
  accurately	
  know	
  the	
  absorption	
  coefficient	
  through	
  the	
  cell	
  thickness.	
  
	
   By	
  combining	
  EBIC	
  and	
  EL	
  imaging,	
  it	
  is	
  possible	
  to	
  obtain	
  a	
  map	
  of	
  the	
  
bandgap	
  and	
  collection	
  length	
  fluctuations	
  across	
  a	
  sample.	
  	
  From	
  this	
  information,	
  
the	
  effect	
  of	
  these	
  fluctuations	
  on	
  cell	
  performance	
  can	
  be	
  quantified.	
  	
  The	
  most	
  
important	
  effect	
  of	
  bandgap	
  fluctuations	
  is	
  on	
  the	
  saturation	
  current	
  density	
  of	
  the	
  
cell	
  as	
  this	
  dictates	
  the	
  open	
  circuit	
  voltage	
  ( ).	
  	
  	
  
	
   To	
  calculate	
  the	
  effect	
  of	
  bandgap	
  fluctuations	
  on	
  device	
  performance	
  and	
  the	
  
measured	
  EL	
  intensity,	
  it	
  is	
  necessary	
  to	
  assume	
  some	
  distribution	
  of	
  bandgaps.	
  	
  
The	
  simplest	
  approximation	
  is	
  that	
  the	
  bandgaps	
  follow	
  a	
  gaussian	
  
distribution3.4.4,3.4.5.	
  	
  Following	
  the	
  work	
  in	
  Ref	
  3.4.5,	
  the	
   	
  of	
  a	
  device	
  where	
  
recombination	
  is	
  predominantly	
  in	
  the	
  SCR	
  through	
  a	
  midgap	
  defect	
  with	
  equal	
  
capture	
  cross	
  sections	
  for	
  electrons	
  and	
  holes	
  can	
  be	
  expressed	
  as:	
  

	
   (3.9)	
  

where is	
  the	
  average	
  bandgap	
  and	
   is	
  the	
  standard	
  deviation	
  of	
  bandgaps,.	
  
	
   The	
  same	
  approach	
  can	
  be	
  used	
  to	
  describe	
  the	
  EL	
  intensity	
  on	
  a	
  sample	
  with	
  
bandgap	
  fluctuations3.4.6:	
  

€ 

EL(V ) = C0NcNv (W + Lξ)exp(qV /kT) 1
2πσEg

2
exp −

E − E g( )
2

2σEg
2

⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
exp(−E /kT)

−∞

∞

∫ dE .(3.10)	
  

Integrating	
  Eqn.	
  3.10	
  gives:	
  

€ 

EL(V ) = C0NcNv (W + Lξ)exp −
E g
kT

+
σEg

2

2k 2T 2

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ exp(qV /kT) .	
   (3.11)	
  

Eqn.	
  3.11	
  shows	
  the	
  overall	
  EL	
  intensity	
  of	
  a	
  cell	
  is	
  increased	
  by	
  bandgap	
  
fluctuations.	
  	
  However,	
  more	
  information	
  can	
  be	
  obtained	
  from	
  the	
  distribution	
  of	
  
EL	
  intensities	
  measured	
  on	
  a	
  sample.	
  	
  Assuming	
  the	
  collection	
  length	
  does	
  not	
  
strongly	
  vary	
  across	
  the	
  cell,	
  the	
  standard	
  deviation	
  of	
  EL	
  intensities	
  is:	
  

(3.12)	
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where

€ 

A(V ) = C0NcNv (W + Lξ)exp(qV /kT) .	
  	
  The	
  integral	
  of	
  Eqn.	
  3.12	
  is:	
  

€ 

σEL (V ) = C0NcNv (W + Lξ)exp −
E g
kT

+
σEg

2

2k 2T 2

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ exp(qV /kT) exp

σEg
2

k 2T 2

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ −1

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ .	
   (3.13)	
  

	
   Eqn.	
  3.11	
  and	
  Eqn.	
  3.13	
  differ	
  by	
  a	
  factor	
  of	
  

€ 

exp σEg
2 k 2T 2( ) −1( ) ;	
  therefore,	
  

it	
  is	
  possible	
  to	
  determine	
  the	
  standard	
  deviation	
  of	
  bandgaps	
  by	
  looking	
  at	
  the	
  
distribution	
  of	
  EL	
  intensities	
  within	
  an	
  image.	
  	
  It	
  is	
  important	
  to	
  note	
  that	
  this	
  
derivation	
  assumes	
  the	
  primary	
  contrast	
  on	
  the	
  cell	
  is	
  due	
  to	
  bandgap	
  fluctuations	
  
as	
  opposed	
  to	
  fluctuations	
  in	
  the	
  collection	
  length	
  or	
  series/shunt	
  resistance	
  effects.	
  
Also	
  of	
  note,	
  the	
  standard	
  deviation	
  of	
  EL	
  intensities	
  will	
  change	
  depending	
  on	
  the	
  
resolution	
  at	
  which	
  the	
  EL	
  image	
  is	
  obtained.	
  	
  If	
  the	
  bandgap	
  fluctuations	
  occur	
  on	
  a	
  
length	
  scale	
  lower	
  than	
  the	
  resolution	
  of	
  the	
  EL	
  image,	
  they	
  will	
  affect	
  the	
  calculated	
  
average	
  bandgap.	
  	
  	
  
	
   One	
  additional	
  factor	
  when	
  determining	
  the	
  magnitude	
  of	
  bandgap	
  
fluctuations	
  is	
  the	
  influence	
  of	
  stack	
  resistance	
  on	
  the	
  measured	
  EL	
  intensity.	
  	
  As	
  
previously	
  mentioned,	
  the	
  stack	
  resistance	
  of	
  a	
  cell	
  is	
  primarily	
  determined	
  by	
  the	
  
CdS/IZO	
  layers	
  which	
  helps	
  to	
  limit	
  the	
  amount	
  of	
  current	
  that	
  can	
  flow	
  through	
  
weak	
  diodes	
  on	
  a	
  cell.	
  	
  Low	
  bandgap	
  areas	
  on	
  a	
  cell	
  function	
  as	
  weak	
  diodes	
  and	
  
therefore	
  their	
  impact	
  on	
  the	
  device	
  open	
  circuit	
  voltage	
  is	
  influenced	
  by	
  the	
  stack	
  
resistance3.4.5.	
  	
  The	
  stack	
  resistance	
  will	
  influence	
  the	
  EL	
  intensity	
  in	
  a	
  similar	
  way,	
  
as	
  weak	
  diodes	
  will	
  draw	
  more	
  current	
  thereby	
  causing	
  a	
  larger	
  voltage	
  drop	
  across	
  
the	
  CdS/IZO	
  layers	
  and	
  increasing	
   	
  in	
  Eq.	
  3.4.	
  	
  	
  
	
   Numerical	
  simulations	
  were	
  used	
  to	
  examine	
  the	
  influence	
  of	
  stack	
  
resistance	
  on	
  the	
  bandgap	
  distribution	
  calculated	
  using	
  Eq.	
  3.11	
  and	
  Eq.	
  3.13.	
  	
  
NGSPICE3.4.7	
  was	
  used	
  to	
  simulate	
  the	
  device	
  open	
  circuit	
  voltage	
  and	
  EL	
  intensity	
  
distribution	
  from	
  a	
  Gaussian	
  distribution	
  of	
  bandgaps	
  using	
  a	
  network	
  of	
  2000	
  
nodes	
  with	
  the	
  equivalent	
  circuit	
  shown	
  in	
  Fig.	
  3.2.	
  	
  The	
  stack	
  resistance	
  was	
  set	
  at	
  
0,	
  0.02	
  and	
  0.1Ωcm2	
  while	
  the	
  standard	
  deviation	
  of	
  bandgaps	
  was	
  varied	
  from	
  0	
  to	
  
40meV.	
  	
  Rshunt	
  (Rsheet)	
  was	
  assumed	
  to	
  be	
  infinite	
  (zero).	
  	
  All	
  diode	
  parameters	
  not	
  
related	
  to	
  the	
  bandgap	
  were	
  held	
  constant.	
  	
  The	
  resulting	
  distribution	
  of	
  EL	
  
intensities	
  was	
  calculated	
  using	
  Eq.	
  3.4	
  at	
  each	
  node.	
  	
  The	
  standard	
  deviation	
  of	
  
bandgaps	
  was	
  then	
  calculated	
  from	
  the	
  distribution	
  of	
  EL	
  intensities	
  using	
  Eq.	
  3.11	
  
and	
  Eq.	
  3.12	
  and	
  is	
  shown	
  in	
  Fig.	
  3.14.	
  	
  Fig.	
  3.4	
  shows	
  the	
  calculated	
   	
  versus	
  the	
  

	
  obtained	
  in	
  the	
  NGSPICE	
  simulation.	
  	
  The	
  correlation	
  between	
  the	
  simulated	
  
and	
  the	
   calculated	
  from	
  the	
  EL	
  distribution	
  is	
  very	
  good	
  even	
  as	
  the	
  stack	
  

resistance	
  changes.	
  	
  This	
  analysis	
  shows	
  that	
  Eq.	
  3.11	
  and	
  Eq.	
  3.13	
  can	
  still	
  be	
  used	
  
to	
  estimate	
  efficiency	
  losses	
  even	
  in	
  the	
  more	
  practical	
  case	
  when	
  Rstack	
  in	
  the	
  device	
  
is	
  not	
  zero.	
  	
  This	
  approach	
  is	
  valid	
  as	
  the	
  stack	
  resistance	
  affects	
  the	
  distribution	
  of	
  
EL	
  intensities	
  in	
  a	
  similar	
  way	
  that	
  it	
  limits	
  the loss	
  from	
  weak	
  diodes	
  and	
  
therefore	
  the	
  distribution	
  of	
  EL	
  intensities	
  will	
  directly	
  determine	
  the	
   	
  loss	
  from	
  
bandgap	
  non-­‐uniformities.	
  	
  This	
  result	
  also	
  shows	
  the	
  advantage	
  of	
  using	
  EL	
  to	
  
determine	
  efficiency	
  losses	
  from	
  bandgap	
  non-­‐uniformities	
  as	
  it	
  automatically	
  takes	
  
into	
  account	
  the	
  protection	
  provided	
  by	
  the	
  stack	
  resistance.	
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Fig.	
  3.14:	
  (a)	
  Standard	
  deviation	
  of	
  bandgaps	
  (σEg)	
  calculated	
  from	
  the	
  simulated	
  EL	
  
distributions	
  versus	
  the	
  actual	
  standard	
  deviation	
  of	
  bandgaps	
  used	
  to	
  generate	
  the	
  
simulation	
  data.	
  	
