
Overview of Photocathode  
Physics & Plans 

ANL:	  

Klaus	  A+enkofer	  

Bernhard	  Adams,	  Kathleen	  Broughton*,	  Ma+hieu	  Chollet,	  Ryan	  
Dowdy*,	  Ernesto	  Indacochea,	  Zeke	  Insepov*,	  Slade	  Jokela*,	  
Xiuling	  Li,	  	  Anil	  Mane*,	  Qing	  Peng,	  Thomas	  Prolier,	  Ma?hew	  
Wetstein*,	  Igor	  Veryovkin,	  Zikri	  Yusof,	  Alexander	  Zinovov	  
SSL:	  

Jason	  McPhate,	  Osswal	  Siegmund,	  Anton	  Tremsin,	  	  

WASHU:	  

James	  Buckley,	  Daniel	  Leopold	  



Overview 

  MoRvaRon	  and	  descripRon	  of	  the	  challenge	  

  The	  program	  and	  who	  is	  involved	  	  

  Theory	  inspired	  device	  design:	  GaAs,	  a	  specific	  example	  
–  Wavelength	  opRmizaRon	  

–  ProperRes	  of	  photoelectrons	  

–  KineRc	  energy	  and	  NEA-‐surface	  

–  Dark	  current	  and	  surface	  states	  

  Conclusions	  
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What is a Photocathode 

  Transmission	  Cathode	  is	  a	  complex	  heterogeneous	  structure	  with	  many	  
funcRonality	  layers	  

  Cathode	  (Photon-‐Electron	  Conversion	  Layer)	  is	  described	  in	  three	  step	  model.	  

  QE(ν)	  depends	  on	  reflecRon	  losses	  of	  photons,	  absorpRon	  efficiency	  of	  cathode	  
layer,	  electron	  transport	  and	  recombinaRon	  properRes	  of	  cathode,	  and	  
emission	  properRes	  of	  surface	  

  Noise	  behavior	  depends	  on	  surface	  states	  of	  photocathode:	  
1	  out	  	  of	  1023!	  
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What do We Expect from a Good Photocathode 
(Especially for the LAPPD-Project) 

  Physical	  ProperRes:	  
–  High	  quantum	  efficiency	  in	  defined	  wavelength	  range	  (possibility	  of	  tailoring)	  

–  Low	  dark-‐count	  probability	  (noise)	  

–  Robust	  structure	  resulRng	  in	  long	  lifeRme	  

–  Specific	  for	  applicaRon	  
•  High	  count	  rate	  capability	  
•  Ultrafast	  response	  
•  Extreme	  wavelength	  response	  (x-‐rays/gamma	  rays)	  

  ProducRon	  Needs:	  
–  CompaRble	  with	  industrial	  large	  scale	  process	  technology	  	  

(ProducRon	  has	  to	  be	  similar	  to	  solar	  panel	  producRon	  …….)	  
–  Good	  producRon	  yield	  (with	  low	  sigma)	  

–  Cathode	  has	  to	  be	  process	  compaRble	  (Sealing	  technology)	  

–  ProducRon	  must	  tolerate	  large	  producRon-‐volume	  changes	  	  
(10.000m2	  =	  	  
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The Photocathode Families  
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  Required	  spectral	  response	  sRll	  not	  clear	  (main	  applicaRon)	  

  Future	  applicaRons	  (combinaRon	  with	  scinRllators)	  will	  require	  response	  opRmizaRon	  

Suffix Photocathode Input Window 

-71 GaAs Borosilicate 
Glass 

-73 Enhanced Red 
GaAsP 

Borosilicate 
Glass 

-74 GaAsP Borosilicate 
Glass 

-76 InGaAs Borosilicate 
Glass 

Non Multialkali Synthetic Silica 

-01 Enhanced Red 
Multialkali Synthetic Silica 

-02 Bialkali Synthetic Silica

-03 Cs-Te Synthetic Silica

Hamamatsu:  http://jp.hamamatsu.com/products/sensor-etd/pd014/index_en.html"
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Why are we Planning a 
Large Cathode Effort? 
  MulG-‐Alkali	  seems	  to	  have	  

