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Abstract	
  
	
  

Detonation	
   nanodiamonds	
   were	
   first	
   produced	
   by	
   shock	
   wave	
   synthesis	
   in	
   the	
  

1960’s.	
   In	
  recent	
  years	
  advances	
   in	
  the	
  processing	
  and	
  purification	
  of	
  detonation	
  

nanodiamond	
  has	
  renewed	
  interest	
   into	
  their	
  research,	
   from	
  the	
  basic	
  properties	
  

of	
   detonation	
   nanodiamonds	
   to	
   their	
   applications	
   in	
   areas	
   from	
   electronics	
   to	
  

biology.	
  Using	
  a	
  colloid	
  of	
  mono	
  dispersed	
  detonation	
  nanodiamonds,	
  it	
  is	
  possible	
  

to	
  coat	
  various	
  substrate	
  materials.	
  Diamond	
  possess	
  negative	
  electron	
  affinity	
  as	
  

well	
   as	
   excellent	
   thermal	
   conductivity	
   and	
   chemical	
   stability.	
   It	
   this	
   therefore	
  an	
  

attractive	
   material	
   for	
   applications	
   such	
   as	
   electron	
   multipliers	
   by	
   secondary	
  

electron	
   emission	
   with	
   high	
   yields.	
   This	
   thesis	
   reports	
   on	
   the	
   suitability	
   and	
  

enhancement	
   of	
   nanodiamond	
   coatings	
   for	
   such	
   applications.	
   Atomic	
   force	
  

microscopy	
  is	
  used	
  to	
  investigate	
  the	
  deposition	
  of	
  nanodiamond	
  particles	
  on	
  the	
  

substrate	
  material.	
  The	
  electrical	
  characteristics	
  of	
  mono-­‐dispersed	
  nanodiamond	
  

layers	
  are	
  investigated	
  using	
  impedance	
  spectroscopy,	
  establishing	
  that	
  the	
  layers	
  

have	
  high	
  quality	
  dielectric	
  characteristics.	
  Hydrogen	
  terminated	
  CVD	
  diamond	
  is	
  

known	
  to	
  have	
  a	
  negative	
  electron	
  affinity	
  (NEA),	
  making	
  it	
  a	
  suitable	
  material	
  for	
  

secondary	
   electron	
   emission.	
   This	
   thesis	
   investigates	
   using	
   and	
   optimising	
  

nanodiamond	
  coatings	
  on	
  micro	
  channel	
  plates	
  (MCPs)	
  to	
  increase	
  the	
  secondary	
  

electron	
   yield	
   of	
   these	
   devices,	
   thereby	
   improving	
   the	
   performance	
   of	
   image	
  

intensifiers.	
   The	
   as-­‐received	
   nanodiamond	
   is	
   covered	
   with	
   surface	
   functional	
  

groups	
  dependent	
  on	
  post	
  detonation	
  treatments	
  for	
  cleaning	
  and	
  deaggregation.	
  

Treatments	
  have	
  been	
  designed	
  which	
  modify	
  the	
  surface	
  groups	
  for	
  homogeneity,	
  

followed	
  by	
  an	
  oxidation	
  treatment	
  to	
  provide	
  a	
  platform	
  for	
  metallisation,	
  notably	
  

caesium	
  oxide	
  which	
  is	
  known	
  to	
  give	
  a	
  stable	
  and	
  high	
  NEA	
  surface	
  thus	
  further	
  

improving	
  the	
  secondary	
  electron	
  yield.	
  	
  Fourier	
  transform	
  infra-­‐red	
  spectroscopy	
  

and	
   has	
   been	
   used	
   to	
   investigate	
   the	
   presence	
   of	
   functional	
   groups.	
   	
  A	
  

comprehensive	
   study	
   of	
   the	
   secondary	
   electron	
   emission	
   yield	
   of	
   nanodiamond	
  

coatings	
   after	
   various	
   surface	
   treatments	
   is	
   presented.	
   The	
   most	
   effective	
  

treatment	
   is	
   found	
   to	
   be	
   a	
   low	
   temperature	
   chemical	
   vapour	
  deposition	
  process	
  

which	
  is	
  compatible	
  with	
  the	
  fragile	
  MCP	
  structure.	
  SEM	
  and	
  Raman	
  spectroscopy	
  

have	
   been	
   used	
   to	
   provide	
   an	
   insight	
   into	
   the	
   changes	
   of	
   the	
   material,	
   which	
  

remains	
   nanodiamond-­‐like.	
   These	
   are	
   the	
   first	
   such	
   results	
   from	
   nanodiamond	
  

material.
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Chapter	
  1	
   Introduction	
  
	
  

Natural	
   diamonds,	
   with	
   their	
   exceptional	
   brilliance,	
   have	
   been	
   treasured	
   as	
  

gemstones	
   for	
   millennia.	
   This	
   allotrope	
   of	
   carbon	
   has	
   an	
   array	
   of	
   remarkable	
  

properties	
   making	
   it	
   suitable	
   for	
   extreme	
   applications;	
   eighty	
   percent	
   of	
   mined	
  

diamonds	
   are	
   destined	
   for	
   industrial	
   use.	
   Diamond’s	
   hardness	
   and	
   thermal	
  

conductivity,	
  the	
  greatest	
  of	
  any	
  bulk	
  material,	
  have	
  leant	
  themselves	
  to	
  diamond	
  

being	
  widely	
  used	
  in	
  industry	
  for	
  cutting	
  and	
  polishing	
  tools.	
  Diamond	
  also	
  has	
  the	
  

lowest	
   coefficient	
   of	
   thermal	
   expansion,	
   is	
   chemically	
   inert,	
   has	
   high	
   thermal	
  

conductivity,	
   is	
   electrically	
   insulating	
   and	
   optically	
   transparent	
   from	
   the	
   ultra-­‐

violet	
  (UV)	
  to	
  the	
  far	
  infrared	
  (IR).	
  	
  

	
  

It	
   is	
   therefore	
   not	
   surprising	
   that	
   there	
   are	
   many	
   potential	
   applications	
   for	
  

diamond	
  as	
  an	
  engineering	
  material.	
  The	
  relative	
  scarcity	
  of	
  natural	
  diamond	
  and	
  

other	
  restrictions	
  such	
  as	
  quality,	
  reproducibility	
  and	
  functionality	
  have	
  lead	
  to	
  the	
  

synthetic	
   diamond	
   industry.	
   The	
   first	
   commercially	
   successful,	
   reproducible	
  

synthesis	
   of	
   diamond	
  was	
  made	
   in	
   1954	
   by	
   a	
   team	
   at	
   GE.	
   This	
   original	
   process	
  

used	
   HPTP	
   (High	
   Pressure	
   High	
   Temperature)	
   in	
   which	
   diamond	
   is	
   crystallised	
  

from	
   a	
   metal	
   solvated	
   carbon	
   at	
   high	
   pressure	
   and	
   high	
   temperature.	
   This	
   so-­‐

called	
   'industrial	
  diamond',	
  widely	
  used	
  due	
  to	
  its	
   low	
  cost,	
  has	
  been	
  synthesised	
  

commercially	
  for	
  over	
  30	
  years	
  using	
  HPHT	
  techniques.	
  

	
  

Research	
   into	
   diamond	
   as	
   a	
   semiconductor	
   material	
   really	
   started	
   after	
   the	
  

emergence	
   of	
   a	
   second	
   technique;	
   chemical	
   vapour	
   deposition	
   (CVD).	
   Chemical	
  

vapour	
   deposition	
   is	
   a	
   method	
   of	
   growing	
   diamond	
   from	
   a	
   hydrocarbon	
   gas	
  

mixture.	
   Since	
   the	
   early	
   1980s,	
   this	
   method	
   has	
   been	
   the	
   subject	
   of	
   intensive	
  

worldwide	
   research.	
   Whereas	
   the	
   mass-­‐production	
   of	
   high-­‐quality	
   diamond	
  

crystals	
   make	
   the	
   HPHT	
   process	
   the	
   more	
   suitable	
   choice	
   for	
   industrial	
  

applications,	
   the	
   flexibility	
  and	
  simplicity	
  of	
  CVD	
  setups	
  explain	
  the	
  popularity	
  of	
  

CVD	
   growth	
   in	
   laboratory	
   research.	
   The	
   advantages	
   of	
   CVD	
   diamond	
   growth	
  

include	
  the	
  ability	
  to	
  grow	
  diamond	
  over	
  large	
  areas	
  and	
  on	
  foreign	
  substrates,	
  and	
  

the	
  fine	
  control	
  over	
  the	
  chemical	
   impurities	
  and	
  thus	
  properties	
  of	
   the	
  diamond	
  

produced.	
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A	
   third	
  method,	
   known	
   as	
   detonation	
   synthesis,	
   entered	
   the	
   diamond	
  market	
   in	
  

the	
   late	
   1990s.	
   Detonation	
   nanodiamonds	
   were	
   first	
   produced	
   by	
   shock	
   wave	
  

synthesis	
  performed	
   in	
  USSR	
   in	
  1963.	
  One	
  of	
   the	
  critical	
  problems	
  with	
  material	
  

produced	
  by	
  detonation	
  synthesis	
  is	
  the	
  tendency	
  of	
  the	
  core	
  particles	
  to	
  aggregate	
  

into	
  larger	
  agglomerates	
  that	
  are	
  difficult	
  to	
  disperse	
  in	
  solution.	
  The	
  purification	
  

of	
   nanodiamond	
   particles	
   is	
   an	
   active	
   and	
   complex	
   research	
   area	
   which	
  

determines	
  the	
  applications	
  of	
  such	
  particles.	
  In	
  recent	
  years,	
  advances	
  in	
  this	
  area	
  

have	
   renewed	
   interest	
   and	
   allowed	
   researchers	
   to	
   investigate	
   the	
   use	
   of	
  

nanodiamonds	
  in	
  a	
  diverse	
  range	
  of	
  applications,	
  such	
  as	
  biological	
  cell	
  attachment	
  

and	
   growth,1.1	
   carriers	
   for	
   in-­‐vivo	
   drug	
   delivery,1.2	
   fluorescent	
   markers	
   within	
  

biological	
   systems,1.3	
   additives	
   to	
   oil-­‐based	
   compounds	
   for	
   friction	
   reduction1.4	
  

electrodes	
   for	
   electrochemistry,1.5	
   and	
   for	
   cold-­‐cathode	
   fabrication	
   through	
  

electron	
   field-­‐emission.1.6	
   They	
   are	
   also	
   of	
   critical	
   importance	
   as	
   seeds	
   for	
   the	
  

deposition	
  of	
  nanodiamond	
  films.1.7	
  

	
  

There	
   is	
   great	
   interest	
   in	
   thin	
   films	
   of	
   high	
   quality	
   diamond,	
   with	
   one	
   of	
   the	
  

reasons	
  being	
  cost.	
  The	
  growth	
  of	
  diamond	
  using	
  CVD	
  or	
  HPHT	
  methods	
  is	
  still	
  a	
  

relatively	
   expensive	
  process	
   and	
   any	
   reduction	
   of	
   growth	
  duration	
   is	
   a	
   real	
   cost	
  

saving	
  measure.	
   	
   If	
   the	
  majority	
  of	
   the	
  extreme	
  properties	
  of	
  diamond	
  or	
   simply	
  

those	
  that	
  are	
  required	
  for	
  a	
  specific	
  application	
  can	
  be	
  exploited	
  by	
  a	
  thin	
  film,	
  the	
  

expense	
  and	
  complexity	
  of	
  growing	
  bulk	
  diamond	
   is	
  unnecessary.	
  There	
  are	
  also	
  

many	
   applications	
   where	
   bulk	
   diamond	
   is	
   inappropriate,	
   such	
   as	
   micro	
  

electromechanical	
   systems	
   (MEM)	
   and	
   tribological	
   coatings.	
   This	
   thesis	
  

investigates	
   the	
   use	
   of	
   nanodiamond	
   coatings	
   for	
   electronic	
   applications,	
   from	
  

fundamental	
   research	
   into	
   their	
   electronic	
   characteristics	
   to	
   the	
   use	
   of	
  

nanodiamond	
  coatings	
  on	
  multichannel	
  plates.	
  

	
  

Chapter	
   2	
   reports	
   on	
   the	
   growth,	
   properties	
   and	
   electronic	
   applications	
   of	
  

synthetic	
   diamond	
   and	
   the	
   more	
   recently	
   pursued	
   area	
   of	
   detonation	
  

nanodiamond	
  research.	
  This	
  chapter	
  focuses	
  on	
  the	
  growth	
  of	
  diamond	
  films	
  using	
  

microwave	
   plasma	
   chemical	
   vapour	
   deposition.	
   A	
   review	
   of	
   the	
   synthesis,	
  

processing	
  and	
  applications	
  of	
  nanodiamond	
  particles	
  is	
  also	
  presented.	
  Chapter	
  3	
  

presents	
  the	
  theory	
  behind	
  image	
  intensifiers,	
  specifically	
  the	
  microchannel	
  plate	
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component.	
  A	
  review	
  of	
  diamond	
  as	
  a	
  secondary	
  electron	
  emission	
  material,	
  with	
  a	
  

view	
   to	
   its	
   application	
   in	
   microchannel	
   plates	
   is	
   presented.	
   The	
   experimental	
  

methods	
  and	
  techniques	
  used	
  in	
  this	
  thesis	
  are	
  explained	
  in	
  chapter	
  4.	
  

	
  

Chapter	
   5	
   presents	
   an	
   investigation	
   into	
   the	
   process	
   of	
   producing	
   nanodiamond	
  

coatings.	
   An	
   important	
   requirement	
   for	
   the	
   various	
   electronic	
   applications	
   of	
  

nanodiamonds	
  is	
  the	
  ability	
  to	
  coat	
  substrate	
  materials	
  with	
  the	
  required	
  density	
  

of	
  particles.	
  The	
  Raman	
  spectrum	
  of	
  as-­‐received	
  nanodiamonds	
   is	
  also	
  presented	
  

and	
   discussed.	
   In	
   chapter	
   6,	
   an	
   impedance	
   spectroscopy	
   study	
   of	
   nanodiamond	
  

coatings	
   is	
   reported,	
   yielding	
   an	
   insight	
   into	
   the	
   electronic	
   properties	
   of	
   such	
  

layers.	
   Chapter	
   7	
   presents	
   an	
   investigation	
   into	
   the	
   surface	
   modifications	
   of	
  

nanodiamond	
  particles	
  using	
  various	
   treatments.	
   FTIR	
  has	
  proven	
   to	
  be	
  a	
  useful	
  

tool	
   to	
   analyse	
   the	
   presence	
   of	
   surface	
   functional	
   groups	
   and	
   is	
   therefore	
   the	
  

chosen	
  analytical	
  method.	
  

	
  

Chapter	
   8	
   utilises	
   the	
   knowledge	
   and	
   results	
   gained	
   from	
   the	
   previous	
   three	
  

chapters	
   to	
   investigate	
   the	
   secondary	
   electron	
   emission	
   (SEE)	
   yields	
   of	
  

nanodiamond	
   layers	
   for	
   their	
  potential	
  application	
  as	
  a	
  coating	
   for	
  microchannel	
  

plates.	
   This	
   is	
   the	
   first	
   study	
   of	
   its	
   kind	
   from	
   nanodiamond	
   layers.	
   The	
   chapter	
  

begins	
  with	
  an	
  investigation	
  into	
  the	
  SEE	
  yield	
  characteristics	
  from	
  nanodiamond	
  

layers	
  with	
  surface	
  modifications	
  using	
  the	
  methods	
  described	
  in	
  chapter	
  7,	
  to	
  the	
  

results	
   after	
   low	
   temperature	
   CVD	
   processing.	
   SEM	
   imaging	
   and	
   Raman	
  

spectroscopy	
  are	
  extensively	
  employed	
  to	
  characterise	
  the	
  processed	
  material.	
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Chapter	
  2	
   Diamond	
  
	
  

2.1	
   Carbon	
  

Carbon,	
  denoted	
  by	
  the	
  chemical	
  symbol	
  C,	
  is	
  one	
  of	
  the	
  most	
  abundant	
  elements	
  

in	
   the	
   universe.	
   It	
   has	
   an	
   atomic	
   number	
   of	
   6.	
   Carbon	
   takes	
   the	
   form	
   of	
   several	
  

allotropes,	
  shown	
  in	
  figure	
  2.1,	
  with	
  diamond	
  and	
  graphite	
  being	
  two	
  of	
  the	
  most	
  

well	
  known.	
  

	
  

Figure	
   2.1:	
   The	
   structures	
   of	
   eight	
   allotropes	
   of	
   carbon	
   (a)	
   diamond,	
   (b)	
   graphite,	
   (c)	
  

lonsdaleite,	
   (d,	
   e,	
   f)	
   buckyballs	
   (C60,	
   C540,	
   C70),	
   (g)	
   amorphous	
   carbon	
   and	
   (h)	
   a	
   carbon	
  

nanotube	
  (reproduced	
  from	
  Ref.	
  2.1).	
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Carbon	
  has	
  four	
  electrons	
  in	
  its	
  outer	
  shell.	
  Two	
  electrons,	
  with	
  opposite	
  spin	
  are	
  

found	
  in	
  the	
  first	
  shell,	
  the	
  K	
  shell.	
  This	
  shell	
  is	
  at	
  the	
  lowest	
  possible	
  energy	
  and	
  is	
  

completely	
  stable.	
  The	
  second	
  shell,	
  the	
  L	
  shell,	
  consists	
  of	
  two	
  sub-­‐shells	
  (2s	
  and	
  

2p	
  orbitals)	
  which	
   contain	
   the	
   remaining	
   four	
   electrons.	
  Two	
  will	
   go	
   into	
   the	
  2s	
  

orbital	
  with	
  opposite	
  spins.	
  The	
  remaining	
  two	
  will	
  be	
  in	
  two	
  separate	
  2p	
  orbitals.	
  

This	
  is	
  because	
  the	
  p	
  orbitals	
  have	
  the	
  same	
  energy	
  and	
  the	
  electrons	
  would	
  rather	
  

be	
  in	
  separate	
  orbitals.	
  

	
  

	
  

Figure	
  2.2:	
  Distribution	
  of	
  electrons	
  available	
  at	
  energy	
  levels	
  for	
  carbon	
  at	
  its	
  ground	
  state.	
  

	
  

Once	
  the	
  carbon	
  atom	
  is	
  in	
  its	
  excited	
  state	
  (C*)	
  with	
  four	
  unpaired	
  electrons,	
  the	
  

four	
  atomic	
  orbitals	
  (A.O.s)	
  can	
  be	
  mixed	
  together	
  to	
  form	
  four	
  equivalent	
  hybrid	
  

orbitals	
   (H.O.s).	
   This	
   process	
   is	
   called	
   hybridisation.	
   In	
   bonded	
   carbon,	
   such	
   as	
  

diamond	
   and	
   graphite	
   spn	
   hybridisation	
   of	
   orbitals	
   occur	
   with	
   n	
   =	
   1,2,3.2.2	
   The	
  

three	
  possible	
  hybridizations	
  of	
  orbitals	
  occurring	
  in	
  carbon	
  are:	
  sp3	
   (tetragonal),	
  

sp2	
  (trigonal)	
  and	
  sp	
  (diagonal),	
  this	
  is	
  due	
  to	
  mixing	
  of	
  electronic	
  wave	
  functions	
  

of	
  the	
  2s	
  and	
  2p	
  orbitals.	
  

When	
   the	
   carbon	
   bonds	
   in	
   diamond	
   are	
   formed,	
   orbital	
   hybridisation	
   occurs	
  

allowing	
  the	
  4	
  electrons	
  in	
  the	
  L	
  shell	
  to	
  take	
  up	
  places	
  in	
  separate	
  orbitals.	
  One	
  of	
  

the	
  2s2	
  orbital	
  electrons	
  gets	
  promoted	
  up	
  to	
  a	
  vacant	
  2p	
  orbital,	
   forming	
  hybrid	
  

set	
  of	
  orbitals	
  appropriately	
  designated	
  sp3	
  having	
  one	
  s	
  orbital	
  and	
  3	
  p	
  orbitals.2.3	
  

The	
  four	
  sp3	
  hybrid	
  orbitals	
  will	
  arrange	
  themselves	
  in	
  three-­‐dimensional	
  space	
  to	
  

get	
   as	
   far	
   apart	
   as	
   possible	
   (to	
  minimise	
   repulsion).	
   The	
   geometry	
   that	
   achieves	
  

this	
  is	
  tetrahedral	
  geometry,	
  where	
  any	
  bond	
  angle	
  is	
  109.5	
  °.	
  The	
  stable	
  electronic	
  

configuration	
  for	
  the	
  2nd	
  shell	
  is	
  eight	
  and	
  as	
  a	
  result,	
  each	
  one	
  of	
  the	
  4	
  sp3	
  valence	
  

electrons	
   covalently	
   bonds	
   with	
   one	
   valence	
   electron	
   of	
   other	
   carbon	
   atoms	
  

making	
  each	
  carbon	
  attached	
  to	
  4	
  carbon	
  atoms	
  thus	
  forming	
  a	
  tetrahedral	
  carbon	
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interconnected	
  structure	
  called	
  the	
  diamond	
  lattice	
  Each	
  bond	
  is	
  a	
  sigma	
  (σ)	
  bond	
  

and	
  the	
  hybridisation	
  energy	
  amounts	
  to	
  230	
  kJ	
  mol-­‐1.	
  2.2	
  

	
  

	
  

Figure	
  2.3:	
  4	
  sp3	
  hybrid	
  orbitals	
  are	
  formed.	
  

	
  

Figure	
  2.4:	
  4	
  sp3	
  hybridisation	
  of	
  carbon	
  forming	
  tetrahedral	
  geometry.	
  

	
  

Graphite	
  is	
  an	
  example	
  of	
  sp2	
  hybridisation.	
  The	
  sp2	
  hybrid	
  orbitals	
  are	
  generated	
  

when	
  3	
  of	
  the	
  4	
  electrons	
  in	
  the	
  2s	
  and	
  2p	
  orbitals	
  combine	
  and	
  achieve	
  a	
  planar	
  

trigonal	
  geometry	
  where	
  the	
  bond	
  angle	
  between	
  the	
  hybrid	
  orbitals	
  is	
  120	
  °.	
  The	
  

lone	
   2p	
   electron	
   i.e.,	
   the	
   delocalized	
   electron,	
   is	
   directed	
   perpendicularly	
   to	
   the	
  

plane	
  and	
  paired	
  with	
  another	
  delocalised	
  electron	
  of	
  the	
  adjacent	
  plane	
  by	
  a	
  much	
  

weaker	
  van	
  der	
  Waals	
  bond.	
  Therefore	
   a	
   single	
   carbon	
  atom	
   forms	
   sigma	
  bonds	
  

with	
  three	
  others	
  forming	
  a	
  series	
  of	
  continuous	
  hexagonal	
  structures,	
  all	
   located	
  

in	
   parallel	
   planes	
   -­‐	
   two	
   dimensional	
   carbon	
   sheets	
   called	
   graphene.	
   Sheets	
   of	
  

graphene	
   stack	
   up	
   to	
   create	
   graphite	
   with	
   the	
   unhybridised	
   2p	
   electrons	
  

establishing	
  pi	
   (π)	
  bonds,	
  weakly	
  binding	
   the	
   carbon	
   layers	
   together	
  by	
  Van	
  der	
  

Waals	
  forces.	
  

 

109.5
°	
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Figure	
  2.5:	
  3	
  sp2	
  hybrid	
  orbitals	
  are	
  formed.	
  

	
  

	
  

Figure	
  2.6:	
  Formation	
  of	
  three	
  sp2	
  hybrid	
  orbitals	
  forming	
  a	
  trigonal	
  planar	
  geometry	
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2.2	
   Diamond	
  

	
  

The	
  diamond	
  lattice	
  

Each	
  tetrahedron	
  combines	
  with	
  four	
  other	
  tetrahedra,	
  forming	
  a	
  strongly-­‐bonded,	
  

uniform,	
   three-­‐dimensional,	
   entirely	
   covalent	
   crystalline	
   structure.	
   The	
   covalent	
  

bonding	
  between	
  carbon	
  atoms	
   is	
   characterised	
  by	
  a	
   small	
  bond	
   length	
  of	
  0.154	
  

nm	
  and	
  a	
  high	
  bond	
  energy	
  of	
  348	
  kJ	
  mol-­‐1.	
  

	
  

	
  

	
  
	
  
Figure	
  2.7:	
  The	
  crystal	
  structure	
  of	
  diamond	
  is	
  a	
  face-­‐centred	
  cubic	
  (FCC)	
  lattice,	
  with	
  a	
  basis	
  

of	
  two	
  identical	
  carbon	
  atoms	
  associated	
  with	
  each	
  lattice	
  point	
  (reproduced	
  from	
  Ref.	
  2.4)	
  

	
  
Natural	
  diamond	
   is	
   thought	
   to	
  have	
   formed	
  over	
  990	
  million	
  years	
   ago	
  between	
  

140	
  and	
  200	
  km	
  from	
  the	
  Earth’s	
  surface,	
  where	
  temperatures	
  range	
  between	
  900	
  

°C	
  to	
  1400	
  °C	
  and	
  pressures	
  between	
  45	
  to	
  60	
  kbar.2.5	
  Other	
  than	
  for	
  their	
  beauty	
  

as	
   gemstones,	
   natural	
   diamonds	
   are	
  mainly	
   used	
   as	
   abrasives	
   and	
   cutting	
   tools.	
  

Natural	
  Diamonds	
  have	
  been	
  historically	
  classified	
   into	
   four	
  categories	
  according	
  

to	
   their	
   optical	
   absorption	
   properties,	
   which	
   are	
   determined	
   by	
   impurities	
   of	
  

nitrogen-­‐,	
  boron-­‐	
  and	
  hydrogen-­‐related	
  defects	
  as	
  listed	
  in	
  table	
  2.1.	
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Type	
   Description	
  

Ia	
   Nitrogen	
  is	
  the	
  dominant	
  impurity	
  and	
  is	
  present	
  as	
  aggregates	
  or	
  

clustered	
  together	
  within	
  the	
  carbon	
  lattice.	
  It	
  has	
  a	
  pale	
  yellow	
  or	
  

brown	
  appearance.	
  98%	
  of	
  diamonds	
  fall	
  into	
  this	
  category.	
  

Ib	
   Nitrogen	
  is	
  present	
  as	
  single	
  substitutional	
  atoms	
  and	
  is	
  uniformly	
  

distributed	
  throughout	
  the	
  carbon	
  lattice.	
  These	
  diamonds	
  can	
  

appear	
  deep	
  yellow,	
  orange,	
  brown	
  or	
  greenish	
  depending	
  on	
  the	
  

concentration	
  and	
  distribution	
  of	
  nitrogen	
  atoms.	
  They	
  account	
  for	
  

0.1	
  %	
  of	
  diamond	
  

IIa	
   These	
  diamonds	
  have	
  a	
  miniscule	
  amount	
  of	
  impurities	
  present.	
  They	
  

are	
  colourless	
  unless	
  lattice	
  defect	
  are	
  present,	
  which	
  would	
  render	
  

them	
  yellow,	
  brown,	
  pink	
  or	
  red.	
  1-­‐2	
  %	
  of	
  diamonds	
  are	
  this	
  type.	
  

IIb	
   This	
  type	
  of	
  diamond	
  contains	
  boron	
  as	
  an	
  impurity	
  and	
  appear,	
  blue,	
  

grey	
  or	
  near-­‐colourless	
  and	
  make	
  up	
  approximately	
  0.1	
  %	
  of	
  

diamonds.	
  

Table	
  2.1:	
  Classification	
  of	
  natural	
  diamond	
  types	
  (taken	
  from	
  Ref.	
  2.2)	
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2.2.1	
   Synthetic	
  Diamond	
  

Natural,	
   bulk	
   diamond	
   cannot	
   be	
   effectively	
   engineered	
   into	
   the	
   many	
   physical	
  

configurations	
  required	
  to	
  exploit	
  many	
  of	
  its	
  properties.	
  The	
  developments	
  in	
  the	
  

synthesis	
  of	
  diamond,	
  in	
  particular	
  chemical	
  vapour	
  deposition	
  (CVD)	
  have	
  led	
  to	
  

the	
   ability	
   to	
   grow	
  diamond	
   in	
   the	
   form	
  of	
   thin	
   films	
  or	
   coatings	
  on	
   a	
   variety	
  of	
  

shapes,	
  with	
   control	
   over	
   attributes	
   such	
   as	
   the	
   grain	
   size.	
   This	
   has	
   enabled	
   the	
  

exploitation	
  of	
  more	
  combinations	
  of	
  some	
  of	
  extreme	
  properties	
  of	
  diamond	
  for	
  

specific	
  applications.	
  	
  

Large,	
  transparent,	
  single	
  crystal	
  diamond	
  is	
  typically	
  used	
  in	
  gemstones	
  although	
  

it	
  may	
  have	
  applications	
  in	
  the	
  realm	
  of	
  electronics	
  such	
  as	
  electron	
  amplification.	
  

Polycrystalline	
   diamond	
   consists	
   of	
   numerous	
   small	
   grains	
   and	
   as	
   such	
   is	
  

unsuitable	
  as	
  a	
  gemstone.	
  It	
  is	
  used	
  for	
  industrial	
  applications	
  such	
  as	
  mining	
  and	
  

cutting	
   tools	
   as	
   well	
   as	
   in	
   recent	
   years,	
   pioneering	
   research	
   work	
   to	
   create	
  

electronic	
   devices.	
   The	
   average	
   (grain)	
   size	
   of	
   the	
   crystal	
   defines	
   the	
  

polycrystalline	
   diamond.	
   Grain	
   sizes	
   range	
   from	
   nanometres	
   to	
   hundreds	
   of	
  

micrometres	
   usually	
   referred	
   to	
   as	
   “nanocrystalline”	
   and	
   “microcrystalline”	
  

diamond,	
   respectively.2.6	
   Diamonds	
   in	
   the	
   form	
   discrete	
   nano-­‐sized	
   grains	
   are	
  

termed	
   nanodiamonds	
   and	
   typically	
   kept	
   suspended	
   in	
   solutions.	
   Nanodiamond	
  

particles	
  agglomerate	
  to	
  form	
  micro-­‐sized	
  clusters.	
  The	
  synthesis,	
  processing	
  and	
  

applications	
  of	
  nanodiamond	
  particles	
  will	
  be	
  reviewed	
  later	
  in	
  this	
  chapter.	
  

	
  

2.2.2	
   Growth	
  of	
  diamond	
  	
  

Artificial	
   diamond	
   synthesis	
   was	
   first	
   reported	
   in	
   1955	
   by	
   General	
   Electric	
   by	
  

using	
   the	
   high-­‐pressure	
   high-­‐temperature	
   (HPHT).2.7	
   Under	
   these	
   conditions	
  

diamond	
  is	
  thermodynamically	
  stable	
  and	
  can	
  be	
  formed,	
  typically	
  from	
  a	
  graphite	
  

source.2.8	
  The	
  transformation	
  of	
  graphite	
  to	
  diamond,	
  although	
  thermodynamically	
  

feasible	
   at	
   relatively	
   low	
   pressure	
   and	
   temperatures,	
   faces	
   considerable	
   kinetic	
  

barriers	
  since	
  the	
  rate	
  of	
  transformation	
  decreases	
  with	
  increasing	
  pressure.	
  This	
  

kinetic	
  consideration	
  supersedes	
  the	
  thermodynamic	
  conditions	
  and	
  it	
  was	
  found	
  

experimentally	
  that	
  very	
  high	
  pressure	
  and	
  temperature	
  (>130	
  kb	
  and	
  ~3300	
  K)	
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were	
   necessary	
   in	
   order	
   for	
   the	
   direct	
   graphite-­‐diamond	
   transformation	
   to	
  

proceed	
   at	
   any	
   observable	
   rate.2.9	
   	
   Unsurprisingly,	
   these	
   conditions	
   are	
   difficult	
  

and	
  costly	
  to	
  achieve.	
  Using	
  a	
  solvent-­‐catalyst	
  reaction,	
  it	
  is	
  possible	
  to	
  bypass	
  this	
  

kinetic	
  barrier	
  by	
  establishing	
  a	
   reaction	
  path	
  with	
   lower	
  activation	
  energy	
   than	
  

that	
  of	
  direct	
   transformation.	
  Molten	
  metal	
   catalysts	
  are	
  used	
   to	
  dissolve	
   carbon	
  

and	
   acceleration	
   its	
   conversion	
   into	
   diamond.	
   The	
   solvent-­‐catalysts	
   are	
   the	
  

transition	
  metals	
  such	
  as	
  iron,	
  cobalt,	
  chromium,	
  nickel,	
  platinum,	
  and	
  palladium.	
  

These	
   metal-­‐solvents	
   dissolve	
   carbon	
   extensively,	
   break	
   the	
   bonds	
   between	
  

groups	
  of	
  carbon	
  atoms	
  and	
  between	
  individual	
  atoms,	
  and	
  transport	
  the	
  carbon	
  to	
  

the	
  growing	
  diamond	
  surface.	
  2.3	
  

	
  

Figure	
   2.8:	
   Energy	
   diagram	
   displaying	
   the	
   conversion	
   of	
   graphite	
   to	
   diamond,	
   with	
   and	
  

without	
  a	
  catalyst	
  (from	
  Ref.	
  2.10)	
  

	
  
At	
  the	
  same	
  time,	
  studies	
  were	
  being	
  carried	
  out	
  in	
  order	
  to	
  deposit	
  diamond	
  from	
  

the	
  gas	
  phase.	
  The	
  first	
  documented	
  report	
  of	
  diamond	
  growth	
  at	
  a	
   low	
  pressure	
  

was	
   that	
   of	
   W	
   Eversole	
   in	
   1954	
   using	
   thermal	
   chemical	
   vapour	
   deposition.2.11	
  	
  	
  

Patent	
  applications	
  by	
  Eversole	
  of	
  the	
  Union	
  Carbide	
  Corporation	
  in	
  1962	
  outlined	
  

the	
   low	
  pressure	
  CVD	
  technique	
  used;	
  this	
  was	
  far	
  superior	
  to	
  earlier	
  techniques	
  

that	
  also	
  produced	
  large	
  quantities	
  of	
  graphitic	
  carbon.	
  In	
  1956,	
  the	
  former	
  USSR	
  

scientists	
  Spitsyn	
  and	
  Deryagin	
  proposed	
  the	
  growth	
  of	
  diamond	
  at	
  low	
  pressures	
  

through	
  the	
  thermal	
  decomposition	
  of	
  carbon	
  tetraiodide	
  (CI4).2.12	
  Diamonds	
  were	
  

synthesized	
  using	
   CBr4	
   or	
   CI4	
   at	
   temperatures	
   ranging	
   from	
  800	
   to	
   1000	
   ºC	
   and	
  

pressures	
  of	
  approximately	
  4	
  ×	
  10−4	
  Pa.	
  The	
  Soviet	
  group	
  subsequently	
  explored	
  

direct	
   CVD	
   from	
   hydrocarbons	
   and	
   in	
   1969	
   it	
   was	
   stated	
   that	
   diamond	
   was	
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synthesized	
  from	
  pure	
  methane	
  at	
  pressures	
   from	
  13	
  to	
  40	
  Pa	
  and	
  temperatures	
  

from	
  950	
  to	
  1050	
  ºC	
  with	
  a	
  growth	
  rate	
  about	
  an	
  order	
  higher	
  than	
  that	
  reported	
  

by	
  Eversole.	
  A	
  major	
  breakthrough	
   in	
   the	
  CVD	
  diamond	
  process	
  was	
  achieved	
   in	
  

the	
  early	
  1970s.	
  Atomic	
  hydrogen	
  used	
  in	
  the	
  growth	
  process	
  was	
  found	
  to	
  remove	
  

graphite	
  co-­‐deposits,	
  based	
  on	
  the	
  face	
  that	
  atomic	
  hydrogen	
  etches	
  graphite	
  much	
  

faster	
   than	
   it	
  does	
  diamond.	
  This	
  gave	
  a	
  much	
  higher	
  growth	
  rate	
  and	
  permitted	
  

nucleation	
  of	
  new	
  diamond	
  crystallites	
  on	
  non-­‐diamond	
  substrates.	
  	
  

The	
  modern	
  era	
  of	
  CVD	
  diamond	
  began	
  in	
  the	
  early	
  1980s.	
  The	
  National	
  Institute	
  

for	
  Research	
  in	
  Inorganic	
  Materials	
  (NIRIM)	
  based	
  in	
  Japan,	
  publishing	
  a	
  series	
  of	
  

papers	
  in	
  which	
  different	
  techniques	
  were	
  described:	
  hot	
  filament	
  CVD	
  processes,	
  

RF-­‐plasma	
   CVD	
   and	
   microwave	
   plasma	
   CVD	
   (MWPCVD).2.13,	
   2.14,	
   2.15,	
   2.16	
   	
   They	
  

reported	
   that	
   diamond	
   particles	
   and	
   films	
   could	
   be	
   deposited	
   on	
   various	
  

substrates	
   heated	
   around	
   850	
   ºC,	
   using	
   a	
   gas	
   mixture	
   of	
   methane	
   diluted	
   by	
  

hydrogen,	
  and	
  preferred	
  partial	
  pressures	
  in	
  the	
  range	
  4×103	
  –	
  5×103	
  Pa.	
  A	
  growth	
  

rate	
   higher	
   than	
   several	
   micrometres	
   per	
   hour	
   was	
   achieved.	
   Several	
   research	
  

groups	
  in	
  the	
  USA	
  and	
  Europe	
  soon	
  confirmed	
  these	
  results.	
  