  (b)	
  Simulated	
   versus	
  the	
   calculated	
  using	
  Eqn.	
  3.9	
  and	
  the	
  data	
  
shown	
  in	
  (a).	
  
	
  
	
   While	
  it	
  is	
  relatively	
  straightforward	
  to	
  translate	
  non-­‐uniformities	
  observed	
  
in	
  EL	
  intensity	
  into	
  their	
  effect	
  on	
  device	
  performance,	
  the	
  same	
  cannot	
  be	
  said	
  for	
  
variations	
  in	
  the	
  collection	
  length	
  as	
  determined	
  by	
  EBIC.	
  	
  The	
  collection	
  length	
  is	
  
determined	
  by	
  the	
  space	
  charge	
  width,	
  bulk	
  diffusion	
  length	
  and	
  back	
  surface	
  
recombination	
  velocity.	
  	
  Higher	
  space	
  charge	
  widths	
  and	
  bulk	
  diffusion	
  lengths	
  both	
  
lead	
  to	
  an	
  increase	
  in	
  carrier	
  collection,	
  but	
  have	
  opposite	
  effects	
  on	
  the	
  device	
  open	
  
circuit	
  voltage.	
  	
  As	
  such,	
  it’s	
  not	
  possible	
  to	
  translate	
  the	
  variations	
  observed	
  in	
  the	
  
collection	
  length	
  to	
  an	
  open	
  circuit	
  voltage	
  loss.	
  	
  However,	
  it	
  is	
  possible	
  to	
  translate	
  
such	
  fluctuations	
  into	
  short	
  circuit	
  current	
  losses.	
  	
  For	
  the	
  sample	
  in	
  Fig.	
  3.11,	
  the	
  
expected	
  loss	
  in	
  short	
  circuit	
  current	
  is	
  less	
  than	
  0.5	
  mA	
  as	
  estimated	
  from	
  
published	
  values	
  for	
  the	
  absorption	
  coefficient3.4.8.	
  
	
  
3.5	
   Impact	
  of	
  Non-­‐uniformities	
  on	
  Device	
  Behavior	
  
	
   The	
  role	
  electronic	
  non-­‐uniformities	
  on	
  device	
  behavior	
  is	
  still	
  an	
  open	
  
question	
  for	
  CIGS	
  solar	
  cells.	
  	
  Due	
  to	
  the	
  polycrystalline	
  nature	
  of	
  the	
  CIGS	
  absorber	
  
layer,	
  it	
  is	
  highly	
  unlikely	
  that	
  all	
  the	
  grains	
  exhibit	
  the	
  same	
  electronic	
  properties.	
  	
  
This	
  is	
  particularly	
  important	
  given	
  the	
  results	
  shown	
  in	
  Sec.	
  2.5	
  where	
  it	
  was	
  found	
  
that	
  the	
  average	
  bulk	
  diffusion	
  length	
  does	
  not	
  correlate	
  with	
  device	
  open	
  circuit	
  
voltage.	
  	
  There	
  are	
  several	
  possible	
  explanations	
  for	
  this	
  result	
  but	
  the	
  two	
  most	
  
straightforward	
  are	
  a)	
  the	
  average	
  bulk	
  diffusion	
  length	
  is	
  identical	
  for	
  all	
  samples	
  
but	
  the	
  degree	
  of	
  electron	
  non-­‐uniformities	
  (i.e.	
  bandgap,	
  bulk	
  diffusion	
  length,	
  etc.)	
  
vary	
  between	
  the	
  samples	
  or	
  b)	
  the	
  defect	
  density	
  in	
  the	
  space	
  charge	
  region	
  is	
  
significantly	
  different	
  than	
  in	
  the	
  quasi-­‐neutral	
  bulk.	
  
	
   The	
  second	
  hypothesis,	
  that	
  the	
  defect	
  density	
  or	
  defects	
  controlling	
  
recombination	
  in	
  the	
  space	
  charge	
  region	
  is	
  significantly	
  different	
  than	
  in	
  the	
  quasi-­‐
neutral	
  bulk,	
  is	
  inherently	
  challenging	
  to	
  study	
  due	
  to	
  the	
  lack	
  of	
  characterization	
  
techniques	
  which	
  can	
  probe	
  this	
  region.	
  	
  The	
  most	
  potentially	
  appealing	
  techniques	
  
for	
  this	
  study	
  would	
  be	
  based	
  on	
  the	
  sample	
  capacitance	
  (such	
  as	
  admittance	
  
spectroscopy	
  or	
  deep	
  level	
  transient	
  spectroscopy).	
  	
  However,	
  as	
  discussed	
  in	
  Sec.	
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1.4,	
  many	
  previous	
  studies	
  have	
  been	
  done	
  on	
  CIGS	
  using	
  these	
  techniques	
  and	
  
there	
  is	
  still	
  no	
  consensus	
  over	
  which	
  defects	
  control	
  recombination.	
  	
  On	
  the	
  other	
  
hand,	
  the	
  hypothesis	
  that	
  electronic	
  non-­‐uniformities	
  are	
  primarily	
  responsible	
  for	
  
device	
  performance	
  can	
  be	
  probed	
  based	
  on	
  the	
  EL	
  and	
  EBIC	
  techniques	
  discussed	
  
in	
  the	
  previous	
  sections.	
  	
  These	
  techniques	
  are	
  particularly	
  advantageous	
  for	
  this	
  
study	
  because	
  they	
  can	
  study	
  the	
  entire	
  sample	
  area	
  allowing	
  a	
  quantitative	
  
comparison	
  between	
  the	
  electronic	
  non-­‐uniformities	
  in	
  each	
  sample.	
  
	
   The	
  bandgap	
  non-­‐uniformities	
  on	
  a	
  sample	
  could	
  have	
  a	
  strong	
  influence	
  on	
  
device	
  performance.	
  	
  These	
  non-­‐uniformities	
  could	
  happen	
  on	
  several	
  length	
  scales	
  
either	
  due	
  to	
  defects	
  during	
  the	
  manufacturing	
  process	
  or	
  more	
  fundamental	
  
processes	
  such	
  as	
  the	
  segregation	
  of	
  indium	
  and	
  gallium	
  within	
  the	
  CIGS	
  layer.	
  	
  To	
  
study	
  this	
  effect,	
  the	
  EL	
  intensity	
  at	
  constant	
  voltage	
  was	
  used	
  to	
  the	
  bandgap	
  non-­‐
uniformities	
  using	
  the	
  same	
  samples	
  studied	
  in	
  Sec.	
  2.5.	
  	
  Eqn.	
  3.11	
  shows	
  that	
  at	
  
constant	
  voltage,	
  the	
  EL	
  intensity	
  will	
  be	
  proportional	
  to	
  the	
  bandgap	
  distribution	
  
across	
  the	
  cell.	
  	
  It’s	
  important	
  to	
  note	
  that	
  this	
  equation	
  covers	
  all	
  possible	
  length	
  
scales	
  of	
  the	
  bandgap	
  non-­‐uniformities	
  and	
  directly	
  measures	
  the	
  impact	
  such	
  non-­‐
uniformities	
  would	
  have	
  on	
  the	
  device	
  open	
  circuit	
  voltage	
  (Eqn.	
  3.9).	
  
	
   The	
  EL	
  intensity	
  at	
  constant	
  voltage	
  is	
  shown	
  in	
  Fig.	
  3.15	
  for	
  samples	
  with	
  
open	
  circuit	
  voltages	
  varying	
  by	
  over	
  80mV.	
  	
  It	
  is	
  apparent	
  from	
  this	
  figure	
  that	
  the	
  
samples	
  from	
  the	
  two	
  different	
  plates	
  have	
  roughly	
  constant	
  EL	
  intensities	
  at	
  
constant	
  voltage	
  indicating	
  a	
  different	
  average	
  bandgap	
  for	
  the	
  two	
  plates.	
  
Furthermore,	
  no	
  relationship	
  between	
  EL	
  intensity	
  and	
  open	
  circuit	
  voltage	
  is	
  
observed	
  between	
  the	
  samples.	
  	
  If	
  the	
  differences	
  in	
  open	
  circuit	
  voltage	
  between	
  
devices	
  were	
  due	
  to	
  bandgap	
  non-­‐uniformities,	
  one	
  would	
  expect	
  the	
  highest	
  EL	
  
intensities	
  would	
  correlate	
  with	
  the	
  lowest	
  open	
  circuit	
  voltages.	
  	
  This	
  would	
  occur	
  
because	
  areas	
  of	
  low	
  bandgap	
  on	
  the	
  sample	
  appear	
  brighter	
  at	
  a	
  given	
  voltage	
  (Eqn.	
  
3.4).	
  	
  The	
  results	
  in	
  Fig.	
  3.15	
  in	
  fact	
  show	
  the	
  opposite	
  behavior	
  where	
  the	
  highest	
  
EL	
  intensity	
  samples	
  also	
  have	
  the	
  highest	
  open	
  circuit	
  voltages	
  strongly	
  suggesting	
  
that	
  bandgap	
  non-­‐uniformities	
  are	
  not	
  responsible	
  for	
  variations	
  in	
  device	
  
performance.	
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Fig.	
  3.15:	
  (a)	
  Electroluminescence	
  intensity	
  as	
  a	
  function	
  of	
  device	
  open	
  circuit	
  voltage	
  at	
  
constant	
  current	
  and	
  (b)	
  constant	
  voltage	
  for	
  graded	
  CIGS	
  solar	
  cells.	
  
	
  
	
   Measuring	
  the	
  samples	
  at	
  constant	
  current	
  also	
  arrives	
  at	
  the	
  same	
  
conclusion.	
  	
  Eqn.	
  3.6	
  shows	
  that	
  at	
  a	
  given	
  current,	
  the	
  EL	
  intensity	
  is	
  proportional	
  
to	
  the	
  lifetime	
  in	
  the	
  absorber	
  and	
  has	
  no	
  relationship	
  to	
  the	
  CIGS	
  bandgap.	
  The	
  EL	
  
intensity	
  at	
  constant	
  current	
  versus	
  device	
  open	
  circuit	
  voltage	
  is	
  shown	
  in	
  Fig.	
  3.15	
  
and	
  shows	
  a	
  very	
  strong	
  relationship	
  between	
  the	
  two	
  indicating	
  a	
  variation	
  in	
  
defect	
  concentration	
  from	
  sample	
  to	
  sample	
  is	
  driving	
  device	
  performance.	
  
	
   Now	
  that	
  it	
  is	
  established	
  that	
  bandgap	
  non-­‐uniformities	
  are	
  not	
  responsible	
  
for	
  the	
  variation	
  in	
  device	
  performance,	
  it	
  is	
  important	
  to	
  look	
  at	
  the	
  variation	
  in	
  
bulk	
  diffusion	
  length	
  across	
  the	
  samples.	
  	
