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MOTIVATION	  
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Steam	  Turbine	  
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•  Over	  past	  100	  years,	  and	  even	  today,	  >90%	  of	  electricity	  generated	  
worldwide	  is	  via	  steam	  turbines.	  
•  Victorian-‐era	  tech:	  	  Burn	  fuel,	  heat	  steam/air,	  turn	  mechanical	  inductor.	  

•  Heat	  engines	  for	  electrical	  power:	  	  >$100	  Bn	  /	  yr.	  
•  I.e.	  steam	  turbines,	  gas	  turbines,	  reciproca+ng	  engines.	  
•  For	  con+nuous	  /	  peaking	  /	  standby	  /	  emergency	  power	  genera+on.	  

§  Wanted	  features	  of	  a	  new	  heat-‐to-‐electricity	  converter:	  
•  Ul+mate	  goal:	  	  	  <	  1	  $/W	  capital	  costs	  
•  High	  power	  density	  (i.e.	  compact.)	  
•  High	  efficiency	  at	  large	  and	  small	  scales,	  and	  across	  wide	  temperature	  spans.	  

•  Turbine	  opera+on	  limit	  900K,	  but	  most	  ‘fuels’	  can	  burn	  at	  2,000K	  in	  air.	  
•  Turbines	  work	  very	  poorly	  under	  100	  kW.	  	  	  Mechanical	  engines	  are	  lousy	  under	  10kW.	  

•  No	  moving	  parts.	  
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HEAT-‐TO-‐ELECTRICITY	  CONVERSION:	  
CONTEXT	  &	  MARKET	  SIZE	  



TECHNICAL	  INTRO	  
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Thermionic	  Converter	  
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Thermionic	  Converter	  
•  Requires	  high	  temperatures	  (e.g.	  1,500	  -‐	  2,000	  K)	  
•  Thermionic	  emission:	  	  Over	  the	  barrier	  
•  Emi`ed	  electron	  energies	  >>	  Fermi	  level	  
•  Okay	  current	  density	  (>1	  A/cm2)	  

•  Prefer	  smaller	  vacuum	  gap,	  0.1mm	  doable	  	  
•  >102	  W/cm3,	  100X	  higher	  than	  mechanical	  engines	  

•  Efficiency	  limited	  by	  space	  charge	  and	  anode	  work	  func+on	  
•  Heat	  →	  Electric	  poten+al	  energy	   Al
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Field	  Emission	  Diode	  
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Field	  Emission	  Diode	  

• Can	  operate	  at	  low	  temperatures	  (e.g.	  300K)	  
•  Field	  emission:	  	  Tunnel	  through	  barrier	  
•  Emi`ed	  electron	  energies	  ~	  Fermi	  level	  
•  High	  current	  densi+es	  >107	  A/cm2	  (microscopically)	  

•  Electric	  poten+al	  energy	  →	  Heat	  	  
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“Field	  Emission	  Heat	  Engines”	  

All	  rights	  reserved.	  



“Field	  Emission	  Heat	  Engines”	  

•  Could	  operate	  at	  intermediate	  temperatures	  
•  Thermal-‐Field	  emission:	  Tunnel	  through	  barrier	  
•  Majority	  of	  e-‐	  energies	  >	  Fermi	  level,	  but	  <	  work	  func+on.	  
•  Very	  high	  current	  densi+es,	  up	  to	  103	  A/cm2	  allowed	  

•  Heat	  →	  Electric	  poten+al	  energy	  (net!)	  
•  ‘Filtering’	  of	  electrons	  based	  on	  energy	  
•  But	  NOT	  on	  ‘measurement’	  (e.g.	  travel	  direc+on)	  

