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1. Introduction
The	
  project	
  analyzes	
  	
  semiconductor	
  infrared	
  (IR)	
  detectors	
  and	
  their	
  performance
degradation	
  caused	
  by	
  material	
  defects.	
  Other	
  programs	
  have	
  sought	
  to	
  minimize
performance	
  degradation	
  by	
  defects	
  through	
  a	
  materials-­‐based	
  approach	
  of	
  seeking
semiconductor	
  materials	
  that	
  contain	
  fewer	
  defects	
  or	
  are	
  less	
  prone	
  to	
  defect
formation	
  by	
  radiation.	
  This	
  project	
  takes	
  a	
  complementary	
  approach,	
  developing
device	
  architectures	
  that	
  are	
  less	
  affected	
  by	
  the	
  presence	
  of	
  defects.	
  The	
  main
“defect	
  tolerant”	
  device	
  design	
  investigated	
  is	
  the	
  unipolar	
  barrier	
  infrared	
  detector.
This	
  project	
  compares	
  the	
  effects	
  of	
  defects	
  on	
  the	
  dark	
  current	
  of	
  conventional	
  pn-­‐
based	
  IR	
  detectors	
  with	
  those	
  based	
  on	
  unipolar	
  barrier.	
  The	
  work	
  in	
  this	
  project
involves	
  modeling	
  defect	
  processes	
  in	
  pn	
  and	
  unipolar	
  barrier	
  devices,	
  comparison
of	
  experimental	
  measurements	
  with	
  the	
  model,	
  and	
  development	
  of	
  device
architectures	
  to	
  suppress	
  defects’	
  effects.	
  Defects	
  are	
  intentionally	
  introduced	
  by
using	
  radiation	
  (63	
  MeV	
  protons)	
  and	
  also	
  by	
  using	
  semiconductor	
  epitaxial
materials,	
  which	
  are	
  lattice-­‐mismatched	
  (to	
  their	
  substrates).

2. Results	
  and	
  Discussion
A	
  collaboration	
  was	
  established	
  with	
  the	
  Air	
  Force	
  Research	
  Laboratories	
  (AFRL)	
  at
Kirtland	
  AFB	
  (D.	
  Cardimona,	
  C.	
  Morath,	
  V.	
  Cowan).	
  The	
  AFRL	
  group	
  specializes	
  in
radiation	
  effects	
  in	
  semiconductor	
  IR	
  detectors	
  and	
  is	
  a	
  natural	
  collaborator	
  in	
  this
project	
  as	
  their	
  capabilities	
  are	
  complementary	
  with	
  ours	
  and	
  very	
  relevant	
  to	
  the
program.	
  We	
  have	
  examined	
  irradiated	
  test	
  devices	
  through	
  AFRL’s	
  irradiation	
  runs
at	
  UC	
  Davis	
  Cyclotron	
  using	
  63	
  MeV	
  protons.	
  Unipolar	
  barrier	
  infrared	
  detectors,
fabricated	
  in	
  InAsSb	
  /	
  AlAsSb	
  epitaxial	
  materials	
  on	
  GaSb	
  substrates	
  have	
  been
examined.	
  The	
  experimental	
  findings	
  led	
  to	
  the	
  development	
  of	
  a	
  theoretical	
  model
of	
  effects	
  of	
  defects	
  on	
  dark	
  current	
  of	
  IR	
  detectors	
  (both	
  conventional	
  pn-­‐based	
  and
the	
  unipolar	
  barrier	
  defect-­‐tolerant	
  design).	
  The	
  objective	
  of	
  the	
  modeling	
  was	
  to
theoretically	
  determine	
  defects’	
  effects	
  that	
  are	
  accessible	
  to	
  experimental
verification.	
  The	
  modeled	
  dark	
  currents	
  of	
  the	
  unipolar	
  barrier	
  designs	
  were	
  found
to	
  have	
  different	
  dependence	
  of	
  defect	
  concentration,	
  depending	
  on	
  the	
  relationship
between	
  the	
  minor	
  carrier	
  diffusion	
  length	
  and	
  the	
  thickness	
  of	
  the	
  absorbing	
  layer
of	
  the	
  device,	
  as	
  shown	
  in	
  figure	
  1.
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Figure 1: Modeled dark current of unipolar barrier as a function of increasing 
defect concentration. There are two regimes, depending on the relationship 
between the minority carrier diffusion length, Ldiff, and the thickness of the 
detector’s absorber layer, Labs. Under low defect concentrations the detector 
remains in the long diffusion length limit, but under high defect concentrations 
the detector enters the short diffusion length limit and the dark current 
dependence on the defect concentration reduces. 