  The	
  same	
  technique	
  described	
  in	
  Sec.	
  3.4	
  
was	
  used	
  to	
  map	
  the	
  variation	
  in	
  collection	
  length	
  across	
  three	
  samples	
  with	
  widely	
  
varying	
  open	
  circuit	
  voltages.	
  	
  A	
  histogram	
  of	
  the	
  observed	
  collection	
  lengths	
  and	
  
representative	
  EBIC	
  image	
  are	
  shown	
  in	
  Fig.	
  3.16.	
  	
  The	
  EBIC	
  image	
  shows	
  that	
  
lateral	
  non-­‐uniformities	
  in	
  the	
  collection	
  length	
  are	
  observed	
  on	
  several	
  length	
  
scales.	
  	
  However,	
  when	
  comparing	
  the	
  histogram	
  of	
  collection	
  lengths	
  between	
  
samples,	
  there	
  is	
  almost	
  no	
  difference	
  in	
  the	
  degree	
  of	
  lateral	
  non-­‐uniformities.	
  	
  
While	
  the	
  histogram	
  of	
  collection	
  lengths	
  is	
  not	
  necessarily	
  the	
  same	
  as	
  the	
  variation	
  
in	
  bulk	
  diffusion	
  length,	
  they	
  should	
  be	
  closely	
  related	
  and	
  one	
  would	
  expect	
  a	
  very	
  
wide	
  distribution	
  of	
  collection	
  lengths	
  in	
  sample	
  A	
  (lowest	
  Voc	
  sample)	
  if	
  lateral	
  
non-­‐uniformities	
  in	
  the	
  bulk	
  diffusion	
  length	
  were	
  driving	
  device	
  performance.	
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Fig.	
  3.16:	
  (a)	
  Representative	
  EBIC	
  image	
  of	
  a	
  high	
  efficiency	
  CIGS	
  solar	
  cell.	
  	
  Both	
  macro	
  
(~100µm)	
  and	
  micro	
  (~5µm)	
  non-­‐uniformities	
  in	
  current	
  collection	
  are	
  observed.	
  	
  (b)	
  
Comparison	
  of	
  the	
  lateral	
  non-­‐uniformities	
  in	
  current	
  collection	
  for	
  three	
  high	
  efficiency	
  
CIGS	
  solar	
  cells	
  with	
  large	
  differences	
  in	
  open	
  circuit	
  voltage.	
  	
  The	
  non-­‐uniformities	
  in	
  
current	
  collection	
  are	
  quantitatively	
  similar	
  between	
  all	
  three	
  samples	
  suggesting	
  lateral	
  
non-­‐uniformities	
  are	
  not	
  driving	
  device	
  performance.	
  
	
  
	
   Overall,	
  no	
  evidence	
  was	
  found	
  using	
  either	
  EBIC	
  or	
  EL	
  techniques	
  that	
  
lateral	
  non-­‐uniformities	
  in	
  either	
  the	
  bandgap	
  or	
  bulk	
  diffusion	
  length	
  drive	
  the	
  
variation	
  in	
  device	
  performance.	
  	
  Therefore,	
  the	
  most	
  straightforward	
  explanation	
  
for	
  the	
  variation	
  in	
  performance	
  from	
  sample	
  to	
  sample	
  is	
  a	
  change	
  in	
  defect	
  
concentration	
  in	
  the	
  space	
  charge	
  region.	
  	
  	
  
	
   In	
  order	
  to	
  gain	
  a	
  more	
  complete	
  understanding	
  of	
  the	
  recombination	
  
physics	
  in	
  CIGS	
  solar	
  cells,	
  it	
  is	
  essentially	
  to	
  develop	
  new	
  techniques	
  that	
  can	
  
explore	
  this	
  region	
  of	
  the	
  device.	
  	
  This	
  may	
  be	
  difficult	
  if	
  the	
  increased	
  defect	
  
concentration	
  in	
  the	
  space	
  charge	
  region	
  is	
  a	
  fundamental	
  consequence	
  of	
  the	
  
Fermi-­‐level	
  moving	
  towards	
  the	
  conduction	
  band	
  at	
  the	
  front	
  of	
  the	
  device.	
  	
  If	
  this	
  
were	
  true,	
  the	
  measured	
  defect	
  concentrations	
  would	
  be	
  very	
  contingent	
  on	
  the	
  
degree	
  of	
  band	
  bending	
  in	
  the	
  CIGS.	
  	
  As	
  will	
  be	
  discussed	
  in	
  the	
  next	
  section,	
  there	
  is	
  
evidence	
  that	
  the	
  Fermi-­‐level	
  is	
  unpinned	
  at	
  the	
  CdS/CIGS	
  interface	
  meaning	
  that	
  
the	
  built-­‐in	
  voltage	
  after	
  CdS	
  deposition	
  may	
  be	
  significantly	
  less	
  than	
  after	
  AZO	
  
deposition.	
  	
  This	
  would	
  mean	
  that	
  defect	
  concentration	
  measurements	
  would	
  need	
  
to	
  be	
  done	
  on	
  a	
  full	
  device	
  or	
  at	
  least	
  under	
  conditions	
  where	
  the	
  Fermi-­‐level	
  is	
  
brought	
  close	
  to	
  the	
  conduction	
  band	
  in	
  the	
  CIGS.	
  	
  However,	
  many	
  defect	
  
concentration	
  measurements	
  (such	
  as	
  time	
  resolved	
  photoluminescence)	
  rely	
  on	
  
measuring	
  the	
  properties	
  of	
  excess	
  carriers	
  generated	
  in	
  the	
  CIGS	
  layer.	
  	
  Moving	
  the	
  
Fermi-­‐level	
  in	
  the	
  CIGS	
  close	
  to	
  the	
  conduction	
  band	
  also	
  generates	
  a	
  built-­‐in	
  
electric	
  field	
  that	
  will	
  quickly	
  separate	
  photo-­‐generated	
  carriers.	
  	
  This	
  observation	
  
has	
  already	
  been	
  made	
  for	
  time	
  resolved	
  photoluminescence	
  measurements	
  where	
  
it	
  was	
  found	
  that	
  charge	
  separation	
  kinetics	
  dominate	
  the	
  signal	
  if	
  the	
  measurement	
  
is	
  performed	
  on	
  a	
  full	
  device3.5.1.	
  	
  	
  
	
  



	
   74	
  

3.6	
   Secondary	
  Diode	
  Effects	
  
	
   Despite	
  being	
  the	
  highest	
  efficiency	
  thin	
  film	
  solar	
  cell	
  material,	
  CIGS	
  exhibits	
  
a	
  wide	
  range	
  of	
  unusual	
  phenomena	
  typically	
  associated	
  with	
  highly	
  defective	
  
materials.	
  	
  For	
  instance,	
  it	
  has	
  been	
  observed	
  that	
  CIGS	
  solar	
  cells	
  often	
  exhibit	
  
evidence	
  of	
  a	
  secondary	
  diode	
  in	
  series	
  with	
  the	
  primary	
  diode,	
  particularly	
  at	
  low	
  
temperatures3.6.1.	
  	
  This	
  effect	
  was	
  initially	
  prescribed	
  to	
  a	
  rectifying	
  back	
  contact	
  
between	
  the	
  CIGS	
  and	
  Mo3.6.1.	
  	
  However,	
  it	
  has	
  also	
  been	
  observed	
  that	
  the	
  
secondary	
  diode	
  effects	
  are	
  light	
  sensitive	
  suggesting	
  the	
  effect	
  originates	
  in	
  the	
  
front	
  of	
  the	
  device3.6.2.	
  	
  This	
  effect	
  is	
  not	
  well	
  explained	
  using	
  the	
  most	
  basic	
  
equivalent	
  circuit	
  of	
  a	
  solar	
  cell	
  where	
  the	
  primary	
  diode	
  is	
  in	
  parallel	
  with	
  a	
  current	
  
source.	
  	
  In	
  this	
  case,	
  the	
  difference	
  between	
  light	
  and	
  dark	
  I-­‐V	
  curves	
  is	
  expected	
  to	
  
be	
  constant	
  at	
  all	
  voltages	
  as	
  shown	
  in	
  Fig.	
  3.17.	
  

	
  
Fig.	
  3.17:	
  Expected	
  dark	
  and	
  light	
  I-­‐V	
  curves	
  for	
  a	
  solar	
  cell	
  based	
  on	
  a	
  simple	
  equivalent	
  
circuit	
  where	
  the	
  primary	
  diode	
  is	
  in	
  parallel	
  with	
  a	
  current	
  source	
  (Jsc).	
  
	
  
	
   This	
  phenomenon	
  is	
  particularly	
  important	
  in	
  the	
  case	
  of	
  EL	
  imaging	
  where	
  
the	
  sample	
  is	
  typically	
  kept	
  in	
  the	
  dark	
  to	
  avoid	
  the	
  influence	
  of	
  stray	
  light	
  on	
  the	
  
captured	
  image.	
  	
  If	
  insufficient	
  light	
  reaches	
  the	
  solar	
  cell	
  during	
  the	
  measurement,	
  
the	
  I-­‐V	
  characteristics	
  can	
  be	
  drastically	
  altered	
  from	
  the	
  I-­‐V	
  characteristics	
  in	
  the	
  
sunlight.	
  	
  An	
  example	
  of	
  this	
  is	
  shown	
  in	
  Fig.	
  3.18	
  where	
  a	
  CuIn0.1Ga0.9Se2	
  solar	
  cell	
  
was	
  measured	
  under	
  1-­‐sun	
  conditions	
  in	
  a	
  solar	
  simulator	
  and	
  then,	
  several	
  weeks	
  
later,	
  measured	
  in	
  a	
  dark	
  box	
  used	
  to	
  acquire	
  EL	
  images.	
  	
  Fig.	
  3.18	
  shows	
  that	
  the	
  
dark	
  and	
  light	
  I-­‐V	
  curves	
  do	
  not	
  differ	
  by	
  a	
  constant	
  value	
  at	
  all	
  voltages.	
  	
  
Furthermore,	
  the	
  curves	
  cross	
  each	
  other	
  at	
  roughly	
  0.55V	
  indicating	
  the	
  presence	
  
of	
  a	
  large	
  secondary	
  barrier	
  in	
  series	
  with	
  the	
  primary	
  diode.	
  	
  This	
  effect	
  is	
  known	
  
as	
  the	
  failure	
  of	
  superposition	
  between	
  dark	
  and	
  light	
  I-­‐V	
  curves.	
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Fig.	
  3.18:	
  Light	
  I-­‐V	
  curve	
  for	
  a	
  CuIn0.1Ga0.9Se2	
  sample	
  measured	
  using	
  a	
  solar	
  simulator	
  and	
  
the	
  dark	
  I-­‐V	
  curve	
  for	
  the	
  same	
  sample	
  measured	
  in	
  a	
  dark	
  box	
  used	
  for	
  EL	
  measurements.	
  	