•  Inverse	  tunneling	  of	  free	  electrons	  at	  the	  anode.	  
•  Can	  be	  thought	  of	  as	  a	  thermionic	  converter,	  with	  
effec$ve	  work	  func+ons	  on	  anode	  lowered	  via	  applied	  
electric	  fields.	  
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Theoretical	  Considerations	  
•  Carnot-‐efficient	  Energy	  𝐸↓𝐶 = 𝜇↓𝐶 + 𝑉↓0 /
𝜂↑𝐶  	  

•  Rounded	  barrier	  from	  image	  force	  
•  Space	  Charges	  
•  Radia+ve	  heat	  loss	  
•  Evanescent-‐wave	  important	  @	  <	  1	  micron	  

•  Plasma	  effects	  
•  Two-‐stream	  instabili+es	   Al
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[O`ens	  et	  al.,	  2011,	  Physical	  Review	  Le`ers,	  107,	  014301]	  



Modeling	  
•  Calculate	  areal	  power	  density	  via:	  

•  Tsu-‐Esaki	  formalism	  for	  net	  current	  density	  

•  W	  is	  the	  normal	  electron	  energy	  

•  N(W)	  is	  electron	  supply	  

•  D(W)	  is	  tunneling	  probability	  
•  Assume	  rounded-‐triangle	  barrier,	  i.e.	  field-‐emission	  barrier	  with	  image	  force	  

•  Calculate	  thermodynamic	  efficiency	  ηHE	  	  	  via	  heat	  flux	  density	  Q	  at	  cathode/anode:	  

•  Space	  charges:	  	  solve	  Poisson’s	  equa+on.	  	  	  Or,	  if	  there	  is	  a	  large	  voltage	  difference	  across	  the	  
grids,	  Child-‐Langmuir	  is	  good	  approxima+on	  for	  max	  current.	  

•  Account	  for	  radia+ve	  losses,	  including	  evanescent-‐wave	  heat	  transfer	  at	  small	  gaps.	  
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Grid	  Voltage	  –	  how	  large?	  

•  The	  tunneling	  barrier	  is	  shaped	  by	  the	  field	  strength	  
•  So	  grid	  voltage	  dependent	  on	  grid-‐anode	  distance	  

•  Scho`ky	  effect,	  reduc+on	  in	  barrier	  height:	  
•  √𝑒↑3 /4𝜋𝜀↓0  𝐹   ≈1.2  𝑒𝑉   (𝐹/1   𝑉/𝑛𝑚  )↑0.5 	  
•  Not	  hugely	  sensi+ve	  to	  field	  strength	  

•  E.g.,	  s+ll	  get	  >0.5	  eV	  reduc+on	  for	  F	  ~	  0.2	  V/nm	  

•  Lower	  grid	  voltages	  generally	  preferred	  
•  Less	  power	  loss	  per	  electron	  through	  grids	  
•  Less	  worry	  re:	  dielectric	  breakdown	  
•  Less	  need	  for	  field	  enhancement,	  more	  ac+ve	  area	  
•  <10	  eV	  electrons	  cannot	  damage	  material	  
•  But:	  	  requires	  small	  grid-‐anode	  distance	  -‐>	  small	  grid	  wires?	  
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Simplest	  Embodiment:	  
Thermionic	  Cathode	  +	  Anode	  Grid	  
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Simplify:	  	  classical	  thermionic	  cathode!	  
•  Can	  buy	  10-‐20	  A/cm2	  off-‐the-‐shelf.	  
•  Scandate	  cathodes	  reach	  50	  A/cm2	  in	  lab	  at	  <1,300	  K.	  	  Pulsed	  >100	  A/cm2.	  



Single	  anode-‐grid	  converter	  

TH=1,500	  K,	  TC=300	  K	  
Φc=2.0	  eV,	  Φa=1.5	  eV	  
Varying	  anode	  E	  field	  <0.4	  V/nm	  	  
Cathode-‐anode	  spacing:	  	  10	  micron	  
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Bo`om	  curve:	  1%	  grid	  loss.	  