perfect	  cathode	  properGes	  
  But	  

–  Li+le	  understanding	  

–  Small	  community	  

–  No	  developed	  Industry	  

–  Problems	  with	  mass-‐
producGon	  

  ExisGng	  III-‐V	  cathode	  have	  
not	  the	  right	  properGes	  

  But 	  	  
–  Excellent	  understanding	  

–  Large	  community	  

–  Excellent	  developed	  
Industry	  

–  Easy	  mass-‐producRon	  

Not	  Clear	  which	  will	  be	  the	  best	  for	  the	  project	  
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The Concept of the Photocathode Project 
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Know-‐How	  and	  Lab	  Infrastructure	  of	  Four	  InsRtuRons	  
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The People and Places  
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  IntegraRon	  of	  4	  partners	  

  CollaboraRon	  partners	  
bring:	  
–  Growth	  experRse	  (III-‐V	  

and	  mulR-‐alkali)	  
–  World	  class	  growth	  

faciliRes	  

–  Standard	  and	  unique	  
characterizaRon	  tools	  

–  ConnecRon	  to	  industry	  

–  ConnecRon	  to	  science	  
community	  (future	  
funding)	  

  Unique	  effort	  for	  cathodes	  
–  Size	  	  

–  Completeness	  (growth,	  
macroscopic	  and	  microscopic	  
characterizaRon,	  theory/
simulaRon)	  
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The Design Concept of the Photocathode Itself 
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We	  will	  only	  discuss	  this	  part	  (Bonding	  of	  GaAs	  is	  discussed	  by	  Ryan)	  
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Theory Inspired Design of Devices 
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Basic	  Energy	  Sciences	  (BES)	  supports	  fundamental	  research	  to	  understand,	  predict,	  and	  
ulGmately	  control	  ma?er	  and	  energy	  at	  the	  electronic,	  atomic,	  and	  molecular	  levels	  in	  
order	  to	  provide	  the	  foundaRons	  for	  new	  energy	  technologies	  and	  to	  support	  DOE	  missions	  
in	  energy,	  environment,	  and	  naRonal	  security.	  
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Wavelength Optimization of Layer Thickness: 
The Optimization Criteria  
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873	  
nm	  

413.2	  nm	   248nm	  

  Efficiency	  depends	  on	  
–  Probability	  to	  absorb	  photon	  

–  Probability	  to	  reach	  surface	  

–  (Probability	  to	  escape	  from	  surface	  is	  
thickness	  independent)	  

  Case	  GaAs	  (only	  an	  example)	  
–  Direct	  bandgap	  in	  IR	  (typical	  applicaRon)	  

–  Typical	  absorpRon	  length	  for	  IR:	  1µm	  

–  AbsorpRon	  length	  for	  400nm:	  30nm-‐100nm	  

  Consequences:	  
–  Cathode	  has	  to	  be	  by	  a	  factor	  10	  thinner!	  

–  Photoelectron	  has	  defined	  kineRc	  energy	  

–  Thickness	  is	  thinner	  than	  mean	  free	  path-‐
length	  

–  Crystallographic	  direcRon	  ma+ers	  

–  Defect	  density,	  strain,	  ….	  at	  the	  interface	  
between	  cathode	  and	  window	  ma+ers!	  
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What Happens in a 100nm Thick GaAs Cathode 
(400nm Photon) 

  Answer:	  NO	  
–  CreaRon	  of	  hot	  electron	  

–  Momentum	  in	  cathode	  plane!	  
(electron	  will	  not	  reach	  surface	  if	  not	  
sca+ered)	  

  Result:	  
–  Low	  QE	  

–  Very	  slow	  

  SoluRon:	  
–  Increasing	  sca+ering	  probability	  

(can	  be	  done:	  tuning	  band	  structure	  to	  
phonon	  distribuRon)	  

–  Be+er:	  creaRng	  internal	  electric	  field	  
gradient	  
•  By	  doping	  gradient	  (what	  we	  have	  done)	  
•  Or	  by	  external	  electric	  Field.	  	  
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The Doping Profile: The First Steps 
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  Doping	  profile	  	  
–  Electric	  field	  distribuRon	  can	  be	  calculated	  

by	  commercial	  simulaRon	  programs	  
–  Typical	  potenRal	  difference	  0.1-‐0.2eV	  

  Influence	  on	  Rming	  behavior	  
–  TheoreRcal	  potenRal	  possible	  which	  

allows	  transient	  Rme	  independent	  from	  
absorpRon	  posiRon!	  