  
The	
  light	
  and	
  dark	
  I-­‐V	
  curves	
  crossover	
  in	
  at	
  roughly	
  0.55V.	
  
	
  
	
   Several	
  theories	
  have	
  been	
  put	
  forth	
  in	
  literature	
  to	
  explain	
  this	
  effect.	
  	
  One	
  
theory	
  attributes	
  the	
  effect	
  to	
  the	
  conduction	
  band	
  offset	
  between	
  CIGS	
  and	
  CdS	
  
combined	
  with	
  photoconductivity	
  in	
  CdS.	
  	
  Theoretical	
  calculations	
  have	
  put	
  the	
  
conduction	
  band	
  offset	
  between	
  CdS	
  and	
  CIS	
  at	
  roughly	
  +0.3eV	
  indicating	
  type-­‐I	
  
band	
  alignment3.6.3.	
  	
  Other	
  experimental	
  investigations	
  of	
  the	
  barrier	
  height	
  between	
  
CdS	
  and	
  CIS	
  have	
  come	
  to	
  a	
  similar	
  value3.6.4.	
  This	
  offset	
  provides	
  a	
  barrier	
  to	
  
current	
  injection	
  equal	
  to	
  the	
  difference	
  between	
  the	
  Fermi-­‐level	
  at	
  the	
  CdS/CIGS	
  
interface	
  and	
  the	
  bottom	
  of	
  the	
  CdS	
  conduction	
  band.	
  	
  At	
  first	
  glance,	
  the	
  conduction	
  
band	
  offset	
  between	
  CIS	
  and	
  CdS	
  would	
  seem	
  to	
  preclude	
  the	
  formation	
  of	
  high	
  
efficiency	
  solar	
  cells	
  as	
  this	
  secondary	
  barrier	
  would	
  provide	
  a	
  severe	
  impediment	
  
to	
  the	
  collection	
  of	
  photogenerated	
  electrons.	
  	
  However,	
  numerical	
  calculations	
  have	
  
shown	
  that	
  barriers	
  heights	
  below	
  0.4	
  eV	
  should	
  have	
  only	
  a	
  small	
  effect	
  on	
  device	
  
performance3.6.5.	
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Fig.	
  3.19:	
  (a)	
  n-­‐type	
  CdS	
  with	
  a	
  large	
  concentration	
  of	
  deep	
  acceptors	
  (Et).	
  	
  In	
  the	
  dark,	
  the	
  
acceptors	
  will	
  be	
  ionized	
  and	
  thus	
  have	
  a	
  negative	
  charge.	
  	
  Upon	
  illumination,	
  electron-­‐hole	
  
pairs	
  are	
  generated.	
  	
  The	
  photogenerated	
  holes	
  have	
  a	
  higher	
  probability	
  of	
  being	
  captured	
  
by	
  the	
  deep	
  acceptor	
  due	
  to	
  the	
  coloumbic	
  attraction.	
  	
  The	
  steady-­‐state	
  condition	
  under	
  
illumination	
  is	
  shown	
  in	
  (b)	
  where	
  there	
  exists	
  a	
  surplus	
  of	
  electrons	
  in	
  the	
  conduction	
  
band.	
  	
  When	
  the	
  illumination	
  source	
  is	
  removed	
  (c),	
  the	
  holes	
  eventually	
  are	
  thermally	
  
emitted	
  from	
  the	
  deep	
  trap	
  where	
  they	
  recombine	
  with	
  the	
  excess	
  carriers	
  in	
  the	
  
conduction	
  band	
  and	
  restore	
  the	
  dark	
  equilibrium	
  condition.	
  
	
  
	
   Given	
  the	
  conduction	
  band	
  offset	
  between	
  the	
  CdS	
  and	
  CIS,	
  the	
  variable	
  
determining	
  whether	
  this	
  secondary	
  barrier	
  will	
  or	
  will	
  not	
  affect	
  the	
  device	
  
performance	
  is	
  the	
  Fermi	
  level	
  at	
  the	
  CdS/CIS	
  interface.	
  	
  The	
  Fermi-­‐level	
  at	
  this	
  
interface	
  is	
  a	
  function	
  of	
  the	
  free	
  carrier	
  density	
  of	
  the	
  ZnO,	
  CdS	
  and	
  CIS	
  layers	
  as	
  
well	
  as	
  the	
  density	
  of	
  interface	
  states	
  between	
  each	
  layer3.6.6.	
  	
  Therefore,	
  the	
  change	
  
in	
  carrier	
  concentration	
  in	
  any	
  of	
  the	
  layers	
  would	
  be	
  expected	
  to	
  change	
  the	
  
position	
  of	
  the	
  Fermi-­‐level	
  at	
  the	
  CdS/CIS	
  interface.	
  	
  It	
  has	
  been	
  observed	
  that	
  the	
  
conductivity	
  of	
  CBD	
  grown	
  CdS	
  films	
  can	
  change	
  by	
  orders	
  of	
  magnitude	
  under	
  
illumination3.6.7.	
  The	
  photoconductivity	
  in	
  CdS	
  has	
  been	
  explained	
  by	
  the	
  presence	
  of	
  
deep	
  acceptors,	
  which	
  are	
  ionized	
  in	
  the	
  dark	
  3.6.8,3.6.9.	
  	
  If	
  the	
  deep	
  acceptors	
  have	
  a	
  
much	
  larger	
  capture	
  cross	
  section	
  for	
  holes	
  than	
  for	
  electrons,	
  they	
  will	
  effectively	
  
trap	
  holes	
  upon	
  illumination	
  leaving	
  excess	
  free	
  electrons	
  in	
  the	
  CdS	
  conduction	
  
band.	
  	
  This	
  process	
  is	
  shown	
  schematically	
  in	
  Fig.	
  3.19.	
  	
  	
  Some	
  authors	
  have	
  
attributed	
  this	
  effect	
  in	
  CdS	
  to	
  copper	
  impurities3.6.10.	
  
	
   Therefore,	
  it	
  has	
  been	
  proposed	
  that	
  the	
  failure	
  of	
  superposition	
  between	
  
dark	
  and	
  light	
  I-­‐V	
  curves	
  stems	
  from	
  the	
  increase	
  in	
  carrier	
  concentration	
  of	
  CdS	
  
under	
  illumination3.6.8,3.6.9.	
  	
  This	
  increase	
  in	
  carrier	
  concentration	
  in	
  the	
  CdS	
  layer	
  
leads	
  to	
  additional	
  band	
  bending	
  in	
  the	
  CIGS	
  and	
  pulls	
  the	
  bottom	
  of	
  the	
  CdS	
  
conduction	
  band	
  closer	
  to	
  the	
  Fermi	
  level	
  at	
  the	
  CIGS/CdS	
  interface.	
  	
  Following	
  the	
  
work	
  of	
  Ref.	
  3.6.8,	
  this	
  effect	
  was	
  simulated	
  using	
  AMPS3.6.11.	
  	
  The	
  layer	
  properties	
  
used	
  in	
  the	
  simulation	
  are	
  based	
  on	
  those	
  presented	
  in	
  Ref.	
  3.6.8	
  and	
  Ref.	
  3.6.11.	
  	
  
There	
  is	
  a	
  large	
  degree	
  of	
  uncertainty	
  in	
  each	
  parameter	
  and	
  therefore	
  they	
  should	
  
only	
  be	
  considered	
  as	
  one	
  possible	
  way	
  of	
  obtaining	
  this	
  effect.	
  	
  To	
  highlight	
  the	
  
effect	
  of	
  photoconductivity	
  on	
  blocking	
  behavior,	
  Fig.	
  3.20	
  shows	
  the	
  band	
  diagram	
  
of	
  a	
  ZnO/CdS/CIGS	
  device	
  under	
  a	
  0.4V	
  forward	
  bias	
  both	
  in	
  the	
  dark	
  and	
  with	
  a	
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380nm	
  (UV)	
  light	
  source.	
  	
  Fig.	
  3.20	
  shows	
  that	
  in	
  the	
  dark,	
  a	
  significant	
  fraction	
  of	
  
the	
  applied	
  voltage	
  (VBL)	
  drops	
  at	
  the	
  CdS/CIGS	
  interface	
  due	
  to	
  the	
  large	
  energy	
  
difference	
  between	
  the	
  electron	
  quasi-­‐Fermi	
  level	
  and	
  the	
  bottom	
  of	
  the	
  CdS	
  
conduction	
  band.	
  	
  Based	
  on	
  Eqn.	
  3.4	
  this	
  would	
  lead	
  to	
  a	
  significant	
  reduction	
  in	
  the	
  
EL	
  intensity	
  at	
  a	
  given	
  bias.	
  	
  Under	
  UV	
  illumination,	
  almost	
  all	
  of	
  the	
  applied	
  voltage	
  
drops	
  across	
  CIGS	
  layer	
  thereby	
  eliminating	
  the	
  effect	
  of	
  Vbl	
  in	
  Eqn.	
  3.4.	
  

	
  
Fig.	
  3.20:	
  	
  Simulated	
  band	
  diagram	
  of	
  an	
  AZO/IZO/CdS/CIGS	
  structure	
  under	
  0.4V	
  forward	
  
bias	
  in	
  the	
  dark	
  and	
  with	
  UV	
  illumination.	
  	
  The	
  conduction	
  band	
  (EC),	
  valence	
  band	
  (EV)	
  
and	
  quasi-­‐Fermi	
  level	
  (QFL)	
  splitting	
  are	
  displayed.	
  	
  The	
  barrier	
  at	
  the	
  CdS/CIGS	
  interface	
  
causes	
  a	
  reduction	
  of	
  the	
  QFL	
  splitting	
  by	
  VBL	
  in	
  the	
  dark.	
  
	
  
	
   An	
  alternative	
  theory	
  has	
  been	
  proposed	
  to	
  explain	
  the	
  failure	
  of	
  
superposition	
  between	
  dark	
  and	
  light	
  I-­‐V	
  curves.	
  	
  This	
  theory	
  was	
  developed	
  in	
  part	
  
to	
  explain	
  another	
  interesting	
  feature	
  often	
  observed	
  on	
  CIGS	
  solar	
  cells.	
  	
  Photo-­‐
emission	
  experiments	
  in	
  CIS	
  thin	
  film	
  samples	
  have	
  shown	
  evidence	
  for	
  a	
  thin	
  Cu-­‐
poor	
  compound	
  on	
  the	
  surface	
  of	
  CIGS	
  that	
  appears	
  to	
  be	
  n-­‐type3.6.12.	
  	