Corresponding	  classical	  
	  thermionic	  converter:	  
Power	  	  	  	  	  	  	  ~	  0.3	  W/cm2	  

Efficiency	  	  ~	  7%	  



•  f	  

Corresponding	  
Thermionic	  converter:	  
Power	  	  	  	  	  	  	  ~	  0.3	  W/cm2	  

Efficiency	  	  ~	  7%	  

	  	  	  	  TC	  =	  1500	  °K	  
	  	  	  	  ΦC	  =	  2.0	  eV	  
	  	  	  	  ΦA	  =	  1.5	  eV	  
	  
Grid-‐to-‐anode	  spacing	  	  
=	  100	  nm	  
Grid	  width	  	  	  
=	  	  20	  nm	  
i.e.	  Grid	  loss	  =	  20%	  

But,	  with	  grid	  loss,	  overall	  device	  
efficiency	  negaKve.	  

Inclusion	  of	  suppressor	  grid	  could	  enhance	  
thermionic	  converter	  power	  by	  ~100	  X,	  
efficiency	  by	  ~10	  X	  

GRID	  LOSS	  CAN	  BE	  DEVASTATING	  
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INVERSE	  TUNNELING:	  EXPERIMENTS	  
	  

Al
l	  r
ig
ht
s	  r
es
er
ve
d.
	  



DEMONSTRATING	  INVERSE	  TUNNELING	  
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Fermi	  level	  

Fermi	  level	  

Workfunc+on	  

Workfunc+on	  
THERMIONIC	  
CATHODE	  

ANODE	  

Emi`ed	  
electron	  
energy	  
distribu+on	   Vacuum	  level	  

due	  to	  
anode	  grid	  

Tunneling	  into	  anode	  

In	  classical	  physics,	  when	  the	  anode	  voltage	  is	  more	  nega+ve	  than	  the	  
stopping	  poten+al,	  no	  electrons	  should	  have	  sufficient	  kine+c	  energy	  to	  
overcome	  the	  repulsive	  anode	  bias,	  no	  ma7er	  what	  accelera$ng	  grids	  sit	  
between	  the	  cathode	  and	  anode.	  



Experiment	  Device	  
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mesh	  

Electron	  
beam	  	  

Polished	  Cu	  anode	  rod	  

Piezo	  actuator	  

Ga
te
	  

	  	  

epoxy	  

	  
	  
	  

•  Thermionic	  barium	  oxide	  
cathode	  facing	  a	  polished	  brass	  
anode,	  with	  a	  2000-‐hole	  nickel	  
mesh	  in	  between	  serving	  as	  the	  
anode	  grid.	  	  	  

•  Anode	  rod	  is	  connected	  to	  a	  
piezoelectric	  actuator	  to	  reach	  
any	  desired	  anode-‐to-‐grid	  
spacing	  in	  situ.	  	  	  

•  Anode	  and	  grid	  voltages	  can	  be	  
independently	  varied.	  



Experiment	  Device	  

Polished	  brass	  anode	  with	  a	  1mm	  
diameter	  flat	  por+on	  in	  close	  
proximity	  to	  the	  stretched	  mesh.	  
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Copper	  anode	  rod	   Thermionic	  gun	  

Piezo	  actuator	   Gate	  with	  mesh	  



Inverse	  Tunneling	  ?	  
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Classical	  stopping	  voltage	  



Interpretation	  
•  Most	  other	  possible	  contamina+ons	  to	  the	  anode	  current	  measurements	  
have	  the	  opposite	  direc+onality	  of	  inverse	  tunneling.	  	  	  	  
•  Leakage	  current	  between	  the	  anode	  and	  the	  posi+ve	  grid	  would	  decrease	  Ianode.	  
•  Field	  emission	  from	  the	  anode	  due	  to	  the	  applied	  field	  would	  also	  decrease	  Ianode.	  

•  Measured	  anode	  current	  is	  propor+onal	  to	  the	  electric	  field	  strength,	  
consistent	  with	  increased	  inverse	  tunneling	  probability.	  	  	  