Since	
  then,	
  extensive	
  research	
  has	
  been	
  carried	
  out	
  by	
  many	
  groups	
   into	
  process	
  

techniques,	
  understanding	
  the	
  mechanism	
  of	
  CVD	
  diamond	
  nucleation	
  and	
  growth,	
  

diamond	
   doping,	
   investigation	
   of	
   optical,	
   electronic,	
   thermal,	
   mechanical	
  

properties	
   of	
   CVD	
   diamond,	
   diamond	
   coating	
   on	
   various	
   substrates	
   for	
   specific	
  

applications	
  and	
  characterisation	
  of	
  CVD	
  diamond.	
  Until	
  the	
  late	
  1980s	
  most	
  of	
  the	
  

significant	
  developments	
  reported	
  were	
  due	
  to	
   Japanese	
  work.	
  These	
   include	
  the	
  

development	
   of	
   filament-­‐assisted	
   thermal	
   CVD,2.5,	
   2.6	
   electron-­‐assisted	
   thermal	
  

CVD,2.17	
   laser-­‐assisted	
   thermal	
   CVD,2.18	
   RF	
   plasma	
   CVD,2.19	
   microwave-­‐plasma	
  

CVD,2.20	
   combustion	
   flame-­‐assisted	
   CVD	
   2.21	
   and	
   direct-­‐current	
   arc	
   plasma	
   jet	
  

CVD.2.22	
  Although	
  a	
  number	
  of	
  enhanced	
  CVD	
  methods	
  exist,	
  with	
  different	
  process	
  

details,	
  there	
  are	
  a	
  number	
  of	
  important	
  common	
  features.	
  

The	
   basic	
   reaction	
   in	
   the	
   CVD	
   diamond	
   process	
   is	
   the	
   decomposition	
   of	
   a	
  

hydrocarbon,	
   typically	
  methane.	
   The	
   two	
   basic	
   activation	
  methods	
   are	
   by	
   using	
  

high	
  temperature	
  or	
  by	
  electronic	
  or	
  electromagnetic	
  gas	
  discharge.	
  The	
  presence	
  

of	
  atomic	
  hydrogen	
  is	
  also	
  crucial.	
  Atomic	
  hydrogen	
  plays	
  an	
  essential	
  role	
  in	
  the	
  

surface	
   and	
   plasma	
   chemistry	
   of	
   diamond	
   deposition	
   as	
   it	
   contributes	
   to	
   the	
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stabilisation	
   of	
   the	
   sp3	
   dangling	
   bonds	
   found	
   on	
   the	
   diamond	
   surface	
   plane.2.23	
  

Without	
   this	
   stabilising	
   effect,	
   these	
   bonds	
   would	
   not	
   be	
   maintained	
   and	
   the	
  

diamond	
   plane	
  would	
   collapse	
   (flatten	
   out)	
   to	
   the	
   graphite	
   structure.	
   The	
   other	
  

function	
  of	
  atomic	
  hydrogen	
   is	
   to	
  suppress	
   the	
   formation	
  of	
  graphite.	
   In	
  contrast	
  

with	
  molecular	
  hydrogen,	
  atomic	
  hydrogen	
  is	
  extremely	
  reactive.	
  It	
  etches	
  graphite	
  

fifty	
   times	
   faster	
   than	
   diamond.	
   This	
   etching	
   ability	
   is	
   important	
   since,	
   when	
  

graphite	
   and	
   diamond	
   are	
   deposited	
   simultaneously,	
   graphite	
   is	
   preferentially	
  

removed	
  while	
  most	
  of	
   the	
  diamond	
  remains.2.24	
   	
  Thus,	
  growth	
  of	
  diamond	
   from	
  

carbon	
  containing	
  molecules	
  diluted	
  in	
  hydrogen	
  involves	
  two	
  processes.	
  The	
  first	
  

is	
   carbon	
   deposition	
   primarily	
   in	
   the	
   form	
   of	
   graphite	
   with	
   a	
   small	
   amount	
   of	
  

diamond,	
  and	
  the	
  second	
  is	
  selective	
  etching	
  of	
  graphite	
  by	
  atomic	
  hydrogen.	
  As	
  a	
  

result,	
   the	
   various	
   enhanced	
   CVD	
   methods	
   for	
   the	
   growth	
   of	
   diamond	
   are	
  

optimised	
   to	
   produce	
   atomic	
   hydrogen	
   from	
   molecular	
   hydrogen	
   close	
   to	
   the	
  

surface	
  of	
  the	
  growing	
  film.	
  	
  

The	
  next	
  consideration	
  is	
  the	
  dissociation	
  of	
  the	
  carbon	
  containing	
  source	
  gases.	
  In	
  

a	
  simple	
  thermal	
  CVD	
  process,	
  the	
  diamond	
  growth	
  rate	
  is	
  very	
  low	
  (<0.1	
  μmh－1).	
  

This	
   is	
  due	
   to	
   the	
  rather	
  high	
  activation	
  energy	
  needed	
   for	
   the	
  decomposition	
  of	
  

methane	
  on	
  the	
  surface	
  of	
  diamond.	
  Thus,	
  in	
  the	
  various	
  enhanced	
  CVD	
  methods,	
  

the	
   carbon	
   containing	
   compounds	
   are	
   dissociated	
   by	
   thermal,	
   plasma	
   or	
  

combustion	
  processes	
  to	
  produce	
  the	
  reactant	
  species	
  responsible	
  for	
  the	
  diamond	
  

nucleation	
   and	
   growth.	
   The	
   film	
   growth	
   rate	
   depends	
   on	
   the	
   ability	
   of	
   these	
  

reactant	
  species	
  to	
  be	
  transported	
  to	
  the	
  substrate.	
  

Figure	
   2.9	
   shows	
   a	
   schematic	
   diagram	
   for	
   the	
   processes	
   occurring	
   during	
   the	
  

growth	
  process.	
  The	
  gaseous	
  reactants	
  are	
  dissociated	
  into	
  highly	
  reactive	
  radicals	
  

and	
   reactant	
   species	
   using	
   the	
   chosen	
   activation	
   method.	
   The	
   most	
   abundant	
  

carbon	
   containing	
   precursors	
   in	
   typical	
   diamond	
   growth	
   systems	
   are	
   methyl	
  

radicals	
  and	
  acetylene	
  molecules.2.25	
   	
  These	
  growth	
  species	
  are	
   then	
  delivered	
   to	
  

the	
  growth	
  surface.	
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Figure	
  2.9:	
  Schematic	
  diagram	
  of	
  the	
  processes	
  occurring	
  during	
  diamond	
  CVD	
  (taken	
  from	
  

Ref.	
  	
  2.26)	
  

CVD	
  diamond	
  growth	
  goes	
  through	
  a	
  series	
  of	
  steps	
  i.e.	
  nucleation,	
  formation	
  of	
  a	
  

continuous	
   film	
   and	
   competitive	
   growth	
  of	
   crystallites.	
   The	
  nucleation	
   and	
   early	
  

growth	
   stages	
   are	
   critical	
   in	
   determining	
   the	
   film	
   properties,	
   morphology,	
  

homogeneity,	
   defect	
   formation,	
   adhesion	
   and	
   the	
   type	
   of	
   substrates	
   that	
   can	
   be	
  

successfully	
   coated.	
   Diamond	
   can	
   grow	
   homoepitaxially	
   on	
   a	
   diamond	
   surface	
  

without	
   nucleation	
   problems	
   HFCVD,2.27,2.28	
   MWPACVD2.29,	
   2.30	
   and	
   ECR	
   MW	
  

PACVD2.31	
  from	
  a	
  variety	
  of	
  carbon	
  sources	
  .	
  However,	
  substrate	
  pre-­‐treatment	
  of	
  

non-­‐diamond	
   surfaces	
   is	
   essential,	
   without	
   this,	
   only	
   a	
   few	
   isolated	
   diamond	
  

crystallites	
  be	
  will	
  found	
  on	
  a	
  non-­‐diamond	
  substrate	
  which	
  has	
  been	
  exposed	
  to	
  

proper	
  growth	
  conditions.	
  	
  

	
  

2.2.3	
   Nucleation	
  

Various	
  nucleation	
  procedures	
  have	
  been	
  proposed	
  and	
  are	
  utilised	
  with	
  research	
  

continuing	
   to	
   improve	
   these	
   processes.	
   The	
   simplest	
   is	
   abrasion	
   using	
   diamond	
  

grit,2.32	
  which	
  leaves	
  small	
  diamond	
  particles	
  of	
  sizes	
  in	
  the	
  range	
  2-­‐10nm	
  on	
  the	
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surface	
  that	
  act	
  as	
  growth	
  sites.	
  This	
  method	
  has	
  some	
  limitations:	
   it	
  can	
  only	
  be	
  

used	
   with	
   flat	
   surfaces	
   and	
   can	
   damage	
   any	
   intermediate	
   layers	
   that	
   may	
   be	
  

present.	
   Diamond	
   nucleation	
   densities	
   after	
   scratching	
   pre-­‐treatments	
   range	
  

typically	
   from	
   106	
   to	
   1010	
   cm-­‐2,	
   as	
   compared	
   to	
   <	
   105	
   cm-­‐2	
   on	
   untreated	
  

surfaces.2.33.	
  

Ultrasonic	
   treatment	
   is	
  a	
  gentler	
  method,	
  where	
   the	
  substrate	
   is	
   immersed	
   in	
  an	
  

ultrasonic	
  bath,	
  with	
  the	
  diamond	
  powder	
  dispersed	
  in	
  an	
  organic	
  solvent,	
  such	
  as	
  

methanol.	
   This	
   method	
   can	
   be	
   used	
   with	
   3-­‐D	
   shaped	
   substrates	
   and	
   the	
  

appropriate	
   choice	
   of	
   diamond	
   particle	
   size	
   and	
   seeding	
   time	
   allows	
   further	
  

control	
  of	
  the	
  nucleation	
  procedure.	
  Nanodiamond	
  (ND)	
  particles,	
  in	
  the	
  form	
  of	
  a	
  

colloidal	
  solution	
  can	
  also	
  be	
  used	
   in	
   the	
  ultrasonic	
  method.	
  Nucleation	
  densities	
  

as	
   high	
   as	
   1011	
   cm-­‐2	
   have	
   been	
   obtained	
   with	
   this	
   method.	
   Spin	
   coating	
   of	
  

nanoparticle	
  solutions,	
  with	
  or	
  without	
  polymers	
  or	
  surfactants	
  is	
  also	
  mentioned	
  

in	
   several	
   studies.2.34,	
   2.35	
  With	
   all	
   these	
  methods,	
   the	
   nanodiamond	
   deposits	
   are	
  

strongly	
   dependent	
   on	
   various	
   parameters	
   such	
   as	
   the	
   dispersion	
   and	
  

concentration	
  of	
  the	
  nanoparticles	
  in	
  the	
  colloid	
  solutions.	
  	
  

Spin-­‐coating	
  deposits	
  may	
  be	
  strongly	
  disturbed	
  by	
  the	
  roughness	
  of	
  the	
  substrate	
  

and	
   fragile	
   substrates	
   may	
   suffer	
   from	
   the	
   ultrasonic	
   treatment.	
   Girard	
   et	
   al.	
  

presented	
  a	
  simple	
  approach	
  to	
  disperse	
  NDs	
  on	
  a	
  substrate	
  by	
  taking	
  advantage	
  of	
  

the	
   oxygenated	
   terminations	
   present	
   on	
   the	
   diamond	
   nanoparticle	
   surface.2.36	
  

These	
  chemical	
  groups	
  provide	
  the	
  particle	
  an	
  electrostatic	
  charge.	
  The	
  approach	
  

relies	
  on	
  the	
  use	
  of	
  an	
  oppositely	
  charged	
  substrate:	
   the	
  nanoparticles	
  can	
  hence	
  

be	
  simply	
  deposited	
  by	
  electrostatic	
  interactions.	
  This	
  technique	
  is	
  called	
  layer-­‐by-­‐

layer	
  deposition.	
  With	
  this	
  method,	
  the	
  authors	
  have	
  deposited	
  negatively	
  charged	
  

HPHT	
   diamond	
   nanoparticles	
   on	
   various	
   substrates	
   previously	
   coated	
   with	
   a	
  

cationic	
   organic	
   polymer.	
   By	
   simple	
   dipping	
   of	
   the	
   coated	
   substrate	
   into	
   the	
  ND	
  

solution,	
  electrostatic	
  interactions	
  ensures	
  a	
  spontaneous	
  grafting	
  of	
  the	
  particles	
  

onto	
   the	
   surface	
   resulting	
   in	
   reproducible	
   and	
   homogeneous	
   nanoparticle	
   films.	
  

This	
  approach	
  has	
  been	
  shown	
  to	
  work	
  on	
  a	
  several	
  kinds	
  of	
  materials	
  and	
  also	
  on	
  

3-­‐D	
  structures.	
  	
  

Once	
  the	
  small	
  diamond	
  crystallites	
  are	
  present	
  on	
  the	
  non-­‐diamond	
  surface	
  by	
  the	
  

chosen	
   nucleation	
   procedure,	
   they	
   begin	
   growing	
   three	
   dimensionally	
   until	
   the	
  

grains	
   coalesce	
   and	
   form	
   a	
   continuous	
   film;	
   this	
   period	
   of	
   time	
   is	
   known	
   as	
   the	
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incubation	
  period.	
  The	
  growth	
  proceeds	
  with	
  competitive	
  crystal	
  growth	
  between	
  

the	
  crystals	
  oriented	
  along	
  the	
  fastest	
  growth	
  direction.	
  

The	
   majority	
   of	
   research	
   into	
   the	
   growth	
   of	
   diamond	
   films	
   is	
   divided	
   into	
   two	
  

categories;	
  whether	
  the	
  films	
  are	
  grown	
  with	
  the	
  suppression	
  or	
  enhancement	
  of	
  

re-­‐nucleation	
   processes.	
   In	
   conventional	
   diamond	
   growth,	
   hydrogen-­‐rich	
   gas	
  

phase	
   chemistry	
   is	
   used	
   which	
   is	
   known	
   to	
   reduce	
   the	
   re-­‐nucleation	
   by	
   the	
  

significantly	
   higher	
   etch	
   rate	
   of	
   graphite	
   over	
   diamond	
   in	
   such	
   a	
   plasma.	
   This	
  

results	
  in	
  an	
  increase	
  in	
  the	
  grain	
  size	
  from	
  the	
  small	
  seeding	
  crystals	
  and	
  after	
  a	
  

given	
   thickness	
   the	
   grains	
  will	
   no	
   longer	
  be	
  of	
   nanometre	
   scale.	
  This	
  material	
   is	
  

conventionally	
   referred	
   to	
   as	
  microcrystalline	
   diamond	
   (µCD).	
   If	
   this	
  material	
   is	
  

grown	
  very	
  thin	
  and	
  with	
  high	
  nucleation	
  density,	
  then	
  coalesced	
  films	
  with	
  grains	
  

sized	
  less	
  than	
  100	
  nm	
  can	
  be	
  grown	
  and	
  this	
  material	
   is	
  termed	
  nanocrystalline	
  

diamond	
  (NCD).	
  Nanodiamond	
  films	
  grown	
  with	
  a	
  significant	
  re-­‐nucleation	
  rate	
  by	
  

reduction	
  of	
  the	
  hydrogen	
  concentration	
  in	
  the	
  plasma	
  allows	
  some	
  sp2	
  binding	
  to	
  

create	
   new	
   unepitaxial	
   nucleation	
   sites	
   on	
   the	
   facets	
   of	
   growing	
   crystals.	
   This	
  

limits	
   the	
   maximum	
   grain	
   size	
   and	
   thick	
   films	
   can	
   be	
   grown	
   with	
   a	
   small	
  

distribution	
  of	
  grain	
  sizes.	
  This	
  material	
  is	
  known	
  as	
  ultrananocrystalline	
  diamond	
  

(UNCD)	
   and	
   typically	
   has	
   a	
   grain	
   size	
   of	
   between	
   3-­‐5nm	
   regardless	
   of	
   film	
  

thickness.2.37	
   	
   Figure	
  2.10	
   illustrates	
   the	
  difference	
   in	
   the	
   grain	
   sizes	
  using	
   these	
  

two	
  distinct	
  methods.	
  

	
  

Figure	
  2.10:	
  Schematic	
  illustration	
  of	
  the	
  difference	
  between	
  nanocrystalline	
  diamond	
  (NCD)	
  

and	
  ultrananocrystalline	
  diamond	
  (UNCD)	
  (from	
  Ref.	
  2.38).	
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Although	
  this	
  type	
  of	
  film	
  might	
  be	
  considered	
  inferior	
  to	
  the	
  more	
  crystalline	
  and	
  

therefore	
   better	
   quality	
   diamond	
   films,	
   it	
   still	
   possesses	
   many	
   of	
   the	
   desirable	
  

properties	
   of	
   diamond	
   whilst	
   being	
   much	
   smoother	
   and	
   considerably	
   faster	
   to	
  

deposit.	
   Thus,	
   by	
   the	
   simple	
   tactic	
   of	
   changing	
   the	
   growth	
   conditions,	
   diamond	
  

films	
  can	
  be	
  deposited	
  with	
  properties	
  ranging	
  from	
  almost	
  graphite	
  to	
  essentially	
  

those	
  of	
  natural	
  diamond.	
  This	
  allows	
  the	
  quality,	
  appearance	
  and	
  properties	
  of	
  a	
  

diamond	
   film,	
   as	
   well	
   as	
   its	
   growth	
   rate	
   and	
   cost,	
   to	
   be	
   easily	
   designed	
   to	
   suit	
  

particular	
  applications.	
  

	
  

2.2.4	
   Microwave-­‐Plasma	
  CVD	
  

A	
  range	
  of	
  diamond	
  growth	
   techniques	
   involve	
  various	
   forms	
  of	
  plasma-­‐assisted	
  

CVD	
  using	
  carbon-­‐containing	
  species	
  mixed	
  in	
  a	
  low	
  concentration	
  with	
  hydrogen.	
  

Plasma	
  is	
  generated	
  by	
  various	
  forms	
  of	
  electrical	
  discharges	
  or	
  induction	
  heating.	
  

Microwave	
  plasma-­‐assisted	
  CVD	
  has	
  been	
  used	
  more	
  extensively	
   than	
  others	
   for	
  

the	
  growth	
  of	
  diamond	
  films	
  and	
  is	
  the	
  reactor	
  type	
  used	
  in	
  the	
  work	
  of	
  this	
  thesis.	
  

The	
  plasma	
  generates	
  atomic	
  hydrogen	
  through	
  the	
  electron	
  impact	
  dissociation	
  of	
  

molecular	
  hydrogen	
  and	
  produces	
  proper	
  carbon	
  precursors	
  for	
  diamond	
  growth.	
  

	
  

Figure	
  2.11:	
  A	
  modern	
  MWPCVD	
  reactor	
  (taken	
  from	
  Ref.	
  2.39)	
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Glow-­‐discharge	
  (non-­‐isothermal)	
  plasma	
  is	
  generated	
  in	
  a	
  gas	
  by	
  a	
  high-­‐frequency	
  

electric	
  field	
  such	
  as	
  microwave,	
  at	
  relatively	
  low	
  pressure.	
  The	
  gases	
  are	
  ionised	
  

into	
  electrons	
  and	
  ions	
  in	
  the	
  high-­‐frequency	
  field.	
  The	
  electrons	
  are	
  accelerated	
  to	
  

high	
  energy	
  levels	
  corresponding	
  to	
  5000	
  K	
  or	
  higher.	
  The	
  heavier	
  ions	
  with	
  their	
  

greater	
   inertia	
   cannot	
   respond	
   to	
   rapid	
   changes	
   in	
   the	
   field	
   direction	
   and	
   as	
   a	
  

result,	
   their	
   temperature	
   and	
   that	
   of	
   the	
   plasma,	
   remain	
   low.	
   The	
   high	
   energy	
  

electrons	
   collide	
   with	
   the	
   gas	
   molecules	
   resulting	
   in	
   dissociation	
   and	
   the	
  

generation	
  of	
  the	
  reactive	
  chemical	
  species	
  required	
  for	
  the	
  chemical	
  reactions.	
  	
  

Figure	
   2.11	
   shows	
   a	
   schematic	
   diagram	
   of	
   a	
   modern	
   microwave-­‐plasma	
   CVD	
  

system.	
   The	
   substrate	
   is	
   placed	
   towards	
   the	
   lower	
   end	
   of	
   a	
   tube,	
   in	
   which	
   the	
  

plasma	
   is	
   generated.	
   The	
   gases	
   are	
   introduced	
   at	
   the	
   top	
   of	
   the	
   reactor	
   and	
   the	
  

gaseous	
   by-­‐products	
   are	
   removed	
   into	
   the	
   exhaust.	
   The	
   2.45	
   GHz	
  microwave	
   is	
  

coupled	
  from	
  the	
  rectangular	
  waveguide	
  into	
  the	
  cavity	
  via	
  an	
  axial	
  antenna.	
  The	
  

discharge,	
   a	
   “plasma	
   ball”	
   is	
   generated	
   above	
   the	
   substrate.	
   Its	
   shape,	
   size	
   and	
  

stability	
   are	
   dependent	
   on	
   the	
   deposition	
   conditions;	
   the	
   plasma	
   power,	
   the	
  

pressure	
   and	
   the	
   gas	
   composition.	
   Under	
   the	
   correct	
   conditions	
   a	
   ball-­‐shaped,	
  

stable	
  plasma	
  is	
  formed	
  in	
  the	
  centre	
  of	
  the	
  tube,	
  away	
  from	
  the	
  reactor	
  walls.	
  The	
  

plasma	
  ball	
  provides	
  the	
  substrate	
  heating.	
  	
  

In	
  the	
  earlier,	
  NIRIM-­‐type	
  reactors	
  the	
  CH4/H2	
  plasma	
  is	
  generated	
  in	
  a	
  cylindrical	
  

quartz	
   tube	
   which	
   intersects	
   the	
   rectangular	
   waveguide.	
   The	
   modern	
   ASTeX	
  

rectors	
   have	
   overcome	
   lot	
   of	
   the	
   limitations	
   of	
   the	
   NIRIM-­‐type	
   reactors.	
   The	
  

plasma	
  has	
  no	
  contact	
  with	
  the	
  reactor	
  walls	
  so	
  the	
  incorporation	
  of	
  impurities	
  is	
  

greatly	
  reduced.	
  If	
  operated	
  under	
  well-­‐defined	
  deposition	
  conditions,	
  it	
  is	
  possible	
  

to	
  deposit	
  diamond	
  continuously	
  and	
  unattended	
  for	
  several	
  days	
  or	
  even	
  weeks.	
  

The	
  use	
  of	
  higher	
  microwave	
  power	
  allows	
  the	
  production	
  of	
  diamond	
  discs	
  5	
  cm	
  

in	
  diameter.	
  

This	
  method	
  of	
  diamond	
  growth	
  has	
  distinct	
  advantages	
  over	
  the	
  other	
  methods.	
  

Being	
  an	
  electrode-­‐less	
  process,	
  avoids	
  contamination	
  of	
  the	
  films	
  due	
  to	
  electrode	
  

erosion.	
  The	
  microwave	
  discharge	
  at	
  2.45	
  GHz	
  is	
  a	
  higher	
  frequency	
  process	
  than	
  

the	
  radio	
  frequency	
  (RF)	
  discharges	
  (13.5	
  MHz),	
  which	
  produces	
  a	
  higher	
  plasma	
  

density	
  with	
  higher	
  energy	
  electrons.	
  This	
  should	
  result	
   in	
  higher	
  concentrations	
  

of	
  atomic	
  hydrogen	
  and	
  hydrocarbon	
  radicals.	
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Reviews	
   of	
   the	
   various	
   different	
   CVD	
   methods	
   mentioned	
   can	
   be	
   found	
   in	
   the	
  

paper	
  “Diamond	
  growth	
  by	
  chemical	
  vapour	
  deposition”2.40	
  and	
  the	
  book,	
  “Carbon	
  

Nanowalls”.2.41	
  

	
  

2.2.3	
   Diamond	
  doping	
  

Electronic	
   applications	
   generally	
   require	
   extrinsic	
   semiconducting	
   materials.	
   To	
  

achieve	
   this	
   impurities	
   are	
   inserted	
   to	
   the	
   crystal	
   structure	
   that	
   generate	
  

additional	
  electron	
  energy	
  levels	
  within	
  the	
  band	
  gap;	
  this	
  process	
  is	
  called	
  doping.	
  

Compared	
   to	
   silicon	
   and	
   other	
   common	
   semiconductor	
   materials,	
   diamond’s	
  

extremely	
   compact	
   lattice	
   does	
   not	
   favour	
   the	
   presence	
   of	
   substitutional	
  

impurities.	
  Consequently	
  only	
  a	
  few	
  species	
  can	
  be	
  used	
  as	
  dopants	
  for	
  diamond.	
  

Energy	
  levels	
  created	
  near	
  the	
  conduction	
  band	
  by	
  dopant	
  atoms	
  containing	
  extra	
  

electrons	
   act	
   as	
   donors.	
   These	
   electrons	
   can	
   then	
   be	
   thermally	
   excited	
   into	
   the	
  

conduction	
   band	
   to	
   carry	
   an	
   electric	
   current	
   (n-­‐type	
   conduction).	
   Typical	
   atoms	
  

that	
   can	
   act	
   as	
   donors	
   in	
   diamond	
   are	
   the	
   group	
  V	
   atoms;	
   nitrogen,	
   phosphorus	
  

and	
  arsenic.	
  If	
  the	
  dopant	
  atoms	
  generate	
  energy	
  levels,	
  devoid	
  of	
  electrons,	
  near	
  

the	
   valence	
   band,	
   they	
   act	
   as	
   acceptors.	
   Electrons	
   can	
   then	
   be	
   excited	
   from	
   the	
  

valence	
   band	
   into	
   these	
   levels,	
   leaving	
   behind	
   positive	
   holes	
   which	
   can	
   act	
   as	
  

carriers	
   for	
   the	
   generation	
   of	
   an	
   electric	
   current	
   (p-­‐type	
   conduction).	
   Typical	
  

acceptor	
  atoms	
  are	
  from	
  group	
  III	
  such	
  as	
  boron	
  and	
  aluminium.2.42	
  

The	
  methods	
   of	
   diamond	
  doping	
   are	
   limited	
   to	
   dopant	
   uptake	
   during	
   growth	
   or	
  

dopant	
  injection	
  using	
  ion	
  implantation.	
  This	
  is	
  because	
  diamond	
  cannot	
  be	
  heated	
  

to	
   temperatures	
   at	
   which	
   vacancies	
   and	
   interstitial	
   atoms	
   form	
   by	
   thermal	
  

excitation.	
  Therefore	
  any	
  diffusion	
  process	
  that	
  relies	
  on	
  these	
  defects	
  as	
  carriers	
  

is	
   not	
   possible.	
   For	
   this	
   reason,	
   it	
   is	
   difficult	
   to	
   introduce	
   dopant	
   atoms	
   by	
   in-­‐

diffusion	
   as	
   in	
   the	
   case	
   of	
   silicon	
   doping.	
   Even	
   if	
   they	
   can	
   diffuse	
   in	
   by	
   some	
  

interstitial	
   atom	
   mechanism,	
   there	
   will	
   not	
   be	
   vacant	
   lattice	
   sites	
   available	
   for	
  

them	
  to	
  occupy	
  and	
  hence	
  become	
  electrically	
  active.	
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P-­‐type	
  diamond	
  (during	
  growth)	
  

P-­‐type	
  extrinsic	
  semiconducting	
  diamonds,	
  doped	
  with	
  boron	
  acceptors	
  are	
  found	
  

in	
  nature	
  and	
  are	
  known	
  as	
  type	
  IIb	
  diamonds.	
  The	
  boron	
  acceptor	
  has	
  been	
  well	
  

studied	
   and	
   its	
   activation	
   energy	
   is	
   0.37	
   eV	
   above	
   the	
   valence	
   band.	
   This	
   is	
   still	
  

quite	
  a	
  large	
  energy,	
  which	
  means	
  that	
  at	
  room	
  temperature	
  only	
  about	
  two	
  out	
  of	
  

every	
  thousand	
  acceptors	
  are	
  ionised	
  to	
  create	
  holes	
  in	
  the	
  valence	
  band.	
  However,	
  

p-­‐type	
  diamonds	
  can	
  conduct	
  well	
  at	
  room	
  temperature,	
  and	
  transistor	
  action	
  has	
  

been	
  demonstrated	
  in	
  them.2.42	
  

Boron	
   can	
  be	
   incorporated	
   into	
  diamond	
  during	
  both	
  HPHT	
  and	
  PACVD	
  growth.	
  

Under	
  HPHT	
   conditions,	
   the	
   solvent	
   catalyst	
   often	
   contains	
  materials	
   that	
   getter	
  

the	
   nitrogen	
   in	
   order	
   to	
   stop	
   its	
   incorporation	
   and	
   to	
   prevent	
   these	
   atoms	
   from	
  

compensating	
  the	
  boron.	
  In	
  general,	
  these	
  boron-­‐doped	
  diamonds	
  tend	
  to	
  be	
  over-­‐

doped.	
   This	
   can	
   result	
   in	
   a	
   change	
   of	
   the	
   conduction	
   mechanism,	
   from	
   hole	
  

conduction	
   in	
   the	
   valence	
   band	
   to	
   conduction	
   by	
   carriers	
   that	
   tunnel	
   from	
   one	
  

acceptor	
   state	
   to	
   the	
   next	
   (called	
   hopping	
   conduction).	
   The	
   latter	
   conduction	
  

degrades	
   device	
   performance	
   and,	
   if	
   possible,	
   should	
   be	
   avoided.	
   Doping	
   during	
  

PACVD	
   growth	
   is	
   accomplished	
   by	
   introducing	
   diborane	
   (B2H6),	
   boric	
   acid	
   or	
  

boron	
   oxides.	
   The	
   quality	
   of	
   boron-­‐doped	
   diamond	
   layers	
   grown	
   by	
   PACVD	
   has	
  

improved	
   steadily	
   over	
   the	
   last	
   ten	
   years,	
   and	
   single	
   crystalline	
   layers	
   grown	
  

homoepitaxially	
  on	
  diamond	
  with	
  hole	
  mobilities	
   in	
  excess	
  of	
  1000	
  cm2V-­‐1s-­‐1	
  can	
  

now	
   be	
   produced.	
   The	
   activation	
   energy	
   required	
   for	
   hole	
   excitation	
   into	
   the	
  

valence	
   band	
   has	
   been	
   demonstrated	
   to	
   be	
   concentration	
   dependent,	
   down	
   to	
   a	
  

few	
  meV	
  at	
  boron	
  concentrations	
  >	
  1	
  x	
  1020	
  cm-­‐3.	
  2.42	
  

	
  

N-­‐type	
  diamond	
  (during	
  growth)	
  

Of	
   the	
   group	
   V	
   elements	
   which	
   are	
   potential	
   substitutional	
   donors	
   in	
   group	
   IV	
  

semiconductors,	
  only	
  nitrogen	
  (N)	
  and	
  phosphorus	
  (P)	
  seem	
  to	
  enter	
  the	
  diamond	
  

crystal	
  and	
  contribute	
  to	
  its	
  electrical	
  properties.	
  Nitrogen	
  is	
  abundant	
  in	
  natural	
  

diamonds	
   and	
   can	
   be	
   synthesized	
   under	
   HPHT	
   laboratory	
   conditions	
   with	
   an	
  

activation	
   energy	
   of	
   1.7	
   eV.2.43	
   Due	
   to	
   these	
   very	
   high	
   ionisation	
   energies,	
   N	
  

containing	
  diamonds	
  are	
  electrically	
  insulating	
  at	
  room	
  temperature.	
  P	
  and	
  N	
  can	
  

be	
  introduced	
  into	
  the	
  diamond	
  also	
  during	
  CVD	
  growth.	
  The	
  quality	
  of	
  P	
  layers	
  is	
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still	
   poor	
   and	
   the	
   activation	
   energy	
   for	
   electron	
   excitation	
   into	
   the	
   conduction	
  

band	
  lies	
  at	
  E	
  >	
  0.5eV	
  

	
  

Ion	
  implantation	
  

In	
   ion	
   implantation,	
   dopant	
   atoms	
   are	
   ionised	
   and	
   driven	
   to	
   high	
   velocities	
   by	
  

electric	
   fields	
   in	
   an	
   accelerator	
   (ion	
   implanter)	
   where	
   they	
   impinge	
   on	
   to	
   the	
  

surface	
  of	
  the	
  semiconductor	
  substrate,	
  and	
  are	
  injected	
  into	
  the	
  underlying	
  bulk	
  

to	
   a	
   depth	
   that	
   depends	
   on	
   the	
   mass	
   and	
   energy	
   of	
   the	
   ions.	
   This	
   technique	
   is	
  

widely	
  used	
  to	
  dope	
  silicon	
  and	
  other	
  semiconductor	
  materials.	
  Using	
  this	
  process,	
  

it	
   is	
  possible	
   to	
  accurately	
  control	
   the	
  number	
  and	
   location	
  of	
   the	
  dopant	
  atoms.	
  

However,	
   the	
   process	
   also	
   introduces	
   a	
   large	
   number	
   of	
   defects	
   in	
   the	
  material	
  

which	
   have	
   to	
   be	
   removed	
   by	
   subsequent	
   annealing.	
   Such	
   high	
   temperatures	
  

cannot	
  be	
  used	
  with	
  diamond	
  and	
  the	
  presence	
  of	
  these	
  defects	
  can	
  even	
  lower	
  the	
  

temperature	
  at	
  which	
  graphitisation	
  occurs.2.44	
  Additionally,	
  broken	
  sp3	
  bonds	
  and	
  

other	
   implantation-­‐related	
  defects	
  or	
  graphitic	
   clusters	
   can	
  give	
   rise	
   to	
  electrical	
  

effects	
   which	
  may	
   be	
  mistaken	
   for	
   real	
   chemical	
   doping	
   due	
   to	
   the	
   presence	
   of	
  

dopants.2.42	
  

The	
   method	
   of	
   cold	
   implantation-­‐rapid	
   annealing	
   (CIRA)	
   has	
   been	
   reported	
   to	
  

have	
   the	
   best	
   success.	
   In	
   this	
   method	
   the	
   diamond	
   is	
   implanted	
   at	
   low	
  

temperature,	
  rapidly	
  heated	
  to	
  800	
  K	
  to	
  induce	
  interstitial-­‐vacancy	
  recombination	
  

before	
   the	
   interstitial	
   can	
   diffuse	
   away	
   from	
   the	
   implanted	
   layer,	
   and	
   then	
  

annealed	
  at	
  high	
  temperature	
  (1700	
  K)	
  to	
  further	
  reduce	
  the	
  radiation	
  damage	
  and	
  

increase	
   the	
  electrical	
   activation	
  of	
   the	
  dopants.2.42	
  This	
   technique	
  was	
  based	
  on	
  

Prins	
  earlier	
  investigations	
  on	
  the	
  role	
  of	
  implantation	
  temperature	
  on	
  the	
  nature	
  

of	
  the	
  defects.	
  

The	
   ion	
   implantation	
   of	
   boron	
   is	
   now	
   a	
  well-­‐controlled	
   process	
  which	
   has	
   been	
  

optimised	
  in	
  the	
  last	
  five	
  years.	
  This	
  has	
  resulted	
  in	
  doping	
  efficiencies	
  of	
  the	
  order	
  

of	
   2-­‐5	
  %	
   and	
   hole	
   mobilities	
   of	
   up	
   to	
   600	
   cm2V-­‐1s-­‐1.	
   The	
   optimal	
   implantation-­‐

annealing	
  scheme	
  compromises	
  of	
  a	
  multiple	
  energy	
  cold	
  implantation	
  followed	
  by	
  

a	
  medium	
  temperature	
  and	
  a	
  high	
  temperature	
  (T	
  >	
  1400	
  °C)	
  annealing	
  stage.	
  The	
  

fabrication	
  of	
  over-­‐doped	
  highly	
  conductive	
   layers	
  can	
  be	
  achieved	
  either	
  by	
  hot	
  

implantations	
   (high	
   dose,	
   high	
   current	
   implantations	
   into	
   poorly	
   heat	
   sunk	
  

samples),	
   or	
   by	
   high	
   dose	
   implantations	
   followed	
   by	
   annealing	
   and	
   graphite	
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removal.	
   These	
   are	
   widely	
   used	
   for	
   creating	
   ohmic	
   contacts	
   to	
   p-­‐type	
   diamond.	
  

Optical	
   characterisation	
   of	
   the	
   B	
   acceptors	
   in	
   substitutional	
   sites	
   is	
   well	
  

understood	
  and	
  is	
  a	
  useful	
  tool	
  in	
  the	
  study	
  of	
  defect-­‐dopant	
  interaction.2.42	
  

Ion	
   implantation	
   offers	
   precise	
   control	
   of	
   dopant	
   concentration	
   as	
   ion	
   beam	
  

current	
  can	
  be	
  measured.	
  Good	
  uniformity	
  over	
  the	
  surface,	
  uniform	
  depth	
  profile	
  

obtained	
  by	
  multiple	
  implantations	
  at	
  different	
  energy	
  levels	
  and	
  selective	
  doping	
  

at	
   preferential	
   sites	
   are	
   other	
   advantages	
   of	
   this	
   technique.	
   However,	
   the	
  

drawback	
  is	
  the	
  inevitable	
  lattice	
  damage	
  caused	
  by	
  ion	
  bombardment.	
  