  The	
  Cu-­‐poor	
  
compound	
  has	
  been	
  described	
  as	
  the	
  ordered	
  defect	
  compound	
  (ODC)	
  CuIn3Se53.6.13	
  
which	
  has	
  a	
  bandgap	
  of	
  roughly	
  1.6eV3.6.14.	
  	
  Hall	
  effect	
  measurements	
  on	
  thin	
  films	
  
of	
  CuIn3Se5	
  have	
  also	
  found	
  the	
  material	
  to	
  be	
  weakly	
  n-­‐type3.6.15.	
  	
  This	
  experimental	
  
evidence	
  has	
  led	
  some	
  groups	
  to	
  the	
  conclusion	
  that	
  the	
  Fermi-­‐level	
  is	
  pinned	
  at	
  the	
  
CdS-­‐CIGS	
  interface3.6.16.	
  	
  As	
  such,	
  it	
  is	
  argued	
  that	
  the	
  p-­‐n	
  junction	
  is	
  actually	
  a	
  
“buried”	
  junction	
  in	
  that	
  it	
  exists	
  entirely	
  within	
  the	
  CIGS	
  layer.	
  
	
   The	
  CdS/CIGS	
  interface	
  photoconductivity	
  theory	
  inherently	
  requires	
  that	
  
the	
  Fermi-­‐level	
  not	
  be	
  pinned	
  at	
  this	
  interface.	
  	
  Therefore,	
  an	
  alternative	
  
explanation	
  has	
  been	
  presented	
  explaining	
  the	
  failure	
  of	
  superposition	
  between	
  
dark	
  and	
  light	
  I-­‐V	
  curves,	
  relying	
  instead	
  on	
  a	
  barrier	
  due	
  to	
  deep	
  acceptors	
  
between	
  the	
  ODC	
  and	
  bulk	
  CIGS	
  layer3.6.17.	
  	
  The	
  exact	
  details	
  of	
  this	
  theory	
  are	
  
beyond	
  the	
  scope	
  of	
  this	
  section	
  but	
  an	
  important	
  distinction	
  between	
  this	
  theory	
  
and	
  the	
  previous	
  one	
  is	
  that	
  photogenerated	
  holes	
  in	
  the	
  ODC	
  should	
  reduce	
  the	
  
blocking	
  barrier3.6.17.	
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   A	
  simple	
  example	
  of	
  the	
  influence	
  of	
  photo-­‐conductive	
  blocking	
  barriers	
  on	
  
EL	
  imaging	
  is	
  shown	
  in	
  Fig.	
  3.21.	
  	
  Here,	
  two	
  images	
  are	
  taken	
  on	
  a	
  CuIn0.9Ga0.1Se2	
  
solar	
  cell	
  at	
  0.48V	
  forward	
  bias.	
  	
  One	
  image	
  was	
  taken	
  while	
  the	
  sample	
  was	
  in	
  the	
  
dark	
  while	
  the	
  other	
  image	
  was	
  taken	
  with	
  additional	
  UV	
  illumination.	
  	
  A	
  close	
  
examination	
  of	
  the	
  two	
  images	
  shows	
  the	
  additional	
  UV	
  illumination	
  results	
  in	
  the	
  
EL	
  image	
  being	
  brighter	
  due	
  to	
  a	
  reduction	
  of	
  VBL	
  (Eqn.	
  3.4).	
  	
  The	
  effect	
  can	
  be	
  seen	
  
even	
  more	
  clearly	
  in	
  Fig.	
  3.22	
  where	
  the	
  injection	
  current	
  and	
  average	
  EL	
  intensity	
  
are	
  plotted	
  versus	
  the	
  applied	
  voltage.	
  	
  In	
  this	
  case,	
  both	
  the	
  EL	
  intensity	
  and	
  
current	
  versus	
  voltage	
  are	
  affected	
  in	
  a	
  similar	
  way	
  by	
  the	
  blocking	
  barrier.	
  	
  This	
  is	
  
also	
  seen	
  in	
  Fig.	
  3.22	
  where	
  the	
  injection	
  current	
  is	
  plotted	
  versus	
  EL	
  intensity.	
  	
  	
  
Here	
  it	
  is	
  apparent	
  that	
  the	
  addition	
  of	
  the	
  UV	
  light	
  is	
  only	
  modifying	
  the	
  term	
  VBL	
  in	
  
Eqn.	
  3.4,	
  which	
  does	
  not	
  appear	
  in	
  the	
  equation	
  for	
  EL	
  intensity	
  as	
  a	
  function	
  of	
  
current	
  injection	
  (Eqn.	
  3.6).	
  

	
  
Fig.	
  3.21:	
  EL	
  images	
  of	
  a	
  CuIn0.1Ga0.9Se2	
  solar	
  cell	
  at	
  0.48V	
  forward	
  bias	
  in	
  the	
  dark	
  and	
  
under	
  UV	
  illumination.	
  	
  The	
  EL	
  image	
  under	
  UV	
  illumination	
  is	
  slightly	
  brighter	
  than	
  in	
  the	
  
dark.	
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Fig.	
  3.22:	
  (a)	
  Current	
  density	
  and	
  EL	
  intensity	
  versus	
  applied	
  voltage	
  in	
  the	
  dark	
  and	
  under	
  
UV	
  illumination	
  for	
  the	
  sample	
  shown	
  in	
  Fig.	
  3.21.	
  	
  (b)	
  The	
  current	
  density	
  versus	
  EL	
  
intensity	
  for	
  the	
  same	
  sample	
  showing	
  no	
  difference	
  in	
  the	
  dark	
  versus	
  under	
  UV	
  
illumination.	
  
	
  
	
   Another	
  more	
  dramatic	
  demonstration	
  of	
  photo-­‐conductive	
  blocking	
  barriers	
  
on	
  EL	
  imaging	
  is	
  shown	
  in	
  Fig.	
  3.23.	
  	
  The	
  growth	
  parameters	
  for	
  this	
  sample	
  are	
  
similar	
  to	
  those	
  for	
  the	
  sample	
  shown	
  in	
  Fig.	
  3.21.	
  	
  It	
  is	
  apparent	
  from	
  looking	
  at	
  Fig.	
  
3.23	
  that	
  a	
  large	
  contrast	
  in	
  EL	
  intensity	
  is	
  observed	
  across	
  the	
  sample	
  in	
  the	
  dark,	
  
which	
  is	
  effectively	
  removed	
  under	
  both	
  blue	
  and	
  UV	
  light,	
  although	
  not	
  under	
  red	
  
light.	
  	
  These	
  non-­‐uniformities	
  are	
  not	
  a	
  result	
  of	
  lateral	
  variations	
  in	
  the	
  primary	
  
diode	
  properties	
  across	
  the	
  sample	
  but	
  are	
  instead	
  a	
  result	
  of	
  laterally	
  non-­‐uniform	
  
blocking	
  barriers	
  on	
  the	
  sample.	
  	
  It	
  is	
  important	
  to	
  note	
  that	
  these	
  blocking	
  barriers	
  
will	
  also	
  disappear	
  when	
  the	
  sample	
  is	
  measured	
  under	
  a	
  solar	
  simulator	
  and	
  
therefore	
  have	
  very	
  little	
  impact	
  on	
  the	
  overall	
  device	
  efficiency.	
  	
  As	
  such,	
  when	
  
using	
  EL	
  imaging	
  to	
  analyze	
  the	
  impact	
  of	
  non-­‐uniformities	
  on	
  device	
  performance,	
  
it	
  is	
  important	
  to	
  use	
  a	
  UV	
  offset	
  to	
  eliminate	
  the	
  effect	
  of	
  secondary	
  barriers.	
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Fig.	
  3.23:	
  Optical	
  image	
  of	
  a	
  CuIn0.1Ga0.9Se2	
  solar	
  cell	
  along	
  with	
  EL	
  images	
  taken	
  in	
  the	
  dark	
  
and	
  under	
  red,	
  blue	
  and	
  UV	
  illumination.	
  
	
  
	
   Fig.	
  3.23	
  shows	
  another	
  interesting	
  effect	
  when	
  comparing	
  the	
  blue	
  and	
  red	
  
images.	
  	
  The	
  blue	
  image	
  was	
  measured	
  prior	
  to	
  the	
  red	
  image	
  using	
  a	
  blue	
  LED	
  
positioned	
  off	
  to	
  the	
  side	
  of	
  the	
  sample.	
  	
  Due	
  to	
  the	
  directional	
  illumination,	
  the	
  
contact	
  probes	
  appear	
  to	
  cast	
  a	
  shadow	
  on	
  the	
  sample	
  surface.	
  	
  However,	
  this	
  
shadow	
  is	
  not	
  a	
  result	
  of	
  reflection	
  but	
  comes	
  from	
  blocking	
  barriers	
  on	
  the	
  sample	
  
that	
  have	
  not	
  received	
  a	
  sufficient	
  photon	
  flux	
  to	
  be	
  removed.	
  	
  The	
  red	
  image	
  was	
  
measured	
  immediately	
  after	
  this	
  blue	
  image	
  was	
  taken,	
  and	
  it	
  is	
  apparent	
  that	
  the	
  
shadow	
  from	
  the	
  contact	
  probe	
  remains	
  on	
  the	
  surface.	
  	
  As	
  such,	
  this	
  image	
  directly	
  
shows	
  the	
  photoconductive	
  secondary	
  barrier	
  has	
  a	
  slow	
  decay	
  time	
  and	
  the	
  
secondary	
  barrier	
  does	
  not	
  immediately	
  return	
  after	
  the	
  illumination	
  is	
  removed.	
  	
  	
  A	
  
study	
  of	
  the	
  time	
  dependence	
  of	
  the	
  EL	
  intensity	
  decay	
  after	
  UV	
  illumination	
  is	
  
shown	
  in	
  Fig.	
  3.24.	
  	
  This	
  figure	
  shows	
  that	
  photoconductivity	
  of	
  CdS	
  persists	
  for	
  
hours	
  after	
  just	
  two	
  minutes	
  of	
  illumination.	
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Fig.	
  3.24.	
  	
  EL	
  intensity	
  of	
  a	
  CuIn0.1Ga0.9Se2	
  solar	
  cell	
  as	
  a	
  function	
  of	
  time.	
  	
  The	
  cell	
  was	
  kept	
  
in	
  the	
  dark	
  for	
  the	
  first	
  5	
  minutes	
  and	
  then	
  exposed	
  to	
  UV	
  light	
  for	
  2	
  minutes.	
  	
  The	
  increased	
  
EL	
  intensity	
  persisted	
  for	
  several	
  hours	
  before	
  decaying	
  to	
  its	
  equilibrium	
  value.	
  
	
  
	
   An	
  important	
  conclusion	
  regarding	
  the	
  origin	
  of	
  the	
  secondary	
  barrier	
  effect	
  
can	
  be	
  drawn	
  from	
  Fig.	
  3.23.	
  	