–  OpRmizaRon	  possible	  even	  for	  very	  hard	  
x-‐rays?	  	  

6/10/10	  



Is the Doping Profile Stable During Processing  

  Approach:	  
–  Minimizing	  process	  

temperature	  
–  Using	  simulaRons	  to	  predict	  

doping	  profile	  ater	  
processing	  

–  CalibraRng	  simulaRons	  with	  
selected	  samples	  using	  SIMS	  
(Igor	  &	  Slade)	  	  

  Status:	  
–  First	  simulaRons	  done	  by	  Zeke	  

Insepov	  
–  In	  the	  process	  of	  creaRng	  

SIMS	  measurements	  
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The Emission Layer:  
The Standard Cleaning and Activation of GaAs    
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As-‐rich	   Ga-‐rich	  

e-‐J.	  Surf.	  Sci.	  Nanotech.	  Vol.	  5	  (2007)	  80-‐88	  
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The Activation and Dark Current   

  Exact	  details	  of	  surface	  and	  
Cs	  contribuRon	  determines	  
electronic	  states	  of	  acRvaRon	  
layer	  

  Dark	  counts	  are	  highly	  
effected	  by	  these	  details	  

  Effects	  of	  morphology	  
unknown	  

  Long	  term	  stability	  depends	  
on	  exact	  composiRon	  	  LAPPD:	  Second	  CollaboraRon	  MeeRng	  2010	  
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e-‐J.	  Surf.	  Sci.	  Nanotech.	  Vol.	  5	  (2007)	  80-‐88	  

Phys.	  Rev.	  Le?.	  81,	  721–724	  (1998)	  
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Where We are Now? 
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e-‐J.	  Surf.	  Sci.	  Nanotech.	  Vol.	  5	  (2007)	  80-‐88	  
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The Next Steps: 
The Growth and Activation Chamber 

  Status	  of	  Chamber	  
–  Chamber	  is	  in	  design	  

–  First	  parts	  have	  
arrived	  

–  Key	  components	  are	  
designed	  

  CharacterisRcs	  
–  Small	  footprint	  

–  “easy”	  integraRon	  of	  
opRcal	  and	  electrical	  
insitu	  characterizaRon	  

–  Large	  felxibility	  to	  
adapt	  various	  growth	  
and	  characterizaRon	  
recipes	  

–  Minimum	  structural	  
characterizaRon	  
(LEED)	  	  
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Alkali	   Transfer 	  	   III-‐V	  
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Conclusion 

  Program	  is	  established	  
–  Build	  on	  three	  columns:	  ConservaRve	  approach,	  theory	  inspired	  design,	  large	  scale	  

industrial	  aspects	  
–  Builds	  on	  experRse	  and	  infrastructure	  at	  different	  Laboratories	  and	  UniversiRes	  

–  Theory	  inspired	  design	  was	  first	  focused	  on	  GaAs	  samples	  
•  Basic	  understanding	  of	  cathode	  physics	  and	  materials	  sciences	  aspects	  
•  First	  samples	  grown	  and	  first	  exsitu	  experiments	  performed	  and	  compared	  with	  simulaRons	  
•  	  Hardware	  is	  designed	  and	  currently	  build	  

  Large	  potenRal	  to	  overcome	  significant	  limitaRons	  of	  exisRng	  cathodes	  possible	  
–  New	  concepts	  of	  wavelength	  opRmizaRon	  

–  Employing	  of	  device	  design	  simulaRon	  tools	  

–  StarRng	  to	  understand	  dark	  current/surface	  composiRon	  correlaRon	  

  Requires	  strong	  interacRon	  between	  growth,	  characterizaRon,	  and	  simulaRon	  
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