	
  

2.2.4	
   Surface	
  conductivity	
  

The	
   diamond	
   surface	
   can	
   be	
   terminated	
   by	
   a	
   variety	
   of	
   elements	
   or	
   molecules,	
  

giving	
   rise	
   to	
   new	
   phenomena	
   and	
   applications.	
   Hydrogen	
   terminated	
   diamond	
  

gives	
   rise	
   to	
   negative	
   electron	
   affinity	
   (NEA)	
   due	
   to	
   the	
   formation	
   of	
   carbon-­‐

hydrogen	
  dipoles.	
  This	
  is	
  described	
  in	
  more	
  detail	
  in	
  chapter	
  3.1.3.	
  Under	
  vacuum	
  

conditions,	
  such	
  surfaces	
  are	
  insulating,	
  however,	
  if	
  hydrogen	
  terminated	
  surfaces	
  

are	
  exposed	
  to	
  air,	
  surface	
  conductivity	
  can	
  be	
  detected.	
  It	
  is	
  now	
  well	
  established	
  

that	
   for	
   surface	
   conductivity	
   to	
  occur	
  hydrogen	
   termination	
   in	
   combination	
  with	
  

adsorbate	
  coverage	
  is	
  required.	
  The	
  origin	
  of	
  surface	
  conductivity	
   is	
  due	
  to	
  holes	
  

created	
   in	
   the	
   diamond	
   near	
   surface	
   as	
   a	
   result	
   of	
   electrons	
   tunnelling	
   into	
  

available	
   states	
   in	
   the	
   adsorbed	
   electrolyte	
   layer.	
   A	
   thin	
  water	
   layer,	
   as	
   it	
   forms	
  

naturally	
   on	
   all	
   surfaces	
   exposed	
   to	
   atmosphere,	
   provides	
   an	
   electron	
   system,	
  

which	
  can	
  act	
  as	
  a	
  surface	
  acceptor	
  for	
  diamond.	
  Electron	
  exchange	
  from	
  diamond	
  

to	
  the	
  water	
  layer	
  is	
  governed	
  by	
  a	
  redox	
  reaction.2.45	
  	
  

The	
  sample	
  can	
  be	
  put	
  into	
  vacuum	
  and	
  the	
  wetting	
  layer	
  removed.	
  As	
  long	
  as	
  the	
  

anions	
  remain	
  at	
  the	
  surface	
  the	
  hole	
  accumulation	
  will	
  also	
  be	
  preserved.	
  Thermal	
  

desorption	
  of	
  the	
  anions	
  which	
  takes	
  place	
  at	
  much	
  lower	
  temperatures	
  (~300	
  °C)	
  

than	
  those	
  necessary	
  for	
  surface	
  dehydrogenation	
  in	
  UHV	
  (~1000	
  °C),	
  removes	
  the	
  

accumulation	
  layer	
  and	
  leaves	
  a	
  hydrogenated	
  but	
  highly	
  resistive	
  surface.2.46	
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2.2.5	
   Applications	
  of	
  diamond	
  

Diamond	
   has	
   extreme	
   mechanical	
   and	
   excellent	
   electronic	
   properties.	
   CVD	
  

diamond	
   offers	
   broad	
   potential	
   and	
   there	
   are	
  many	
   applications	
  which	
   can	
   take	
  

advantage	
   of	
   the	
   intrinsic	
   properties	
   of	
   diamond,	
   such	
   as	
   in	
   semiconductors,	
  

optics,	
  optoelectronics,	
  corrosion	
  coatings	
  and	
  others.	
  Table	
  2.2	
  lists	
  a	
  selection	
  of	
  

these	
  mechanical	
  and	
  electronic	
  properties.	
  

Properties	
   Single	
  Crystal	
  Diamond	
  

Density	
  (gcm-­‐3)	
   3.567	
  

Young’s	
  modulus	
  (GPa)	
  	
   910-­‐1250	
  

Poisson’s	
  Ratio	
   0.2	
  

Compression	
  Strength	
  (GPa)	
   8.68-­‐16.53	
  

Thermal	
  expansion	
  (K-­‐1)	
   1.05	
  x	
  10-­‐6	
  

Thermal	
  conductivity	
  at	
  25°C	
  (W	
  m-­‐1	
  K-­‐1)	
   2200	
  

Thermal	
  capacity	
  at	
  27°C	
  (J/mol·K-­‐1)	
   6.195	
  

Vicker’s	
  hardness	
  (GPa)	
   57-­‐104	
  

Electrical	
  resistivity	
  (Ω	
  cm)	
   1016	
  

Electronic	
  Properties	
   CVD	
  

Band	
  gap	
  (eV)	
   ~5.45	
  

Dielectric	
  constant	
  at	
  45	
  MHz-­‐20	
  GHz	
   5.6	
  

Dielectric	
  strength	
  (MV	
  cm-­‐1)	
  	
   4-­‐10	
  

Loss	
  tangent	
  at	
  45	
  MHz-­‐20	
  GHz	
   <0.0001	
  

Saturated	
  electron	
  velocity	
  (cm	
  s-­‐1)	
   2.7	
  ×	
  107	
  

Carrier	
  mobility	
  (cm2/Vs)	
   	
  

Electron	
  (n)	
   2200	
  

Hole	
  (p)	
   1600	
  

Table2.2:	
   Properties	
   of	
   single	
   crystal	
   diamond	
   and	
   electronic	
   properties	
   of	
   CVD	
  diamond.	
  

(from	
  Ref.	
  2.2)	
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Grinding	
  and	
  cutting	
  

CVD	
  diamond	
  coatings	
  provide	
  excellent	
  protection	
  against	
  chemical	
  and	
  physical	
  

abrasion	
  due	
   to	
   their	
  hardness	
  and	
  chemical	
   inertness.	
  The	
  coatings	
  are	
  used	
  on	
  

tools	
  from	
  industrial	
  drilling	
  tools	
  to	
  surgical	
  scalpels.	
  

Thermal	
  management	
  

Diamond,	
   an	
   electrical	
   insulator	
   with	
   the	
   highest	
   thermal	
   conductivity	
   at	
   room	
  

temperature	
   compares	
   favourably	
  with	
   conventional	
   heat-­‐sink	
  materials	
   such	
   as	
  

aluminium,	
  copper	
  or	
  ceramics.	
  Current	
  applications	
   for	
  diamond	
  heat	
  spreaders	
  

include	
  mountings	
  for	
  laser	
  diodes,	
  laser	
  diode	
  arrays,	
  and	
  high	
  power	
  transistors.	
  

More	
   recently,	
   micro	
   and	
   nano-­‐sized	
   diamond	
   particles	
   have	
   been	
   incorporated	
  

into	
  thermal	
  paste	
  which	
  has	
  far	
  superior	
  thermal	
  conductivity	
  than	
  pastes	
  based	
  

on	
  silver	
  or	
  ceramics.	
  

Optical	
  applications	
  

In	
   addition	
   to	
   being	
   hard,	
   chemically	
   inert	
   and	
   possessing	
   excellent	
   thermal	
  

conductivity,	
   diamond	
  has	
   a	
  wide	
   range	
  of	
   transparency	
  and	
  a	
   low	
  coefficient	
  of	
  

thermal	
   expansion.	
   These	
   properties	
   make	
   diamond	
   far	
   superior	
   to	
   any	
   other	
  

existing	
  window	
  material	
   used	
   for	
   transmitting	
   infrared	
   and	
  microwave.	
   Recent	
  

advances	
  in	
  the	
  HPHT	
  and	
  CVD	
  synthesis	
  techniques	
  have	
  led	
  to	
  greater	
  purity	
  and	
  

crystallinity	
  of	
  single-­‐crystalline	
  diamond,	
  enough	
  to	
  replace	
  silicon	
  as	
  a	
  diffraction	
  

grating	
   and	
   window	
   material	
   in	
   high-­‐power	
   radiation	
   sources,	
   such	
   as	
  

synchrotrons.	
  Both	
  the	
  CVD	
  and	
  HPHT	
  processes	
  are	
  also	
  used	
  to	
  create	
  designer	
  

optically	
  transparent	
  diamond	
  anvils	
  as	
  a	
  tool	
  for	
  measuring	
  electric	
  and	
  magnetic	
  

properties	
  of	
  materials	
  at	
  ultra	
  high	
  pressures	
  using	
  a	
  diamond	
  anvilcell. 

Electronic	
  applications	
  

Diamond	
  has	
  excellent	
  semiconductor	
  properties,	
  coupling	
  these	
  with	
  its	
  radiation	
  

and	
   temperature	
   resistance	
   and	
   high	
   thermal	
   conductivity,	
   diamond	
   is	
   the	
   ideal	
  

material	
   for	
   many	
   semiconductor	
   applications	
   such	
   as	
   high-­‐power	
   and	
   high-­‐

frequency	
  transistors	
  or	
  for	
  example,	
  in	
  the	
  harsh	
  environments	
  found	
  in	
  internal	
  

combustion	
   and	
   jet	
   engines.	
   Boron	
   doped	
   CVD	
   diamond	
   is	
   now	
   an	
   established	
  

technology	
   and	
   there	
   are	
   many	
   examples	
   in	
   the	
   literature	
   of	
   semiconductor	
  

devices	
  based	
  on	
  CVD	
  diamond.	
  These	
   include	
   field	
  effect	
   transistors	
   (FETs)	
   that	
  

are	
  characterised	
  by	
  high-­‐power	
  handling	
  capacity,	
  low	
  saturation	
  resistance,	
  and	
  

excellent	
   high-­‐frequency	
   performance.2.47	
   For	
   CVD	
   diamond	
   to	
   be	
   seriously	
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considered	
  as	
  an	
  electronic	
  material,	
  reproducible	
  high	
  quality	
  n-­‐type	
  diamond	
  is	
  a	
  

necessity.	
  As	
  discussed	
  earlier	
  in	
  this	
  chapter,	
  this	
  is	
  yet	
  to	
  be	
  realised.	
  Therefore,	
  

most	
   devices	
   made	
   from	
   diamond	
   are	
   unipolar	
   utilising	
   the	
   p-­‐type	
   hole	
  

conduction.	
  These	
  include	
  Schottky	
  diodes	
  on	
  boron	
  doped	
  diamond	
  operating	
  up	
  

to	
  1000	
  °C,2.48	
  boron/nitrogen	
  pn-­‐junction	
  diodes,2.49,2.50	
  bipolar	
  transistors	
  based	
  

on	
   this	
   pn-­‐junction2.50	
   and	
   field	
   effect	
   transistors	
   (FETs)2.48	
   with	
   boron	
   delta-­‐

doped	
   channel	
   and	
  hydrogen-­‐related	
   surface	
   conductive	
   layers.2.51	
  Diamond	
   also	
  

shows	
   promise	
   as	
   a	
   cold	
   cathode	
   material	
   due	
   to	
   the	
   negative	
   electron	
   affinity	
  

when	
  the	
  surface	
  is	
  appropriately	
  terminated.2.52	
  

	
  

	
  

2.3	
   Nanodiamond	
  particles:	
  synthesis,	
  purification	
  and	
  applications	
  

Nanoscale	
  diamond	
  particles	
  are	
  rapidly	
  becoming	
  an	
  important	
  class	
  of	
  materials	
  

resulting	
  from	
  their	
  excellent	
  mechanical	
  and	
  optical	
  properties,	
  high	
  surface	
  area	
  

and	
   the	
   ability	
   to	
   functionalise	
   the	
   surface	
   structure.	
   Nanodiamonds	
   can	
   be	
  

synthesised	
  using	
  a	
  wide	
  array	
  of	
  methods,	
  such	
  as	
  the	
  detonation	
  technique,	
  laser	
  

ablation,2.53	
   high-­‐energy	
   ball	
  milling	
   of	
   high-­‐pressure	
   high	
   temperature	
   diamond	
  

microcrystals,2.54	
  plasma-­‐assisted	
  CVD,2.55	
  and	
  others.2.56	
  

The	
  material	
   of	
   particular	
   interest	
   is	
   single	
   digit	
   nanodiamond	
   produced	
   by	
   the	
  

detonation	
   process	
   and	
   then	
   subsequently	
   de-­‐aggregated.	
   This	
   material	
   is	
   now	
  

commercially	
   available	
   and	
   there	
   has	
   been	
   a	
   great	
   deal	
   of	
   research	
   into	
   its	
  

purification	
   and	
   processing.	
   A	
   single	
   particle	
   of	
   detonation	
   nanodiamond	
   (DND)	
  

consists	
   of	
   a	
   chemically	
   inert	
   diamond	
   core	
   and	
   chemically	
   active	
   surface	
   with	
  

controllable	
  properties.	
  They	
  can	
  exist	
  as	
  powders	
  where	
  the	
  DND	
  form	
  aggregates	
  

and	
  as	
  suspensions	
  of	
  either	
  aggregated	
  or	
  isolated	
  particles.	
  

Three	
  main	
  methods	
   have	
   been	
   commercialised	
   to	
   produce	
   nanodiamond	
   using	
  

explosives.	
   The	
   first	
   is	
   shockwave	
   synthesis,	
   which	
   can	
   transform	
   graphitic	
  

material	
  into	
  diamond	
  crystals.	
  The	
  second	
  is	
  based	
  on	
  the	
  detonation	
  of	
  a	
  mixture	
  

of	
   carbon	
   containing	
   material	
   with	
   explosives.	
   The	
   third	
   method	
   utilises	
   the	
  

carbon	
  atoms	
  within	
  the	
  explosives	
  alone.	
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2.3.1	
   Shockwave	
  Synthesis	
  

Carbon	
   precursors	
   (e.g.	
   graphite,	
   coal,	
   and	
   carbon	
   black)	
   can	
   be	
   transformed	
   to	
  

diamond	
  in	
  a	
  capsule	
  compressed	
  by	
  a	
  shockwave	
  generated	
  outside	
  the	
  capsule.	
  

Carbon	
  material	
  is	
  placed	
  in	
  an	
  inner	
  tube	
  covered	
  with	
  a	
  driving	
  tube.	
  The	
  whole	
  

system	
  is	
  placed	
  in	
  the	
  outer	
  tube	
  and	
  the	
  free	
  space	
  is	
   filled	
  with	
  explosive.	
  The	
  

ignition	
  of	
  this	
  explosive	
  at	
  one	
  end	
  of	
  the	
  apparatus	
  leads	
  to	
  the	
  propagation	
  of	
  a	
  

circular	
  shock	
  wave	
   that	
  compresses	
   the	
  driving	
   tube.	
  This	
  explosively	
  produced	
  

shockwave	
  can	
  create	
  high	
  pressure	
  (~140	
  GPa),	
  high	
  temperature	
  conditions	
  in	
  a	
  

confined	
  volume	
  for	
  a	
  sufficient	
  duration	
  to	
  achieve	
  partial	
  conversion	
  of	
  graphite	
  

to	
  nanometer	
  sized	
  diamond	
  grains.	
  The	
  grains	
  are	
  compacted	
  into	
  micron-­‐sized,	
  

polycrystalline	
   particles.	
   To	
   prevent	
   diamond	
   re-­‐graphitisation,	
   a	
   mixture	
   of	
  

graphite	
  (6	
  to	
  10	
  %)	
  with	
  metallic	
  powder	
  (Cu,	
  Al,	
  Ni)	
  is	
  used.	
  The	
  diamond	
  yield	
  is	
  

about	
   60	
   mass	
   percent	
   of	
   the	
   carbon	
   phase	
   or	
   about	
   5	
   %	
   of	
   the	
   initial	
   mixed	
  

material	
  loaded	
  into	
  a	
  capsule.	
  

This	
   is	
   known	
   as	
   the	
   ‘Du	
  Pont	
  method’	
   as	
   it	
  was	
   commercialised	
   by	
  Du	
  Pont	
   de	
  

Nemour	
  &	
  Co,	
  to	
  produce	
  polycrystalline	
  diamond	
  particles	
  of	
  micron	
  size	
  (1	
  to	
  60	
  

µm),	
  widely	
  used	
  in	
  fine	
  polishing	
  applications.	
  

	
  

2.3.2	
   Detonation	
  Nanodiamond	
  

Two	
  methods	
  of	
  producing	
  nanodiamond	
  via	
  more	
  effective	
  detonation	
  processes	
  

exist.	
   	
   The	
   first	
   is	
   based	
   on	
   the	
   detonation	
   of	
   a	
   mixture	
   of	
   carbon-­‐containing	
  

material	
  with	
  explosives.	
  This	
  method	
  was	
   initiated	
   in	
  Russia	
   in	
   the	
  early	
  1960s	
  

soon	
   after	
   Du	
   Pont’s	
   work	
   on	
   shock	
   wave	
   synthesis.	
   Diamond	
   formation	
   takes	
  

places	
  both	
  within	
   the	
   carbon	
   containing	
  particles	
   as	
  well	
   as	
  by	
   condensation	
  of	
  

the	
  carbon	
  atoms	
  contained	
  in	
  the	
  explosives.	
  	
  The	
  explosion	
  can	
  be	
  done	
  in	
  air	
  or	
  

in	
   an	
   inert	
   atmosphere	
   relative	
   to	
   the	
  product	
   of	
   synthesis.	
   	
   In	
   the	
   latter	
   case,	
   a	
  

diamond	
  cubic	
  phase	
  not	
  more	
  than	
  20	
  nm	
  in	
  size	
  is	
  formed.	
  When	
  the	
  formation	
  is	
  

in	
  an	
  atmosphere	
  of	
  air,	
  the	
  samples	
  always	
  contain	
  londsdaleite	
  and	
  the	
  particle	
  

size	
   is	
  about	
  8	
  nm.	
  The	
  diamond	
  yield	
  constitutes	
  up	
   to	
  17	
  %	
  of	
   the	
  mass	
  of	
   the	
  

initial	
   carbon	
   material	
   or	
   about	
   3.4	
   %	
   of	
   the	
   mass	
   of	
   the	
   explosives.	
   Diamond	
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obtained	
  by	
  this	
  method	
  is	
  also	
  polycrystalline,	
  with	
  particle	
  sizes	
  comparable	
  to	
  

the	
  particle	
  sizes	
  of	
  the	
  precursor	
  carbon	
  material.	
  

	
  

The	
  second	
  method	
  of	
  detonation	
  synthesis	
  uses	
  only	
  the	
  explosive	
  material	
  as	
  a	
  

precursor	
   material,	
   in	
   a	
   closed	
   container.	
   Diamond	
   clusters	
   are	
   formed	
   from	
  

carbon	
  atoms	
  containing	
  within	
  explosive	
  molecules	
  themselves.	
  A	
  wide	
  variety	
  of	
  

explosive	
   materials	
   can	
   be	
   used,	
   including	
   products	
   for	
   military	
   applications.	
   A	
  

typical	
   explosive	
   is	
   a	
   mixture	
   of	
   TNT	
   (2-­‐methyl-­‐	
   1,3,5-­‐trinitrobenzene)	
   and	
  

hexogen	
   (in	
   proportion	
   60/40)	
   composed	
   of	
   carbon,	
   nitrogen,	
   oxygen	
   and	
  

hydrogen	
  with	
  a	
  negative	
  oxygen	
  balance,	
  so	
  that	
  ‘excess’	
  carbon	
  is	
  present	
  in	
  the	
  

system;	
   an	
   important	
   condition	
   for	
   ultra-­‐dispersed	
   nanodiamond	
   (UDD)	
  

formation.	
   The	
   explosion	
   takes	
   place	
   in	
   a	
   non-­‐oxidising	
  medium	
   of	
   either	
   gases	
  

(N2,	
  CO2,	
  Ar,	
  or	
  other	
  media	
   that	
  can	
  be	
  under	
  pressure)	
  or	
  water	
   (ice)	
   so-­‐called	
  

dry	
  or	
  wet	
  synthesis	
  correspondingly,	
  that	
  plays	
  the	
  role	
  of	
  a	
  coolant.	
  	
  

To	
   prevent	
   the	
   UDD	
   formed	
   in	
   the	
   detonation	
   wave	
   from	
   transforming	
   into	
  

graphite	
  at	
  the	
  high	
  temperature	
  generated	
  by	
  the	
  detonation,	
  the	
  cooling	
  rate	
  of	
  

the	
  reaction	
  products	
  should	
  be	
  no	
  less	
  than	
  3000	
  K/min.	
  The	
  initial	
  shock	
  from	
  a	
  

detonator	
  compresses	
  the	
  high	
  explosive	
  material,	
  heating	
  it	
  and	
  causing	
  chemical	
  

decomposition	
   that	
   releases	
   enormous	
   amounts	
   of	
   energy	
   in	
   a	
   fraction	
   of	
   a	
  

microsecond.	
  As	
  the	
  detonation	
  wave	
  propagates	
  through	
  the	
  material	
  it	
  generates	
  

high	
   temperatures	
   (3000	
   to	
   4000	
   K)	
   and	
   high	
   pressures	
   (20	
   to	
   30	
   GPa)	
   that	
  

correspond	
   to	
   conditions	
   of	
   thermodynamic	
   stability	
   for	
   diamond.	
   During	
  

detonation,	
   the	
   free	
   carbon	
   coagulates	
   into	
   small	
   clusters,	
  which	
   grow	
   larger	
   by	
  

diffusion.2.57	
  Figure	
  2.12	
  shows	
  the	
  phase	
  diagram	
  of	
  diamond-­‐graphite.	
  The	
  most	
  

stable	
  phase	
  of	
  carbon	
  is	
  graphite	
  at	
  low	
  pressures,	
  and	
  diamond	
  at	
  high	
  pressures,	
  

with	
  both	
  phases	
  melting	
  when	
  at	
   temperatures	
  above	
  4500	
  K	
   (with	
   the	
  precise	
  

melting	
   temperature	
   for	
   each	
   phase	
   depending	
   on	
   the	
   pressure).	
   The	
   phase	
  

diagrams	
  for	
  nanoscale	
  carbon	
  are	
  similar,	
  but	
  the	
  liquid	
  phase	
  is	
   found	
  at	
   lower	
  

temperatures.2.58	
   During	
   detonation,	
   the	
   pressure	
   and	
   temperature	
   rise	
  

instantaneously,	
  reaching	
  the	
  Jouguet	
  point	
  (point	
  A),	
  which	
  falls	
  within	
  the	
  region	
  

of	
  liquid	
  carbon	
  clusters	
  of	
  1–2	
  nm	
  in	
  size	
  for	
  many	
  explosives.	
  As	
  the	
  temperature	
  

and	
  pressure	
  decrease	
  along	
  the	
  isentrope	
  (red	
  line),	
  carbon	
  atoms	
  condense	
  into	
  

nanoclusters,	
   which	
   further	
   coalesce	
   into	
   larger	
   liquid	
   droplets	
   and	
   crystallise.	
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When	
   the	
   pressure	
   drops	
   below	
   the	
   diamond–graphite	
   equilibrium	
   line,	
   the	
  

growth	
  of	
  diamond	
  is	
  replaced	
  by	
  the	
  formation	
  of	
  graphite.	
  Figure	
  2.12(b)	
  shows	
  

the	
  schematic	
  of	
  the	
  detonation	
  wave	
  (I)	
  the	
  front	
  of	
  the	
  shock	
  wave	
  caused	
  by	
  the	
  

explosion;	
   (II)	
   the	
   zone	
   of	
   chemical	
   reaction	
   in	
   which	
   the	
   explosive	
   molecules	
  

decompose;	
  (III)	
  the	
  Chapman–Jouguet	
  plane	
  (where	
  P	
  and	
  T	
  correspond	
  to	
  point	
  

A,	
   indicating	
   the	
   conditions	
   when	
   reaction	
   and	
   energy	
   release	
   are	
   essentially	
  

complete);	
   (IV)	
   the	
   expanding	
   detonation	
   products;	
   (V)	
   the	
   formation	
   of	
   carbon	
  

nanoclusters;	
   (VI)	
   the	
   coagulation	
   into	
   liquid	
   nanodroplets;	
   and	
   (VII)	
   the	
  

crystallisation,	
  growth	
  and	
  agglomeration	
  of	
  nanodiamonds.	
  

The	
   product	
   of	
   detonation	
   synthesis,	
   called	
   detonation	
   soot	
   or	
   diamond	
   blend,	
  

contains	
   40	
   to	
   80	
   wt.%	
   of	
   the	
   diamond	
   phase	
   depending	
   on	
   the	
   detonation	
  

conditions.	
   The	
   carbon	
   yield	
   is	
   4	
   to	
   10%	
   of	
   the	
   explosive	
   weight	
   for	
   the	
   most	
  

effective	
  of	
  the	
  three	
  industrial	
  methods	
  of	
  diamond	
  production	
  using	
  explosives.	
  	
  

	
  

	
  

Figure	
   2.12:	
   (a)	
   the	
   phase	
   diagram	
   for	
   diamond/graphite	
   formation,	
   (b)	
   schematic	
   of	
   the	
  

detention	
  shockwave	
  propagation	
  (taken	
  from	
  Ref.	
  2.56)	
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2.3.3	
   Purification	
  

In	
   addition	
   to	
   the	
   diamond	
   phase,	
   the	
   diamond	
   soot	
   contains	
   graphite-­‐like	
  

structures	
  (25-­‐85	
  wt.%)	
  and	
  incombustible	
  impurities	
  (metals	
  and	
  their	
  oxides	
  –	
  1	
  

to	
  8	
  wt.%).259,	
  2.60	
  	
  It	
  is	
  thus	
  essential	
  to	
  remove	
  these	
  species	
  in	
  order	
  to	
  obtain	
  the	
  

purest	
   product	
   for	
   application	
   purposes.	
   X-­‐ray	
   diffraction	
   and	
   small	
   angle	
   X-­‐ray	
  

scattering	
  has	
  shown	
  than	
  a	
  UDD	
  cluster	
  in	
  detonation	
  soot	
  has	
  complex	
  structure	
  

consisting	
   of	
   a	
   diamond	
   core	
   of	
   about	
   4.3nm	
   in	
   size	
   and	
   a	
   shell	
   made	
   of	
   sp2	
  

coordinated	
  carbon	
  atoms.2.61	
  

The	
  process	
  of	
   chemical	
   isolation	
  of	
   the	
   sp3	
   hybridised	
   carbon	
   i.e.	
   nanodiamond,	
  

from	
   the	
   detonation	
   soot,	
   substantially	
   affects	
   the	
   properties	
   of	
   nanodiamonds.	
  

UDD	
   purification	
   is	
   performed	
   by	
   mechanical	
   and	
   chemical	
   methods.	
   After	
  

mechanical	
   removal	
   of	
   process	
   admixtures,	
   the	
   diamond-­‐carbonic	
   powder	
   is	
  

subjected	
  to	
  thermal	
  oxidation	
  with	
  acid	
  under	
  pressure	
  to	
  separate	
  the	
  diamond	
  

phase.2.62	
  Sulphuric	
  acid,	
  nitric	
  acid	
  or	
  mixtures	
  of	
   these	
   two	
  acids	
  are	
  classically	
  

used.2.63,	
   2.64	
  This	
   is	
   currently	
   considered	
   to	
  be	
   the	
  best	
   approach	
  because	
   it	
   acts	
  

efficiently	
  on	
  all	
   impurities;	
  metals	
  are	
  dissolved	
  and	
   the	
  non-­‐diamond	
  carbon	
   is	
  

simultaneously	
  oxidised.	
  

Regarding	
  the	
  oxidation	
  treatment	
  necessary	
  to	
  remove	
  sp2	
  carbon	
  species,	
  other	
  

methods	
   involve;	
   thermal	
   oxidation	
   in	
   air	
   using	
   boric	
   anhydride	
   to	
   selectively	
  

oxidize	
  the	
  non-­‐diamond	
  carbon,2.64	
  elimination	
  of	
  sp2	
  carbon	
  species	
  by	
  oxidising	
  

treatment	
  at	
  425	
  °C	
  under	
  air	
  in	
  TGA	
  apparatus	
  2.65	
  and	
  gas	
  phase	
  treatment	
  using	
  

ozone	
  to	
  purify	
  nanodiamond	
  from	
  non-­‐diamond	
  carbon.2.66	
  

Impurities	
   embedded	
   in	
   nanodiamond	
   aggregates	
   are	
   practically	
   impossible	
   to	
  

remove	
  by	
  wet	
  chemistry.	
  To	
  minimize	
  surface	
  energy,	
  the	
  primary	
  UDD	
  particles	
  

with	
  diameters	
  of	
  ~4	
  nm	
  form	
  larger	
  clusters	
  of	
  20	
  to	
  30	
  nm	
  in	
  size	
   that	
   in	
   turn	
  

form	
  larger,	
  weakly	
  bound	
  aggregates	
  of	
  the	
  order	
  of	
  order	
  of	
  one	
  micron	
  in	
  size.	
  

The	
   aggregates	
  measuring	
   approximately	
  100	
  nm,	
  which	
  have	
  been	
   coined	
   ‘core	
  

aggregates’	
   are	
   remarkably	
   strong;	
   it	
   was	
   found	
   impossible	
   to	
   break	
   up	
   these	
  

aggregates	
   into	
  primary	
  4	
  nm	
  sized	
  diamond	
  particles	
  by	
  ultrasound	
  processing.	
  

Partial	
  success	
   in	
  crushing	
  the	
  aggregates	
  down	
  to	
  40-­‐60	
  nm	
  grains	
  was	
  reached	
  

by	
   subjecting	
   the	
   suspension	
   to	
   shock	
   waves.2.67	
   Although	
   these	
   aggregated	
  

samples	
  may	
  be	
  useful	
   in	
  chromatography	
  or	
  drug	
  delivery,	
   in	
  many	
  applications	
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de-­‐aggregation	
   into	
   individual	
   primary	
   particles	
   is	
   often	
   needed	
   to	
   benefit	
   fully	
  

from	
  the	
  advantages	
  of	
  nanodiamond.	
  	
  

	
  

	
  

Figure	
  2.13:	
  Hierarchical	
  structure	
  in	
  conglomerates	
  of	
  commercial	
  ND’s	
  based	
  on	
  the	
  result	
  

of	
  DLS	
  analysis	
  (taken	
  from	
  2.71).	
  

	
  

Eiji	
  Osawa’s	
  work	
  highlighted	
  the	
  problem	
  of	
  ND	
  aggregation;	
  his	
  work	
  recognised	
  

the	
   existence	
   of	
   core	
   agglutinates	
   with	
   100-­‐200	
   nm	
   size	
   and	
   unusually	
   tight	
  

binding.	
  He	
  found	
  that	
  even	
  the	
  most	
  powerful	
  sonicator	
  failed	
  to	
  decompose	
  core	
  

aggregates.	
  He	
  established	
  that	
  to	
  free	
  primary	
  particles,	
  the	
  C-­‐C	
  bonds	
  in	
  the	
  grain	
  

boundaries	
   must	
   be	
   cleaved.	
   The	
   solution	
   is	
   wet	
   milling	
   with	
   micron	
   sized	
  

beads.2.68	
  

After	
   initial	
   experiments	
   to	
   purify	
   commercial	
   samples	
   of	
   nanodiamond	
   by	
  

removing	
   the	
   surface	
   layers	
   on	
   non-­‐diamond	
   carbon	
   atoms	
   by	
   strenuous	
  

oxidation,	
  Osawa	
  suspected	
  that	
  there	
  might	
  be	
  domains	
  in	
  the	
  ND	
  powder	
  where	
  

the	
   oxidizing	
   agent	
   cannot	
   penetrate.	
   He	
   therefore	
   went	
   back	
   to	
   the	
   previous	
  

unproven	
  statement	
  that	
  conventional	
  sonication	
  should	
  lead	
  to	
  primary	
  particles.	
  

Dynamic	
   Light	
   Scattering	
   (DLS)	
   measurements	
   of	
   the	
   particle-­‐size	
   distribution	
  

were	
   performed	
   before	
   and	
   after	
   a	
   series	
   of	
   treatments.	
   These	
   experiments	
  

seemed	
   to	
   indicate	
   complex	
   hierarchical	
   agglomeration	
   structure	
   in	
   the	
  

commercial	
   ND	
   powder	
   comprising	
   three	
   discrete	
   modes	
   of	
   aggregation,	
   each	
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mode	
   holding	
   component	
   particles	
   by	
   different	
   interparticle	
   forces.	
   The	
   most	
  

important	
   conclusion	
   from	
   these	
   experiments	
   is	
   the	
   recognition	
   of	
   core	
  

agglutinates	
  which	
  are	
  100-­‐200	
  nm	
  in	
  size	
  and	
  the	
  tight	
  binding	
  within	
  these.	
  The	
  

second	
  breakthrough	
  was	
  the	
  disintegration	
  of	
  these	
  core	
  agglutinates.	
  	
  To	
  achieve	
  

this,	
  wet	
  milling	
  with	
  zirconia	
  beads	
  was	
  applied.	
  The	
  resulting	
  material	
  is	
  primary	
  

particles	
  of	
  detonation	
  nanodiamond.	
  

The	
   DLS	
   analysis	
   of	
   a	
   typical	
   colloidal	
   solution	
   obtained	
   after	
   the	
   beads	
  milling	
  

process	
   (and	
   removal	
   of	
   the	
   small	
   amount	
   of	
   coarse	
   grains	
   that	
   remained	
  

uncrushed,	
   by	
   filtration	
   and	
   centrifugation),	
   shows	
   99.94	
   wt.%	
   of	
   single	
  

nanoparticles	
   of	
   4.6	
   ±	
   0.8	
   nm	
   in	
   diameter.	
  When	
   left	
   standing	
   in	
   concentrations	
  

higher	
   than	
   about	
   8	
   %,	
   the	
   solution	
   quickly	
   solidifies	
   to	
   a	
   soft	
   gel,	
   but	
   can	
   be	
  

readily	
  turned	
  back	
  to	
  smooth	
  sol	
  by	
  adding	
  small	
  amounts	
  of	
  water.	
  2.69	
  

The	
  mono	
  dispersed	
  detonation	
  nanodiamond	
  colloid	
   is	
  pitch	
  black	
   in	
  colour	
  but	
  

clear,	
  from	
  initially	
  being	
  a	
  suspension	
  of	
  grey	
  powder.	
  This	
  colour	
  is	
  attributed	
  to	
  

the	
   formation	
   of	
   graphitic	
   patches	
   on	
   the	
   surface	
   of	
   the	
   primary	
   particle	
   by	
  

diamond-­‐graphite	
  transformation	
  caused	
  by	
  the	
  impact	
  of	
  shearing	
  collision	
  with	
  

beads.2.70	
  

	
  

	
  

Figure	
   2.14:	
   TEM	
  of	
  mono	
  disperse	
   primary	
   detonation	
   nanodiamond	
  particles	
   (from	
  Ref.	
  

2.71).	
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Another	
  characteristic	
  of	
  monodispered	
  primary	
  ND	
  particles	
  is	
  that	
  their	
  surfaces	
  

are	
   highly	
   polar.	
   This	
   polarity	
   is	
   thought	
   to	
   come	
   from	
   oxygen-­‐containing	
  

functional	
  groups	
  especially	
  carboxyl	
  groups,	
  C–H	
  groups,	
  and	
  sp2	
  (graphite)	
  –	
  sp3	
  

(diamond)	
   interface,	
   all	
   known	
   to	
   be	
   present	
   on	
   the	
   surface	
   of	
   the	
   primary	
   ND	
  

particles.	
   If	
  oxygen	
  atoms	
   in	
  water	
  molecules	
  are	
   the	
  counterpart	
  of	
  electrostatic	
  

interaction	
   between	
   these	
   polar	
   groups	
   and	
   water,	
   then	
   protons	
   with	
   partial	
  

positive	
  charge	
  will	
  be	
  directed	
  to	
  the	
  outside	
  in	
  the	
  non-­‐freezing	
  hydration	
  shell.	
  

This	
  surface	
  polarity	
  also	
  gives	
  rise	
  to	
  highly	
  stable	
  colloidal	
  primary	
  ND	
  particles	
  

in	
  water	
   and	
   also	
   in	
   some	
  organic	
   solvents	
   like	
   alcohols	
   and	
  dimethyl	
   sulfoxide.	
  

Other	
  novel	
  features	
  of	
  monodispersed	
  single	
  digit	
  nanodaimond	
  particles,	
  such	
  as	
  

a	
   high	
   tendency	
   toward	
   self-­‐organization,	
   leading	
   to	
   spontaneous	
   formation	
   of	
  

whiskers,	
   films,	
   and	
   fibres	
   of	
   nanodiamond	
   from	
   its	
   colloid,	
   and	
   hydrogel	
  

formation,	
  may	
  be	
  all	
   related	
  with	
   localized	
  polarity	
  on	
   the	
   surface.	
  The	
  polarity	
  

may	
  be	
  changed	
  and	
  controlled	
  by	
  chemical	
  modification	
  or	
  reconstruction	
  of	
  the	
  

surface	
  as	
  clear	
  colloidal	
  solution	
  may	
  be	
  subjected	
  to	
  homogeneous	
  reactions.2.10	
  	
  

Recently	
  Williams	
  et.	
  al.	
  have	
  shown	
  that	
  prior	
  treatment	
  of	
  the	
  particles	
  by	
  high	
  

temperature	
   annealing	
   in	
   hydrogen	
   gas	
   can	
   yield	
   a	
  monodisperse	
   nanodiamond	
  

colloid	
  with	
   exceptional	
   long	
   time	
   stability	
   in	
   a	
  wide	
   range	
  of	
  pH,	
   and	
  with	
  high	
  

positive	
  zeta	
  potential	
  (>60	
  mV).2.72	
  

	
  

2.3.4	
   Functionalisation	
  

The	
  surface	
  chemistry	
  of	
  nanodiamonds	
  has	
  been	
  studied	
  in	
  considerable	
  detail	
  by	
  

NMR,	
   TPD,	
   XPS	
   and	
   FTIR	
   spectroscopy.2.73	
   The	
   groups	
   identified	
   on	
   the	
   surface	
  

depend	
  of	
  the	
  degree	
  of	
  chemical	
  purification	
  of	
  the	
  detonation	
  charge;	
  C=CH2,	
  C–

CH2,	
  O=CH2,	
  O–	
  CH	
  as	
  well	
  as	
  O-­‐H	
  groups.	
  	