  The	
  red	
  illumination	
  clearly	
  shows	
  a	
  strong	
  lateral	
  
variation	
  in	
  the	
  blocking	
  behavior	
  of	
  the	
  cell,	
  similar	
  to	
  that	
  observed	
  in	
  the	
  dark	
  
image.	
  	
  If	
  the	
  secondary	
  barrier	
  was	
  a	
  result	
  of	
  deep	
  acceptors	
  in	
  the	
  ODC,	
  one	
  
would	
  expect	
  the	
  secondary	
  barriers	
  would	
  be	
  removed	
  under	
  red	
  illumination	
  as	
  
the	
  ODC	
  bandgap	
  is	
  ~	
  1.6eV3.6.14.	
  	
  However,	
  this	
  is	
  not	
  observed	
  suggesting	
  the	
  
origin	
  of	
  the	
  photoconductive	
  secondary	
  barrier	
  lies	
  in	
  the	
  CdS	
  layer.	
  	
  Furthermore,	
  
this	
  also	
  indicates	
  that	
  the	
  Fermi-­‐level	
  at	
  the	
  CdS/CIGS	
  interface	
  is	
  not	
  pinned.	
  	
  It	
  is	
  
interesting	
  to	
  note	
  that	
  the	
  efficiency	
  of	
  the	
  cell	
  shown	
  in	
  Fig.	
  3.23	
  is	
  13.6%	
  (Jsc	
  =	
  
37.5mA/cm2,	
  Voc	
  =	
  516mV	
  and	
  FF=0.7),	
  which	
  is	
  fairly	
  efficient	
  for	
  a	
  CIGS	
  solar	
  cell	
  
given	
  the	
  sub-­‐optimal	
  Ga/(In+Ga)	
  ratio.	
  	
  This	
  indicates	
  that	
  it	
  is	
  possible	
  to	
  achieve	
  
high	
  efficiency	
  CIGS	
  solar	
  cells	
  without	
  a	
  pinned	
  CdS/CIGS	
  interface.	
  
	
   Blocking	
  barriers	
  often	
  have	
  additional	
  impacts	
  on	
  device	
  characterization	
  
beyond	
  adding	
  additional	
  contrast	
  to	
  EL	
  images.	
  	
  For	
  instance,	
  it	
  has	
  been	
  observed	
  
that	
  secondary	
  diodes	
  in	
  series	
  with	
  a	
  primary	
  diode	
  can	
  lead	
  to	
  an	
  inflated	
  diode	
  
ideality	
  factor3.6.18.	
  	
  In	
  several	
  cases,	
  this	
  makes	
  it	
  difficult	
  to	
  use	
  the	
  diode	
  ideality	
  
factor	
  as	
  a	
  tool	
  to	
  characterize	
  which	
  part	
  of	
  the	
  device	
  is	
  responsible	
  for	
  
recombination3.6.19.	
  	
  In	
  this	
  case,	
  it	
  is	
  helpful	
  to	
  note	
  that	
  the	
  EL	
  ideality	
  factor	
  should	
  
in	
  theory	
  be	
  equal	
  to	
  1	
  (Eqn.	
  3.4).	
  	
  Therefore,	
  a	
  deviation	
  in	
  the	
  EL	
  ideality	
  factor	
  
from	
  1	
  can	
  be	
  attributed	
  to	
  the	
  effect	
  of	
  secondary	
  blocking	
  barriers.	
  	
  This	
  is	
  shown	
  
in	
  Fig.	
  3.25	
  in	
  the	
  voltage	
  dependence	
  of	
  both	
  the	
  injection	
  current	
  and	
  EL	
  intensity	
  
for	
  the	
  same	
  sample	
  as	
  imaged	
  in	
  Fig.	
  3.23.	
  	
  In	
  the	
  dark,	
  the	
  EL	
  ideality	
  factor	
  is	
  2	
  but	
  
drops	
  to	
  1.2	
  when	
  the	
  cell	
  is	
  under	
  UV	
  illumination.	
  	
  Likewise,	
  the	
  current	
  ideality	
  
factor	
  is	
  inflated	
  to	
  3	
  in	
  the	
  dark	
  but	
  drops	
  to	
  1.7	
  under	
  UV	
  illumination.	
  	
  As	
  such,	
  it’s	
  
possible	
  to	
  ascribe	
  the	
  high	
  ideality	
  factor	
  of	
  the	
  sample	
  in	
  the	
  dark	
  to	
  the	
  influence	
  
of	
  the	
  photoconductive	
  secondary	
  barrier.	
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Fig.	
  3.25.	
  (a)	
  Current	
  and	
  (b)	
  EL	
  intensity	
  versus	
  voltage	
  with	
  and	
  without	
  a	
  UV	
  offset.	
  	
  The	
  
ideality	
  factor	
  (n)	
  and	
  corresponding	
  fit	
  are	
  shown	
  in	
  each	
  image.	
  
	
  
	
   Secondary	
  barriers	
  will	
  also	
  affect	
  measurements	
  of	
  the	
  TCO	
  sheet	
  resistance	
  
from	
  the	
  EL	
  intensity	
  distribution	
  away	
  from	
  the	
  aluminum	
  fingers.	
  	
  Previous	
  
publications	
  have	
  shown	
  the	
  lateral	
  gradient	
  in	
  EL	
  intensity	
  can	
  be	
  used	
  to	
  
determine	
  the	
  TCO	
  sheet	
  resistance3.6.20,	
  3.6.21.	
  	
  This	
  approach	
  assumes	
  that	
  there	
  are	
  
no	
  secondary	
  barriers	
  in	
  series	
  with	
  the	
  primary	
  CIGS	
  diode.	
  	
  However,	
  secondary	
  
barriers	
  can	
  effectively	
  limit	
  the	
  amount	
  of	
  current	
  that	
  can	
  go	
  through	
  any	
  one	
  
portion	
  of	
  the	
  cell	
  and	
  as	
  such,	
  will	
  affect	
  the	
  lateral	
  gradient	
  in	
  EL	
  intensity	
  across	
  
the	
  sample.	
  	
  An	
  example	
  of	
  this	
  is	
  shown	
  in	
  Fig.	
  3.26	
  where	
  the	
  average	
  EL	
  intensity	
  
is	
  plotted	
  across	
  a	
  sample	
  at	
  20mA	
  of	
  forward	
  current.	
  	
  Following	
  the	
  approach	
  of	
  
Ref.	
  3.6.20	
  and	
  Ref.	
  3.6.21,	
  one	
  would	
  come	
  to	
  the	
  conclusion	
  that	
  the	
  TCO	
  sheet	
  
resistance	
  changed	
  dramatically	
  under	
  UV	
  illumination.	
  	
  However,	
  this	
  is	
  not	
  the	
  
case	
  as	
  the	
  different	
  line	
  profiles	
  are	
  simply	
  a	
  result	
  of	
  the	
  large	
  secondary	
  barriers	
  
in	
  the	
  dark.	
  

	
  
Fig.	
  3.26:	
  Normalized	
  EL	
  intensity	
  lines	
  scans	
  across	
  the	
  sample	
  with	
  and	
  without	
  a	
  UV	
  
offset.	
  	
  The	
  images	
  were	
  taken	
  at	
  20mA	
  forward	
  current.	
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Conclusions	
  
	
  

	
   Thin	
  film	
  photovoltaics	
  are	
  a	
  very	
  promising	
  source	
  of	
  renewable	
  energy.	
  	
  
However,	
  a	
  fundamental	
  understanding	
  of	
  the	
  physical	
  and	
  electronic	
  parameters	
  
governing	
  device	
  performance	
  is	
  lacking.	
  	
  One	
  of	
  the	
  main	
  complications	
  when	
  
dealing	
  with	
  thin	
  film	
  photovoltaics	
  is	
  the	
  inherent	
  electronic	
  non-­‐uniformities	
  
present	
  in	
  the	
  cells.	
  	
  The	
  purpose	
  of	
  this	
  work	
  was	
  to	
  develop	
  new	
  characterization	
  
techniques	
  and	
  modeling	
  approaches	
  to	
  quantify	
  the	
  effects	
  of	
  these	
  non-­‐
uniformities	
  using	
  CIGS	
  as	
  a	
  model	
  materials	
  system.	
  	
  Therefore,	
  while	
  all	
  of	
  the	
  
experimental	
  results	
  in	
  this	
  work	
  come	
  from	
  CIGS	
  samples,	
  the	
  advances	
  in	
  
characterization	
  techniques	
  and	
  modeling	
  are	
  applicable	
  to	
  any	
  thin	
  film	
  material	
  
system.	
  
	
   The	
  technique	
  of	
  electron	
  beam	
  induced	
  current	
  was	
  extended	
  in	
  this	
  work	
  
to	
  characterize	
  the	
  depth	
  dependent	
  electronic	
  properties	
  in	
  compositionally	
  graded	
  
thin	
  film	
  absorbers.	
  	
  This	
  technique	
  was	
  specifically	
  applied	
  to	
  the	
  CIGS	
  material	
  
system	
  where	
  it	
  was	
  experimentally	
  shown	
  that	
  gallium	
  gradients	
  present	
  in	
  high	
  
efficiency	
  CIGS	
  solar	
  cells	
  improve	
  the	
  carrier	
  collection	
  efficiency	
  by	
  introducing	
  
quasi-­‐electric	
  fields	
  into	
  the	
  absorber.	
  	
  However,	
  the	
  bulk	
  diffusion	
  length	
  in	
  these	
  
films	
  was	
  found	
  to	
  have	
  no	
  correlation	
  with	
  the	
  device	
  open	
  circuit	
  voltage	
  
suggesting	
  the	
  dominant	
  recombination	
  pathway	
  in	
  these	
  cells	
  occurs	
  through	
  a	
  
separate	
  set	
  of	
  defects	
  in	
  the	
  space	
  charge	
  region.	
  	
  This	
  result	
  provides	
  a	
  theoretical	
  
justification	
  for	
  the	
  gallium	
  depth	
  profile	
  experimentally	
  observed	
  in	
  the	
  highest	
  
efficiency	
  CIGS	
  samples.	
  	
  The	
  advances	
  in	
  electron	
  beam	
  induced	
  current	
  are	
  
generally	
  applicable	
  to	
  any	
  material	
  system	
  involving	
  compositionally	
  graded	
  
absorbers,	
  including	
  new	
  solar	
  cell	
  materials	
  such	
  as	
  InGaN.	
  	
  With	
  this	
  technique,	
  it	
  
is	
  possible	
  to	
  quantitatively	
  determine	
  the	
  influence	
  of	
  compositional	
  grading	
  on	
  
carrier	
  collection	
  efficiency.	
  