A	
  proton-­‐irradiated	
  unipolar	
  barrier	
  detector	
  was	
  examined,	
  within	
  the	
  context	
  of	
  
the	
  above	
  model.	
  The	
  concentration	
  of	
  radiation-­‐induced	
  defects	
  is	
  proportional	
  to	
  

Figure 2: Dark current as a function of proton fluence for an irradiated unipolar 
barrier detector.  The detector exhibits a dark current dependence proportional to 
the square root of the defect density indicating the short diffusion length limit. 
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the	
  proton	
  fluence.	
  As	
  shown	
  in	
  figure	
  2,	
  the	
  device’s	
  dark	
  current	
  exhibited	
  a	
  
square	
  dependence	
  on	
  proton	
  fluence,	
  and	
  hence	
  also	
  on	
  defect	
  concentration.	
  The	
  
model	
  implies	
  that	
  this	
  device	
  was	
  in	
  the	
  short	
  diffusion	
  length	
  regime.	
  

The	
  magnitudes	
  and	
  the	
  temperature-­‐dependence	
  of	
  dark	
  currents	
  of	
  the	
  newly	
  
developed	
  unipolar	
  barrier	
  detectors	
  were	
  compared	
  with	
  the	
  traditional	
  pn-­‐based	
  
detectors.	
  The	
  model	
  developed	
  in	
  this	
  program	
  indicates	
  that	
  the	
  dark	
  currents	
  of	
  
these	
  devices	
  will	
  have	
  different	
  temperature	
  dependences:	
  pn-­‐based	
  detectors’	
  
dark	
  currents	
  will	
  exhibit	
  thermal	
  activations	
  of	
  half	
  the	
  bandgap	
  energy,	
  whereas	
  
unipolar	
  barrier	
  detectors’	
  dark	
  current	
  thermal	
  activation	
  energies	
  will	
  be	
  the	
  full	
  
bandgap	
  energy.	
  Experimental	
  investigation	
  verified	
  the	
  model,	
  as	
  shown	
  in	
  figure	
  
3.	
  	
  

Figure 3: Arrhenius analysis for an InAs unipolar barrier detector (blue) and a 
conventional photodiode (red) grown on GaAs substrates. The unipolar barrier 
detector exhibits reduced dark current densities and full bandgap activation 
energies whereas the photodiode exhibits orders of magnitude larger dark current 
and a reduced activation energy. 

Figure	
  3	
  demonstrated	
  that	
  the	
  new	
  unipolar	
  device	
  design	
  has	
  dramatically	
  
reduced	
  dark	
  currents	
  at	
  all	
  temperatures	
  examined,	
  and	
  has	
  dark	
  currents	
  that	
  
reduce	
  much	
  more	
  efficiently	
  when	
  cooling.	
  

3. Conclusions

Modeling	
  was	
  developed	
  to	
  describe	
  the	
  dependence	
  of	
  detectors’	
  dark	
  current	
  on	
  
defect	
  concentration	
  and	
  temperature,	
  for	
  both	
  the	
  traditional	
  pn-­‐based	
  devices	
  and	
  
the	
  newly	
  developed	
  unipolar	
  barrier	
  devices.	
  The	
  model	
  was	
  verified	
  with	
  
experimental	
  measurements.	
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Unipolar	
  barrier	
  devices,	
  under	
  elevated	
  defect	
  concentrations,	
  show	
  elevated	
  dark	
  
currents	
  but	
  remain	
  diffusion	
  limited	
  (full	
  bandgap	
  thermal	
  activation	
  energies)	
  
unlike	
  conventional	
  pn	
  junction	
  based	
  photodiodes	
  under	
  similar	
  defect	
  
concentrations	
  that	
  show	
  significantly	
  higher	
  dark	
  currents	
  and	
  a	
  reduced	
  
activation	
  energy.	
  	
  Unipolar	
  barrier	
  detectors	
  under	
  moderate	
  or	
  high	
  defect	
  
concentrations	
  are	
  limited	
  by	
  defect-­‐related	
  minority	
  generation	
  in	
  the	
  quasi-­‐
neutral	
  absorber,	
  but	
  are	
  subject	
  to	
  two	
  different	
  dependences	
  on	
  the	
  defect	
  density	
  
depending	
  on	
  the	
  diffusion	
  length	
  and	
  the	
  thickness	
  of	
  the	
  absorbing	
  region.	
  	
  

In	
  cases	
  where	
  defect	
  concentrations	
  are	
  significant,	
  e.g.,	
  mismatched	
  epitaxial	
  
material	
  or	
  radiation	
  damaged	
  material,	
  unipolar	
  barrier	
  devices	
  exhibit	
  superior	
  
performance	
  in	
  terms	
  of	
  the	
  magnitude	
  of	
  the	
  dark	
  current	
  and	
  the	
  efficiency	
  of	
  dark	
  
current	
  reduction	
  by	
  cooling.	
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