  It	
  has	
  also	
  been	
  shown	
  that	
  the	
  surface	
  

of	
   oxidized	
   NDs	
   cleaned	
   of	
   detonation	
   soot	
   was	
   covered	
   to	
   a	
   large	
   extent	
   with	
  

different	
   oxygen-­‐	
   containing	
   groups,	
   among	
   them	
   −COOH	
   (carboxylic),	
   −O−C=O	
  

(lactone),	
  >C=O	
  (carbonyl),	
  −C−O−C−	
  (ether)	
  and	
  −OH	
  (hydroxyl).	
  In	
  such	
  samples,	
  

the	
   oxygen	
   to	
   surface	
   carbon	
   atom	
   ratio	
  was	
   found	
   to	
   be	
   close	
   to	
   0.5.2.11	
   	
   These	
  

functional	
   groups	
   open	
   up	
   the	
   possibilities	
   for	
   selective	
   attachment	
   of	
   other	
  

functional	
  groups	
  and	
  molecular	
  fragments	
  that	
  can	
  be	
  produced	
  on	
  the	
  diamond	
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surface.	
   Thus,	
   the	
   ND	
   surface	
   reveals	
   a	
   broad	
   spectrum	
   of	
   functional	
   chemical	
  

groups	
  with	
  directly	
  linked	
  carbon	
  structures.	
  

The	
  funcationalisation	
  of	
  nanoparticles	
  creates	
  surface	
  functional	
  molecular/ionic	
  

groups	
   that	
   can	
   provide	
   chemical	
   or	
   physical	
   interaction	
   of	
   nanodiamond	
   with	
  

organic	
   molecules.	
   This	
   opens	
   up	
   vast	
   possibilities	
   for	
   selective	
   attachment	
   of	
  

other	
   functional	
   groups	
   and	
   molecular	
   fragments	
   that	
   can	
   be	
   produced	
   on	
   the	
  

diamond	
  surface	
  and	
  used	
  to	
  advantage	
  for	
  the	
  creation	
  of	
  various	
  building	
  blocks	
  

of	
  nanostructures.	
  Figure	
  2.14	
  displays	
  the	
  functional	
  groups	
  that	
  can	
  be	
  realized	
  

by	
   covalent	
   surface	
  modification.	
   The	
   rich	
   surface	
   chemistry	
   and	
   the	
   absence	
   of	
  

toxic	
   impurities	
  and	
  small	
   size	
  make	
  nanodiamonds	
  a	
  very	
  convenient	
  object	
   for	
  

biomedical	
   applications.	
   The	
   basic	
   applications	
   of	
   nanodiamond	
   surface	
  

functionalisation	
  range	
   from	
  altering	
   the	
  wetting	
  or	
  adhesion	
  characteristics	
  and	
  

improving	
   the	
   nanoparticle	
   dispersion	
   in	
   matrices	
   to	
   enhancing	
   the	
   catalytic	
  

properties.	
   Partial	
   graphitisation	
   of	
   the	
   NDs	
   suggests	
   an	
   additional	
   way	
   of	
  

modification	
   of	
   the	
   diamond	
   surface	
   properties	
   and	
   synthesis	
   of	
   new	
  

nanographite/nanodiamond	
  composites.	
  Creation	
  of	
  specific	
  surface	
  sites	
  on	
  NDs	
  

for	
   selective	
  molecular	
   attachment	
   is	
   considered	
   a	
   promising	
   approach	
   for	
   their	
  

applications	
   in	
   nanofabrication,	
   self-­‐	
   assembly,	
   nanosensors,	
   bioprobes,	
   drug	
  

delivery,	
  pigments,	
  etc.	
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Figure	
  2.15:	
  Nanodiamond	
  terminated	
  with	
  carboxylic	
  groups	
  (ND–COOH;	
  green	
  region)	
  is	
  a	
  

common	
   starting	
  material.	
   The	
   surface	
  of	
  ND–COOH	
  can	
  be	
  modified	
  by	
  high-­‐temperature	
  

gas	
   treatments	
   (red)	
  or	
  ambient-­‐temperature	
  wet	
   chemistry	
   techniques	
   (blue).	
  Heating	
   in	
  

NH3,	
   for	
   example,	
   can	
   result	
   in	
   the	
   formation	
   of	
   a	
   variety	
   of	
   different	
   surface	
   groups	
  

including	
  NH2,	
  C–O–H,	
  C≡N	
  and	
  groups	
  containing	
  C=N	
  .	
  Treatment	
  in	
  H2	
  completely	
  reduces	
  

C=O	
  to	
  C–O–H	
  and	
   forms	
  additional	
  C–H	
  groups.	
  Hydroxyl	
  (OH)	
  groups	
  may	
  be	
  removed	
  at	
  

higher	
   temperatures	
   or	
   with	
   longer	
   hydrogenation	
   times,	
   or	
   by	
   treatment	
   in	
   hydrogen	
  

plasma.	
   Annealing	
   in	
   N2,	
   Ar	
   or	
   vacuum	
   completely	
   removes	
   the	
   functional	
   groups	
   and	
  

converts	
   the	
   nanodiamonds	
   into	
   graphitic	
   carbon	
   nano-­‐onions.	
   A	
   wide	
   range	
   of	
   surface	
  

groups	
   and	
   functionalized	
   nanodiamonds	
   can	
   also	
   be	
   produced	
   using	
   wet	
   chemistry	
  

treatments.	
  	
  (Taken	
  from	
  Ref.	
  2.56)	
  

	
  

2.3.5	
   Properties	
  and	
  applications	
  of	
  nanodiamonds	
  

Nanodiamond	
   inherits	
   many	
   of	
   the	
   superior	
   properties	
   of	
   bulk	
   diamond	
   and	
  

delivers	
  them	
  at	
  the	
  nanoscale.	
  They	
  can	
  be	
  used	
  to	
  provide	
  a	
  homogenous	
  seeding	
  

layer	
   for	
   the	
   chemical	
   vapour	
   deposition	
   of	
   diamond	
   films	
   as	
   discussed	
   in	
   the	
  

previous	
   section.	
   The	
   addition	
   of	
   diamond	
   containing	
   detonation	
   soot	
   has	
   been	
  

shown	
   to	
   improve	
   lubricants;	
   decreasing	
   fuel	
   consumption	
   and	
  making	
   engines	
  

last	
  longer.2.60	
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The	
   presence	
   of	
   nitrogen–vacancy	
   (NV)	
   centres	
   —	
   a	
   nitrogen	
   atom	
   next	
   to	
   a	
  

vacancy	
  —	
   in	
   nanodiamond	
   leads	
   to	
   useful	
   fluorescence	
   properties.	
   Fluorescent	
  

NV	
   centres	
   in	
   isotopically	
   clean	
   diamond	
   are	
   of	
   particular	
   interest	
   for	
   quantum	
  

computing.	
  NV	
  centres	
  in	
  nanodiamond	
  are	
  also	
  being	
  investigated	
  for	
  applications	
  

in	
   high-­‐resolution	
  magnetic	
   sensing,	
   fluorescence	
   resonance	
   energy	
   transfer	
   and	
  

biomedical	
   imaging.	
   Fluorescent	
  particles	
   can	
  also	
  be	
  produced	
  by	
   linking	
   2.74	
   or	
  

adsorbing2.75	
   various	
   fluorophores	
   onto	
   nanodiamond.	
   Fluorophore-­‐conjugated	
  

nanodiamond	
   can	
   travel	
   through	
   cellular	
   compartments	
   of	
   varying	
   pH	
   without	
  

degradation	
   of	
   the	
   surface-­‐conjugated	
   fluorophore	
   or	
   alteration	
   of	
   cell	
   viability	
  

over	
  extended	
  periods	
  of	
   time.2.76	
  Bright	
  blue	
   fluorescent	
  nanodiamond	
  has	
  been	
  

produced	
   by	
   covalent	
   linking	
   of	
   octadecylamine	
   to	
   carboxylic	
   groups	
   on	
  

nanodiamond	
  surface.2.77	
  

The	
   superior	
  mechanical	
   and	
   thermal	
  properties	
  of	
  diamond,	
   combined	
  with	
   the	
  

rich	
   surface	
   chemistry	
   of	
   nanoscale	
   diamond	
   particles,	
   make	
   nanodiamond	
   an	
  

excellent	
   filler	
   material	
   for	
   composites.	
   Moreover,	
   the	
   biocompatibility	
   and	
  

chemical	
  stability	
  of	
  the	
  diamond	
  core	
  make	
  these	
  composites	
  very	
  well	
  suited	
  for	
  

biomedical	
   applications.	
   Transparent	
   poly	
   (vinyl	
   alcohol)	
   nanocomposites	
   with	
  

improved	
  mechanical	
  properties	
  have	
  been	
  produced	
  by	
  adding	
  small	
  amounts	
  of	
  

nanodiamond.2.78	
  

Tissue	
   engineering	
   is	
   an	
   area	
   of	
   significant	
   interest.	
   The	
   superior	
   mechanical	
  

properties	
  of	
  nanodiamond,	
  in	
  combination	
  with	
  tunable	
  surface	
  chemistry,	
  ability	
  

to	
   deliver	
   drugs	
   and	
   biologically	
   active	
   molecules,	
   and	
   biocompatibility,	
   are	
  

beneficial	
   for	
   reinforcement	
  of	
   biodegradable	
  polymers	
   to	
   create	
  multifunctional	
  

tissue	
   engineering	
   scaffolds.	
   One	
   nanodiamond–polymer	
   composite	
   being	
  

explored	
   for	
   biomedical	
   applications	
   is	
   ND–ODA–PLLA.*	
   Although	
   PLLA	
   is	
  

biocompatible	
   and	
   bioresorbable,	
   it	
   is	
   not	
   mechanically	
   robust	
   for	
   load	
   bearing	
  

implants:	
  however,	
  the	
  addition	
  of	
  well-­‐dispersed	
  ND–ODA	
  leads	
  to	
  hardness	
  and	
  

Young’s	
  modulus	
  values	
  that	
  are	
  close	
  to	
  those	
  of	
  human	
  cortical	
  bone.2.79	
  

Nanodiamond	
  has	
  also	
  shown	
  to	
  have	
  applications	
  in	
  the	
  field	
  of	
  drug	
  delivery.	
  The	
  

properties	
   for	
   a	
   drug	
   delivery	
   platform	
   include	
   biocompatibility,	
   the	
   ability	
   to	
  

carry	
  a	
  board	
  range	
  of	
  therapeutics,	
  dispersability	
  in	
  water	
  and	
  scalability.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
*	
  ND-­‐ODA:	
  Octadecylamine-­‐functionalized	
  nanodiamond.	
  
	
  PLLA:	
  poly(L-­‐lactic	
  acid)	
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Chapter	
  3	
   Photomultiplication	
  
	
  

Chapter	
  3	
  presents	
   some	
  of	
   the	
  basic	
   theory	
  behind	
  photomultiplier	
  devices	
  and	
  

secondary	
   electron	
   emission,	
   ending	
   with	
   a	
   review	
   of	
   diamond	
   as	
   a	
   secondary	
  

electron	
  emitter	
  and	
  its	
  application	
  to	
  image	
  intensifiers.	
  

	
  

3.1	
   Photomultiplier	
  Tubes	
  

Photomultiplier	
  (PM)	
  tubes	
  convert	
  light	
  signals	
  consisting	
  of	
  no	
  more	
  than	
  a	
  few	
  

hundred	
   photons	
   into	
   a	
   usable	
   current	
   pulse	
   without	
   adding	
   a	
   large	
   amount	
   of	
  

random	
   noise	
   to	
   the	
   signal.	
   Two	
   major	
   components	
   inside	
   the	
   tube	
   are	
   a	
  

photosensitive	
   layer,	
   called	
   the	
   photocathode,	
   coupled	
   to	
   an	
   electron	
  multiplier	
  

structure.	
  	
  

	
  

	
  

Figure	
  3.1:	
  Basic	
  elements	
  of	
  a	
  PM	
  tube	
  (taken	
  from	
  Ref.	
  3.1)	
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The	
   photocathode	
   serves	
   to	
   convert	
   as	
   many	
   of	
   the	
   incident	
   light	
   photons	
   as	
  

possible	
   into	
   low-­‐energy	
   electrons.	
   The	
   electron	
  multiplier	
   section	
   in	
   a	
   PM	
   tube	
  

provides	
   an	
   efficient	
   collection	
   geometry	
   for	
   the	
   photoelectrons	
   as	
   well	
   as	
  

servicing	
   as	
   a	
   near-­‐ideal	
   amplifier	
   to	
   greatly	
   increase	
   their	
   number.	
   After	
  

amplification	
  through	
  the	
  multiplier	
  structure,	
  a	
  typical	
  scintillation	
  pulse	
  will	
  give	
  

rise	
   to	
  107-­‐1010	
  electrons,	
   sufficient	
   to	
  serve	
  as	
   the	
  charge	
  signal	
   for	
   the	
  original	
  

scintillation	
  event.	
  This	
  charge	
   is	
  conventionally	
  collected	
  at	
   the	
  anode	
  or	
  output	
  

stage	
   of	
   the	
   multiplier	
   structure.	
   Most	
   photomultipliers	
   perform	
   this	
   charge	
  

amplification	
  in	
  a	
  very	
  linear	
  manner,	
  producing	
  an	
  output	
  pulse	
  at	
  the	
  anode	
  that	
  

remains	
  proportional	
  to	
  the	
  number	
  of	
  original	
  photoelectrons	
  over	
  a	
  wide	
  range	
  

of	
  amplitude.	
  
	
  

3.1.1	
   The	
  Photocathode	
  

The	
   first	
  step	
   to	
  be	
  performed	
  by	
   the	
  PM	
  tube	
   is	
   the	
  conversion	
  of	
   incident	
   light	
  

photons	
  into	
  electrons.	
  The	
  energy	
  that	
  can	
  be	
  transferred	
  from	
  the	
  photon	
  to	
  an	
  

electron	
  during	
  the	
  absorption	
  of	
  the	
  incident	
  photon	
  within	
  the	
  material	
  is	
  given	
  

by	
  the	
  quantum	
  energy	
  of	
  the	
  photon,	
  hv.	
  Some	
  energy	
  will	
  then	
  be	
  lost	
  in	
  electron-­‐

electron	
  collisions	
  in	
  the	
  migration	
  process.	
  Finally,	
  there	
  must	
  be	
  sufficient	
  energy	
  

left	
   for	
   the	
   electron	
   to	
   overcome	
   the	
  potential	
   barrier	
   between	
   the	
  material	
   and	
  

vacuum	
  (material	
  work	
  function).	
  	
  The	
  rate	
  of	
  energy	
  loss	
  as	
  the	
  electrons	
  migrate	
  

to	
  the	
  surface	
  should	
  be	
  kept	
  small	
  in	
  order	
  to	
  maximise	
  the	
  depth	
  in	
  the	
  material	
  

at	
  which	
  electrons	
  may	
  originate	
  and	
  still	
  reach	
  the	
  surface	
  with	
  sufficient	
  energy	
  

to	
  overcome	
  the	
  potential	
  barrier	
  (escape	
  depth).	
  

In	
  order	
  for	
  an	
  incident	
  light	
  photon	
  to	
  be	
  absorbed	
  in	
  a	
  semiconductor,	
  its	
  energy	
  

must	
  exceed	
  the	
  bandgap	
  energy	
  Eg	
  of	
  the	
  material.	
  The	
  absorption	
  process	
  simply	
  

consists	
  of	
  elevating	
  an	
  electron	
  from	
  the	
  valence	
  band	
  to	
  the	
  conduction	
  band.	
  In	
  

normal	
   semiconductors,	
   the	
   electron	
  potential	
   outside	
   the	
   surface	
   is	
  higher	
   than	
  

the	
  bottom	
  of	
  the	
  conduction	
  band	
  by	
  an	
  amount	
  called	
  the	
  electron	
  affinity.	
  If	
  an	
  

electron	
  is	
  to	
  escape,	
  it	
  must	
  reach	
  the	
  surface	
  before	
  phonon	
  interactions	
  reduce	
  

its	
  energy	
  to	
  the	
  bottom	
  of	
  the	
  conduction	
  band.	
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3.1.2	
   Secondary	
  Electron	
  Emission	
  

The	
  multiplier	
   portion	
   of	
   a	
   PM	
   tube	
   is	
   based	
   on	
   the	
   phenomenon	
   of	
   secondary	
  

electron	
   emission.	
   Secondary	
   emission	
   is	
   a	
   phenomenon	
   where	
   additional	
  

electrons,	
   called	
   secondary	
   electrons,	
   are	
   emitted	
   from	
   the	
   surface	
   of	
   a	
  material	
  

when	
   an	
   incident	
   particle	
   (often,	
   a	
   charged	
   particle	
   such	
   as	
   electron	
   or	
   ion)	
  

impacts	
   the	
  material	
  with	
  sufficient	
  energy.	
  Electrons	
   from	
  the	
  photocathode	
  are	
  

accelerated	
  and	
  caused	
  to	
  strike	
  the	
  surface	
  of	
  an	
  electrode,	
  called	
  a	
  dynode.	
  The	
  

energy	
   deposited	
   by	
   the	
   incident	
   electron	
   on	
   the	
   dynode	
   can	
   result	
   in	
   the	
  

reemission	
  of	
  more	
  than	
  one	
  electron	
  from	
  the	
  same	
  surface.	
  

The	
  secondary	
  electron	
  yield	
  is	
  a	
  sensitive	
  function	
  of	
  incident	
  electron	
  energy.	
  If	
  a	
  

relatively	
  low-­‐energy	
  electron	
  strikes	
  the	
  dynode	
  surface,	
  little	
  energy	
  is	
  available	
  

for	
  transfer	
  to	
  electrons	
  in	
  the	
  dynode	
  material,	
  and	
  relatively	
  few	
  electrons	
  will	
  be	
  

excited	
   across	
   the	
   gap	
   between	
   the	
   valence	
   and	
   conduction	
   bands.	
   At	
   the	
   same	
  

time,	
   because	
   the	
   distance	
   of	
   penetration	
   is	
   not	
   large,	
   most	
   of	
   these	
   excited	
  

electrons	
   will	
   be	
   formed	
   near	
   the	
   surface.	
   For	
   incident	
   electronics	
   of	
   a	
   higher	
  

energy,	
  more	
  excited	
  electrons	
  will	
  be	
  created	
  within	
   the	
  dynode	
  by	
  at	
  a	
  greater	
  

average	
   depth.	
   Because	
   the	
   probability	
   of	
   escape	
   will	
   diminish	
   with	
   increasing	
  

depth,	
   the	
   observed	
   electron	
   yield	
   with	
   be	
   maximised	
   at	
   an	
   optimum	
   incident	
  

electron	
  energy.	
  	
  	
  

The	
  overall	
  multiplication	
  factor	
  for	
  a	
  single	
  dynode	
  is	
  given	
  by,	
  

	
  

electronincident primary  
emitted electronssecondary  ofnumber 

=δ
	
   	
   	
   (eq.	
  3.1)	
  

and	
   should	
   be	
   as	
   large	
   as	
   possible	
   for	
   maximum	
   amplification	
   per	
   stage	
   in	
   the	
  

photomultiplier	
  tube.	
  	
  

Figure	
  3.2	
   illustrates	
   the	
   secondary	
  electron	
  emission	
  process	
  using	
  a	
   three-­‐step	
  

model:3.2	
   [1]	
   generation	
   of	
   the	
   internal	
   secondary	
   electrons	
   by	
   kinetic	
   impact	
   of	
  

the	
   primary	
   electrons,	
   [2]	
   transmission	
   of	
   the	
   internal	
   secondary	
   electrons	
  

through	
   the	
  material	
  and	
   [3]	
  escape	
  of	
   the	
  secondary	
  electrons	
  over	
   the	
  vacuum	
  

barrier.	
  The	
  presence	
  of	
  dopants	
  in	
  the	
  material	
  influences	
  the	
  secondary	
  electron	
  

yield	
   by	
   affecting	
   the	
   transmission	
   process	
   (step	
   2),	
   while	
   the	
   influence	
   of	
   the	
  

surface	
  affects	
  the	
  escape	
  process	
  (step	
  3).	
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Figure	
   3.2:	
   A	
   three-­‐step	
   model	
   of	
   the	
   secondary-­‐electron-­‐emission	
   process	
   (reproduced	
  

from	
  Ref.	
  3.3)	
  

	
  

3.1.3	
   Negative	
  Electron	
  Affinity	
  Materials	
  

The	
   secondary	
   emission	
   yield	
   of	
   dynodes	
   can	
   be	
   increased	
   significantly	
   through	
  

the	
  use	
  of	
  negative	
  electron	
  affinity	
  (NEA)	
  materials.	
  NEA	
  materials	
  lead	
  to	
  a	
  much	
  

greater	
  escape	
  depth	
  by	
  allowing	
  electrons	
  that	
  have	
  dropped	
  to	
  the	
  bottom	
  of	
  the	
  

conduction	
  band	
  to	
  also	
  escape	
  if	
  they	
  reach	
  the	
  surface.	
  The	
  electron	
  affinity	
  of	
  a	
  

semiconductor	
   is	
  defined	
  as	
   the	
  energy	
  required	
   to	
  remove	
  an	
  electron	
   from	
  the	
  

conduction	
   band	
   minimum	
   to	
   a	
   distance	
   macroscopically	
   far	
   from	
   the	
  

semiconductor.	
   This	
   energy	
   may	
   be	
   schematically	
   shown	
   as	
   the	
   difference	
  

between	
  the	
  vacuum	
  level	
  and	
  the	
  conduction	
  band	
  minimum	
  (CBM).	
  In	
  a	
  typical	
  

band	
  scheme	
  of	
  a	
  semiconductor,	
  the	
  vacuum	
  level	
  lies	
  above	
  the	
  CBM	
  and	
  creates	
  

an	
  energy	
  barrier,	
  χ,	
  the	
  electron	
  affinity.	
  If	
  the	
  vacuum	
  level	
  was	
  to	
  lie	
  below	
  the	
  

CBM	
   then	
   χ	
   <	
   0	
   and	
   a	
   NEA	
   surface	
   is	
   produced.	
   The	
   electron	
   affinity	
   or	
   work	
  

function	
  of	
  a	
  material	
  is	
  usually	
  ascribed	
  to	
  two	
  aspects	
  of	
  the	
  material;	
  the	
  origin	
  

of	
  the	
  atomic	
  levels,	
  or	
  the	
  surface	
  dipole	
  due	
  to	
  surface	
  termination.	
  

The	
   surface	
   dipole	
   can	
   be	
   substantially	
   affected	
   by	
   surface	
   reconstructions	
   and	
  

surface	
  adsorbates.	
  It	
  has	
  been	
  established	
  that	
  electrons	
  excited	
  by	
  photons	
  into	
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the	
   conduction	
   band	
   of	
   p-­‐type	
   diamond	
   can,	
   provided	
   the	
   surface	
   has	
   been	
  

prepared	
   appropriately,	
   find	
   themselves	
   at	
   a	
   higher	
   energy	
   than	
   the	
   vacuum	
  

level,3.4,	
   3.5	
   i.e.	
  NEA	
  prevails.	
  As	
  anticipated,	
   these	
  electrons	
  do	
  move	
  out	
   into	
   the	
  

vacuum	
  without	
  encountering	
  an	
  energy	
  barrier.	
  The	
  most	
  commonly	
  used	
  surface	
  

treatment	
   is	
   to	
   hydrogenate	
   a	
   (111),	
   p-­‐type	
   diamond	
   surface.	
   Quantitative	
  

evidence	
  now	
  exists	
  that	
  it	
  is	
  the	
  dipole	
  character	
  of	
  the	
  C-­‐H	
  bonds	
  on	
  the	
  surface	
  

that	
  causes	
  this	
  NEA	
  behaviour.3.6	
  	
  

	
  

	
  

Figure	
   3.3:	
   Energy	
   band	
   diagram	
   of	
   diamond	
   surfaces	
   (a)	
   Positive	
   Electron	
   Affinity	
   (b)	
  

Effective	
  Negative	
  Electron	
  Affinity	
  (c)	
  True	
  Negative	
  Electron	
  Affinity.	
  

	
  
The	
  energy	
  band	
  diagrams	
  of	
  a	
  positive	
  electron	
  affinity	
  (PEA),	
  effective	
  negative	
  

electron	
  affinity	
  (NEA)	
  and	
  a	
  true	
  NEA	
  diamond	
  surfaces	
  are	
  shown	
  in	
  Figure	
  3.3	
  

(a-­‐c),	
   respectively.	
   The	
   electron	
   affinity	
   of	
   diamond	
   depends	
   on	
   the	
   amount	
   of	
  

hydrogen	
  present.	
  If	
  the	
  surface	
  of	
  the	
  diamond	
  is	
  completely	
  free	
  of	
  hydrogen,	
  the	
  

net	
   electron	
   affinity	
   is	
   positive,	
   resulting	
   in	
   a	
   potential	
   barrier	
   between	
   the	
  

diamond-­‐vacuum	
  interface.	
  When	
  the	
  diamond	
  surface	
  is	
  hydrogenated	
  a	
  positive	
  

dipole	
  is	
  induced	
  which	
  results	
  in	
  the	
  band	
  bending	
  and	
  correspondingly	
  a	
  smaller	
  

electron	
   affinity	
   value	
   than	
   the	
   previous	
   case.	
   In	
   that	
   case,	
   the	
   surface	
   of	
   the	
  

diamond	
  will	
  have	
  an	
  effective	
  NEA	
  where	
  the	
  highest	
  level	
  of	
  the	
  conduction	
  band	
  

edge	
  is	
  above	
  the	
  vacuum	
  level	
  while	
  the	
  lowest	
  level	
  of	
  the	
  conduction	
  band	
  edge	
  

bends	
   below	
   the	
   vacuum	
   level	
   (Figure	
  3.3(b)).	
   In	
   Figure	
   3.3(c),	
   the	
   energy	
  band	
  

diagram	
   of	
   a	
   true	
   NEA	
   surface	
   of	
   diamond	
   is	
   shown.	
   As	
   the	
   conduction	
   band	
   is	
  

above	
  the	
  vacuum	
  level,	
  the	
  net	
  barrier	
  height	
  is	
  negative	
  and	
  therefore,	
  electrons	
  

can	
   easily	
   flow	
   from	
   the	
   conduction	
   band	
   to	
   the	
   vacuum	
   level	
   without	
   any	
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potential	
   drop.	
   A	
   diamond	
   NEA	
   surface	
   can	
   also	
   be	
   produced	
   by	
   depositing	
   a	
  

monolayer	
   surface	
   of	
   caesium	
   upon	
   oxygen	
   terminated	
   diamond.	
   Through	
   band	
  

bending,	
  the	
  vacuum	
  level	
  is	
  forced	
  below	
  the	
  CBM.	
  The	
  resulting	
  surface	
  is	
  in	
  fact	
  

metallic	
   due	
   to	
   Cs-­‐O-­‐C	
   surface	
   states	
   and	
   thereby	
   also	
   provides	
   a	
   low	
   work	
  

function.	
  

	
  

3.2	
   Secondary	
  electron	
  emission	
  in	
  diamond	
  

In	
   1992,	
   Dr.	
   Gerald	
   Mearini,	
   Dr.	
   Isay	
   Krainsky,	
   and	
   Dr.	
   James	
   Dayton	
   made	
   a	
  

secondary	
  electron	
  emission	
  discovery	
  that	
  laboratory-­‐grown	
  diamond	
  films	
  could	
  

produce	
   up	
   to	
   45	
   electrons	
   from	
   a	
   single	
   incident	
   electron,	
  making	
   diamond	
   an	
  

excellent	
   electron	
   emitter.3.7	
   Diamond	
   surfaces	
   with	
   negative	
   electron	
   affinity	
  

provide	
   an	
   easy	
   path	
   for	
   escaping	
   electrons.	
   The	
   diffusion	
   length	
   for	
   these	
  

electrons	
   depends	
   on	
   the	
   crystalline	
   quality.	
   	
   In	
   order	
   to	
   avoid	
   charging	
   effects,	
  

diamond	
  films	
  need	
  to	
  be	
  electrically	
  conductive,	
  too.	
  	
  

N-­‐doped	
   diamond	
   samples	
   are	
   insulators.	
   However,	
   electrical	
   conductivity	
   is	
  

needed	
   to	
   sustain	
   the	
   secondary	
   electron	
   emission	
   process,	
   otherwise	
   sample	
  

charging	
   results.	
   If	
  δ	
  >	
  1,	
   the	
   sample	
  becomes	
  positively	
   charged,	
   resulting	
   in	
  an	
  

increased	
   vacuum	
   barrier	
   height	
   and	
   a	
   decreased	
   yield.	
   If	
   δ	
   <	
   1,	
   the	
   samples	
  

becomes	
   negatively	
   charged,	
   resulting	
   in	
   a	
   slow	
   down	
   or	
   even	
   repulsion	
   of	
   the	
  

impinging	
  electrons.	
  With	
  a	
  perfect	
  insulator	
  Is	
  =	
  Io	
  †	
  and	
  δ	
  =	
  1.	
  δmax	
  was	
  measured	
  

to	
  be	
  1.06	
  ±	
  0.04	
  from	
  an	
  N-­‐doped	
  CVD	
  diamond	
  sample.3.8	
  

Boron	
   doped	
   diamond	
   is	
   electrically	
   conductive	
   and	
   has	
   a	
   high	
   δ	
   when	
   it	
   is	
  

terminated	
  with	
  hydrogen	
  or	
  caesium	
  due	
  to	
  the	
  creation	
  of	
  a	
  NEA	
  surface.	
  For	
  H-­‐

terminated	
  diamond	
  samples,	
  both	
  Miller	
  et	
  al.3.9	
  and	
  Shih	
  et	
  al.3.10	
   found	
  that	
  the	
  

secondary	
   electron	
   yields	
   are	
   sensitive	
   to	
   the	
   B-­‐doping	
   level.	
   In	
   fact	
   there	
   is	
   an	
  

optimum	
   rage	
   of	
   boron	
   concentrations	
   for	
   high	
   secondary	
   electron	
   yields.	
   δ	
  

decreases	
   at	
   low	
   B-­‐doping	
   levels	
   due	
   to	
   the	
   insufficient	
   electrical	
   conductivity	
  

required	
   to	
  sustain	
  high	
  secondary	
  electron	
  emission	
   levels.	
  However,	
  B	
  dopants	
  

are	
  also	
  sources	
  for	
  electron	
  collisions	
  which	
  can	
  suppress	
  the	
  yield	
  if	
  the	
  doping	
  

concentration	
   becomes	
   too	
   high.	
   Specifically,	
   most	
   of	
   the	
   internal	
   secondary	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
†	
  Is	
  is	
  the	
  secondary	
  electron	
  intensity,	
  Io	
  is	
  the	
  primary	
  electron	
  intensity	
  and	
  δ	
  =	
  (Is/Ip)	
  and	
  varies	
  
with	
  primary	
  electron	
  energy.	
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electrons	
   in	
   diamond	
   have	
   kinetic	
   energies	
   of	
   about	
   1	
   eV.	
   These	
   low-­‐energy	
  

electrons	
   are	
   unable	
   to	
   excite	
   valence	
   electrons	
   over	
   the	
   5.47	
   eV	
   bandgap	
   and	
  

collisions	
  with	
  phonons	
  and	
  impurities	
  become	
  a	
  major	
  source	
  of	
  energy	
   loss.	
  As	
  

the	
   doping	
   concentration	
   increases,	
   the	
   collision	
   rate	
   increases	
   and	
   the	
   electron	
  

escape	
   depth	
   decreases,	
   resulting	
   in	
   lower	
   electron	
   emission.	
   Boron	
   doped	
   and	
  

hydrogen	
   terminated	
   diamond	
   is	
   a	
   good	
   candidate	
   for	
   high-­‐yield	
   secondary	
  

electron	
  emitter	
  applications.	
  	
  

	
  

3.2.1	
   Secondary	
  electron	
  yield	
  curves	
  

The	
   emission	
   probability	
   at	
   a	
   NEA	
   surface	
   is	
   assumed	
   to	
   be	
   independent	
   of	
  

electron	
  energy;	
  therefore	
  the	
  measured	
  yield	
  is	
  affected	
  by	
  the	
  generation	
  process	
  

(i.e.	
  number	
  of	
  generated	
  electrons)	
  and	
  by	
  the	
  transport	
  process	
  (i.e.	
  percentage	
  

of	
   generated	
  electrons	
   reaching	
   the	
   surface).	
  The	
  number	
  of	
   generated	
  electrons	
  

increases	
  proportionally	
  with	
  the	
  incident	
  beam	
  energy,	
  Eb,	
  because	
  the	
  number	
  of	
  

possible	
  impact-­‐ionisation	
  events	
  increases	
  as	
  Eb	
  increases	
  and	
  therefore	
  number	
  

of	
  impact-­‐ionised	
  electrons	
  increases.	
  However,	
  the	
  number	
  of	
  electrons	
  reaching	
  

the	
  surface	
  depends	
  on	
  the	
  electron	
  generation	
  depth,	
  Dg,	
  and	
  the	
  electron	
  escape	
  

depth,	
   Desc.	
  While	
   Dg	
   increases	
  with	
   Eb,	
   Desc	
   is	
   a	
   property	
   of	
   the	
  material	
   and	
   is	
  

independent	
   of	
   Eb.	
   For	
   the	
   low-­‐energy	
   electrons	
   that	
   dominate	
   the	
   emission	
  

measurements,	
   Desc	
   is	
   primarily	
   limited	
   by	
   electron-­‐hole	
   recombination	
   and	
  

capture	
  by	
  electron	
  traps.	
  The	
  shape	
  of	
  the	
  yield	
  curve	
  reflects	
  the	
  changes	
  in	
  the	
  

electron	
   generation	
   and	
   escape	
   processes	
   as	
   Eb	
   increases,	
   with	
   yield	
   curves	
  

typically	
  exhibiting	
  three	
  regimes	
  and	
  having	
  a	
  bell	
  shape	
  as	
  seen	
  in	
  figure	
  3.3.3.11	
  

For	
  low	
  values	
  of	
  Eb,	
  the	
  electron	
  penetration	
  depth	
  is	
  very	
  small	
  so	
  that	
  Dg	
  <	
  Desc	
  

and	
   the	
   electrons	
   can	
   readily	
   escape.	
   Thus,	
   the	
   yield	
   initially	
   increases	
   with	
  

increasing	
  Eb	
  (regime	
  1)	
  as	
  the	
  number	
  of	
  generated	
  electrons	
  increases.	
  For	
  high	
  

values	
  of	
  Eb,	
  the	
  electron	
  penetration	
  depth	
  is	
  much	
  larger	
  so	
  that	
  Dg	
  >	
  Desc.	
  Thus,	
  

the	
   yield	
   decreases	
   with	
   increasing	
   Eb	
   (regime	
   3)	
   since	
   increasing	
   numbers	
   of	
  

electrons	
   are	
   captured	
   in	
   the	
   material	
   as	
   Dg	
   increases.	
   In	
   between	
   these	
   two	
  

regimes,	
  the	
  yield	
  reaches	
  a	
  maximum	
  (regime	
  2)	
  at	
  an	
  energy	
  Eb	
  =	
  Emax	
  for	
  which	
  

the	
  condition	
  Dg	
  ~	
  Desc	
  is	
  satisfied.	
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Figure	
   3.4:	
   A	
   typical	
   bell-­‐shaped	
   secondary	
   electron	
   yield	
   curve	
   (measured	
   from	
   BeO)	
  

obtained	
   with	
   increasing	
   impact	
   energy	
   and	
   penetration	
   depth	
   of	
   the	
   incident	
   electron	
  

beam.	
  δ	
  =	
  	
  secondary	
  emission	
  yield	
  (taken	
  from	
  Ref.	
  3.12).	
  

	
  
	
  

3.2.2	
   Secondary	
  electron	
  emission	
  studies	
  in	
  boron	
  doped	
  films	
  

H-­‐termination	
  of	
  diamond	
   is	
  essential	
   for	
   the	
   low	
  electron	
  affinity	
  of	
  diamond	
  as	
  

discussed	
  in	
  the	
  previous	
  section	
  and	
  is	
  consequently	
  crucial	
  to	
  the	
  high	
  secondary	
  

electron	
  yield.	
  Figure	
  3.5	
  shows	
  the	
  secondary	
  electron	
  yield	
  curve	
  of	
  a	
  hydrogen	
  

terminated	
  boron	
  doped	
  diamond	
  sample.	
  The	
  sample	
  was	
  heated	
  to	
  1000	
  °C	
  for	
  

15	
   min	
   to	
   desorb	
   a	
   large	
   fraction	
   of	
   the	
   surface	
   hydrogen	
   resulting	
   in	
   a	
   huge	
  

decrease	
  of	
  the	
  secondary	
  electron	
  yield.	
  Accompanying	
  the	
  hydrogen	
  desorption,	
  

the	
  vacuum	
  barrier	
  height	
  increases	
  by	
  about	
  1.45	
  eV	
  and	
  is	
  too	
  high	
  for	
  the	
  quasi-­‐

thermalised	
  electrons	
  to	
  escape.3.13	
  

The	
   authors	
   introduced	
   B	
   impurities	
   in	
   to	
   the	
   CVD	
   diamond	
   to	
   provide	
   the	
  

required	
   electrical	
   conductivity.	
   Since	
   electron-­‐phonon	
   and	
   electron-­‐impurity	
  

scatterings	
   are	
   the	
   main	
   energy-­‐loss	
   mechanisms	
   for	
   the	
   low-­‐energy	
   secondary	
  

electrons,	
  an	
  excessively	
  high	
  impurity	
  concentration	
  may	
  reduce	
  the	
  escape	
  depth	
  

and	
   the	
   yield.	
   Figure	
   3.6	
   compares	
   the	
   yield	
   curves	
   taken	
   on	
   diamond	
   samples	
  

with	
   different	
   B-­‐doping	
   levels.	
   The	
   higher	
   yield	
   curves	
   are	
   typical	
   for	
   low	
   or	
  

moderately	
   B-­‐doped	
   diamond	
   samples	
  which	
   have	
   a	
   resistivity	
   between	
   50-­‐170	
  

kΩ	
  cm	
  and	
  are	
  transparent.	
  The	
  lower	
  yield	
  curve	
  is	
  taken	
  from	
  the	
  highly	
  B-­‐doped	
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sample	
  which	
  appears	
  black	
  and	
  opaque	
  and	
  has	
  a	
   resistivity	
  between	
  50-­‐170	
  Ω	
  

cm.	
   In	
   this	
   case,	
   too	
   high	
   a	
   boron	
   concentration	
   actually	
   reduces	
   the	
   yield	
   as	
  

predicted.	
  