	
   To	
  understand	
  the	
  influence	
  of	
  lateral	
  electron	
  non-­‐uniformities	
  on	
  device	
  
behavior,	
  a	
  theory	
  of	
  electroluminescence	
  intensity	
  was	
  developed	
  for	
  thin	
  film	
  
photovoltaics.	
  	
  It	
  was	
  found	
  that	
  electroluminescence	
  intensity,	
  when	
  combined	
  
with	
  electron	
  beam	
  induced	
  current	
  images,	
  can	
  be	
  used	
  to	
  quantitatively	
  image	
  
both	
  the	
  bandgap	
  and	
  collection	
  probability	
  across	
  a	
  cell.	
  	
  Finally,	
  the	
  
electroluminescence	
  intensity	
  was	
  found	
  to	
  be	
  very	
  sensitive	
  to	
  secondary	
  blocking	
  
barriers	
  allowing	
  these	
  barriers	
  to	
  be	
  directly	
  imaged.	
  
	
   Together,	
  the	
  advances	
  in	
  characterization	
  techniques	
  and	
  modeling	
  
approaches	
  described	
  in	
  this	
  work	
  are	
  critical	
  components	
  in	
  determining	
  the	
  
effects	
  of	
  non-­‐uniform	
  electronic	
  properties	
  in	
  thin	
  film	
  photovoltaics.	
  	
  These	
  
modeling	
  efforts	
  are	
  important	
  not	
  only	
  for	
  future	
  efficiency	
  improvements	
  but	
  also	
  
for	
  research	
  efforts	
  focused	
  on	
  understanding	
  how	
  the	
  physical	
  properties	
  of	
  these	
  
materials	
  affect	
  the	
  observed	
  electronic	
  properties.	
  	
  Ultimately,	
  these	
  efforts	
  will	
  
lead	
  to	
  a	
  greater	
  understanding	
  of	
  which	
  materials	
  properties	
  are	
  critical	
  in	
  
designing	
  solar	
  cells	
  and	
  in	
  turn	
  help	
  design	
  the	
  next	
  generation	
  of	
  cheaper,	
  more	
  
efficient	
  photovoltaics.
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  Appendices	
  
	
  
1.	
  Mathematica	
  Program	
  for	
  Fitting	
  Electron	
  Beam	
  Induced	
  Current	
  Data	
  
sample	
  :=	
  "C2228-­‐13	
  3";	
  
profile	
  :=	
  "Linear";	
  
Option	
  :=	
  True;	
  (*	
  True	
  if	
  the	
  SCR	
  is	
  >	
  the	
  first	
  composition	
  data	
  point.	
  	
  False	
  if	
  SCR	
  is	
  <	
  
first	
  composition	
  point	
  *)	
  
Schottky	
  :=	
  False;	
  
q	
  :=	
  1.60217646*10^-­‐19;	
  
kb	
  :=	
  1.3806503*10^-­‐23;	
  
T	
  :=	
  300;	
  
data	
  =	
  ReadList["H:\documents\EBIC\Data\\"	
  <>	
  sample	
  <>	
  ".txt",	
  {Real,	
  Real,	
  
Real,Real,	
  Real}];	
  
For[k	
  =	
  1,	
  k	
  <=	
  Length[data],	
  k++,	
  	
  
data[[k,	
  2]]	
  =	
  data[[k,	
  2]]*data[[k,	
  3]]*10^-­‐9;	
  	
  
data[[k,	
  4]]	
  =	
  data[[k,	
  4]]*data[[k,	
  5]]*10^-­‐12;];	
  
EBICSignal	
  =	
  Drop[data,	
  None,	
  {3,	
  5}];	
  
CorrectionFactor[V_]	
  :=	
  0.76;	
  (*	
  Account	
  for	
  backscattered	
  electrons	
  *)	
  
wZnO	
  =	
  200*10^-­‐3;	
  (*	
  ZnO	
  thickness	
  in	
  um	
  *)	
  
wCdS	
  =	
  80*10^-­‐3;(*	
  CdS	
  thickness	
  in	
  um	
  *)	
  
wCIGS	
  :=	
  2000*10^-­‐3;	
  (*	
  CIGS	
  thickness	
  in	
  um	
  *)	
  
wSCR	
  :=	
  558*10^-­‐3;	
  (*	
  Space	
  charge	
  width	
  in	
  um	
  *)	
  
scaling	
  :=	
  0.94;	
  (*	
  Scaling	
  factor	
  for	
  simulated	
  QE	
  curve	
  *)	
  
FZnO	
  :=	
  0;	
  (*	
  Carrier	
  collection	
  probability	
  in	
  ZnO	
  *)	
  
FCdS	
  :=	
  0.2;	
  (*	
  Carrier	
  collection	
  probability	
  in	
  CdS	
  *)	
  
FSCR	
  :=	
  1;(*	
  Carrier	
  collection	
  probability	
  in	
  SCR	
  *)	
  
L	
  :=	
  0.30;	
  (*	
  Diffusion	
  Length	
  in	
  mm	
  *)	
  
m	
  :=	
  100;(*	
  mobility	
  in	
  cm^2/Vsec	
  *)	
  
S	
  :=	
  1*10^5;	
  (*	
  Surface	
  recombination	
  velocity	
  cm*s^-­1)	
  
SL[x_,	
  P1_,	
  P2_]	
  :=	
  (P2[[2]]	
  -­‐	
  P1[[2]])/(P2[[1]]	
  -­‐	
  P1[[1]])*(x	
  -­‐	
  P1[[1]])	
  +	
  P1[[2]];	
  
Comps	
  =	
  ReadList["H:\documents\Composition	
  Profile\\"	
  <>	
  profile	
  <>	
  ".txt",	
  {Real,	
  
Real}];	
  
EgZnO	
  :=	
  3.3;	
  (*	
  Bandgap	
  of	
  ZnO	
  in	
  eV	
  *)	
  
EgCdS	
  :=	
  2.42;	
  (*	
  Bandgap	
  of	
  CdS	
  in	
  eV	
  *)	
  
EgMo	
  :=	
  10^5;	
  (*	
  Bandgap	
  of	
  Mo	
  in	
  eV,	
  just	
  a	
  really	
  high	
  number	
  to	
  avoid	
  EHPs	
  *)	
  
EgCIGS[x_]	
  :=	
  1.04`	
  (1	
  -­‐	
  x)	
  +	
  1.68`	
  x	
  -­‐	
  0.2`	
  x	
  (1	
  -­‐	
  x);	
  (*	
  Bandgap	
  of	
  CIGS	
  as	
  function	
  of	
  
Gallium	
  content	
  *)	
  
rZnO	
  :=	
  If[Schottky,	
  2.70,	
  5.606];	
  
rCdS	
  :=	
  4.82;	
  
rMo	
  :=	
  10.28;	
  
rCIGS	
  :=	
  5.57	
  ;	
  (*	
  Density	
  of	
  CIGS,	
  just	
  uses	
  CGS	
  values	
  *)	
  
wZnO	
  =	
  wZnO*rZnO/rCIGS;	
  
wCdS	
  =	
  wCdS*rCdS/rCIGS;	
  
Comp[z_]	
  :=	
  	
  
	
  	
  Which[z	
  <=	
  Comps[[2,	
  1]],	
  SL[z,	
  Comps[[1]],	
  Comps[[2]]],	
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  Comps[[2,	
  1]]	
  <	
  z	
  <=	
  Comps[[3,	
  1]],	
  SL[z,	
  Comps[[2]],	
  Comps[[3]]],	
  	
  
	
  	
  	
  Comps[[3,	
  1]]	
  <	
  z,	
  SL[z,	
  Comps[[3]],	
  Comps[[4]]]];	
  
jb	
  :=	
  10/10^12;	
  (*	
  Beam	
  current	
  in	
  A	
  *)	
  
Eg[z_]	
  :=	
  	
  
	
  	
  Which[z	
  <=	
  wZnO,	
  EgZnO,	
  wZnO	
  <=	
  z	
  <=	
  (wCdS	
  +	
  wZnO),	
  	
  
	
  	
  	
  EgCdS,	
  (wCdS	
  +	
  wZnO)	
  <=	
  z	
  <=	
  (wCdS	
  +	
  wZnO	
  +	
  wCIGS),	
  	
  
	
  	
  	
  EgCIGS[Comp[z	
  -­‐	
  (wCdS	
  +	
  wZnO)]],	
  (wCdS	
  +	
  wZnO	
  +	
  wCIGS)	
  <=	
  z,	
  EgMo];	
  
r[z_]	
  :=	
  rCIGS;	
  
z[z_]	
  :=	
  2.596	
  Eg[z]	
  +	
  0.714;	
  (*	
  Empirical	
  relationship	
  for	
  average	
  energy	
  to	
  make	
  one	
  
EHP	
  *)	
  
G0[V_]	
  :=	
  6.25*10^21*	
  V	
  *	
  CorrectionFactor[V];	
  (*	
  Carrier	
  generation	
  rate	
  cm^-­
2sec^-­1	
  *)	
  
BARatio	
  :=	
  0.4;	
  (*	
  Next	
  4	
  terms	
  are	
  constants	
  describing	
  shape	
  of	
  the	
  generation	
  \	
  
volume	
  *)	
  
u0	
  :=	
  0.125;	
  
du	
  :=	
  0.35;	
  
b	
  :=	
  4;	
  
A[V_]	
  :=	
  n	
  /.Solve[n*0.5*p^0.5*du*(1	
  +	
  Erf[u0/du])	
  -­‐	
  BARatio*n*u0/b	
  ==	
  G0[V],	
  n]	
  
R[V_]	
  :=	
  (2.56`	
  (V/30)^1.7`)/10^3;	
  (*	
  Maximum	
  energy	
  range	
  of	
  electrons	
  *)	
  
f[z_,	
  V_]	
  :=	
  	
  
	
  	
  A[V][[1]]*	
  Exp[-­‐(((r[z]*z*10^-­‐4)/R[V]	
  -­‐	
  u0)/du)^2]	
  -­‐	
  BARatio*	
  A[V][[1]]	
  *	
  Exp[-­‐((b	
  
*r[z]*z*10^-­‐4)/(R[V]*u0))];	
  (*	
  Final	
  expression	
  of	
  the	
  Energy	
  Dissipation	
  Function	
  *)	
  
Correction[V_]	
  :=	
  (1/G0[V]	
  NIntegrate[f[z,	
  V],	
  {z,	
  0,	
  20},	
  PrecisionGoal	
  -­‐>	
  10])^-­‐1;	
  
f2b[z_,	
  V_,	
  jb_]	
  :=	
  Correction[V]*(A[V][[1]]*	
  Exp[-­‐(((r[z]*z*10^-­‐4)/R[V]	
  -­‐u0)/du)^2]	
  