•  But,	  results	  are	  also	  consistent	  with	  increased	  current	  densi+es	  impinging	  
on	  the	  anode	  due	  to	  classical	  electron	  op+cs	  effects	  driven	  by	  the	  posi+ve	  
grid.	  	  	  	  

•  Nevertheless,	  electron	  op+cs	  alone	  should	  not	  be	  able	  to	  explain	  the	  non-‐
zero	  anode	  current	  at	  anode	  biases	  more	  repulsive	  than	  the	  stopping	  
voltage.	  	  	  	  
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REDUCING	  GRID	  LOSS	  
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Mean	  free	  path	  of	  electrons	  in	  solids	  

[h`p://users.uj.edu.pl/~ufpostaw/2_Pracownia/D1/images/jak_ba1_eng.png]	  

Al
l	  r
ig
ht
s	  r
es
er
ve
d.
	  



Graphene	  grids	  

Inelas+c	  sca`ering	  a`enua+on	  length	  of	  carbon	  material	  
as	  func+on	  of	  electron	  energy.	  

[Stoll	  &	  Kolmakov	  2012,	  Nanotechnology,	  23,	  50]	  

[Yan	  et	  al.	  2012,	  Phys	  Rev	  B,	  84,	  224117]	  

For	  effec+vely	  2D	  grids:	  	  Impinging	  vacuum	  electrons	  are	  unlikely	  to	  be	  conducted	  
away	  as	  	  grid	  current,	  as	  most	  single-‐sca`ering	  events	  cannot	  reduce	  the	  electron's	  
large	  normal	  momentum	  to	  near	  zero,	  necessary	  for	  travel	  in	  the	  grid	  plane.	  
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High	  aspect	  ra+o	  grid	  wires	  feasible	  

•  Today	  we	  can	  do	  high	  aspect	  ra+o	  (>10:1)	  etches	  of	  sub-‐100	  nm	  features.	  
•  Challenge	  is	  incorpora+ng	  low	  workfunc+on	  materials.	  

Al	  

Si3N4	  

Si	  

…and	  there	  are	  other	  ways	  to	  reduce	  grid	  loss.	  



Advertisement	  
•  Ongoing	  ac+vi+es	  
•  Sponsoring	  research	  at	  universi+es	  
•  Tes+ng	  with	  commercial	  shops	  
•  Hiring	  for	  in-‐house	  development	  

•  Areas	  of	  interest	  
•  Ultra	  low-‐loss	  grids	  
•  Nanofabrica+on	  (e.g.	  lithography)	  with	  low	  workfunc+on	  materials	  
•  Field	  enhancement	  for	  inverse	  tunneling	  (not	  +ps!)	  
•  High	  current	  density	  thermionic	  cathodes,	  or	  Scho`ky	  cathodes	  with	  
band-‐gap.	  

•  If	  interests	  overlap,	  find	  me!	  	  	  tonypan@gmail.com	  

Al
l	  r
ig
ht
s	  r
es
er
ve
d.
	  



APPENDIX	  
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WHY	  LARGE	  BIAS	  IS	  BAD	  
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Region	  of	  “reasonable”	  Carnot-‐Efficient	  
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Prefer	  to	  emit	  slightly	  “ho`er”	  electrons,	  
to	  increase	  tunneling	  probability	  at	  both	  
cathode	  and	  anode.	  

Stronger	  anode	  grid	  bias	  allows	  a	  bit	  more	  
electron	  capture,	  but	  at	  the	  cost	  of	  much	  more	  
anode	  emission	  (note	  log	  scale.)	  

CATHODE	   ANODE	  



TH	  =	  1000	  K,	  varying	  grid	  bias	  

Cathode	  and	  Anode	  workfunc+ons	  =2.1	  eV	  
Field	  strengths	  ~1	  V/nm	  	  

Grid	  loss	  
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