	
  
	
  

	
  
Figure	
   3.5:	
   A	
   large	
   reduction	
   in	
   the	
   secondary-­‐electron	
   yield	
   from	
   diamond	
   occurs	
   with	
  

hydrogen	
  desorption	
  (taken	
  from	
  Ref.	
  3.13)	
  

	
  

	
  
	
  

Figure	
   3.6:	
   Effect	
   of	
   the	
   B	
   impurity	
   level	
   on	
   the	
   secondary	
   electron	
   yield	
   from	
   diamond	
  

(taken	
  from	
  Ref.	
  3.13)	
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3.2.3	
   SEY	
  	
  from	
  bare	
  and	
  caesiated,	
  natural	
  and	
  CVD	
  diamond	
  	
  

Shortly	
   after,	
   Yater	
   et	
   al.3.12	
   published	
   a	
   comparison	
  of	
  C	
   (100)	
   (natural	
   IIb)	
   and	
  

CVD	
  diamond	
  (boron	
  doped)	
  samples	
   in	
  both	
   ‘bare’	
  surface	
  condition	
  and	
  coated	
  

with	
   caesium.	
   The	
   ‘bare’	
   surfaces	
   were	
   thermally	
   cleaned	
   under	
   the	
   vacuum	
  

conditions.	
  Secondary	
  electron	
  yield	
  curves	
  were	
  obtained	
   for	
  both	
  samples.	
  The	
  

secondary	
  electrons	
  are	
  defined	
  to	
  include	
  all	
  emitted	
  electrons,	
  with	
  energy	
  up	
  to	
  

Eb,	
   produced	
   by	
   the	
   incident	
   electron	
   beam.	
   Therefore,	
   the	
   secondary	
   electron	
  

yield	
  coefficient	
  δ	
   is	
  defined	
  as	
  the	
  ratio	
  of	
  the	
  total	
  emitted	
  electron	
  intensity	
  to	
  

the	
   incident	
   electron	
   intensity.	
   This	
   parameter	
   thus	
   represents	
   the	
   average	
  

number	
   of	
   emitted	
   electrons	
   per	
   incident	
   electron.	
   The	
   data	
   is	
   presented	
   as	
  

secondary	
  electron	
  yield	
  curves	
  where	
  δ	
   is	
  plotted	
  as	
  a	
   function	
  of	
  Eb	
  between	
  0	
  

and	
  2900	
  eV.	
  

The	
  measurements	
   of	
   secondary	
   emission	
   yield	
  were	
  made	
   in	
   a	
   straightforward	
  

manner	
   as	
   described	
   in	
   earlier	
   literature.3.14	
  With	
   the	
   sample	
   kept	
   at	
   a	
   negative	
  

voltage	
   to	
   repel	
   the	
   emitted	
   electrons,	
   the	
   measured	
   sample	
   current	
   is	
   the	
   net	
  

current	
  Inet,	
  which	
  is	
  the	
  difference	
  between	
  the	
  secondary	
  emitted	
  current	
  Is,	
  and	
  

the	
  incident	
  beam	
  current	
  IB.	
  IB	
  was	
  measured	
  with	
  the	
  aid	
  of	
  a	
  Faraday	
  cage.	
  Thus	
  

the	
  secondary	
  emission	
  coefficient;	
  

B

Bnet

B

S

I
II

I
I +

==δ 	
  	
   	
   	
   	
   (eq.	
  3.2)	
  

The	
   secondary	
   electron	
   emission	
   is	
   tremendously	
   enhanced	
   at	
   the	
   cesiated	
  NEA	
  

surfaces	
   and	
   the	
   overall	
   yields	
   are	
   extremely	
   high.	
   Specifically,	
   the	
   highest	
  

measured	
  yield	
  increases	
  from	
  δ	
  ~	
  3	
  at	
  the	
  bare	
  diamond	
  surfaces	
  to	
  δ	
  ~	
  132	
  and	
  

83	
  at	
  the	
  caesiated	
  C(100)	
  and	
  CVD	
  diamond	
  surfaces,	
  respectively.	
  

At	
   the	
   bare	
   diamond	
   surface,	
   Evac	
   lies	
   above	
   the	
   peak	
   position	
   in	
   the	
   energy	
  

distribution	
  and	
  consequently	
  most	
  of	
  the	
  low-­‐energy	
  secondary	
  electrons	
  remain	
  

trapped	
  in	
  the	
  diamond.	
  After	
  caesiating	
  the	
  diamond	
  surface,	
  the	
  vacuum	
  barrier	
  

is	
  removed	
  and	
  the	
   large	
  number	
  of	
   low-­‐energy	
  electrons	
  contained	
   in	
  the	
  sharp	
  

peak	
  is	
  emitted	
  into	
  vacuum,	
  resulting	
  in	
  a	
  large	
  increase	
  in	
  the	
  measured	
  yield.	
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Figure	
   3.7:	
   Secondary	
   electron	
   yield	
   curves	
   for	
   Eb	
   =0	
   -­‐	
   2900	
   eV	
  measured	
   from	
   bare	
   and	
  

caesiated	
  surfaces	
  of	
  (1)	
  the	
  C(100)	
  sample	
  and	
  (b)	
  the	
  CVD	
  diamond	
  sample.	
  At	
  the	
  bare	
  C	
  

(100)	
  and	
  CVD	
  surfaces	
  δmax	
  =	
  3	
  at	
  Eb	
  ~	
  650	
  eV	
  and	
  900	
  eV	
  respectively	
  (from	
  3.12).	
  

	
  

3.2.4	
   Secondary	
   electron	
   amplification	
   using	
   single-­‐crystal	
   CVD	
   diamond	
  

film	
  

Recently,	
   Yater	
   et	
   al.	
   reported	
   on	
   the	
   current	
   amplification	
   characteristics	
   of	
   an	
  

unbiased	
   8.3	
   µm	
   thick	
   single-­‐crystal	
   diamond	
   film.3.15	
   Previous	
   measurements	
  

were	
  obtained	
  in	
  a	
  reflection	
  configuration	
  in	
  which	
  electron	
  impact	
  and	
  emission	
  

occurred	
  at	
   the	
   same	
  surface.	
  Therefore,	
   the	
  actual	
   secondary-­‐electron	
   transport	
  

distances	
  were	
  relatively	
  short	
  (	
  ≤	
  0.1	
  µm	
  )	
  due	
  to	
  the	
  limited	
  penetration	
  depth	
  of	
  

the	
  primary	
  electrons	
  with	
  an	
  incident	
  energy	
  (Eo)	
  ≤	
  3	
  keV.	
  Diamond	
  has	
  predicted	
  

long	
   escape	
   depths	
   (≥	
   5	
   µm	
   in	
   (100)	
   diamond),	
   in	
   order	
   to	
   confirm	
   this,	
   the	
  

secondary	
   electrons	
   must	
   be	
   generated	
   at	
   greater	
   distances	
   from	
   the	
   emitted	
  

surface.	
   This	
   can	
   be	
   accomplished	
   by	
   increasing	
   Eo,	
   which	
   results	
   in	
   deeper	
  

primary	
   electron	
   penetration.	
   Therefore,	
   the	
   authors	
   use	
   a	
   transmission	
  

configuration	
  whereby	
  high-­‐energy	
  electrons	
  are	
  injected	
  into	
  the	
  back	
  side	
  of	
  the	
  

diamond,	
  such	
  that	
  the	
  hydrogenated	
  front	
  surface	
  is	
  not	
  impacted	
  –	
  which	
  would	
  

risk	
  electron-­‐induced	
  surfaces	
  modification	
  at	
  higher	
  Eo.	
  

In	
   previous	
   studies	
   using	
   this	
   same	
   approach,	
   the	
   authors	
   directed	
   an	
   electron	
  

beam	
  at	
  the	
  back	
  surface	
  of	
  thin	
  (0.15–2.5	
  μm)	
  polycrystalline	
  diamond	
  films	
  and	
  

then	
  studied	
  the	
  transmission	
  of	
  secondary	
  electrons	
  through	
  the	
  films.3.16	
  In	
  these	
  

studies,	
  electron	
  transmission	
  was	
  detected	
  when	
  electrons	
  were	
  generated	
  within	
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~1.3	
   μm	
   of	
   the	
   emitting	
   surface,	
   in	
   good	
   agreement	
   with	
   the	
   predicted	
   escape	
  

depth	
   in	
   polycrystalline	
   diamond.	
   However,	
   the	
   transmission	
   gains	
   were	
  

substantially	
  lower	
  (<5)	
  than	
  the	
  reflection	
  gains.	
  The	
  authors	
  attributed	
  this	
  low	
  

transmission	
   gain	
   to	
  be	
  most	
   likely	
  due	
   to	
   increased	
   electron	
   scattering	
   at	
   grain	
  

boundaries	
  as	
  well	
  as	
  low	
  diffusive-­‐transport	
  efficiency	
  over	
  the	
  longer	
  transport	
  

distances.3.17	
  Therefore,	
   it	
   is	
  proposed	
  that	
   the	
  use	
  of	
  single-­‐crystal	
  diamond	
  and	
  

an	
   internal	
   electric	
   field	
   are	
   necessary	
   to	
   achieve	
   the	
   high	
   transport	
   efficiency	
  

needed	
  for	
  high-­‐gain	
  current	
  amplification	
  (e.g.,	
  gain	
  ~100).	
  	
  

Compared	
   to	
   the	
   authors	
   previous	
   transmission	
   measurements	
   from	
  

polycrystalline	
  diamond,	
  the	
  single-­‐crystal	
  diamond	
  film	
  has	
  a	
  substantially	
  longer	
  

diffusion	
  length	
  (8.1	
  μm	
  vs	
  1.3	
  μm),	
  and	
  comparable	
  transmission	
  gain	
  (~3–4)	
  in	
  

spite	
  of	
  the	
  larger	
  film	
  thickness	
  (8.3	
  μm	
  vs	
  2.5	
  μm).	
  These	
  measurements	
  indicate	
  

that	
  there	
  is	
  not	
  a	
  significant	
  problem	
  with	
  the	
  transport	
  or	
  surface	
  properties	
  of	
  

the	
   diamond	
   material	
   itself.	
   The	
   long	
   transport	
   distance	
   achieved	
   indicates	
   the	
  

potential	
   for	
   excellent	
   electron	
   transport	
   capabilities.	
   The	
   transmission	
   gain	
   is	
  

being	
   limited	
   by	
   diffusion-­‐limited	
   transport	
   in	
   the	
   film.	
   Thus,	
   the	
   transport	
  

efficiency	
   must	
   be	
   improved	
   by	
   applying	
   a	
   bias	
   across	
   the	
   film	
   to	
   generate	
   an	
  

internal	
  field.	
  

The	
   distinctive	
   transmission	
   peak	
   is	
   observed	
   even	
   at	
   Eo	
   =	
   5	
   keV,	
   which	
  

corresponds	
  to	
  a	
  penetration	
  depth	
  of	
  ~0.2	
  µm	
  and	
  therefore	
  a	
  transport	
  distance	
  

of	
  more	
  than	
  8	
  µm.	
  Such	
  a	
  long	
  transport	
  distance	
  is	
  consistent	
  with	
  the	
  predicted	
  

(≥5	
   µm)	
   escape	
   depth	
   in	
   (100)	
   diamond	
   that	
   was	
   deduced	
   from	
   the	
   author’s	
  

previous	
  reflection	
  measurements.	
  

	
  

3.3	
   Night	
  Vision	
  Devices	
  

The	
   current	
   generation	
   of	
   night	
   vision	
   devices	
   is	
   based	
   on	
   the	
   use	
   of	
   image	
  

intensifiers.	
  An	
  image	
  intensifier	
   is	
  a	
  vacuum	
  tube	
  that	
  amplifies	
  a	
   low	
  light-­‐level	
  

scene	
   to	
   observable	
   levels.	
   The	
   object	
   lens	
   collects	
   light	
   and	
   focuses	
   it	
   onto	
   the	
  

image	
  intensifier.	
  At	
  the	
  photocathode	
  of	
  the	
  image	
  intensifier	
  the	
  incoming	
  light	
  is	
  

converted	
   into	
   photo-­‐electrons.	
   These	
   photo-­‐electrons	
   are	
   accelerated	
   in	
   an	
  

electric	
   field	
   and	
   multiplied	
   by	
   a	
   micro	
   channel	
   plate.	
   Subsequently	
   the	
   highly	
  

intensified	
   photo-­‐electrons	
   strike	
   the	
   phosphor	
   screen	
   and	
   a	
   bright	
   image	
   is	
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emitted	
  that	
  you	
  can	
  see.	
  	
  

	
  

	
  

Figure	
  3.8:	
  Components	
  of	
  a	
  night	
  vision	
  device	
  (taken	
  from	
  Ref.	
  3.18)	
  

	
  
Figure	
   3.8	
   shows	
   the	
   components	
   of	
   the	
   image	
   intensifier	
   from	
   the	
   industrial	
  

collaborators	
  of	
  this	
  work,	
  Photonis	
  SAS.	
  The	
  photocathode	
  is	
  the	
  input	
  surface	
  of	
  

an	
  image	
  intensifier;	
  the	
  theory	
  behind	
  its	
  operation	
  is	
  described	
  in	
  chapter	
  3.1.1.	
  

The	
   type	
   of	
   photocathode	
  material	
   used	
   is	
   a	
   distinguishing	
   characteristic	
   of	
   the	
  

generations	
   of	
   image	
   intensifiers.	
   The	
   microchannel	
   plate	
   is	
   a	
   metal	
   coated	
  

(typically	
  nickel-­‐chromium	
  or	
  only	
  chromium	
  that	
  acts	
  as	
  the	
  electrodes)	
  glass	
  disc	
  

that	
  multiples	
  the	
  electrons	
  produced	
  by	
  the	
  photocathode.	
  The	
  number	
  of	
  holes	
  in	
  

an	
  MCP	
  is	
  a	
  major	
  factor	
  in	
  determining	
  resolution.	
  Photonis	
  SAS	
  produces	
  MCP's	
  

with	
   11	
   million	
   pores.	
   The	
   phosphor	
   screen	
   converts	
   electrons	
   into	
   photons.	
   A	
  

very	
  thin	
  layer	
  of	
  phosphor	
  is	
  applied	
  to	
  the	
  output	
  fibre	
  optic	
  system,	
  and	
  emits	
  

light	
  when	
  struck	
  by	
  electrons.	
  

	
  

3.3.1	
   Microchannel	
  plate	
  (MCP)	
  

A	
  type	
  of	
  specialised	
  electron	
  multiplier	
   is	
   the	
  continuous	
  channel.	
  This	
  device	
   is	
  

extremely	
  simple,	
  consisting	
  of	
  a	
  hollow	
  glass	
  tube	
  whose	
   inner	
  surface	
  acts	
  as	
  a	
  

secondary	
   electron	
   emitter.	
   Channel	
   multipliers	
   must	
   be	
   shaped	
   to	
   prevent	
  

feedback	
  problems	
   that	
   can	
   arise	
  when	
  positive	
   ions	
  occasionally	
   formed	
  within	
  

the	
  channel	
  are	
  accelerated	
  in	
  the	
  reverse	
  direction	
  from	
  the	
  electrons.	
  By	
  forming	
  

the	
  channel	
  as	
  a	
  curve	
  or	
  chevron,	
  these	
  ions	
  can	
  be	
  made	
  to	
  strike	
  a	
  wall	
  before	
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their	
  energy	
  is	
  enough	
  to	
  create	
  secondary	
  electrons.	
  Clusters	
  of	
  many	
  thousands	
  

of	
   tubes	
   can	
   be	
   fabricated	
   to	
   form	
   a	
  microchannel	
   plate.	
  Each	
   channel	
   is	
   of	
   very	
  

small	
   diameter	
   (typically	
   15-­‐50	
   µm)	
   and	
   acts	
   as	
   an	
   independent	
   electron	
  

multiplier.	
   MCPs	
   are	
   made	
   from	
   highly	
   resistive	
   material	
   with	
   a	
   thickness	
   of	
  

typically	
  2	
  mm.	
  MCP	
  detectors	
  are	
  extensively	
  used	
  to	
  detect	
  and	
  image	
  individual	
  

particles	
  such	
  as	
  photons,	
  electrons,	
  and	
  ions.	
  	
  Currently	
  the	
  main	
  material	
  for	
  MCP	
  

production	
  is	
  lead-­‐silicate	
  glass.	
  Figure	
  3.9	
  shows	
  a	
  digitally	
  rendered	
  image	
  of	
  an	
  

MCP	
  and	
  Figure	
  3.10	
  shows	
  a	
  schematic	
  diagram	
  of	
  an	
  MCP.	
  

	
  

A	
   gain	
   is	
   achieved	
   by	
   applying	
   a	
   voltage	
   of	
   approximately	
   1	
   kV	
   across	
   the	
  

electrodes.	
  A	
  typical	
  MCP	
  has	
  a	
  resistance	
  of	
  100	
  MΩ.	
  	
  A	
  voltage	
  of	
  1	
  kV	
  results	
  in	
  a	
  

typical	
  current	
  of	
  10	
  µA.	
  This	
  is	
  called	
  a	
  strip	
  current.	
  The	
  current	
  distributes	
  the	
  

voltage	
   evenly	
   along	
   the	
   channel.	
   When	
   the	
   input	
   of	
   the	
   channel	
   is	
   hit	
   by	
   a	
  

photoelectron,	
  it	
  will	
  create	
  a	
  few	
  secondary	
  electrons.	
  The	
  field	
  inside	
  the	
  channel	
  

will	
  accelerate	
   these	
  electrons	
   in	
   the	
  direction	
  of	
   the	
  output.	
  After	
   the	
  secondary	
  

electrons	
   have	
   gained	
   sufficient	
   kinetic	
   energy,	
   they	
   will	
   colloid	
   again	
   with	
   the	
  

wall,	
   creating	
   more	
   secondary	
   electrons.	
   This	
   process	
   repeats	
   itself	
   like	
   an	
  

avalanche	
  until	
  a	
  cloud	
  of	
  electrons	
  leaves	
  the	
  channel.	
  The	
  device	
  acts	
  much	
  like	
  a	
  

photomultiplier	
  tube	
  with	
  continuous	
  dynodes	
  available	
  along	
  its	
  entire	
  length.	
  

	
  

	
  

Figure	
  3.9:	
  A	
  digitally	
  rendered	
  image	
  of	
  an	
  MCP	
  (left)	
  with	
  the	
  channels	
  depicted	
  on	
  the	
  

right	
  (taken	
  from	
  Ref.	
  3.19).	
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Figure	
   3.10:	
   Schematic	
   diagram	
   of	
   an	
   MCP.	
   The	
   top	
   diagram	
   is	
   looking	
   from	
   the	
   side,	
  

showing	
  the	
  angled	
  channels.	
  The	
  bottom	
  diagram	
  shows	
  the	
  electron	
  amplification	
  (taken	
  

from	
  Ref.	
  3.20).	
  

	
  

3.3.2	
   MCP	
  Gain	
  

The	
  MCP	
   has	
   a	
   cascade	
   gain	
  which	
   is	
   given	
   by	
   the	
   following	
   equation	
   using	
   the	
  

length-­‐to-­‐diameter	
   ratio	
   of	
   the	
   channel:	
   gain	
   =	
   exp	
   (G*(L/d),	
   where	
   G	
   is	
   the	
  

secondary	
   emission	
   characteristics	
   of	
   the	
   channel	
   called	
   gain	
   factor.	
   This	
   gain	
  

factor	
  is	
  an	
  inherent	
  characteristic	
  of	
  the	
  channel	
  wall	
  material	
  and	
  represented	
  by	
  

a	
   function	
   of	
   the	
   electric	
   field	
   intensity	
   inside	
   the	
   channel.	
   Generally,	
   L/d	
   is	
  

designed	
  to	
  be	
  around	
  40,	
  which	
  produces	
  a	
  gain	
  of	
  104	
  with	
  an	
  applied	
  voltage	
  of	
  

1	
  kV.	
  

If	
   δ	
   (the	
   secondary	
   electron	
   yield	
   of	
   the	
   material)	
   were	
   strictly	
   constant,	
   each	
  

photoelectron	
   would	
   be	
   subject	
   to	
   exactly	
   the	
   same	
   multiplication	
   factor.	
   In	
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practice,	
  the	
  emission	
  of	
  secondary	
  electrons	
  is	
  a	
  statistical	
  process	
  and	
  therefore	
  

the	
  specific	
  value	
  of	
  δ	
  will	
   fluctuate	
   from	
  event	
   to	
  event	
  about	
   its	
  mean	
  value.	
   In	
  

the	
   simplest	
   model,	
   the	
   production	
   of	
   secondary	
   electrons	
   can	
   be	
   assumed	
   to	
  

follow	
   a	
   Poisson	
   distribution	
   mode	
   about	
   the	
   average	
   yield.	
   For	
   a	
   single	
  

photoelectron	
  incident,	
  the	
  number	
  of	
  secondaries	
  produced	
  has	
  a	
  mean	
  value	
  of	
  δ	
  

and	
  a	
  standard	
  deviation	
  σ	
  of	
  √	
  δ.	
  The	
  relative	
  variance,	
  defined	
  as	
  (σ/	
  δ)2,	
  is	
  this	
  

equal	
  to	
  1/	
  δ.	
  When	
  this	
  process	
  is	
  now	
  compounded	
  over	
  N	
  identical	
  stages	
  of	
  the	
  

channel,	
  the	
  mean	
  number	
  of	
  electrons	
  collected	
  at	
  the	
  anode	
  is	
  given	
  by	
  δ	
  N.	
  It	
  can	
  

be	
  demonstrated	
  from	
  the	
  properties	
  of	
  Poisson	
  statistics	
  that	
  the	
  relative	
  variance	
  

in	
  this	
  number	
  is	
  now	
  	
  

1
11....111

32 −
≅++++
δδδδδ N 	
   	
   	
   (eq.	
  3.3)	
  

Thus	
  if	
  δ	
  >>	
  1,	
  the	
  relative	
  variance	
  or	
  spread	
  in	
  the	
  output	
  pulse	
  is	
  dominated	
  by	
  

fluctuations	
  in	
  the	
  yield	
  from	
  the	
  first	
  interaction	
  with	
  the	
  channel	
  wall,	
  where	
  the	
  

absolute	
  number	
  of	
  electrons	
  is	
  smallest.	
  When	
  poor	
  light	
  conditions	
  exist,	
  signal	
  

pulses	
   corresponding	
   to	
   only	
   a	
   few	
   photoelectrons	
   may	
   be	
   involved.	
   Then	
   the	
  

fluctuations	
   in	
   electron	
   multiplication	
   may	
   interfere	
   with	
   the	
   ability	
   to	
  

discriminate	
   against	
   noise	
   event,	
   many	
   of	
   which	
   correspond	
   to	
   single	
  

photoelectrons.	
  

The	
   gain	
   factor	
   of	
   the	
   Photonis	
   SAS.	
  MCP‡	
   is	
   currently	
  δ	
  =	
   2.5;	
   incidentally	
   it	
   is	
  

possible	
   that	
   an	
   incident	
   photoelectron	
   interaction	
  with	
   the	
  MCP	
   channel	
  would	
  

produce	
   zero	
   secondary	
   electrons	
   (Figure	
   3.11)	
   and	
   the	
   signal	
   from	
   that	
  

photoelectron	
   would	
   be	
   lost.	
   By	
   improving	
   the	
   gain	
   factor	
   of	
   the	
   MCP,	
   the	
  

probability	
   of	
   a	
   zero	
   or	
   a	
   low	
  number	
   of	
   secondary	
   electrons	
   being	
   produced	
   is	
  

lowered.	
  This	
  would	
  greatly	
   improve	
   the	
  performance	
  of	
   the	
   image	
   intensifier	
   in	
  

low	
  light	
  conditions	
  and	
  improve	
  the	
  signal	
  to	
  noise	
  ratio	
  (SNR).	
  

	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
‡	
  Appendix	
  1:	
  Photonis	
  SAS.	
  MCP	
  specifications.	
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Figure	
  3.11:	
  Poisson	
  distribution	
  for	
  values	
  of	
  G	
  (adapted	
  from	
  Ref.	
  3.21).	
  

	
  
	
  

3.3.3	
   Performance	
  characteristics	
  

Two	
  regimes	
  are	
  used	
  to	
  describe	
  the	
  imagine	
  performance	
  of	
  an	
  image	
  intensifier.	
  

At	
  high	
  light	
  levels,	
  there	
  are	
  enough	
  photons	
  available	
  to	
  form	
  a	
  practically	
  noise-­‐

free	
  image;	
  the	
  image	
  quality	
  is	
  determined	
  by	
  the	
  image	
  output	
  contrast.	
  From	
  1	
  

mlux§	
   downward,	
   the	
   noise	
   performance	
   of	
   the	
   image	
   intensifier	
   plays	
   an	
  

increasingly	
   important	
   role.	
   In	
   the	
   shot	
   noise	
   regime,	
   the	
  noisiness	
   of	
   the	
   image	
  

intensifier	
  is	
  determined	
  by	
  three	
  factors.	
  

1. The	
  quantum	
  efficiency	
  of	
  the	
  photocathode.	
  	
  

2. The	
  collection	
  efficiency	
  of	
  the	
  MCP.	
  

3. The	
  gain	
  noise.	
  

Some	
  photoelectrons	
  do	
  not	
  create	
  a	
  detectable	
  effect	
  on	
  the	
  phosphor.	
  They	
  are	
  

annihilated	
  by	
  the	
  MCP	
  cladding	
  or	
  by	
  the	
  Poisson	
  statistics	
  of	
  the	
  first	
  interaction	
  

with	
  the	
  MCP.	
  As	
  explained	
  in	
  the	
  previous	
  section,	
  an	
  improved	
  gain	
  factor	
  of	
  the	
  

MCP	
  will	
   improve	
   the	
  collection	
  efficiency	
  of	
   the	
  MCP	
  and	
  therefore	
   improve	
   the	
  

signal-­‐to-­‐noise	
  ratio.	
  

	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
§	
  lux:	
  Si	
  unit	
  of	
  illuminance.	
  An	
  example	
  of	
  1	
  mlux	
  is	
  a	
  moonless	
  clear	
  night	
  sky	
  
with	
  airglow.	
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Image	
  artifacts	
  

Image	
   intensifiers	
   have	
   some	
   typical	
   artifacts.	
   One	
   of	
   these	
   are	
   ‘halos’;	
   round	
  

brighter	
  areas	
  around	
  bright	
  spots.	
  There	
  are	
  three	
  main	
  causes	
  of	
  halos,	
  the	
  most	
  

disturbing	
  is	
  the	
  one	
  created	
  by	
  backscattered	
  electrons	
  on	
  the	
  MCP.	
  The	
  diameter	
  

of	
  this	
  halo	
  is	
  equal	
  to	
  about	
  four	
  times	
  the	
  cathode	
  gap.	
  Using	
  a	
  carbon	
  material	
  

will	
   lower	
   the	
   backscattering	
   effect	
   causes	
   by	
   the	
   photoelectrons	
   impacting	
   the	
  

walls	
  of	
  the	
  channels.	
  

	
  
	
  
Chapter	
   8	
   investigates	
   the	
   application	
   of	
   nanodiamond	
   coatings	
   in	
   the	
   MCP	
  

channels	
   to	
   improve	
   the	
   secondary	
   electron	
   yield.	
   As	
   discussed	
   earlier	
   in	
   this	
  

chapter,	
   diamond	
   with	
   NEA	
   can	
   be	
   an	
   excellent	
   secondary	
   electron	
   emitter.	
   A	
  

simple	
   but	
   effective	
   process	
   to	
   improve	
   the	
   MCP	
   performance	
   characteristics	
  

would	
  be	
  the	
  ability	
  to	
  coat	
  the	
  existing	
  structure	
  with	
  a	
  film	
  of	
  nanodiamonds.	
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Chapter	
  4	
   	
  Experimental	
  Methods	
  
	
  

4.1	
   Introduction	
  

This	
   chapter	
   describes	
   some	
   of	
   the	
   characterisation	
   techniques	
   employed	
  

throughout	
   this	
   thesis.	
   It	
   begins	
   with	
   an	
   account	
   of	
   some	
   widely	
   utilised	
  

techniques	
   such	
   as	
   atomic	
   force	
   microscopy	
   (AFM),	
   Raman	
   spectroscopy	
   and	
  

scanning	
  electron	
  microscopy	
  (SEM),	
  before	
  going	
  on	
  to	
  describe	
  some	
  of	
  the	
  more	
  

specialised	
  analytical	
  techniques	
  used	
  in	
  this	
  thesis.	
  

	
  

4.2	
   Atomic	
  Force	
  Microscopy	
  (AFM)	
  

AFM	
   is	
   a	
   powerful	
   technique	
   that	
   can	
   image	
   almost	
   any	
   kind	
   of	
   surface.	
   It	
   was	
  

developed	
   to	
   overcome	
   a	
   basic	
   drawback	
   with	
   STM;	
   that	
   it	
   can	
   only	
   image	
  

conducting	
  or	
  semiconducting	
  materials.4.1	
  

This	
  work	
  has	
  relied	
  heavily	
  on	
  AFM	
  for	
   the	
   imaging	
  of	
  nanodiamonds.	
  AFM	
  has	
  

provided	
  information	
  on	
  the	
  topography	
  of	
  diamond	
  layers,	
  the	
  size	
  of	
   individual	
  

nanodiamond	
  particles	
  in	
  distributed	
  layers	
  and	
  also	
  layer	
  thicknesses	
  obtained	
  by	
  

different	
  substrate	
  coating	
  techniques.	
  

The	
  AFM	
  consists	
  of	
  a	
  cantilever	
  with	
  an	
  atomically	
  sharp	
  tip	
  extended	
  down	
  from	
  

the	
  end	
  of	
  the	
  cantilever.	
  Tips	
  are	
  typically	
  made	
  from	
  silicon	
  or	
  silicon	
  nitride.	
  The	
  

tip	
   is	
   scanned	
   over	
   a	
   surface	
   with	
   feedback	
   mechanisms	
   that	
   enable	
   the	
   piezo-­‐

electric	
   scanners	
   to	
   maintain	
   the	
   tip	
   at	
   a	
   constant	
   force	
   (to	
   obtain	
   height	
  

information),	
   or	
   height	
   (to	
   obtain	
   force	
   information)	
   above	
   the	
   sample	
   surface.	
  	
  

Depending	
  on	
  the	
  situation,	
   forces	
   that	
  are	
  measured	
   in	
  AFM	
  include	
  mechanical	
  

contact	
  force,	
  van	
  der	
  Waals	
  forces	
  and	
  magnetic	
  forces.	
  	
  Typical	
  AFM	
  heads	
  (such	
  

as	
  the	
  one	
  used	
  in	
  this	
  work)	
  employ	
  an	
  optical	
  detection	
  system	
  in	
  which	
  the	
  tip	
  is	
  

attached	
   to	
   the	
  underside	
  of	
  a	
   reflective	
  cantilever.	
  A	
  diode	
   laser	
   is	
   focused	
  onto	
  

the	
   back	
   of	
   a	
   reflective	
   cantilever.	
   As	
   the	
   tip	
   scans	
   the	
   surface	
   of	
   the	
   sample,	
  

moving	
  up	
  and	
  down	
  with	
  the	
  contour	
  of	
  the	
  surface,	
   the	
   laser	
  beam	
  is	
  deflected	
  

off	
   the	
   attached	
   cantilever	
   into	
   a	
   photodiode.	
   The	
   photodetector	
   measures	
   the	
  

difference	
   in	
   light	
   intensities	
   between	
   the	
   upper	
   and	
   lower	
   photodetectors,	
   and	
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then	
  converts	
  to	
  voltage.	
  Feedback	
  from	
  the	
  photodiode	
  difference	
  signal,	
  through	
  

software	
  control	
  from	
  the	
  computer,	
  enables	
  the	
  tip	
  to	
  maintain	
  either	
  a	
  constant	
  

force	
  or	
  constant	
  height	
  above	
  the	
  sample.	
  	
  

The	
  primary	
  modes	
  of	
  operation	
  for	
  an	
  AFM	
  are	
  static	
  mode	
  and	
  dynamic	
  mode.	
  In	
  

static	
  mode,	
   the	
   cantilever	
   is	
   'dragged'	
   across	
   the	
   surface	
   of	
   the	
   sample	
   and	
   the	
  

contours	
  of	
  the	
  surface	
  are	
  measured	
  directly	
  using	
  the	
  deflection	
  of	
  the	
  cantilever.	
  

In	
   the	
   dynamic	
   mode,	
   the	
   cantilever	
   is	
   externally	
   oscillated	
   at	
   or	
   close	
   to	
   its	
  

fundamental	
  resonance	
  frequency	
  or	
  a	
  harmonic.	
  The	
  oscillation	
  amplitude,	
  phase	
  

and	
   resonance	
   frequency	
   are	
   modified	
   by	
   tip-­‐sample	
   interaction	
   forces.	
   These	
  

changes	
   in	
   oscillation	
   with	
   respect	
   to	
   the	
   external	
   reference	
   oscillation	
   provide	
  

information	
  about	
  the	
  sample's	
  characteristics.	
  

	
  

	
  

Figure	
  4.1:	
  Schematic	
  illustration	
  of	
  the	
  cantilever	
  scanning	
  action	
  (taken	
  from	
  Ref.	
  4.2).	
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4.2.1	
   Contact	
  mode	
  

In	
  the	
  static	
  mode	
  operation,	
  the	
  static	
  tip	
  deflection	
  is	
  used	
  as	
  a	
  feedback	
  signal.	
  

Because	
  the	
  measurement	
  of	
  a	
  static	
  signal	
  is	
  prone	
  to	
  noise	
  and	
  drift,	
  low	
  stiffness	
  

cantilevers	
  are	
  used	
  to	
  boost	
  the	
  deflection	
  signal.	
  However,	
  close	
  to	
  the	
  surface	
  of	
  

the	
  sample,	
  attractive	
  forces	
  can	
  be	
  quite	
  strong,	
  causing	
  the	
  tip	
  to	
  'snap-­‐in'	
  to	
  the	
  

surface.	
  Thus	
  static	
  mode	
  AFM	
  is	
  almost	
  always	
  done	
  in	
  contact	
  where	
  the	
  overall	
  

force	
  is	
  repulsive.	
  Consequently,	
  this	
  technique	
  is	
  typically	
  called	
  'contact	
  mode'.	
  In	
  

contact	
  mode,	
   the	
   force	
   between	
   the	
   tip	
   and	
   the	
   surface	
   is	
   kept	
   constant	
   during	
  

scanning	
  by	
  maintaining	
  a	
  constant	
  deflection.	
  

4.2.2	
   Non-­‐contact	
  mode	
  	
  

Non-­‐contact	
  mode	
  belongs	
  to	
  a	
  family	
  of	
  AC	
  modes,	
  which	
  refers	
  to	
  the	
  use	
  of	
  an	
  

oscillating	
   cantilever.	
   A	
   stiff	
   cantilever	
   is	
   oscillated	
   in	
   the	
   attractive	
   regime,	
  

meaning	
   that	
   the	
   tip	
   is	
   quite	
   close	
   to	
   the	
   sample,	
   but	
   not	
   touching	
   it	
   (hence,	
  

“noncontact”).	
   	
   The	
   tip	
   hovers	
   50	
   -­‐	
   150	
   Angstrom	
   above	
   the	
   sample	
   surface.	
  

Attractive	
  Van	
  der	
  Waals	
  forces	
  (in	
  the	
  order	
  of	
  picoNewtons)	
  acting	
  between	
  the	
  

tip	
   and	
   the	
   sample	
   are	
   detected,	
   and	
   topographic	
   images	
   are	
   constructed	
   by	
  

scanning	
   the	
   tip	
  above	
   the	
   surface.	
  The	
  detection	
   scheme	
   is	
  based	
  on	
  measuring	
  

changes	
   to	
   the	
   resonant	
   frequency	
   or	
   amplitude	
   of	
   the	
   oscillating	
   cantilever	
   in	
  

response	
  to	
  force	
  gradients	
  from	
  the	
  sample.	
  

4.2.3	
   Dynamic	
  force/“tapping	
  mode”	
  AFM	
  

In	
   tapping	
  mode,	
   a	
   stiff	
   cantilever	
   is	
   oscillated	
   closer	
   to	
   the	
   sample	
   than	
   in	
   non	
  

contact	
  mode.	
  Part	
  of	
   the	
  oscillation	
  extends	
   into	
  the	
  repulsive	
  regime,	
  so	
  the	
  tip	
  

intermittently	
  touches	
  or	
  “taps”	
  the	
  surface.	
  Very	
  stiff	
  cantilevers	
  are	
  used	
  as	
  tips	
  

can	
  get	
  “stuck”	
   in	
   the	
  water	
  contamination	
   layer.	
  Due	
  to	
   the	
   interaction	
  of	
   forces	
  

acting	
   on	
   the	
   cantilever	
  when	
   the	
   tip	
   comes	
   close	
   to	
   the	
   surface,	
   Van	
  der	
  Waals	
  

force,	
  dipole-­‐dipole	
  interaction,	
  electrostatic	
  forces,	
  etc	
  cause	
  the	
  amplitude	
  of	
  this	
  

oscillation	
  to	
  decrease	
  as	
  the	
  tip	
  gets	
  closer	
  to	
  the	
  sample.	
  An	
  electronic	
  servo	
  uses	
  

the	
  piezoelectric	
  actuator	
  to	
  control	
  the	
  height	
  of	
  the	
  cantilever	
  above	
  the	
  sample.	
  