-­‐	
  BARatio*	
  A[V][[1]]	
  *Exp[-­‐((b	
  *r[z]*z*10^-­‐4)/(R[V]*u0))])*q*jb;	
  	
  
f2[z_,	
  V_,	
  jb_]	
  :=	
  1/z[z]	
  Correction[V]*(A[V][[1]]*	
  Exp[-­‐(((r[z]*z*10^-­‐4)/R[V]	
  -­‐	
  
u0)/du)^2]	
  -­‐	
  BARatio*	
  A[V][[1]]	
  *Exp[-­‐((b	
  *r[z]*z*10^-­‐4)/(R[V]*u0))])*q*jb;	
  	
  
QEEBICSignal	
  =	
  {};	
  
For[k	
  =	
  1,	
  k	
  <=	
  Length[data],	
  k++,	
  
AppendTo[QEEBICSignal,	
  {data[[k,	
  1]],	
  data[[k,	
  2]]/NIntegrate[f2[z,	
  data[[k,	
  1]],	
  
data[[k,	
  4]]],	
  {z,	
  0,	
  wZnO	
  +	
  wCdS	
  +	
  wCIGS}]}];	
  ];	
  
De	
  :=	
  (kb*T*m*10^8)/q;	
  
Nc	
  :=	
  6.7*10^17;	
  
Nv	
  :=	
  1.5*10^19;	
  
x[Startx_,	
  Endx_,	
  W_]	
  :=	
  q/(kb*T)*(EgCIGS[Endx]	
  -­‐	
  EgCIGS[Startx])/W;	
  
Lmod[L_,	
  Startx_,	
  Endx_,	
  W_]	
  :=	
  L/(1	
  +	
  ((x[Startx,	
  Endx,	
  W]*L)/2)^2)^0.5;	
  
Smod[S_,	
  Startx_,	
  Endx_,	
  W_]	
  :=	
  S*10^4	
  +	
  (x[Startx,	
  Endx,	
  W]*De)/2;	
  
Jo[P1_,	
  P2_,	
  L_,	
  S_,	
  W_]	
  :=	
  10^-­‐4*(De/Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  
P1[[1]]]*(Sinh[(W)/Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]]	
  +	
  (Smod[S,	
  P1[[2]],	
  
P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]*Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  
P1[[1]]]/De)*Cosh[(W)/Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  
P1[[1]]]])/(Cosh[(W)/Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]]	
  +	
  (Smod[S,	
  
P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]*Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  
P1[[1]]]/De)*Sinh[(W)/Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]])	
  -­‐	
  
De/2*x[P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]);	
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Modified[x_,	
  P1_,	
  P2_,	
  L_,	
  S_,	
  W_]	
  :=	
  Exp[(x[P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  
P1[[1]]]*x)/2]*(Cosh[(W	
  -­‐	
  x)/Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]]	
  +	
  
(Smod[S,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]*Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  
P1[[1]]]/De)*Sinh[(W	
  -­‐	
  x)/Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  
P1[[1]]]])/(Cosh[(W)/Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]]	
  +	
  (Smod[S,	
  
P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]*Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  
P1[[1]]]/De)*Sinh[(W)/Lmod[L,	
  P1[[2]],	
  P2[[2]],	
  P2[[1]]	
  -­‐	
  P1[[1]]]]);	
  
NeutralRegion[x_,	
  L_,	
  S_]	
  :=	
  If[Option,	
  
	
  	
  	
  Which[x	
  <=	
  wSCR,	
  FSCR,	
  wSCR	
  <	
  x	
  <=	
  Comps[[3,	
  1]],	
  	
  
	
  	
  	
  	
  Modified[x	
  -­‐	
  wSCR,	
  Comps[[2]],	
  Comps[[3]],	
  L,	
  	
  
	
  	
  	
  	
  	
  Jo[Comps[[3]],	
  Comps[[4]],	
  L,	
  S,	
  wCIGS	
  -­‐	
  Comps[[3,	
  1]]],	
  	
  
	
  	
  	
  	
  	
  Comps[[3,	
  1]]	
  -­‐	
  wSCR],	
  Comps[[3,	
  1]]	
  <	
  x,	
  	
  
	
  	
  	
  	
  Modified[Comps[[3,	
  1]]	
  -­‐	
  wSCR,	
  Comps[[2]],	
  Comps[[3]],	
  L,	
  	
  
	
  	
  	
  	
  	
  	
  Jo[Comps[[3]],	
  Comps[[4]],	
  L,	
  S,	
  wCIGS	
  -­‐	
  Comps[[3,	
  1]]],	
  	
  
	
  	
  	
  	
  	
  	
  Comps[[3,	
  1]]	
  -­‐	
  wSCR]*	
  
	
  	
  	
  	
  	
  Modified[x	
  -­‐	
  Comps[[3,	
  1]],	
  Comps[[3]],	
  Comps[[4]],	
  L,	
  S,	
  	
  
	
  	
  	
  	
  	
  	
  wCIGS	
  -­‐	
  Comps[[3,	
  1]]]],	
  
	
  	
  	
  Which[x	
  <=	
  wSCR,	
  FSCR,	
  wSCR	
  <	
  x	
  <=	
  Comps[[2,	
  1]],	
  	
  
	
  	
  	
  	
  Modified[x	
  -­‐	
  wSCR,	
  Comps[[1]],	
  Comps[[2]],	
  L,	
  	
  
	
  	
  	
  	
  	
  Jo[Comps[[2]],	
  Comps[[3]],	
  L,	
  	
  
	
  	
  	
  	
  	
  	
  Jo[Comps[[3]],	
  Comps[[4]],	
  L,	
  S,	
  wCIGS	
  -­‐	
  Comps[[3,	
  1]]],	
  	
  
	
  	
  	
  	
  	
  	
  Comps[[3,	
  1]]	
  -­‐	
  Comps[[2,	
  1]]],	
  Comps[[2,	
  1]]	
  -­‐	
  wSCR],	
  	
  
	
  	
  	
  	
  Comps[[2,	
  1]]	
  <	
  x	
  <=	
  Comps[[3,	
  1]],	
  	
  
	
  	
  	
  	
  Modified[Comps[[2,	
  1]]	
  -­‐	
  wSCR,	
  Comps[[1]],	
  Comps[[2]],	
  L,	
  	
  
	
  	
  	
  	
  	
  	
  Jo[Comps[[2]],	
  Comps[[3]],	
  L,	
  	
  
	
  	
  	
  	
  	
  	
  	
  Jo[Comps[[3]],	
  Comps[[4]],	
  L,	
  S,	
  wCIGS	
  -­‐	
  Comps[[3,	
  1]]],	
  	
  
	
  	
  	
  	
  	
  	
  	
  Comps[[3,	
  1]]	
  -­‐	
  Comps[[2,	
  1]]],	
  Comps[[2,	
  1]]	
  -­‐	
  wSCR]*	
  
	
  	
  	
  	
  	
  Modified[x	
  -­‐	
  Comps[[2,	
  1]],	
  Comps[[2]],	
  Comps[[3]],	
  L,	
  	
  
	
  	
  	
  	
  	
  	
  Jo[Comps[[3]],	
  Comps[[4]],	
  L,	
  S,	
  wCIGS	
  -­‐	
  Comps[[3,	
  1]]],	
  	
  
	
  	
  	
  	
  	
  	
  Comps[[3,	
  1]]	
  -­‐	
  Comps[[2,	
  1]]],	
  Comps[[3,	
  1]]	
  <	
  x,	
  	
  
	
  	
  	
  	
  Modified[Comps[[2,	
  1]]	
  -­‐	
  wSCR,	
  Comps[[1]],	
  Comps[[2]],	
  L,	
  	
  
	
  	
  	
  	
  	
  	
  Jo[Comps[[2]],	
  Comps[[3]],	
  L,	
  	
  
	
  	
  	
  	
  	
  	
  	
  Jo[Comps[[3]],	
  Comps[[4]],	
  L,	
  S,	
  wCIGS	
  -­‐	
  Comps[[3,	
  1]]],	
  	
  
	
  	
  	
  	
  	
  	
  	
  Comps[[3,	
  1]]	
  -­‐	
  Comps[[2,	
  1]]],	
  Comps[[2,	
  1]]	
  -­‐	
  wSCR]*	
  
	
  	
  	
  	
  	
  Modified[Comps[[3,	
  1]]	
  -­‐	
  Comps[[2,	
  1]],	
  Comps[[2]],	
  Comps[[3]],	
  L,	
  	
  
	
  	
  	
  	
  	
  	
  Jo[Comps[[3]],	
  Comps[[4]],	
  L,	
  S,	
  wCIGS	
  -­‐	
  Comps[[3,	
  1]]],	
  	
  
	
  	
  	
  	
  	
  	
  Comps[[3,	
  1]]	
  -­‐	
  Comps[[2,	
  1]]]*	
  
	
  	
  	
  	
  	
  Modified[x	
  -­‐	
  Comps[[3,	
  1]],	
  Comps[[3]],	
  Comps[[4]],	
  L,	
  S,	
  	
  
	
  	
  	
  	
  	
  	
  wCIGS	
  -­‐	
  Comps[[3,	
  1]]]]	
  
	
  	
  	
  ];	
  
F[z_,	
  L_,	
  S_]	
  :=	
  	
  
	
  	
  Which[z	
  <=	
  wZnO,	
  FZnO,	
  wZnO	
  <=	
  z	
  <=	
  (wCdS	
  +	
  wZnO),	
  	
  
	
  	
  	
  FCdS,	
  (wCdS	
  +	
  wZnO)	
  <=	
  z	
  <=	
  (wCdS	
  +	
  wZnO	
  +	
  wSCR),	
  	
  
	
  	
  	
  FSCR,	
  (wCdS	
  +	
  wZnO	
  +	
  wSCR)	
  <=	
  z	
  <=	
  (wCdS	
  +	
  wZnO	
  +	
  wCIGS),	
  	
  
	
  	
  	
  NeutralRegion[z	
  -­‐	
  (wZnO	
  +	
  wCdS),	
  L,	
  S],	
  (wCdS	
  +	
  wZnO	
  +	
  wCIGS)	
  <=	
  z,	
  0];	
  



	
   94	
  

S[V_,	
  L_,	
  S_]	
  :=	
  scaling*NIntegrate[F[z,	
  L,	
  S]*f2[z,	
  V,	
  10^-­‐10],	
  {z,	
  0,	
  wZnO	
  +	
  wCdS	
  +	
  
wCIGS}]/NIntegrate[f2[z,	
  V,	
  10^-­‐10],	
  {z,	
  0,	
  wZnO	
  +	
  wCdS	
  +	
  wCIGS}];	
  
SimulatedQE	
  =	
  Table[{V,	
  S[V,	
  L,	
  S]},	
  {V,	
  2,	
  40,	
  1}];	
  