The	
  servo	
  adjusts	
   the	
  height	
   to	
  maintain	
  a	
  set	
  cantilever	
  oscillation	
  amplitude	
  as	
  

the	
   cantilever	
   is	
   scanned	
   over	
   the	
   sample.	
   A	
   tapping	
   AFM	
   image	
   is	
   therefore	
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produced	
   by	
   imaging	
   the	
   force	
   of	
   the	
   intermittent	
   contacts	
   of	
   the	
   tip	
   with	
   the	
  

sample	
  surface.	
  

This	
   method	
   of	
   'tapping'	
   lessens	
   the	
   damage	
   done	
   to	
   the	
   surface	
   and	
   the	
   tip	
  

compared	
   to	
   the	
   amount	
   done	
   in	
   contact	
   mode.	
   In	
   addition	
   to	
   this	
   the	
   lateral	
  

resolution	
   is	
   improved	
   on	
   soft	
   samples	
   and	
   lateral	
   forces	
   such	
   as	
   drag,	
  which	
   is	
  

common	
  in	
  contact	
  mode,	
  are	
  virtually	
  eliminated.	
  

	
  

4.3	
   Fourier	
  Transform	
  Infra-­‐Red	
  Spectroscopy	
  (FTIR)	
  

Fourier	
   transform	
   infrared	
   spectroscopy	
   (FTIR)	
   is	
   a	
   technique	
  which	
   is	
   used	
   to	
  

obtain	
  an	
  infrared	
  spectrum	
  of	
  absorption,	
  emission,	
  photoconductivity	
  or	
  Raman	
  

scattering	
   of	
   a	
   solid,	
   liquid	
   or	
   gas.	
   Functional	
   groups	
   have	
   natural	
   vibration	
  

frequencies	
   characteristic	
  of	
   that	
   functional	
   group.	
  The	
   resonant	
   frequencies	
   can	
  

be	
  in	
  a	
  first	
  approach	
  related	
  to	
  the	
  strength	
  of	
  the	
  bond,	
  and	
  the	
  mass	
  of	
  the	
  atom	
  

at	
  either	
  end	
  of	
   it.	
  Thus,	
   the	
   frequency	
  of	
   the	
  vibrations	
  can	
  be	
  associated	
  with	
  a	
  

particular	
   bond	
   type.	
   The	
   fact	
   that	
  many	
   functional	
   groups	
   can	
   be	
   identified	
   by	
  

their	
  characteristic	
  vibration	
  or	
  resonant	
  frequencies	
  makes	
  infrared	
  spectroscopy	
  

often	
  the	
  most	
  simplest	
  and	
  rapid	
  means	
  of	
  assigning	
  a	
  compound	
  to	
  its	
  class.	
  It	
  is	
  

extensively	
  employed	
  in	
  chapter	
  7	
  to	
  provide	
  information	
  on	
  the	
  functional	
  groups	
  

that	
  are	
  present	
  on	
  the	
  surface	
  of	
  nanodiamond	
  particles.	
  	
  

	
  

4.3.1	
   Vibrational	
  spectroscopy	
  

When	
  two	
  or	
  more	
  atoms	
  are	
  bonded	
  together	
  to	
  form	
  a	
  molecule	
  many	
  different	
  

modes	
  of	
  mechanical	
  vibration	
  are	
  possible.	
  The	
  diatomic	
  molecule	
  can	
  also	
  have	
  

different	
  modes	
  of	
  rotation.	
  It	
  happens	
  that	
  the	
  frequency	
  of	
  molecular	
  vibrations	
  

usually	
  lies	
  in	
  the	
  infrared	
  region	
  of	
  the	
  electromagnetic	
  wave	
  spectrum.	
  Infrared	
  

absorption	
   spectroscopy	
   can	
   therefore	
   be	
   used	
   to	
   study	
   the	
   various	
   modes	
   of	
  

mechanical	
  vibrations	
   in	
  a	
  molecule.	
   It	
  happens	
  that	
   in	
  polyatomic	
  molecules	
  the	
  

frequencies	
  of	
  mechanical	
  vibrations	
  can	
  be	
  used	
   to	
   identify	
   the	
  various	
   types	
  of	
  

bonds	
   and	
   functional	
   groups	
   present	
   in	
   the	
   molecule.	
   This	
   is	
   the	
   basis	
   of	
   the	
  



Chapter	
  4:	
  Experimental	
  Methods	
   	
  
	
   	
  
	
  

73	
  
	
  

popularity	
   of	
   infrared	
   absorption	
   spectroscopy	
   in	
   both	
   organic	
   and	
   inorganic	
  

chemistry.4.3	
  

For	
  infrared	
  spectroscopy,	
  the	
  selection	
  rule	
  is	
  that	
  the	
  electric	
  dipole	
  moment	
  of	
  

the	
   molecule	
   must	
   change	
   during	
   vibration	
   in	
   order	
   for	
   a	
   particular	
   vibration	
  

mode	
  to	
  be	
  infrared	
  active.	
  Symmetric	
  vibrations	
  are	
  therefore	
  forbidden	
  because	
  

the	
  electric	
  dipole	
  moment	
  will	
  not	
  change.	
  The	
  symmetric	
  stretch	
  mode	
  of	
  carbon	
  

dioxide,	
  for	
  example,	
  is	
  not	
  IR	
  active.4.3	
  

A	
   complex	
  molecule	
   has	
   a	
   large	
   number	
   of	
   vibrational	
  modes	
  which	
   involve	
   the	
  

whole	
   molecule.	
   To	
   a	
   good	
   approximation,	
   however,	
   some	
   of	
   these	
   molecular	
  

vibrations	
  are	
  associated	
  with	
  the	
  vibrations	
  of	
  the	
  individual	
  bonds	
  or	
  functional	
  

groups	
  (localised	
  vibrations)	
  while	
  others	
  must	
  be	
  considered	
  as	
  vibrations	
  of	
  the	
  

whole	
  molecule.	
  The	
   localized	
  vibrations	
   are	
   either,	
   stretching,	
   bending,	
   rocking,	
  

twisting	
  or	
  wagging.	
  To	
  illustrate	
  this,	
  the	
  methylene	
  group	
  is	
  used	
  (Figure	
  4.2)	
  

	
  

	
  

Figure	
   4.2:	
   Major	
   vibrational	
   modes	
   for	
   a	
   non-­‐liner	
   group	
   methylene	
   (CH2)	
   (reproduced	
  

from	
  Ref.	
  4.4).	
  

	
  
By	
  passing	
  a	
  beam	
  of	
  infrared	
  light	
  through	
  the	
  sample,	
  its	
  infrared	
  spectrum	
  can	
  

be	
  recorded.	
   	
  Examination	
  of	
  the	
  transmitted	
  light	
  reveals	
  how	
  much	
  energy	
  was	
  

absorbed	
   at	
   each	
   wavelength.	
   This	
   can	
   be	
   done	
   with	
   a	
   monochromatic	
   beam,	
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which	
   changes	
   in	
   wavelength	
   over	
   time,	
   or	
   by	
   using	
   a	
   Fourier	
   transform	
  

instrument	
   to	
   measure	
   all	
   wavelengths	
   at	
   once.	
   From	
   this,	
   a	
   transmittance	
   or	
  

absorbance	
   spectrum	
   can	
   be	
   produced,	
   showing	
   at	
   which	
   IR	
   wavelengths	
   the	
  

sample	
  absorbs.	
  Analysis	
  of	
  these	
  absorption	
  characteristics	
  reveals	
  details	
  about	
  

the	
  molecular	
  structure	
  of	
  the	
  sample.	
  When	
  the	
  frequency	
  of	
  the	
  IR	
  is	
  the	
  same	
  as	
  

the	
  vibrational	
  frequency	
  of	
  a	
  bond,	
  absorption	
  occurs.	
  

	
  

4.3.2	
   Terminology	
  

In	
   infrared	
   spectroscopy	
   the	
   term	
   “wavenumber”,	
   which	
   is	
   defined	
   as	
   the	
  

reciprocal	
   of	
   the	
   wavelength	
   and	
   thus	
   proportional	
   to	
   the	
   frequency,	
   is	
   widely	
  

used.	
  Wavenumber	
   is	
   expressed	
   in	
   cm-­‐1.	
   Transmittance	
   T	
   is	
   defined	
   by	
   T	
   =	
   I/I0,	
  

where	
   I	
   is	
   the	
   intensity	
   of	
   light	
   transmitted	
   through	
   the	
   sample	
   and	
   I0	
   is	
   the	
  

intensity	
  of	
  light	
  incident	
  on	
  the	
  sample.	
  Absorbance	
  A	
  is	
  defined	
  by	
  A	
  =	
  log	
  (1/T).	
  

The	
   infrared	
   spectrum	
   obtained	
   by	
   FTIR	
   spectrometer	
   is	
   in	
   the	
   form	
   of	
   either	
  

transmittance	
  T	
  or	
  absorbance	
  A	
  plotted	
  against	
  wavenumber.	
  

	
  

4.3.3	
   Fourier	
  transfer	
  infrared	
  spectrometry	
  

The	
   principle	
   behind	
   Fourier	
   Transform	
   Infrared	
   Spectroscopy	
   (FTIR)	
   is	
  

essentially	
  based	
  on	
  the	
  Michelson	
  Interferometer	
  (Figure	
  4.3).	
  

	
  

Figure	
  4.3:	
  Schematic	
  of	
  Michelson’s	
  interferometer.	
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The	
   Michelson	
   interferometer	
   consists	
   of	
   a	
   beamsplitter,	
   a	
   fixed	
   mirror	
   and	
   a	
  

moving	
   mirror.	
   Collimated	
   radiation	
   from	
   the	
   broadband	
   infrared	
   source	
   is	
  

directed	
   into	
   the	
   interferometer	
   and	
   impinges	
   on	
   the	
   beamsplitter.	
   The	
  

beamsplitter	
   splits	
   the	
   incoming	
   beam	
   into	
   two	
   beams	
   of	
   equal	
   intensity.	
  

Approximately	
   half	
   of	
   the	
   infrared	
   radiation	
   from	
   the	
   source	
   is	
   transmitted	
  

through	
   the	
   beamsplitter	
   and	
   directed	
   onto	
   the	
   fixed	
  mirror,	
  whereas	
   the	
   other	
  

half	
  reflects	
  off	
  the	
  beamsplitter	
  and	
  is	
  directed	
  onto	
  the	
  fixed	
  mirror.	
  The	
  beams	
  

reflect	
   off	
   the	
   surfaces	
   of	
   the	
   two	
   mirrors	
   and	
   recombine	
   at	
   the	
   beamsplitter,	
  

where	
  constructive	
  and	
  destructive	
  interference	
  occurs	
  depending	
  on	
  the	
  position	
  

of	
   the	
   moving	
   mirror	
   relative	
   to	
   the	
   fixed	
   mirror.	
   The	
   resulting	
   beam	
   passes	
  

through	
   the	
   sample	
   where	
   selective	
   absorption	
   takes	
   place	
   and	
   then	
   continues	
  

onto	
   the	
   detector.	
   The	
   scan	
   in	
   FTIR	
   spectroscopy	
   is	
   achieved	
   by	
   the	
  mechanical	
  

displacement	
  of	
  the	
  moving	
  mirror	
  assembly.	
  The	
  detected	
  signal	
  as	
  a	
  function	
  of	
  

the	
   position	
   of	
   the	
   moving	
   mirror	
   is	
   called	
   on	
   “interferogram”,	
   and	
   is	
   fed	
   to	
   a	
  

computer.	
   A	
   data-­‐processing	
   technique	
   called	
   Fourier	
   Transform	
   turns	
   this	
   raw	
  

data	
  into	
  the	
  desired	
  result,	
  i.e.	
  the	
  sample’s	
  spectrum.	
  

	
  

4.3.4	
   Transparent	
  substrates	
  

When	
   FTIR	
   is	
   applied	
   to	
   thin	
   films	
   relevant	
   to	
   microelectronics,	
   the	
   infrared	
  

absorption	
   spectrum	
   of	
   a	
   thin	
   solid	
   film	
   or	
   an	
   infrared-­‐transparent	
   substrate	
   is	
  

needed.	
   Even	
   though	
   silicon	
   is	
   a	
   very	
   good	
   infrared	
   material	
   in	
   terms	
   of	
  

transparency,	
   it	
   is	
   not	
   perfect	
   due	
   to	
   five	
   factors:	
   1)	
   infrared	
   absorption	
   due	
   to	
  

lattice	
   vibrations:	
   in	
  monocrystalline	
   silicon,	
   its	
   atoms	
   can	
  have	
   collective	
   lattice	
  

vibration	
   modes	
   known	
   as	
   phonons;	
   various	
   absorption	
   peaks	
   in	
   the	
   infrared	
  

absorption	
  spectrum	
  of	
  silicon	
  are	
  assigned	
   to	
  various	
  combinations	
  of	
  phonons;	
  

2)	
   infrared	
   absorption	
   due	
   to	
   impurities;	
   3)	
   free-­‐carrier	
   absorption:	
   in	
  

semiconductors,	
   electrons	
   at	
   the	
   bottom	
   of	
   the	
   conduction	
   band	
   can	
   absorb	
  

infrared	
  radiation	
  to	
  go	
  up	
  to	
  energy	
  levels	
  slightly	
  higher	
  than	
  the	
  bottom	
  of	
  the	
  

conduction	
   band;	
   4)	
   plasma	
   resonance,	
   defined	
   as	
   the	
   collective	
   vibration	
   of	
  

electrons	
  or	
  holes	
  with	
  respect	
  to	
  the	
  fixed	
  atoms	
  in	
  semiconductors;	
  the	
  substrate	
  

is	
   transparent	
   for	
   frequencies	
   above	
   the	
   plasma	
   resonance	
   frequency.	
   In	
  

semiconductors,	
   the	
  plasma	
   resonance	
   frequency	
   lies	
  within	
   the	
   infrared	
   region;	
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5)	
   surface	
   roughness:	
   silicon	
   substrates	
   are	
   usually	
   highly	
   polished	
   only	
   on	
   one	
  

side,	
   and	
   it	
   has	
   been	
   proved	
   that	
   the	
   rough	
   side	
   can	
   scatter	
   infrared	
   light	
  

significantly.	
  

	
  

Potassium	
   Bromide	
   (KBr)	
   does	
   not	
   influence	
   the	
   infrared	
   spectrum	
   in	
   the	
  

wavenumber	
  range	
  4000	
  –	
  400	
  cm-­‐1.	
  This	
  technique	
  can	
  be	
  used	
  when	
  the	
  sample	
  

material	
   can	
  be	
  crushed	
  or	
  ground.	
  Two	
  milligrams	
  of	
  sample	
   is	
  mixed	
  with	
  200	
  

mg	
   of	
   KBr	
   powder.	
   The	
  mixture	
   is	
   pressed	
   into	
   a	
   tablet,	
  which	
   is	
   then	
   used	
   for	
  

analysis.	
  This	
  technique	
  was	
  used	
  to	
  analyse	
  detonation	
  nanodiamond	
  powders.4.5	
  

FTIR	
  has	
  been	
  extensively	
  used	
   to	
   investigate	
   the	
  presence	
  of	
   various	
   functional	
  

groups	
  on	
  the	
  surface	
  of	
  DND.4.6,4.7,4.8,4.9	
  

	
  

4.4	
   Raman	
  Spectroscopy	
  

Raman	
  spectroscopy	
  is	
  a	
  surface	
  and	
  near-­‐surface	
  probe	
  which	
  offers	
  insight	
  into	
  

the	
  binding	
  energy	
  of	
   atoms	
  within	
  a	
   sample	
  by	
  observing	
   the	
   light	
   scattered	
  by	
  

them.	
  When	
  monochromatic	
   light,	
   usually	
   from	
   a	
   laser,	
   is	
   incident	
   on	
   a	
   sample	
  

surface,	
  a	
   small	
  proportion	
  of	
   the	
  scattered	
   light	
  experiences	
  an	
   interaction	
  with	
  

the	
  lattice	
  resulting	
  in	
  the	
  creation	
  of	
  an	
  optical	
  phonon	
  and	
  a	
  consequent	
  loss	
  of	
  

energy	
  known	
  as	
   the	
   ‘Raman	
  effect’.	
   If	
   the	
  photon	
  experiences	
  a	
  perfectly	
  elastic	
  

collision	
  with	
  the	
  material,	
  it	
  is	
  reflected	
  with	
  no	
  change	
  in	
  frequency.	
  In	
  this	
  case,	
  

radiation	
  is	
  emitted	
  in	
  all	
  directions	
  win	
  an	
  intensity	
  inversely	
  proportional	
  to	
  the	
  

fourth	
   power	
   of	
   the	
   wavelength,	
   therefore	
   shorter	
   wavelengths	
   are	
   more	
  

prominent	
  in	
  scattered	
  light.	
  

Radiation	
   scattered	
   with	
   a	
   frequency	
   lower	
   than	
   that	
   of	
   the	
   incident	
   beam	
   is	
  

referred	
   to	
   as	
   ‘Stokes’	
   radiation.	
   In	
   an	
   inelastic	
   collision,	
   energy	
   is	
   exchanged	
  

between	
   the	
   incident	
   photon	
   and	
   the	
   molecule.	
   The	
   photon	
   may	
   give	
   up	
   a	
  

proportion	
  of	
   its	
   energy	
   to	
   excite	
   a	
   lattice	
  phonon	
  and	
   thus	
   emerges	
  with	
   lower	
  

energy.	
  Photons	
  such	
  as	
   these	
  which	
  contribute	
   to	
   the	
   lower	
   frequency	
  area	
  of	
  a	
  

Raman	
   distribution	
   give	
   rise	
   to	
   Stokes	
   lines.	
   If	
   molecules	
   within	
   the	
   lattice	
   are	
  

initially	
  in	
  an	
  excited	
  state	
  and	
  lose	
  energy	
  to	
  the	
  incident	
  photons,	
  the	
  emergent	
  

beams	
  are	
  of	
  a	
  higher	
  frequency	
  than	
  the	
  Rayleigh	
  line.	
  This	
  lines	
  are	
  termed	
  Anti-­‐

Stokes.	
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Raman	
   spectroscopy	
   does	
   not	
   require	
   operation	
   at	
   a	
   specific	
   region	
   of	
   the	
   light	
  

spectrum.	
   The	
   region	
   is	
   governed	
   by	
   the	
   choice	
   of	
   incident	
   light	
   frequency,	
   and	
  

therefore	
  Raman	
  analysis	
  may	
  be	
  performed	
  in	
  the	
  visible	
  region.	
  

In	
  a	
  typical	
  experimental	
  set-­‐up,	
   laser	
  light	
   is	
  delivered	
  to	
  the	
  sample	
  through	
  an	
  

optical	
  microscope	
  to	
  facilitate	
  the	
  operator	
  to	
  selection	
  the	
  region	
  of	
  the	
  sample	
  to	
  

be	
   analysed.	
   	
   The	
   scatted	
   light	
   is	
   then	
   filtered	
   and	
   delivered	
   to	
   an	
   optical	
  

multichannel	
   analyser	
   which	
   can	
   take	
   the	
   form	
   of	
   a	
   spectrometer	
   or	
  

monochromator	
   combined	
   with	
   a	
   photodiode	
   array	
   or	
   charge	
   coupled	
   device.	
  	
  

Scanning,	
  collection	
  and	
  interpretation	
  of	
  the	
  data	
  under	
  computer	
  control	
  allows	
  

rapid	
  generation	
  of	
  spectra	
  having	
  a	
  resolution	
  of	
  less	
  than	
  one	
  wavenumber	
  with	
  

the	
  mode	
   of	
   operation	
   (Stokes	
   or	
   anti-­‐Stokes)	
   being	
   determined	
   by	
   the	
   filtering	
  

regime	
  of	
  the	
  optical	
  system.	
  

Raman	
   scattering	
   spectroscopy	
   is	
   a	
   particularly	
   useful	
   technique	
   to	
   differentiate	
  

between	
  different	
  phases	
  of	
  carbon,	
  as	
  diamond	
  and	
  related	
  carbon	
  material	
  have	
  

strong	
   and	
   recognisable	
   Raman	
   “signature’	
   spectra.	
   Since	
   it	
   is	
   non	
   destructive,	
  

requires	
  virtually	
  no	
  sample	
  preparation	
  or	
  vacuum	
  requirements,	
  it	
  is	
  incredibly	
  

useful	
  for	
  the	
  identification	
  of	
  diamond.	
  The	
  first	
  order	
  Raman	
  spectrum	
  of	
  natural	
  

diamond	
  (purely	
   sp3	
   bonded	
  carbon)	
  has	
  been	
  demonstrated	
   to	
   show	
  an	
  explicit	
  

single	
   peak	
   at	
   1332cm-­‐1	
   at	
   room	
   temperature,	
   which	
   is	
   clearly	
   distinguishable	
  

from	
   the	
   broader	
   non-­‐diamond	
   carbon	
   features	
   such	
   as	
   those	
   shown	
   at	
   1500-­‐

1600cm-­‐1.	
  

	
  

	
  

4.5	
   Scanning	
  electron	
  microscopy	
  

A	
   scanning	
   electron	
   microscope	
   uses	
   a	
   focussed	
   beam	
   of	
   high	
   energy	
   electrons	
  

instead	
   of	
   light	
   to	
   form	
   an	
   image.	
   The	
   signals	
   that	
   derive	
   from	
   electron-­‐sample	
  

interactions	
   reveal	
   information	
   about	
   the	
   sample	
   including	
   external	
  morphology	
  

(texture),	
   chemical	
   composition,	
   and	
   crystalline	
   structure	
   and	
   orientation	
   of	
  

materials	
  making	
  up	
  the	
  sample.	
  

	
  

In	
  a	
  typical	
  SEM,	
  an	
  electron	
  beam	
  is	
  thermionically	
  emitted	
  from	
  an	
  electron	
  gun	
  

under	
   vacuum	
   conditions.	
   The	
   gun	
   filament	
   is	
   usually	
   a	
   loop	
   of	
   tungsten	
  which	
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functions	
  as	
  the	
  cathode.	
  Since	
  tungsten	
  has	
  a	
  high	
  melting	
  point	
  and	
  low	
  vapour	
  

pressure,	
  it	
  can	
  be	
  heated	
  for	
  electron	
  emission.	
  Field	
  emission	
  guns	
  (FEG)	
  can	
  also	
  

be	
  used	
   to	
  produce	
  an	
  electron	
  beam	
   that	
   is	
   smaller	
   in	
  diameter,	
  more	
  coherent	
  

and	
  with	
   up	
   to	
   three	
   orders	
   of	
  magnitude	
   greater	
   current	
   density	
   or	
   brightness	
  

than	
  can	
  be	
  achieved	
  with	
  conventional	
  thermionic	
  emitters.	
  

	
  

The	
  electron	
  beam,	
  which	
  typically	
  has	
  an	
  energy	
  ranging	
  from	
  0.2	
  keV	
  to	
  40	
  keV	
  is	
  

focused	
   by	
   one	
   or	
   two	
   condenser	
   lenses	
   to	
   a	
   spot	
   about	
   0.4	
  nm	
   to	
   5	
  nm	
   in	
  

diameter.	
   The	
   beam	
   passes	
   through	
   pairs	
   of	
   scanning	
   coils	
   or	
   pairs	
   of	
   deflector	
  

plates	
  in	
  the	
  electron	
  column,	
  typically	
  in	
  the	
  final	
  lens,	
  which	
  deflect	
  the	
  beam	
  in	
  

the	
  x	
  and	
  y	
  axes	
  so	
  that	
  it	
  scans	
  in	
  a	
  raster	
  fashion	
  over	
  a	
  rectangular	
  area	
  of	
  the	
  

sample	
  surface.	
  The	
  energy	
  exchange	
  between	
  the	
  electron	
  beam	
  and	
  the	
  sample	
  

results	
  in	
  the	
  reflection	
  of	
  high-­‐energy	
  electrons	
  by	
  elastic	
  scattering,	
  emission	
  of	
  

secondary	
   electrons	
   by	
   inelastic	
   scattering	
   and	
   the	
   emission	
   of	
   electromagnetic	
  

radiation,	
   each	
   of	
  which	
   can	
   be	
   detected	
   by	
   specialised	
   detectors.	
   These	
   signals	
  

include	
   secondary	
   electrons	
   (that	
   produce	
   SEM	
   images),	
   backscattered	
   electrons	
  

(BSE),	
  diffracted	
  backscattered	
  electrons	
  (EBSD	
  that	
  are	
  used	
  to	
  determine	
  crystal	
  

structures	
   and	
   orientations	
   of	
  minerals),	
   photons	
   (characteristic	
   X-­‐rays	
   that	
   are	
  

used	
   for	
   elemental	
   analysis	
   and	
   continuum	
   X-­‐rays),	
   visible	
   light	
  

(cathodoluminescence-­‐CL),	
   and	
   heat.	
   Secondary	
   electrons	
   and	
   backscattered	
  

electrons	
  are	
  commonly	
  used	
   for	
   imaging	
  samples:	
  secondary	
  electrons	
  are	
  most	
  

valuable	
   for	
   showing	
   morphology	
   and	
   topography.	
   In	
   the	
   most	
   common	
   or	
  

standard	
  detection	
  mode,	
  secondary	
  electron	
  imaging	
  or	
  SEI,	
  the	
  SEM	
  can	
  produce	
  

very	
  high-­‐resolution	
  images	
  of	
  a	
  sample	
  surface,	
  revealing	
  details	
  about	
  less	
  than	
  1	
  

to	
  5	
  nm	
   in	
  size.	
  Due	
   to	
   the	
  very	
  narrow	
  electron	
  beam,	
  SEM	
  micrographs	
  have	
  a	
  

large	
  depth	
  of	
   field	
  yielding	
  a	
  characteristic	
   three-­‐dimensional	
  appearance	
  useful	
  

for	
  understanding	
  the	
  surface	
  structure	
  of	
  a	
  sample.	
  

	
  

The	
  secondary	
  electrons	
  are	
  moving	
  very	
  slowly	
  when	
  they	
  leave	
  the	
  sample	
  and	
  

are	
   attracted	
   to	
   the	
   detector	
   which	
   has	
   a	
   positive	
   charge.	
   This	
   attractive	
   force	
  

allows	
  electrons	
  from	
  a	
  wide	
  area	
  to	
  be	
  pulled	
  in.	
  The	
  secondary	
  electron	
  current	
  

reaching	
  the	
  detector	
  is	
  recorded	
  and	
  the	
  microscope	
  image	
  consists	
  of	
  a	
  “plot”	
  of	
  

this	
  current	
  against	
  probe	
  position	
  on	
  the	
  surface.	
  The	
  contrast	
  in	
  the	
  micrograph	
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arises	
   from	
   several	
   mechanisms,	
   but	
   first	
   and	
   foremost	
   from	
   variations	
   in	
   the	
  

surface	
  topography. Electronic	
  amplifiers	
  of	
  various	
  types	
  are	
  used	
  to	
  amplify	
  the	
  

signals	
  which	
  are	
  displayed	
  as	
  variations	
  in	
  brightness	
  on	
  a	
  cathode	
  ray	
  tube.	
  The	
  

raster	
   scanning	
  of	
   the	
  CRT	
  display	
   is	
   synchronised	
  with	
   that	
  of	
   the	
  beam	
  on	
   the	
  

specimen	
   in	
   the	
  microscope,	
   and	
   the	
   resulting	
   image	
   is	
   therefore	
   a	
   distribution	
  

map	
   of	
   the	
   intensity	
   of	
   the	
   signal	
   being	
   emitted	
   from	
   the	
   scanned	
   area	
   of	
   the	
  

specimen.	
   The	
   image	
   may	
   be	
   captured	
   by	
   photography	
   from	
   a	
   high-­‐resolution	
  

cathode	
   ray	
   tube,	
   but	
   in	
   modern	
   machines	
   is	
   digitally	
   captured	
   on	
   a	
   computer.	
  

Figure	
  4.4	
  shows	
  a	
  schematic	
  of	
  the	
  various	
  components	
  within	
  a	
  typical	
  SEM. 

	
  

	
  

Figure	
  4.4:	
  Schematic	
  of	
  a	
  typical	
  SEM(taken	
  from	
  Ref.	
  4.10)	
  

	
  

Sample	
  preparation	
  

Samples	
   must	
   be	
   of	
   an	
   appropriate	
   size	
   to	
   fit	
   in	
   the	
   specimen	
   chamber.	
   For	
  

conventional	
   imaging,	
   the	
   sample	
  must	
   be	
   electrically	
   conductive,	
   at	
   least	
   at	
   the	
  

surface.	
  Nonconductive	
   specimens	
   tend	
   to	
   charge	
  when	
   scanned	
   by	
   the	
   electron	
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beam,	
   and	
   especially	
   in	
   secondary	
   electron	
   imaging	
   mode,	
   this	
   causes	
   scanning	
  

faults	
   and	
   other	
   image	
   artifacts.	
   They	
   are	
   therefore	
   usually	
   coated	
   with	
   an	
  

ultrathin	
  coating	
  of	
  electrically	
  conducting	
  material	
  (gold	
  or	
  graphite	
  for	
  example),	
  

deposited	
  on	
  the	
  sample	
  either	
  by	
  low-­‐vacuum	
  sputter	
  coating	
  or	
  by	
  high-­‐vacuum	
  

evaporation.	
  

	
  

4.6	
   Impedance	
  Spectroscopy	
  

Impedance	
   Spectroscopy	
   (IS)	
   is	
   a	
   very	
   useful	
   technique	
   which	
   can	
   be	
   used	
   to	
  

characterise	
   the	
   electrical	
   properties	
   of	
   materials	
   and	
   their	
   interfaces	
   with	
  

electrically	
   conducting	
   electrodes.	
   The	
   technique	
  may	
   be	
   used	
   to	
   investigate	
   the	
  

dynamics	
  of	
  bound	
  or	
  mobile	
   charges	
   in	
  bulk	
  or	
   interface	
   regions	
  of	
   any	
  kind	
  of	
  

ionic	
  solids,	
  or	
   liquid	
  materials,	
   semiconductors,	
  mixed	
   ionic-­‐electronic	
  materials	
  

and	
  insulators	
  (dielectrics).	
  The	
  technique	
  measures	
  the	
  impedance	
  as	
  a	
  function	
  

of	
  frequency	
  automatically	
  in	
  the	
  range	
  of	
  1	
  MHz	
  to	
  10	
  MHz	
  and	
  is	
  easily	
  interfaced	
  

to	
  computer.	
  The	
  technique	
  was	
  comprehensively	
  reviewed	
  by	
  MacDonald.4.11	
  

Complex	
   impedance	
   measurements	
   are	
   capable	
   of	
   separating	
   the	
   various	
  

contributions	
  to	
   the	
  total	
  conductivity	
  due	
  to	
  bulk,	
  grain	
  boundary	
  and	
  electrode	
  

and	
  therefore	
  are	
  suited	
  to	
  measuring	
  nanodiamond	
  layers.	
  

	
  

Impedance	
  spectroscopy	
  is	
  performed	
  by	
  applying	
  an	
  AC	
  potential	
  of	
  V	
  (t)	
  =	
  A	
  sin	
  

(ωt),	
   for	
   a	
   single	
   frequency	
   ω/2π,	
   and	
   measuring	
   the	
   current	
   I	
   =	
   A	
   sin	
   (ωt+φ)	
  

through	
   the	
   sample.**	
   The	
   relationship	
   between	
   the	
   applied	
   potential	
   and	
   the	
  

current	
   flow	
   is	
   known	
   as	
   the	
   impedance,	
   which	
   is	
   analogous	
   to	
   the	
   resistance-­‐

current-­‐potential	
  of	
  a	
  dc	
  circuit.	
  φ	
  is	
  the	
  phase	
  difference	
  between	
  the	
  voltage	
  and	
  

current;	
   it	
   is	
   zero	
   for	
   purely	
   resistive	
   behaviour.	
   	
   Therefore,	
   impedance	
  

measurements	
   are	
   carried	
   out	
   over	
   a	
   frequency	
   range.	
   In	
   the	
   experiments	
  

performed	
  in	
  this	
  work,	
  from	
  0.1	
  –	
  107	
  Hz.	
  

The	
  objective	
  of	
  impedance	
  experiments	
  is	
  to	
  determine	
  the	
  values	
  of	
  the	
  various	
  

elements	
   in	
   the	
   equivalent	
   circuit,	
   or	
   to	
   confirm	
   that	
   a	
   system	
   fits	
   a	
   particular	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
**	
  A	
  =	
  maximum	
  amplitude,	
  ω	
  =	
  frequency	
  in	
  radians/sec,	
  f	
  =	
  frequency	
  in	
  hertz	
  and	
  
φ	
  =	
  phase	
  shift	
  in	
  radians.	
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equivalent	
   circuit	
  model.	
  We	
  will	
   consider	
   the	
   impedance	
  plots	
   for	
   the	
   following	
  

equivalent	
   circuit,	
   consisting	
   of	
   a	
   single	
   resistance-­‐capacitance	
   (RC)	
   parallel	
  

circuit.	
  This	
  model	
  has	
  been	
  selected	
  because	
  many	
  of	
  the	
  electrochemical	
  systems	
  

encountered	
  in	
  practice	
  are	
  modelled	
  using	
  this	
  network.4.11	
  

	
  

Figure	
  4.5:	
  Equivalent	
  circuit	
  and	
  AC	
  impedance	
  plots	
  of	
  an	
  electrochemical	
  cell	
  with	
  one	
  

time	
  constant:	
  (a)	
  equivalent	
  circuit,	
  (b)	
  Cole-­‐Cole	
  plot	
  in	
  the	
  complex	
  plane,	
  ωo=1/(R2C)	
  	
  

	
  
The	
   plot	
   in	
   figure	
   4.5	
   (b)	
   is	
   based	
   on	
   a	
   vector	
   diagram,	
   corresponding	
   to	
   a	
   sine	
  

wave	
  I.	
  The	
  current	
  sine	
  wave	
  can	
  be	
  described	
  by	
  the	
  following	
  equations:	
  	
  

	
  

I	
  =	
  A	
  sin	
  (ωt+φ)	
   	
   	
   	
   (eq.	
  4.5.1)	
  

ω	
  =	
  2πf	
  	
   	
   	
   	
   	
   (eq.	
  4.5.2)	
  

	
  

where	
   A	
   is	
   the	
   maximum	
   amplitude,	
  ω	
   is	
   the	
   frequency	
   in	
   radians/sec,	
   f	
   is	
   the	
  

frequency	
  in	
  Hz,	
  φ	
  is	
  the	
  phase	
  shift	
  in	
  radians.	
  

	
  

(a)	
  

(b)	
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The	
  impedance	
  Z(ω)	
   is	
  a	
  complex	
  number	
  that	
  can	
  be	
  represented	
  either	
  in	
  polar	
  

co-­‐ordinates	
  or	
  in	
  Cartesian	
  coordinates:	
  

  

	
   	
   	
   φjeZwZ =)( 	
   	
   	
   	
   	
   (eq.	
  4.5.3)	
  

	
  

ZjZwZ ImRe)( += 	
   	
   	
   	
   (eq	
  4.5.4)	
  

	
  

where	
  ReZ	
   and	
   ImZ	
   are	
   the	
   real	
   part	
   and	
   the	
   imaginary	
   part	
   of	
   the	
   impedance,	
  

respectively.4.10	
  The	
  relationships	
  between	
  theses	
  quantities	
  are:	
  

	
  

222 )(Im)(Re ZZZ += 	
   	
   	
   (eq.	
  4.5.5)	
  

	
  

Z
ZArc

Re
Imtan=φ 	
   	
   	
   	
   (eq.	
  4.5.6)	
  

	
  

φcosRe ZZ = 	
   	
   	
   	
   (eq.	
  4.5.7)	
  

	
  

φsinIm ZZ = 	
   	
   	
   	
   (eq.	
  4.5.8)	
  

	
  

Figure	
   4.3	
   (a)	
   shows	
   the	
   equivalent	
   circuit	
   of	
   a	
   material	
   with	
   a	
   resistive	
   and	
  

capacitive	
  element,	
  whose	
  impedance	
  is:	
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  4.5.9)	
  

where	
  V	
   is	
   the	
  voltage,	
  I	
   is	
   the	
  current,	
  R1	
  and	
  R2	
  are	
  the	
  resistance	
  values	
  of	
  the	
  

equivalent	
  circuit	
  and	
  C	
  is	
  the	
  capacitance	
  value	
  of	
  the	
  equivalent	
  circuit.	
  

	
  

The	
  impedance	
  modulus	
  is	
  given	
  by:	
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⎟ 

The	
   high	
   frequency	
   intercept	
   yields	
   R1,	
   whereas	
   the	
   low	
   frequency	
   R1	
   +	
   R2,	
  

meaning	
   that	
   at	
   high	
   frequencies	
   the	
   capacitor	
   conducts	
   the	
   current	
   easily,	
  

whereas	
  at	
  low	
  frequencies	
  the	
  current	
  flow	
  via	
  the	
  capacitor	
  is	
  impeded.4.11	
  	
  The	
  

current	
  therefore	
  flows	
  through	
  R1	
  and	
  R2,	
  and	
  the	
  impedance	
  is	
  given	
  by	
  the	
  sum	
  

of	
  the	
  two	
  resistors:	
  

	
  

|Z(ω)|	
  	
  =	
  R1	
  +	
  R2	
  when	
  ω	
  →	
  0	
  ,	
  

|Z(ω)|	
  =	
  R1	
  when	
  ω	
  →	
  ∞	
  

	
  

At	
   intermediate	
   frequencies	
   the	
   impedance	
   has	
   a	
   value	
   between	
  R1	
   and	
  R1	
   +	
  R2,	
  

thus	
   possessing	
   both	
   real	
   and	
   imaginary	
   components.	
   	
   This	
   gives	
   rise	
   to	
   the	
  

semicircular	
  shaped	
  Cole-­‐Cole	
  plot,	
  described	
  by	
  the	
  equation:	
  

	
  

2
22

2
2

1 2
"

2
' ⎟

⎠

⎞
⎜
⎝

⎛
==⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
+−

RZRRZ 	
   	
   	
   (eq.	
  4.5.11)	
  

	
  

It	
  has	
  been	
  shown	
  that	
  equation	
  (4.5.11)	
   is	
  analogous	
   to	
   the	
  equation	
  of	
  a	
  circle,	
  

with	
  radius	
   	
  and	
  a	
  centre	
  at	
   .	
  	
  

	
  

In	
   all	
   the	
  materials	
   studied,	
  ω,	
  R1	
   and	
  R2	
   are	
   greater	
   than	
   zero,	
   thus	
   resulting	
   in	
  

semicircles	
  on	
  the	
  axis	
  when	
  plotted	
  as	
  a	
  function	
  of	
  frequency.	
  

Z(ω)	
  is	
  plotted	
  in	
  figure	
  4.5	
  in	
  terms	
  of	
  a	
  Cole-­‐Cole	
  plot	
  in	
  the	
  complex	
  plane	
  with	
  

the	
  negative	
  imaginary	
  parts	
  in	
  the	
  positive	
  part	
  of	
  the	
  real	
  axis.	
  

	
  

At	
  the	
  peak	
  of	
  the	
  semicircle,	
  the	
  following	
  condition	
  is	
  obtained:	
  

	
  

12max =CRω 	
   	
   	
   	
   	
   (eq	
  4.5.12)	
  

	
  

and	
  hence:	
  

2max2
1
Rf

C
π

= 	
  	
   	
   	
   	
   (eq	
  4.5.13)	
  

	
  

€ 

r =
R2
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Knowing	
  the	
  value	
  of	
  R2	
  and	
  the	
  frequency	
  fmax,	
  the	
  value	
  of	
  the	
  capacitance	
  can	
  be	
  

determined.	
   It	
   is	
   possible	
   to	
   obtain	
   all	
   three	
  parameters	
   (R1,	
  R2	
   and	
  C)	
   from	
   the	
  

Cole-­‐Cole	
  plot	
  as	
  shown	
  in	
  figure	
  4.5	
  (b),	
  provided	
  a	
  sufficient	
  frequency	
  range	
  is	
  

investigated.	
   The	
   semicircle	
   in	
   figure	
   4.5	
   (b)	
   is	
   characteristic	
   of	
   a	
   single	
   “time	
  

constant”.	
  Electrochemical	
   impedance	
  plots	
  often	
   contain	
   several	
   time	
   constants.	
  

Often	
  only	
  a	
  portion	
  of	
  one	
  or	
  more	
  semicircles	
  is	
  seen.	
  

	
  

The	
   impedance	
   plots	
   of	
   polycrystalline	
   materials	
   can	
   be	
   related	
   to	
   their	
  

microstructure	
  by	
  means	
  of	
  physical	
  models	
  of	
  the	
  grain	
  interior,	
  grain	
  boundary	
  

and	
  the	
  electrode	
  behaviour.	
  The	
  physical	
  models	
  used	
  to	
  describe	
  the	
  electronic	
  

materials	
   are	
   reviewed	
   in	
   detail	
  with	
   their	
   respective	
   circuit	
   equivalents.4.12	
   The	
  

widely	
  used	
  physical	
  model	
  is	
  a	
  more	
  realistic	
  one,	
  which	
  treats	
  the	
  microstructure	
  

as	
  an	
  array	
  of	
  cubic	
  shaped	
  grains	
  with	
  flat	
  grain	
  boundaries	
  of	
  finite	
  thickness	
  as	
  

shown	
  in	
  figure	
  3.6.4.13 

The	
   current	
   flow	
   is	
   assumed	
   to	
   be	
   one-­‐dimensional	
   and	
   the	
   current	
   path	
   at	
   the	
  

corners	
   of	
   the	
   grains	
   is	
   neglected.	
   In	
   this	
   case	
   the	
   two	
   paths	
   available	
   to	
   the	
  

current	
  are	
  either	
  through	
  the	
  grains	
  and	
  across	
  the	
  grain	
  boundary,	
  or	
  along	
  grain	
  

boundaries,	
   as	
   depicted	
   in	
   figure	
   3.6.	
   Depending	
   on	
   the	
   relative	
   magnitudes	
   of	
  

grain	
  and	
  grain	
  boundary	
   conductivity	
  one	
  of	
   the	
   two	
  paths	
  may	
  dominate.	
  This	
  

model	
  has	
  been	
  applied	
  to	
  many	
  material	
  systems	
  and	
  according	
  to	
  this	
  model	
  the	
  

bulk	
  resistivity	
  and	
  the	
  grain	
  boundary	
  resistivity	
  may	
  have	
  different	
  response.4.13	
  

	
  

	
  
Figure	
   4.6:	
   Brick	
   layer	
   model	
   of	
   idealized	
   polycrystalline	
   structure	
   in	
   which	
   grains	
   of	
  

dimensions	
  d3	
  are	
  separated	
  by	
  grain	
  boundaries	
  of	
  width	
  δ	
  (from	
  Ref.	
  4.14).	
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The	
  grain	
   interior	
  capacitance	
  (	
  Cgi	
   )	
   is	
  given	
  by	
  equation	
  (eq	
  4.5.14).	
  Where	
  L	
   is	
  

the	
  sample	
  length	
  in	
  millimetres,	
  A	
  is	
  the	
  cross	
  sectional	
  area	
  (order	
  of	
  10	
  mm2),	
  εo	
  

is	
  the	
  permittivity	
  of	
  free	
  space	
  (	
  8.854	
  x	
  10-­‐12	
  F/m	
  )	
  and	
  εgi	
  is	
  the	
  electrical	
  relative	
  

dielectric	
  constant	
  of	
  the	
  grain	
  interior.	
  The	
  grain	
  interior	
  capacitance	
  for	
  diamond	
  

is	
  estimated	
  around	
  0.5	
  pF.	
  

	
  

L
A

C gio
gi

εε
=     (eq	
  4.5.14) 

	
  
	
  
	
  

δ

εε d
L

A
C gio
gb =    (eq	
  4.5.15) 

	
  

The	
  same	
  A	
  and	
  L	
  values	
  can	
  be	
  applied	
  to	
  the	
  grain	
  boundary	
  capacitance	
  (	
  Cgb	
  )	
  in	
  

equation	
  (eq	
  4.5.15).	
  The	
  grain	
  size	
  of	
  a	
  typical	
  polycrystalline	
  material	
  is	
  usually	
  

on	
   the	
   order	
   of	
  micrometres	
   (µm),	
  where	
   the	
   effective	
   grain	
   boundary	
  width	
   is	
  

expected	
   to	
   be	
   on	
   the	
   order	
   of	
   nanometres	
   (nm).	
   Thus	
   the	
   estimated	
   grain	
  

boundary	
  capacitance	
  for	
  a	
  polycrystalline	
  diamond	
  is	
  around	
  0.5	
  nF.	
  

	
  

The	
   loss	
  angle	
   is	
   a	
   standard	
  and	
  widely	
  used	
  measure	
  of	
   capacitor	
   and	
   insulator	
  

performance.	
   Its	
   value	
   is	
   simply	
   90°-­‐ф,	
   where	
   ф	
   is	
   the	
   phase	
   angle	
   of	
   the	
  

associated	
   impedance.	
   The	
   quantity	
   normally	
   quoted	
   however	
   is	
   tanδ,	
   which	
   is	
  

known	
   as	
   the	
   loss	
   tangent.	
   tanδ	
   is	
   zero	
   for	
   a	
   perfect	
   insulator	
   or	
   capacitor	
   and	
  

increases	
  as	
  the	
  losses	
  increase.  

	
  

Figure	
  4.7:	
  Showing	
  the	
  angle,	
  δ	
  on	
  an	
  impedance	
  plot.	
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'
''

tan
ε

ε
δ ==

i

RZ

Z 	
   	
   	
   	
  
(eq	
  4.5.16)	
  

	
  
	
  

Where	
   ε’’	
   is	
   imaginary	
   part	
   of	
   the	
   complex	
   dielectric	
   constant	
   and	
   ε’	
   is	
   its	
   real	
  

component.	
  This	
   is	
  a	
  profound	
  result,	
  because	
  the	
  equation	
  does	
  not	
  contain	
  any	
  

length,	
   area,	
   capacitance,	
   or	
   reactance	
   terms.	
   Therefore,	
   the	
   tanδ	
   value	
   for	
   a	
  

particular	
  insulator	
  is	
  completely	
  independent	
  of	
  the	
  physical	
  shape	
  or	
  value	
  of	
  the	
  

capacitor	
   that	
   was	
   used	
   to	
   determine	
   it;	
   tanδ	
   is	
   the	
   loss	
   tangent	
   for	
   that	
  

capacitance.	
  In	
  terms	
  of	
  losses	
  therefore,	
  there	
  is	
  only	
  one	
  basic	
  selection	
  criterion	
  

for	
  insulating	
  materials;	
  for	
  tanδ	
  to	
  be	
  as	
  small	
  as	
  possible.	
  

	
  

4.7	
  	
   Substrate	
  cleaning	
  

Prior	
   to	
   the	
   deposition	
   of	
   any	
   nanodiamond	
   particles	
   the	
   substrate	
   must	
   be	
  

cleaned	
  to	
  remove	
  any	
  grease	
  or	
  dust	
  particles	
  that	
  will	
  cause	
  the	
  nanodiamonds	
  

to	
  begin	
  agglomerating.	
  

	
  

De-­‐grease	
  

1) The	
  sample	
   is	
  submerged	
  in	
  a	
  dish	
  containing	
  acetone	
  and	
  gently	
  agitated	
  

for	
  10	
  minutes.	
  The	
  sample	
  is	
  then	
  removed	
  for	
  step	
  2.	
  

2) The	
  sample	
  is	
  submerged	
  in	
  a	
  dish	
  containing	
  isopropyl	
  alcohol	
  and	
  gently	
  

agitated	
  for	
  10	
  minutes.	
  The	
  sample	
  is	
  then	
  removed	
  for	
  step	
  3.	
  

3) The	
   sample	
   is	
   submerged	
   in	
   a	
   beaker	
   containing	
   de-­‐ionised	
   water.	
   The	
  

beaker	
  is	
  put	
  into	
  an	
  ultrasonic	
  bath	
  and	
  agitated	
  for	
  10	
  minutes.	
  

4) The	
   sample	
   is	
   removed	
   from	
   the	
   beaker	
   and	
   dried	
   with	
   pressurised	
  

nitrogen.	
  

This	
  protocol	
  is	
  followed	
  immediately	
  before	
  the	
  deposition	
  procedure	
  for	
  coating	
  

the	
  surface	
  of	
  the	
  substrate	
  with	
  nanodiamonds.	
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Chapter	
  5	
   AFM	
  and	
  Raman	
  studies	
  of	
  nanodiamond	
  layers	
  
	
  

An	
   interesting	
   property	
   of	
   monodispersed	
   detonation	
   nanodiamond	
   is	
   that	
   the	
  

particles	
   in	
   colloidal	
   form	
   can	
   readily	
   attach	
   themselves	
   to	
   substrate	
   materials	
  

such	
  as	
  silicon	
  or	
  diamond.	
  This	
  is	
  highly	
  dependent	
  on	
  the	
  zeta	
  potential††	
  of	
  the	
  

particles	
  and	
  therefore	
  the	
  surface	
  functional	
  groups.5.1	
  	
  

The	
  formation	
  of	
  nanodiamond	
  layers	
  on	
  substrates	
  has	
  been	
  the	
  basis	
  for	
  various	
  

investigations,	
   from	
   allowing	
   the	
   measurement	
   of	
   the	
   electrical	
   properties	
   of	
  

mDND5.2	
   to	
   their	
   utilisation	
   to	
   promote	
   the	
   formation	
   of	
   functional	
   neuronal	
  

networks.5.3	
  Although	
  there	
  have	
  been	
  a	
  number	
  of	
  publications	
  dealing	
  with	
  the	
  

issue	
  of	
  colloidal	
  dispersion,	
  there	
  is	
  little	
  information	
  on	
  the	
  details	
  of	
  producing	
  

ND	
  covered	
  surfaces,	
  especially	
   in	
  regards	
  to	
  coverage	
  densities.	
  This	
   is	
  a	
  critical	
  

step	
  for	
  the	
  production	
  of	
  high	
  nucleation	
  densities	
  of	
  diamond	
  nanoparticles	
  for	
  

the	
   nucleation	
   of	
   nanocrystalline	
   diamond	
   films	
   and	
   reducing	
   the	
   nucleation	
  

density	
  for	
  discrete	
  single	
  photon	
  emitters.	
  

The	
   subsequent	
   chapters	
   of	
   this	
   thesis	
   rely	
   on	
   the	
   ability	
   to	
   coat	
   substrate	
  

materials	
   with	
   the	
   required	
   thickness	
   or	
   density	
   of	
   nanodiamond	
   particles.	
  

Therefore	
   this	
   chapter	
   investigates	
   the	
   processes	
   and	
   colloid	
   concentrations	
  

required	
  to	
  achieve	
  a	
  variety	
  of	
  ND	
  coverage	
  densities.	
  

	
  

5.1	
   Deposition	
  of	
  nanodiamonds	
  onto	
  surfaces	
  

The	
   monodispersed	
   DND	
   colloid	
   used	
   was	
   purchased	
   from	
   NanoAmando	
   (New	
  

Metals	
  &	
  Chemicals	
  Corporation,	
  Japan).	
  This	
  material	
  has	
  been	
  de-­‐aggregated	
  by	
  a	
  

process	
   of	
   wet-­‐milling	
   with	
   zircona	
   beads,5.4	
   which,	
   along	
   with	
   any	
   additional	
  

pretreatment,	
  has	
  been	
  discussed	
  in	
  detail	
  in	
  chapter	
  2.	
  	
  

The	
   as-­‐received	
   nanodiamond	
   surface	
   is	
   covered	
   in	
   a	
   variety	
   of	
   surface	
   groups	
  

including	
  carboxylic	
  acid	
  groups,	
  anhydride	
  functionalities	
  and	
  groups	
  such	
  as	
  C–

OH,	
   COO−,	
   C–O–C,	
   C–H.	
   The	
   FTIR	
   of	
   the	
   as-­‐received	
   nanodiamond	
   surface	
   is	
  

presented	
   in	
  chapter	
  7,	
   figure	
  7.3.	
  The	
  zeta	
   (ζ)	
  potential	
  of	
   the	
  nanodiamonds	
   in	
  

this	
  state	
  is	
  +0.45	
  mV	
  and	
  the	
  attachment	
  of	
  the	
  NDs	
  on	
  a	
  surface	
  such	
  as	
  silicon	
  is	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
††	
  Zeta	
  potential:	
  the	
  potential	
  difference	
  between	
  the	
  dispersion	
  medium	
  and	
  the	
  stationary	
  layer	
  
of	
  fluid	
  attached	
  to	
  the	
  dispersed	
  particle.	
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made	
   possible	
   through	
   electrostatic	
   attraction.5.1	
   A	
   very	
   shallow	
   layer	
  

(approximately	
   1	
   nm)	
   of	
   so-­‐called	
   native	
   oxide	
   is	
   formed	
   on	
   the	
   silicon	
   surface	
  

when	
   it	
   is	
   exposed	
   to	
   air	
   under	
   ambient	
   conditions.	
   Oxygen,	
   having	
   superior	
  

electro-­‐negativity	
  renders	
  the	
  surface	
  negative.	
  

	
  

The	
  colloid	
  is	
  received	
  with	
  a	
  concentration	
  of	
  50	
  g/L	
  of	
  NDs	
  dispersed	
  in	
  water.	
  

This	
  concentration	
  of	
  particles	
  is	
  significantly	
  more	
  than	
  required	
  and	
  it	
  is	
  typical	
  

to	
   dilute	
   the	
   solution	
   to	
   lower	
   concentrations	
   for	
   coating	
   substrates.	
  

Contamination	
  of	
  the	
  colloid	
  with	
  dust	
  or	
  salts	
  causes	
  the	
  particles	
  in	
  the	
  colloid	
  to	
  

agglomerate,	
   therefore	
   any	
   handling	
   of	
   the	
   colloid	
   and	
   sample	
   preparation	
   was	
  

carried	
  out	
  in	
  the	
  clean	
  room.	
  	
  

	
  

To	
  prepare	
  a	
  dilution,	
  the	
  required	
  volume	
  of	
  the	
  original	
  solution	
  is	
  pipetted	
  out	
  

using	
   a	
   micropipette	
   with	
   sterile,	
   individually	
   packed	
   tips.	
   This	
   volume	
   is	
   then	
  

added	
   to	
   a	
  bottle	
  or	
  beaker	
   containing	
   the	
   required	
  volume	
  of	
  de-­‐ionised	
  water.	
  

The	
  beaker	
  is	
  then	
  placed	
  in	
  an	
  ultrasound	
  bath	
  for	
  a	
  short	
  duration	
  to	
  ensure	
  the	
  

particles	
  are	
  well	
  dispersed	
  throughout	
  the	
  volume.	
  	
  

	
  

The	
  substrate	
  material,	
  in	
  this	
  case	
  silicon,	
  is	
  cleaned	
  prior	
  to	
  utilisation	
  using	
  the	
  

de-­‐grease	
  method	
  described	
  in	
  chapter	
  4.7.	
  The	
  substrate	
  is	
  then	
  placed	
  in	
  to	
  the	
  

beaker	
  and	
  the	
  sample	
  is	
  ultra-­‐sonicated	
  in	
  the	
  colloid	
  for	
  the	
  chosen	
  duration	
  of	
  

time.	
  	
  

	
  

Following	
   ultra-­‐sonication	
   the	
   substrate	
   is	
   removed	
   from	
   the	
   beaker	
   with	
  

tweezers	
  and	
  one	
  of	
  two	
  methods	
  can	
  be	
  applied;	
  

(1) Immediately	
   dip	
   the	
   sample	
   in	
   de-­‐ionised	
  water	
   to	
   remove	
   the	
   excess	
  

colloid	
   and	
   dry	
   with	
   pressurised	
   nitrogen.	
   	
   This	
   leaves	
   only	
   the	
  

nanodiamonds	
  attached	
  during	
  the	
  sonication	
  process	
  on	
  the	
  surface	
  of	
  

the	
  sample.	
  

(2) Leave	
   the	
  excess	
   colloid	
  on	
   the	
   substrate	
  and	
  place	
   the	
   substrate	
  on	
  a	
  

heater	
   to	
   evaporate	
   the	
   water.	
   This	
   second	
   method	
   is	
   used	
   in	
  

conjunction	
  with	
  higher	
  colloid	
  concentrations	
  to	
  obtain	
  thick	
  ND	
  layers.	
  

	
  



Chapter	
  5:	
  AFM	
  and	
  Raman	
  Studies	
  of	
  Nanodiamond	
  Layers	
  
	
   	
  
	
  

90	
  
	
  

5.2	
   Results	
  

After	
  nanodiamonds	
  were	
  coated	
  on	
  to	
  the	
  substrates,	
  AFM	
  was	
  performed	
  using	
  a	
  

Veeco	
  Dimension	
  V.	
  

	
  

Preparation	
  conditions	
   Sample	
  1	
  

Colloid	
  Concentration:	
   3.33	
  g/L	
  (0.2	
  ml	
  ND	
  colloid	
  in	
  2.8ml	
  DI	
  water)	
  

Post	
  Sonication:	
   Nitrogen	
  dried.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  5.1:	
  	
  AFM	
  image	
  of	
  ND	
  layer	
  on	
  silicon	
  using	
  a	
  colloid	
  of	
  concentration	
  3.33g/L.	
  The	
  

image	
  size	
  is	
  1.0	
  µm	
  x	
  1.0	
  µm.	
  The	
  height	
  scale	
  is	
  given	
  by	
  the	
  gradient	
  scale	
  on	
  the	
  right	
  

hand	
  side	
  of	
  the	
  image.	
  

	
  

Figure	
  5.1	
   shows	
   that	
   a	
   colloid	
   concentration	
  of	
  3.33	
  g/L	
  gives	
   complete	
   surface	
  

coverage.	
   It	
   appears	
   that	
   there	
   may	
   be	
   some	
   agglomeration	
   of	
   the	
   particles	
   as	
  

shown	
  by	
  the	
  large,	
  bright	
  spots	
  on	
  the	
  image.	
  However,	
  from	
  this	
  image,	
  it	
  is	
  not	
  

possible	
   to	
  establish	
   the	
  approximate	
   thickness	
  of	
   the	
   layer.	
  Therefore,	
   following	
  

this,	
  the	
  AFM	
  tip	
  was	
  forced	
  into	
  contact	
  with	
  the	
  sample	
  surface	
  and	
  a	
  rectangular	
  

area	
  of	
  particles	
  was	
  scratched	
  away	
  using	
  the	
  tip.	
  Figure	
  5.2	
  shows	
  the	
  cantilever	
  

from	
  above	
  (left	
  image)	
  under	
  the	
  optical	
  microscope	
  of	
  the	
  AFM,	
  and	
  on	
  the	
  right,	
  

the	
  outline	
  of	
  the	
  scratched	
  area	
  is	
  just	
  visible.	
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Figure	
  5.2:	
  Optical	
  image	
  of	
  the	
  AFM	
  probe	
  from	
  above	
  (left)	
  and	
  the	
  scratched	
  area	
  of	
  

sample	
  1	
  (right).	
  	
  

	
  

Figure	
  5.3:	
  AFM	
   image	
  of	
   the	
   interface	
  between	
   the	
   scratched	
  and	
  non-­‐scratched	
   region	
  

(left)	
  showing	
  line	
  scans.	
  The	
  line	
  scans	
  information	
  is	
  plotted	
  on	
  the	
  right.	
  

	
  

Figure	
   5.3	
   shows	
   the	
  AFM	
   image	
   obtained	
  when	
   imaging	
   the	
   scratched	
   and	
   non	
  

scratched	
   area.	
   The	
   silicon	
   surface	
   is	
   clearly	
   visible	
   on	
   the	
   left	
   hand	
   side	
   of	
   the	
  

image,	
  albeit	
  with	
  a	
  few	
  scattered	
  remaining	
  particles.	
  Information	
  from	
  three	
  line	
  

scans	
  was	
   obtained,	
   shown	
   in	
   the	
   blue,	
   red	
   and	
   green	
   rows.	
   Although	
   there	
   are	
  

some	
  peaks	
  in	
  the	
  data,	
  overall	
  the	
  heights	
  fluctuate	
  around	
  the	
  10	
  nm	
  point.	
  Given	
  

the	
  ND	
  particle	
  size	
  is	
  ~5	
  nm,	
  this	
  corresponds	
  to	
  a	
  layer	
  of	
  roughly	
  two	
  particles	
  

height	
  in	
  thickness.	
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The	
   next	
   sample	
   was	
   deposited	
   with	
   the	
   same	
   colloid	
   concentration;	
   however,	
  

upon	
  removal	
  from	
  the	
  solution	
  the	
  excess	
  colloid	
  on	
  the	
  surface	
  was	
  not	
  removed.	
  

The	
   sample	
   was	
   placed	
   on	
   a	
   heater	
   to	
   dry,	
   thereby	
   evaporating	
   the	
   water	
   and	
  

leaving	
   behind	
   the	
   NDs.	
   The	
   AFM	
   image	
   is	
   shown	
   in	
   figure	
   5.4.	
   It	
   is	
   difficult	
   to	
  

distinguish	
   individual	
   particles	
   as	
   there	
   appears	
   to	
   be	
   a	
   high	
   degree	
   of	
  

agglomeration.	
  

	
  

Preparation	
  conditions	
   Sample	
  2	
  

Colloid	
  Concentration:	
   3.33	
  g/L	
  (0.2	
  ml	
  ND	
  colloid	
  in	
  2.8ml	
  DI	
  water)	
  

Post	
  Sonication:	
   Excess	
  colloid	
  left	
  to	
  dry	
  on	
  sample.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
Figure	
  5.4:	
  AFM	
  image	
  of	
  ND	
  layer	
  on	
  silicon	
  using	
  a	
  colloid	
  of	
  concentration	
  3.33g/L.	
  The	
  

image	
  size	
  is	
  500	
  nm	
  x	
  500	
  nm.	
  The	
  height	
  scale	
  is	
  given	
  by	
  the	
  gradient	
  scale	
  on	
  the	
  right	
  

hand	
  side	
  of	
  the	
  image.	
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Figure	
  5.5:	
  Sample	
  2	
  -­‐	
  AFM	
  image	
  of	
  the	
  interface	
  between	
  the	
  scratched	
  and	
  non-­‐scratched	
  

region	
  (left)	
  showing	
  line	
  scans.	
  The	
  line	
  scans	
  information	
  is	
  plotted	
  on	
  the	
  right.	
  

	
  

Figure	
  5.5	
  shows	
  the	
  AFM	
  of	
  the	
  scratched	
  area	
  of	
  sample	
  2.	
  The	
  dark	
  trench	
  that	
  

can	
  be	
  seen	
  in	
  the	
  middle	
  of	
   the	
   image	
  corresponds	
  to	
  where	
  the	
  NDs	
  have	
  been	
  

scratched	
  away.	
  The	
  single	
  line	
  scan	
  obtained	
  shows	
  that	
  there	
  is	
  a	
  depth	
  of	
  about	
  

175	
  –	
  200	
  nm	
  between	
  the	
  silicon	
  substrate	
  and	
  the	
  top	
  of	
   the	
  ND	
   layer,	
  making	
  

this	
  a	
  very	
  thick	
  and	
  dense	
  layer	
  of	
  particles.	
  

	
  

Figure	
   5.6	
   shows	
   the	
   AFM	
   image	
   obtained	
   from	
   sample	
   3.	
   This	
   sample	
   was	
  

deposited	
  using	
  a	
  colloid	
  concentration	
  of	
  0.05	
  g/L.	
  Upon	
  removal,	
  the	
  sample	
  was	
  

rinsed	
   in	
  DI	
  water	
   to	
   remove	
   the	
  excess	
   colloid	
   from	
   the	
   surface	
   and	
   then	
  dried	
  

using	
  pressurised	
  nitrogen.	
   Individual	
  particles	
  are	
  visible	
  and	
  they	
  have	
  a	
  much	
  

more	
  even	
  distribution.	
  The	
  line	
  scans	
  which	
  are	
  not	
  shown	
  here	
  revealed	
  a	
  layer	
  

height	
  corresponding	
  to	
  single	
  particles;	
  a	
  so-­‐called	
  ‘monolayer’.	
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Preparation	
  conditions	
   Sample	
  3	
  

Colloid	
  Concentration:	
   	
  0.05	
  g/L	
  (0.2	
  ml	
  ND	
  colloid	
  in	
  2.8ml	
  DI	
  water)	
  	
  	
  

Sonication:	
   10	
  minutes	
  

Post	
  Sonication:	
   Dipped	
   in	
   DI	
  water	
   and	
   dried	
  with	
   pressurised	
  

nitrogen.	
  

	
  

	
  

Figure	
  5.6:	
  AFM	
  image	
  of	
  ND	
  layer	
  on	
  silicon	
  using	
  a	
  colloid	
  of	
  concentration	
  0.05	
  g/L.	
  The	
  

image	
  size	
  is	
  1.0	
  µm	
  x	
  1.0	
  µm.	
  The	
  height	
  scale	
  is	
  given	
  by	
  the	
  gradient	
  scale	
  on	
  the	
  right	
  

hand	
  side	
  of	
  the	
  image.	
  

	
  

Figure	
  5.7	
  shows	
  the	
  AFM	
  image	
  obtained	
  when	
  a	
  very	
  low	
  colloid	
  concentration	
  of	
  

0.001	
   g/L	
   was	
   used.	
   Additionally,	
   no	
   sonication	
   was	
   applied	
   and	
   instead	
   the	
  

sample	
  was	
  dipped	
  into	
  the	
  colloid	
  for	
  60	
  seconds.	
  The	
  reasoning	
  behind	
  this	
  was	
  

that	
  the	
  agitation	
  is	
  likely	
  to	
  cause	
  more	
  interaction	
  between	
  the	
  particles	
  and	
  the	
  

surface	
  of	
  the	
  sample,	
  leading	
  to	
  more	
  particle	
  attachment.	
  The	
  surface	
  coverage	
  is	
  

low,	
  however	
  all	
  the	
  visible	
  particles	
  seem	
  to	
  be	
  agglomerations	
  on	
  the	
  surface,	
  of	
  

a	
  few	
  tens	
  of	
  nanometres	
  in	
  diameter.	
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Preparation	
  conditions	
   Sample	
  4	
  

Colloid	
  Concentration:	
   	
  0.001	
  g/L	
  (0.2	
  ml	
  ND	
  colloid	
  in	
  2.8ml	
  DI	
  water)	
  	
  	
  

Sonication:	
   None.	
  Dipped	
  in	
  colloid	
  for	
  60	
  seconds.	
  

Post	
  Sonication:	
   Dipped	
   in	
   DI	
  water	
   and	
   dried	
  with	
   pressurised	
  

nitrogen.	
  

	
  

	
  

Figure	
  5.7:	
  AFM	
   image	
  of	
  ND	
   layer	
  on	
   silicon	
  using	
  a	
   colloid	
  of	
   concentration	
  0.001	
  g/L.	
  

The	
  image	
  size	
   is	
  1.0	
  µm	
  x	
  1.0	
  µm.	
  The	
  height	
  scale	
   is	
  given	
  by	
  the	
  gradient	
  scale	
  on	
  the	
  

right	
  hand	
  side	
  of	
  the	
  image.	
  

	
  

Protocols	
   for	
   the	
  deposition	
  of	
   different	
   types	
  of	
   nanodiamond	
   layers	
  have	
  been	
  

presented.	
  Most	
   critically,	
   for	
   the	
   seeding	
   of	
   diamond	
   growth,	
   the	
   concentration	
  

and	
   procedure	
   for	
   creating	
   a	
   densely	
   packed	
   ‘monolayer’	
   of	
   nanodiamonds	
  

(sample	
   3)	
   has	
   been	
   established.	
   As	
   well	
   as	
   the	
   typical	
   concentration	
   by	
   which	
  

there	
   are	
   insufficient	
  NDs	
   in	
   the	
   colloid	
   to	
   cover	
   the	
   surface	
   of	
   a	
   substrate.	
   The	
  

results	
   displayed	
   in	
   this	
   section	
   are	
   representative	
   images	
   of	
   numerous	
   repeat	
  

experiments.	
   AFM	
   has	
   been	
   identified	
   as	
   a	
   powerful	
   tool	
   in	
   the	
   investigation	
   of	
  

particle	
  size	
  and	
  particle	
  height.	
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5.3	
   Raman	
  spectroscopy	
  of	
  nanodiamond	
  layers	
  

Raman	
   spectroscopy	
   provides	
   valuable	
   insights	
   into	
   the	
   phase	
   composition	
   of	
  

carbon	
  materials.	
  Although	
  Raman	
  spectra	
  of	
  nanodiamonds	
  are	
  presented	
  in	
  the	
  

literature,	
  there	
  is	
  no	
  general	
  “Raman	
  spectrum	
  of	
  ND”	
  as	
  it	
  varies	
  for	
  different	
  ND	
  

grades.	
   It	
   is	
   therefore	
   important	
   to	
   investigate	
   the	
   specific	
  NDs	
  used	
   throughout	
  

this	
  work.	
  

	
  

Visible	
   Raman	
   spectroscopy	
   was	
   carried	
   out	
   with	
   a	
   Renishaw	
   Invia	
   Raman	
  

Spectrometer	
  was	
  used	
  with	
  a	
  laser	
  wavelength	
  of	
  514.5	
  nm.	
  It	
  was	
  not	
  possible	
  to	
  

obtain	
  a	
  signal	
   from	
  an	
  approximate	
  monolayer	
  of	
  NDs	
  due	
   to	
   the	
  strong	
  Raman	
  

signal	
   from	
  the	
  silicon	
  substrate.	
  To	
  overcome	
  this	
  problem,	
  a	
   thick	
   layer	
  of	
  NDs	
  

was	
  deposited	
  on	
  a	
  silicon	
  substrate.	
  The	
  procedure	
  used	
  to	
  create	
  the	
  sample	
  was	
  

the	
  same	
  as	
  that	
  described	
  in	
  chapter	
  5.2,	
  sample	
  2.	
  

	
  

Figure	
   5.8	
   shows	
   an	
   image	
   of	
   the	
   sample	
   through	
   the	
   optical	
  microscope	
   of	
   the	
  

spectrometer.	
  This	
  area	
  was	
  chosen	
  for	
  the	
  study	
  for	
  the	
  apparent	
  thickness	
  of	
  the	
  

deposited	
   ND	
   layer.	
   Attempts	
   were	
   made	
   to	
   obtain	
   Raman	
   spectra	
   at	
   different	
  

points	
  on	
  the	
  sample	
  but	
  the	
  silicon	
  peak	
  was	
  too	
  strong	
  to	
  allow	
  identification	
  of	
  

the	
  diamond	
  peak.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
	
  

Figure	
  5.8:	
  Optical	
  image	
  of	
  the	
  region	
  of	
  the	
  sample	
  selected	
  for	
  the	
  study.	
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Figure	
  5.9	
   (a)	
   shows	
   the	
  Raman	
   spectrum	
  obtained	
   from	
   this	
   sample.	
  The	
   rising	
  

background	
  slope	
  due	
  to	
  strong	
  photoluminescence	
  from	
  nitrogen	
  vacancy	
  defects	
  

has	
  been	
  removed	
  from	
  this	
  spectrum.	
  For	
  comparison,	
  the	
  spectrum	
  of	
  a	
  natural	
  

diamond	
  (Figure	
  5.9	
  (b))	
  is	
  presented	
  in	
  the	
  same	
  figure.	
  As	
  expected,	
  the	
  natural	
  

diamond	
  displays	
  the	
  strong,	
  sharp,	
  diamond	
  peak	
  at	
  1332	
  cm-­‐1,	
  and	
  the	
  absence	
  of	
  

any	
  graphitic	
  peaks.	
   	
  Figure	
  5.9	
  (a)	
  shows	
  four	
  small	
  peaks	
  between	
  1100	
  cm-­‐1	
  –	
  

1700	
   cm-­‐1	
   and	
   a	
   large	
   peak	
   at	
   approximately	
   1000	
   cm-­‐1.	
   This	
   peak	
   due	
   to	
   the	
  

silicon	
  substrate	
  is	
  the	
  second-­‐order	
  band	
  related	
  to	
  crystalline	
  silicon,	
  located	
  at	
  

925-­‐1060	
  cm-­‐1.	
  

	
  

	
  

Figure	
   5.9:	
   (a)	
   Raman	
   spectrum	
   of	
   a	
   thick	
   layer	
   detonation	
   nanodiamond	
   deposited	
   on	
   a	
  

silicon	
   substrate	
   compared	
   to	
   (b)	
   bulk	
   natural	
   diamond.	
   Offset	
   for	
   illustration	
   purposes	
  

only.	
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Figure	
  5.10	
  displays	
  the	
  Raman	
  spectrum	
  of	
  the	
  nanodiamonds	
  in	
  more	
  detail.	
  The	
  

silicon	
   peak	
   has	
   not	
   been	
   included	
   so	
   that	
   the	
   nanodiamond	
   peaks	
   are	
   more	
  

apparent.	
   The	
  peaks	
  were	
   fitted,	
   giving	
   peaks	
   centered	
   at	
   1120	
   cm-­‐1,	
   1150	
   cm-­‐1,	
  

1325	
  cm-­‐1	
  and	
  1622	
  cm-­‐1.	
  

	
  

	
  

Figure	
  5.10:	
  Raman	
  spectrum	
  of	
  a	
  thick	
  layer	
  of	
  monodispersed	
  detonation	
  nanodiamond	
  on	
  

a	
  silicon	
  substrate,	
  showing	
  the	
  1120cm-­‐	
  ,	
  1150cm-­‐1	
  1325cm-­‐1	
  and	
  1622cm-­‐1	
  peaks.	
  

	
  

The	
  origin	
  of	
  the	
  1150	
  cm-­‐1	
  peak	
  in	
  nanocrystalline	
  diamond	
  was	
  reported	
  in	
  2001	
  

by	
  Ferrari	
  et	
  al.5.5	
  The	
  authors	
  argue	
  that	
  this	
  peak	
  arises	
  from	
  segments	
  of	
  trans-­‐	
  

polyacetylene	
  at	
  the	
  grain	
  boundaries	
  and	
  surface	
  of	
  nanocrystatalline	
  diamond.	
  

The	
   peak	
   at	
   1325	
   cm-­‐1,	
   with	
   some	
   tailing	
   towards	
   lower	
   frequency,	
   is	
   the	
   first-­‐

order	
   Raman	
   mode	
   of	
   the	
   cubic	
   diamond	
   lattice	
   which	
   is	
   broadened	
   and	
   red-­‐

shifted	
  compared	
  to	
  bulk	
  diamond.	
  The	
  bulk	
  crystal	
  produces	
  a	
  single	
  sharp	
  peak	
  

at	
  1332	
  cm−1,	
  due	
  to	
  the	
  zone-­‐centre	
  optical	
  mode.	
  As	
  the	
  crystallite	
  size	
  is	
  reduced	
  

to	
   a	
   few	
   hundred	
   nanometres,	
   this	
   peak	
   starts	
   to	
   broaden	
   and	
   shift	
   to	
   a	
   lower	
  

frequency	
  due	
  to	
  the	
  relaxation	
  of	
  selection	
  rules.	
  The	
  calculated	
  results	
  for	
  a	
  5	
  nm	
  

diamond	
   crystallite,	
   reported	
   by	
   Yoshikawa	
   et	
   al,.5.6	
   predict	
   that	
   the	
   sp3	
  Raman	
  

peak	
  shows	
  a	
  red-­‐shift	
  of	
  13	
  cm−1	
   in	
  energy	
  and	
  a	
  FWHM	
  of	
  38cm-­‐1.	
  Ager	
  at	
  al.5.7	
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reported	
  that	
  when	
  the	
  confinement	
  length	
  reduced	
  from	
  infinite	
  to	
  5	
  nm,	
  there	
  is	
  

an	
   energy	
   shift	
   of	
  ~6	
   cm−1,	
   asymmetric	
   line	
   shape,	
   and	
   larger	
  broadening	
  of	
   the	
  

calculated	
  Raman	
  line.	
  

This	
  sample	
  shows	
  the	
  peak	
  at	
  1325cm-­‐1	
  to	
  have	
  a	
  red-­‐shift	
  of	
  7	
  cm-­‐1	
  and	
  a	
  FWHM	
  

of	
   32	
   cm-­‐1,	
   which	
   is	
   in	
   good	
   agreement	
   with	
   the	
   predicted	
   values	
   for	
   5	
   nm	
  

nanodiamonds.	
  

The	
  Raman	
  signal	
  at	
  approximately	
  1600	
  cm-­‐1	
   is	
  due	
  to	
  sp2	
  bonding.	
  This	
  Raman	
  

signal	
  (the	
  D	
  and	
  G	
  bands	
  as	
  reported	
  in	
  Ref.	
  5.8)	
  originates	
  from	
  a	
  thin	
  graphite	
  

layer	
   on	
   the	
   surface	
   of	
   the	
   nanodiamond.	
   Referring	
   to	
   the	
   result	
   that	
   Raman	
  

scattering	
   cross	
   section	
   of	
   diamond	
   is	
   about	
   one-­‐fiftieth	
   of	
   graphite,5.9	
   it	
   can	
  

concluded	
  that	
  the	
  nanodiamond	
  particles	
  only	
  slightly	
  contain	
  sp2	
  material.	
  	
  

Mochalin	
  et.	
   al.5.10	
   report	
   that	
   it	
   is	
  not	
  possible	
   to	
  obtain	
  a	
  diamond	
  signal	
  using	
  

visible	
  Raman.	
  The	
  authors	
  argue	
  that	
  because	
  of	
  the	
  small	
  Raman	
  cross-­‐section	
  of	
  

diamond	
   in	
   the	
   visible	
   light	
   and	
   the	
   shielding	
   effect	
   of	
   graphitic	
   and	
   amorphous	
  

carbon	
   around	
   the	
   diamond	
   core	
   UV	
   lasers	
   with	
   excitation	
   energy	
   close	
   to	
   the	
  

band-­‐gap	
   of	
   diamond	
   (5.5	
   eV)	
   are	
   needed	
   to	
   amplify	
   the	
   Raman	
   signal	
   of	
   ND.	
  

However,	
   although	
   delivering	
  more	
   energy	
   per	
   quantum,	
   the	
   UV	
   lasers	
   heat	
   up	
  

samples	
  much	
  more	
  strongly	
   than	
  visible	
  ones,	
  and	
  may	
   lead	
   to	
   thermal	
  damage	
  

and	
  changes	
   in	
  sample	
  composition.	
  The	
  spectrum	
  presented	
  here	
  show	
  that	
   the	
  

diamond	
  peak	
  is	
  clearly	
  visible	
  for	
  NanoAmando	
  nanodiamonds.	
  This	
  is	
  likely	
  to	
  be	
  

as	
   a	
   result	
   of	
   the	
   purification	
   and	
   processing	
   that	
   these	
   nanodiamonds	
   have	
  

undergone,	
   resulting	
   in	
   monodispersed	
   particles	
   that	
   have	
   been	
   shown	
   here	
   to	
  

have	
  low	
  sp2	
  content.	
  

	
  

5.4	
   Concluding	
  remarks	
  

Protocols	
   for	
   the	
   deposition	
   of	
   a	
   densely	
   packed	
   monolayer	
   of	
   ~5nm	
  

nanodiamonds	
  have	
  been	
  developed.	
  	
  Substrate	
  choice	
  and	
  the	
  surface	
  condition	
  of	
  

the	
   NDs	
   used	
   (chapter	
   7)	
   mean	
   that	
   attractive	
   zeta	
   potentials	
   lead	
   to	
   a	
   well-­‐

adhered	
  layer,	
  in	
  terms	
  of	
  routine	
  laboratory	
  handling.	
  	
  This	
  is	
  a	
  promising	
  result	
  

for	
   the	
   potential	
   use	
   of	
   this	
   form	
   of	
   ND	
   in	
   applications	
   where	
   a	
   thin	
   diamond	
  

coating	
  on	
  a	
  2-­‐	
  or	
  3-­‐D	
  non-­‐diamond	
   substrate	
  would	
  be	
   advantageous.	
   	
  The	
   fact	
  

that	
  they	
  can	
  be	
  deposited	
  from	
  a	
  water-­‐based	
  solution	
  at	
  room	
  temperature	
  using	
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a	
   simple	
   sonication	
   process	
   means	
   that	
   a	
   wide	
   range	
   of	
   substrates	
   can	
   be	
  

employed,	
  including	
  those	
  comprising	
  materials	
  that	
  would	
  not	
  be	
  resilient	
  within	
  

a	
   standard	
   thin	
   film	
  diamond	
  growth	
   system,	
  which	
   typically	
  operates	
   at	
  850	
   °C	
  

with	
   a	
   high	
   partial	
   pressure	
   of	
   (chemically	
   active)	
   atomic	
   hydrogen.511	
   	
   Such	
  

materials	
  could	
  include	
  glass	
  and	
  plastics.	
  The	
  use	
  of	
  Raman	
  spectroscopy	
  has	
  led	
  

to	
  the	
  conclusion	
  that	
  the	
  ND	
  particles	
  are	
  indeed	
  crystalline	
  diamond,	
  with	
  little	
  

sp2	
  content	
  within	
  a	
  densely	
  packed	
  (multilayer)	
  sample.	
  	
  This	
  observation	
  means	
  

that	
   these	
   particles	
   can	
   indeed	
   be	
   explored	
   for	
   diamond	
   coating	
   applications,	
  

without	
  re-­‐course	
  to	
  conventional	
  thin	
  film	
  diamond	
  growth	
  procedures.	
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Chapter	
  6	
   Electrical	
  properties	
  of	
  detonation	
  nanodiamonds	
  
	
  

6.1	
   Introduction	
  

The	
  various	
  forms	
  of	
  nanometer-­‐scale	
  structured	
  diamonds	
  have	
  been	
  discussed	
  in	
  

detail	
   in	
  chapter	
  2.	
  Detonation	
  nanodiamond	
  (DND)	
  is	
  a	
  powder	
  compromised	
  of	
  

5-­‐10	
  nm	
  diamond	
  crystals	
  aggregated	
  to	
   the	
  micron	
  scale.	
  Processing	
   techniques	
  

which	
  are	
  also	
  discussed	
  in	
  chapter	
  2	
  can	
  be	
  applied	
  break	
  apart	
  these	
  aggregates	
  

to	
  the	
  5-­‐10	
  nm	
  primary	
  particles;	
  the	
  so-­‐called	
  “monodispersed”	
  DND	
  which	
  forms	
  

a	
   stable	
   water	
   colloid.	
   DNDs	
   are	
   becoming	
   an	
   increasingly	
   important	
   class	
   of	
  

materials	
  being	
  investigated	
  for	
  a	
  diverse	
  range	
  of	
  applications	
  such	
  as,	
  biological	
  

cell	
   attachment	
   and	
   growth,6.1	
   carriers	
   for	
   in-­‐vivo	
   drug	
   delivery,6.2	
   fluorescent	
  

markers	
  within	
  biological	
  systems,6.3	
  additives	
  to	
  oil-­‐based	
  compounds	
  for	
  friction	
  

reduction,6.4	
   electrodes	
   for	
   electrochemistry,6.5	
   and	
   for	
   cold-­‐cathode	
   fabrication	
  

through	
  electron	
  field-­‐emission.6.6	
  

	
  

However,	
   to	
   date	
   the	
   electronic	
   properties	
   of	
   DNDs	
   have	
   not	
   been	
   well	
  

characterised.	
  Bevilacqua	
  et	
  al.6.7	
  studied	
  the	
  electronic	
  properties	
  of	
  micron	
  sized	
  

aggregated	
   DNDs	
   using	
   impedance	
   spectroscopy.	
   Only	
   one	
   form	
   of	
   electrical	
  

conduction	
   was	
   observed,	
   which	
   was	
   grain-­‐interior-­‐like	
   at	
   temperatures	
   below	
  

350	
   °C,	
   but	
   may	
   have	
   been	
   due	
   to	
   surface/interface	
   conduction	
   at	
   higher	
  

temperatures.	
   The	
   aggregated	
   DND	
   powder	
   also	
   displayed	
   a	
   low	
   dielectric	
   loss	
  

tangent	
   (0.004	
   –	
   0.008),	
   suggesting	
   it	
   had	
   good	
   dielectric	
   properties.	
   These	
  

properties	
   are	
   difficult	
   to	
   explain	
   using	
   the	
   model	
   for	
   DND	
   aggregates	
   that	
   has	
  

been	
  proposed	
  whereby	
  the	
  “core”	
  diamond	
  particles	
  are	
  surrounded	
  by	
  sp2	
  soot-­‐

like	
   phase.6.8	
   To	
   better	
   understand	
   the	
   electronic	
   properties	
   of	
   DND	
   material,	
  

particularly	
   “core”	
   nanodiamonds,	
   this	
   chapter	
   describes	
   the	
   measurements	
  

performed	
  on	
  “monodispersed”	
  DND.	
  

	
  

The	
   electrical	
   characterization	
   technique	
   used	
   is	
   impedance	
   spectroscopy	
   (IS),	
  

which	
  has	
  been	
  review	
  in	
  chapter	
  4.	
  IS	
  has	
  been	
  previously	
  deployed	
  to	
  study	
  the	
  

properties	
   of	
   single	
   crystal	
   and	
   polycrystalline	
   diamond	
   films	
   to	
   some	
   effect	
   as	
  

well	
  as	
  being	
  the	
  technique	
  utilised	
  to	
  study	
  aggregated	
  DND.	
  6.7,	
  6.9,	
  6.10,	
  6.11,	
  6.12,	
  6.13	
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6.2.	
   Experimental	
  Method	
  

Sample	
  preparation	
  

The	
  monodispersed	
  DND	
  colloid	
  used	
   throughout	
   this	
  work	
  was	
  purchased	
   from	
  

NanoAmando	
   (New	
   Metals	
   &	
   Chemicals	
   Corporation,	
   Japan).	
   This	
   material	
   has	
  

been	
  de-­‐aggregated	
  by	
  a	
  process	
  of	
  wet-­‐milling	
  with	
  zircona	
  beads,6.14	
  which,	
  along	
  

with	
  any	
  additional	
  pretreatment,	
  has	
  been	
  discussed	
  in	
  detail	
  in	
  chapter	
  2.	
  

In	
  order	
  to	
  measure	
  the	
  monodispersed	
  DND	
  with	
  impedance	
  spectroscopy,	
  it	
  was	
  

necessary	
   to	
   coat	
   a	
   smooth,	
   conductive	
   substrate	
   which	
   would	
   act	
   as	
   the	
  

electrodes,	
  with	
  DND.	
   For	
   this	
   purpose,	
   one	
   side	
   polished,	
   arsenic	
   doped	
   silicon	
  

(resistivity	
  =	
  0.001	
  Ωcm)	
  was	
  used.	
  	
  The	
  experiment	
  required	
  the	
  measurements	
  to	
  

be	
   conducted	
   through	
   a	
   layer	
   of	
   nanodiamonds,	
   rather	
   than	
   across.	
   Therefore,	
   a	
  

sandwich	
  structure	
  was	
  devised,	
  for	
  which	
  two	
  square	
  silicon	
  samples	
  were	
  coated	
  

with	
   DND.	
   These	
   would	
   then	
   be	
   placed	
   with	
   the	
   polished	
   DND	
   covered	
   sides,	
  

touching	
  each	
  other.	
  

	
  

	
  
Figure	
  6.1:	
  AFM	
  image	
  of	
  detonation	
  nanodiamonds	
  on	
  a	
  silicon	
  substrate.	
  The	
  image	
  size	
  

is	
  500	
  nm	
  x	
  500	
  nm.	
  The	
  height	
  scale	
  is	
  given	
  by	
  the	
  gradient	
  scale	
  on	
  the	
  right	
  hand	
  side	
  

of	
  the	
  image.	
  

	
  

The	
   samples	
   were	
   coated	
   with	
   DNDs	
   using	
   the	
   method	
   described	
   in	
   chapter	
   5,	
  

sample	
  3.	
  The	
  original	
  solution	
  of	
  DND	
  (50g/L)	
  was	
  diluted	
  to	
  0.05g/L.	
  The	
  silicon	
  

substrate	
  was	
  sonicated	
  in	
  this	
  diluted	
  colloid	
  for	
  10	
  minutes.	
  On	
  removal	
  from	
  the	
  

colloid,	
   it	
   was	
   immediately	
   rinsed	
   with	
   de-­‐ionised	
   water	
   and	
   dried	
   with	
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pressurised	
  nitrogen.	
  AFM	
  of	
   the	
  samples	
   revealed	
  a	
  dense	
  monodispersed	
   layer	
  

with	
  nanodiamond	
  sizes	
  in	
  the	
  range	
  5–15	
  nm	
  (Figure	
  6.1).	
  

	
  

Electrical	
  measurement	
  

For	
   the	
   measurements,	
   one	
   piece	
   of	
   DND	
   coated	
   silicon	
   substrate	
   acted	
   as	
   the	
  

bottom	
  electrode	
  while	
   a	
   similar	
   piece	
   of	
   coated	
   silicon	
  was	
  pressed	
   against	
   the	
  

topside	
  to	
  act	
  as	
  the	
  other,	
  allowing	
  the	
  measurements	
  to	
  be	
  taken	
  through	
  a	
  layer	
  

of	
  DND.	
  

The	
  measurements	
   were	
   carried	
   out	
   using	
   a	
   Solartron	
   1260	
   Impedance	
   system	
  

with	
   Solartron	
   1296	
   Dielectric	
   Interface.	
   The	
   sample	
   structure	
   was	
   placed	
   on	
   a	
  

heater	
   in	
   a	
   chamber;	
   the	
   chamber	
   being	
   connected	
   to	
   the	
   Solatron	
   system.	
   Two	
  

adjustable	
  probes	
  were	
  used	
  to	
  make	
  contact	
  with	
  both	
  the	
  top	
  and	
  bottom	
  DND	
  

coated	
  silicon	
  pieces	
  (Figure	
  6.2).	
  

Impedance	
   measurements	
   were	
   carried	
   out	
   from	
   room	
   temperature	
   upwards.	
  

Each	
  measurement	
  was	
   performed	
   over	
   the	
   frequency	
   range	
   0.1	
  Hz–10	
  MHz.	
  At	
  

the	
  point	
  where	
  a	
  significant	
  change	
  in	
  the	
  Cole-­‐Cole	
  plot	
  was	
  recorded,	
  the	
  sample	
  

was	
   cooled	
   and	
   a	
   new	
   room	
   temperature	
   measurement	
   was	
   recorded.	
   	
   If	
   little	
  

change	
  was	
  observed	
  between	
  this	
  new	
  room	
  temperature	
  measurement	
  and	
  the	
  

initial	
  room	
  temperature	
  measurement,	
  the	
  sample	
  was	
  heated	
  to	
  the	
  next	
  highest	
  

temperature.	
   This	
   process	
   continued	
   until	
   the	
   room	
   temperature	
   measurement	
  

also	
   showed	
   a	
   permanent	
   change.	
   Control	
   experiments	
   using	
   silicon	
   electrodes	
  

alone	
  were	
  used	
  to	
  confirm	
  that	
  the	
  electrical	
  measurements	
  recorded	
  were	
  due	
  to	
  

the	
  nanodiamond	
  layer	
  alone.	
  	
  

	
  

Figure	
   6.2:	
   	
   Illustration	
   showing	
   the	
   sample	
   set	
   up	
   and	
   probe	
   placement.	
   The	
   grey	
  

rectangles	
  depict	
   the	
   silicon	
   substrate,	
   the	
  blue	
   spheres	
  are	
   the	
  nanodiamond	
  particles.	
  

One	
  probe	
  is	
  in	
  contact	
  with	
  the	
  back	
  of	
  the	
  top	
  silicon	
  substrate	
  and	
  the	
  other	
  probe	
  is	
  in	
  

contact	
  with	
  the	
  bottom	
  substrate.	
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6.3	
   Results	
  and	
  Discussion	
  

Figure	
   6.3	
   shows	
   the	
   real	
   Cole-­‐Cole	
   plots	
   for	
   the	
   measurements	
   taken	
   at	
   room	
  

temperature	
   (23	
   °C),	
   75°C,	
   100	
   °C,	
   125	
   °C	
   and	
   150	
   °C.	
   The	
   points	
   represent	
   the	
  

experimental	
  data	
  obtained	
  and	
  the	
  solid	
  lines	
  represent	
  the	
  best	
  semicircular	
  fits	
  

to	
  the	
  data	
  points	
  using	
  the	
  RC	
  equivalent	
  circuit	
  model	
  described	
  in	
  chapter	
  4.6.	
  A	
  

single	
   semicircular	
   response	
   is	
   apparent,	
   indicating	
   only	
   one	
   significant	
  

conduction	
  path	
  is	
  present	
  through	
  the	
  sample.	
  

	
  

	
  

Figure	
   6.3:	
   Cole–Cole	
   plots	
   (real	
   value	
   of	
   the	
   impedance	
   plotted	
   against	
   the	
   imaginary	
  

component	
   as	
   a	
   function	
   of	
   frequency)	
   of	
   the	
   monodispersed	
   nanodiamond	
   layers	
   for	
  

temperatures	
  23	
  –	
  150°	
  C.	
  The	
  solid	
  lines	
  are	
  fits	
  to	
  the	
  data	
  points.	
  

	
  

Figure	
   6.4	
   shows	
   the	
   Bode	
   plot	
   for	
   this	
   same	
   data,	
  where	
   a	
   straight	
   line	
  with	
   a	
  

negative	
   slope	
   is	
   apparent	
   at	
   all	
   temperatures.	
   This	
   trend	
  was	
  maintained	
   until	
  

samples	
   were	
   heated	
   above	
   400	
   °C.	
   At	
   this	
   point	
   no	
   Cole-­‐Cole	
   plots	
   could	
   be	
  

recorded	
   and	
   the	
  Bode	
  plot	
   becomes	
   flat	
  with	
   respect	
   to	
   frequency	
   (Figure	
  6.5).	
  

Room	
  temperature	
  measurements	
  recorded	
  after	
  the	
  sample	
  was	
  heated	
  to	
  425	
  °C	
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did	
  not	
   recover	
   their	
   original	
   shape,	
  with	
   the	
  Bode	
  plot	
   remaining	
   flat,	
   although	
  

displaying	
  higher	
  resistance	
  values.	
  

 

Figure	
   6.4:	
   	
   Real	
   impedance	
   plotted	
   against	
   measurement	
   frequency	
   (Bode	
   Plot)	
   for	
   the	
  

monodispersed	
  nanodiamond	
  layers	
  for	
  temperatures	
  23-­‐150	
  °C.	
  

	
  

 

Figure	
   6.5:	
   	
   Real	
   impedance	
   plotted	
   against	
   measurement	
   frequency	
   (Bode	
   Plot)	
   for	
   the	
  

monodispersed	
   nanodiamond	
   layers	
   for	
   temperatures	
   recorded	
   at	
   425	
   °C,	
   and	
   at	
   28	
   °C	
  

following	
  the	
  425	
  °C	
  treatment.	
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The	
  semicircles	
  shown	
  in	
  figure	
  6.3	
  can	
  be	
  fitted	
  to	
  extract	
  the	
  RC	
  components	
  of	
  

the	
   conduction	
   path	
   responsible	
   for	
   them.	
   This	
   data	
   is	
   shown	
   in	
   table	
   6.1	
   as	
   a	
  

function	
  of	
  temperature.	
  

 

Temperature	
  

(°C)	
  

Resistance	
  

(x1010	
  Ω)	
  

Capacitance	
  

(pF)	
  

23	
   1.9	
   11	
  
75	
   3.9	
   15	
  
100	
   4.5	
   13	
  
125	
   4.9	
   9	
  
150	
   2.2	
   7	
  

Table	
   6.1:	
   Resistance	
   and	
   capacitance	
   values	
   derived	
   from	
   the	
   fits	
   to	
   the	
   data	
   shown	
   in	
  

Figure	
  6.3,	
  tabulated	
  against	
  temperature.	
  

	
  
Under	
  all	
  conditions	
  the	
  capacitance	
  is	
  seen	
  to	
  be	
  in	
  the	
  picofarad	
  range,	
  which,	
  in	
  

polycrystalline	
   material,	
   indicates	
   conduction	
   through	
   grains,	
   rather	
   than	
   grain	
  

boundaries	
  that	
  more	
  often	
  display	
  higher	
  capacitance	
  levels	
  (~	
  nanofarad).6.15	
  In	
  

the	
  present	
   case,	
   the	
  measurements	
  are	
  being	
  made	
   in	
   the	
   form	
  of	
   a	
   “sandwich”	
  

(across	
   the	
   grains	
   attached	
   to	
   the	
   substrate),	
   not	
   through	
   a	
   continuous	
   film.	
  

Therefore,	
   this	
   single	
   semicircular	
   response	
   indicates	
   that	
   multiple	
   conduction	
  

paths	
   (through	
   the	
   nanodiamond	
   particle	
   and	
   around	
   its	
   shell)	
   are	
   not	
   being	
  

observed.	
  The	
  resistance	
  values	
  obtained	
  are	
  greater	
  than	
  1010	
  Ω	
  which	
  are	
  more	
  

typical	
   of	
   diamond	
   than	
   of	
   any	
   sp2-­‐like	
   material	
   surrounding	
   the	
   nanodiamond.	
  

This	
  is	
  an	
  indication	
  that	
  any	
  non-­‐diamond	
  carbon	
  present	
  in	
  electrically	
  inactive.	
  	
  	
  

It	
  can	
  be	
  observed	
  that	
  there	
  is	
  an	
  initial	
  increase	
  in	
  resistance,	
  by	
  around	
  a	
  factor	
  

of	
  two,	
  with	
  increasing	
  temperature	
  prior	
  to	
  its	
  decrease	
  again	
  at	
  150	
  °C.	
  The	
  most	
  

likely	
  explanation	
  for	
  this	
  is	
  the	
  desorption	
  of	
  water	
  from	
  the	
  mDND	
  surface,	
  given	
  

the	
  high	
  surface	
  area.	
  	
  

Although	
  too	
  few	
  data	
  points	
  exist	
  for	
  an	
  accurate	
  measurement	
  of	
  the	
  activation	
  

energy	
   of	
   this	
   process	
   to	
   be	
   determined,	
   an	
  Arrhenius	
   plot	
   of	
   the	
   available	
   data	
  

suggests	
  the	
  value	
  is	
   in	
  the	
  range	
  of	
  a	
  few	
  tens	
  of	
  milli-­‐electron-­‐volt;	
  a	
  value	
  that	
  

may	
  be	
  expected	
  for	
  removal	
  of	
  moisture	
  from	
  the	
  samples.	
  The	
  Bode	
  plot	
  shown	
  

in	
   figure	
   6.4	
   is	
   typical	
   for	
   a	
   good	
   quality	
   dielectric	
   material,	
   where	
   effective	
  

resistivity	
   declines	
   with	
   measurement	
   frequency.	
   Extrapolation	
   of	
   the	
   line	
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displayed	
  in	
  figure	
  6.4	
  towards	
  zero	
  frequency	
  enables	
  the	
  dc	
  resistivity	
  of	
  the	
  film	
  

to	
   be	
   determined,	
   revealing	
   a	
   value	
   greater	
   than	
   1012	
   Ω/	
   sq.	
   This	
   value	
   is	
   only	
  

around	
   an	
   order	
   of	
   magnitude	
   lower	
   than	
   that	
   determined	
   for	
   high	
   quality	
  

polycrystalline	
   CVD	
   material6.16	
   and	
   is	
   a	
   remarkable	
   result	
   given	
   that	
   this	
   is	
  

nanostructured	
  detonation	
  powder,	
  which	
  has	
  often	
  been	
  considered	
  to	
  comprise	
  

a	
  composite	
  of	
  sp3,	
  sp2,	
  and	
  impurity	
  species.6.17,	
  6.18	
  An	
  important	
  characteristic	
  of	
  

an	
  insulating	
  film	
  is	
  the	
  dielectric	
  loss	
  tangent	
  (tan	
  δ),	
  determined	
  as	
  a	
  function	
  of	
  

ac	
   frequency.	
   tan	
  δ	
   	
   is	
   the	
   imaginary	
  part	
  of	
   the	
  complex	
  dielectric	
   constant	
  as	
  a	
  

ratio	
  with	
  its	
  real	
  component;	
  it	
  can	
  be	
  shown	
  that	
  the	
  value	
  is	
  equal	
  to	
  the	
  ratio	
  of	
  

the	
   real	
  part	
  of	
   the	
   complex	
   impedance	
   (Z’)	
  divided	
  by	
   its	
   imaginary	
   component	
  

(Z”).6.15	
   	
  For	
  the	
  data	
  shown	
  in	
  figure	
  6.2,	
  tan	
  δ	
   	
   is	
  around	
  0.5	
  at	
  0.1	
  Hz,	
  falling	
  to	
  

~0.05	
  at	
  1MHz.	
  	
  	
  

It	
  should	
  be	
  remembered	
  the	
  function	
  tan	
  δ	
  is	
  a	
  measure	
  of	
  the	
  ratio	
  of	
  the	
  power	
  

dissipated	
   in	
   the	
   dielectric	
   to	
   the	
   power	
   stored,	
   implying	
   low	
   numbers	
   are	
  

desirable.	
  Ibarra	
  and	
  co-­‐workers	
  6.19	
  measured	
  a	
  dielectric	
  loss	
  tangent	
  of	
  around	
  

0.01	
   falling	
   to	
   around	
   0.001	
   at	
   10	
   MHz	
   for	
   commercially	
   available	
   thick	
   CVD	
  

polycrystalline	
   diamond	
   films.	
   The	
   values	
   measured	
   here	
   are	
   only	
   around	
   one	
  

order	
  higher,	
   further	
  underlining	
  that	
   the	
  DND	
  samples	
  are	
  showing	
  high	
  quality	
  

dielectric	
  characteristics.	
  In	
  a	
  previous	
  study,6.20	
  on	
  aggregated	
  DND	
  material,	
  the	
  

dielectric	
   loss	
   values	
   ranged	
   from	
   0.4	
   to	
   0.02,	
   suggesting	
   any	
   change	
   to	
   the	
  

dielectric	
   properties	
   of	
   the	
   DND	
   created	
   by	
   monodispersing	
   them	
   are	
   not	
  

significant.	
  

At	
   higher	
   temperatures,	
  measurements	
   became	
   increasingly	
   noisy	
   to	
   record	
   and	
  

by	
   400	
   °C	
   the	
   dielectric	
   character	
   of	
   the	
   samples	
   is	
   essentially	
   lost	
   (Figure	
   6.5).	
  

This	
   change	
   was	
   not	
   reversible	
   by	
   subsequently	
   cooling	
   the	
   samples,	
   which	
  

indicates	
   a	
   structural	
   change	
   has	
   occurred.	
   Diamond	
   graphitization	
   in	
   a	
   vacuum	
  

involves	
   temperatures	
   in	
  excess	
  of	
  1000	
   °C,6.21	
   although	
   in	
  air	
  diamond	
  burns	
  at	
  

temperatures	
   considerably	
   lower	
   than	
   this.6.22	
   Given	
   that	
   the	
   resistivity	
   is	
  

considerably	
  reduced	
   in	
   the	
  current	
  case,	
  and	
  the	
   impedance	
  measurements	
   lose	
  

any	
  dependence	
  on	
  measurement	
  frequency,	
  this	
  suggests	
  the	
  nanodiamonds	
  have	
  

irreversibly	
  transformed	
  to	
  a	
  non-­‐diamond	
  carbon	
  state.	
  Such	
  a	
  catastrophic	
   loss	
  

of	
  diamond	
  character	
  was	
  not	
  observed	
  in	
  previous	
  studies	
  of	
  aggregated	
  DND,6.20	
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although	
  there	
  was	
  evidence	
   for	
   the	
  onset	
  of	
  some	
  grain-­‐boundary-­‐like	
  electrical	
  

conduction	
  at	
  temperatures	
  above	
  350	
  °C.	
  Further	
  studies	
  are	
  required	
  to	
  be	
  able	
  

to	
   identify	
   the	
   nature	
   of	
   the	
   transformation	
   that	
   has	
   taken	
   place	
   in	
   the	
   current	
  

study.	
  However,	
  theoretical	
  studies	
  have	
  suggested	
  individual	
  nanodiamonds,	
  with	
  

a	
  diameter	
  of	
  around	
  5	
  nm,	
  will	
  support	
  a	
  fullerene-­‐like	
  outer	
  shell,	
  and	
  have	
  been	
  

called	
   “bucky-­‐diamonds;”6.23,6.24,6.25	
   it	
   could	
   be	
   speculated	
   that	
   transformations	
  

within	
  these	
  phases	
  are	
  responsible	
  for	
  the	
  loss	
  of	
  diamond	
  characteristics,	
  or	
  that	
  

the	
   nanometer	
   size	
   of	
   the	
   DND	
   particles	
   enables	
   graphitisation	
   to	
   occur	
   at	
  

considerably	
   lower	
   temperatures	
   than	
   in	
   the	
   case	
   of	
   bulk-­‐crystalline	
   diamond.	
  

Graphitisation	
   (or	
   otherwise)	
   of	
   the	
   DND	
   particles	
   can	
   be	
   investigated	
   by	
  

performing	
  Raman	
  spectroscopy	
  on	
  the	
  sample	
  after	
  heating	
  to	
  425	
  °C	
  in	
  air.	
  

 

6.4	
   Concluding	
  remarks	
  

The	
  electrical	
  properties	
  of	
  monodispersed	
  detonation	
  nanodiamonds	
  have	
  been	
  

studied;	
  a	
  resistivity	
  of	
  the	
  order	
  of	
  1012	
  Ω/sq	
  has	
  been	
  determined,	
  with	
  only	
  one	
  

significant	
   conduction	
   pathway	
   being	
   observed.	
   This	
   suggests	
   either	
   the	
  

nanodiamonds	
   support	
   little	
   in	
   the	
  way	
   of	
   sp2-­‐like	
  material	
   on	
   their	
   surfaces,	
   or	
  

any	
   such	
   material	
   is	
   electrically	
   inactive,	
   presumably	
   through	
   depletion.	
   The	
  

dielectric	
   character	
   of	
   the	
   detonation	
   nanodiamond	
   particles	
   is	
   also	
   good,	
   with	
  

dielectric	
   loss	
   tangent	
   values	
   in	
   the	
   range	
   0.05	
   –	
   0.5	
   being	
   recorded.	
   These	
  

combined	
   observations	
   suggest	
   DNDs	
   behave	
   in	
   electrical	
   terms	
   similar	
   to	
   thin	
  

film	
  diamond,	
  and	
  that	
  electrical	
  applications	
  for	
  DNDs	
  are	
  worthy	
  of	
  pursuit.	
  Since	
  

the	
  simple	
  room	
  temperature	
  sonication	
  process	
  used	
  here	
  is	
  capable	
  of	
  coating	
  a	
  

wide-­‐range	
  of	
  three-­‐dimensional	
  objects	
  with	
  DND	
  layers	
  this	
  is	
  an	
  exciting	
  result.	
  

A	
   limitation	
   on	
   the	
   electrical	
   use	
   the	
   monodispersed	
   DNDs,	
   at	
   least	
   in	
   the	
  

untreated,	
   as-­‐deposited	
   from	
  solution	
   form	
  used	
  here,	
   is	
   the	
   catastrophic	
   loss	
  of	
  

diamond	
  like	
  character	
  at	
  temperatures	
  above	
  400	
  °C.	
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Chapter	
  7	
   Modification	
  of	
  nanodiamond	
  layer	
  surfaces	
  
	
  

7.1	
   Introduction	
  

The	
   as-­‐received	
   detonation	
   nanodiamond	
   is	
   covered	
   with	
   surface	
   functional	
  

groups	
   dependent	
   on	
   the	
   post	
   detonation	
   treatments	
   for	
   cleaning	
   and	
  

deaggregation,	
   as	
   discussed	
   in	
   chapter	
   2.1.4.	
   Mainly	
   due	
   to	
   oxidising	
   post-­‐

synthesis	
  treatments,	
  DNDs	
  are	
  covered	
  by	
  a	
  wide	
  variety	
  of	
  oxygenated	
  functions:	
  

hydroxyl,	
   ether,	
   ketones	
   or	
   carboxylic	
   acid	
   groups.7.1	
   This	
   variation	
   in	
   surface	
  

chemistry	
  prevents	
  an	
  efficient	
  and	
  homogenous	
  functionalisation	
  due	
  to	
  different	
  

reactivity	
  of	
  these	
  various	
  oxygenated	
  groups.	
  

	
  

By	
   analogy	
   with	
   diamond	
   films,	
   another	
   promising	
   way	
   to	
   homogenise	
   the	
  

nanodiamond	
   surface	
   is	
   by	
   hydrogenation.	
   By	
   reducing	
   all	
   oxygenated	
  

terminations	
  into	
  C–H	
  groups,	
  this	
  treatment	
  ensures	
  a	
  reproducible	
  and	
  versatile	
  

surface	
   for	
   further	
   functionalisation.	
   This	
   has	
   previously	
   been	
   attempted	
   by	
  

MWPCVD	
   hydrogenation.7.2	
   	
   This	
   chapter	
  will	
   report	
   on	
   the	
   results	
   obtained	
   by	
  

using	
  a	
  hydrogen	
  gas	
  treatment	
  to	
  successfully	
  reduce	
  the	
  surface	
  to	
  C-­‐H	
  groups.	
  In	
  

addition	
  to	
  this,	
  how	
  the	
  surface	
  can	
  be	
  oxidised	
  using	
  ozone	
  to	
  provide	
  a	
  platform	
  

for	
  metallisation.	
  

	
  

To	
  obtain	
  an	
  NEA	
  surface	
  of	
  the	
  nanodiamond	
  layer,	
  two	
  approaches	
  can	
  be	
  used.	
  

The	
   first	
   is	
   to	
   simply	
   hydrogen	
   terminate	
   the	
   entire	
   surface,	
   which	
   is	
   not	
  

considered	
  to	
  be	
  a	
  particularly	
  stable	
  NEA	
  as	
  oxidation	
  of	
  the	
  surface	
  can	
  readily	
  

lead	
   to	
  hydrogen	
   loss.	
  The	
  second	
   is	
   to	
  deposit	
   a	
  metallic	
   layer	
   such	
  as	
   caesium.	
  

For	
   electron	
   emission	
   applications,	
   a	
   caesium	
   submonolayer	
   adsorbed	
   on	
   the	
  

oxygenated	
   diamond	
   surface	
   has	
   been	
   investigated	
   extensively	
   due	
   to	
   the	
  

extremely	
  low	
  work	
  function	
  induced	
  by	
  the	
  large	
  Cs―O	
  dipole,	
  reducing	
  the	
  work	
  

function	
   of	
   the	
   bare	
   diamond	
   surface	
   from	
   5.5–6	
   eV	
   to	
   around	
   1.25	
   eV.7.3,	
   7.4	
  	
  

Another	
  particularly	
  important	
  question	
  is	
  how	
  strongly	
  the	
  Cs	
  atoms	
  are	
  bound	
  to	
  

the	
  surface;	
  if	
  the	
  bonding	
  is	
  weak	
  the	
  system	
  would	
  not	
  be	
  robust.	
  Geis	
  found	
  the	
  

oxygenated	
   diamond	
   surface	
   after	
   caesiation	
   to	
   be	
   very	
   stable.7.5	
   It	
   is	
   therefore	
  

important	
   to	
   investigate	
   treatments	
   that	
   will	
   render	
   the	
   nanodiamond	
   surface	
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terminated	
   with	
   oxygen	
   groups	
   to	
   provide	
   a	
   platform	
   for	
   caesium	
   deposition	
  

resulting	
   in	
   enhanced	
   NEA.	
   The	
   carbonyl	
   (or	
   ketone)	
   structure,	
   consisting	
   of	
   a	
  

double	
   bond	
   between	
   carbon	
   and	
   oxygen	
   above	
   every	
   surface	
   site,	
   has	
   been	
  

calculated	
  to	
  be	
  slightly	
  higher	
  in	
  energy	
  than	
  the	
  ether	
  bridging	
  structure	
  where	
  

oxygen	
   atoms	
   bond	
   between	
   and	
   across	
   atomic	
   sites.7.6	
   	
   The	
   aim	
   of	
   this	
  

investigation	
  is	
  to	
  not	
  only	
  establish	
  a	
  protocol	
  for	
  successful	
  oxidation	
  but	
  also	
  to	
  

establish	
  a	
  method	
  of	
  preferential	
  termination	
  with	
  ketones.	
  	
  

	
  

FTIR	
   is	
   a	
   useful	
   technique	
   to	
   identify	
   the	
   chemical	
   bonding.	
   	
   FTIR	
   has	
   been	
  

extensively	
   used	
   to	
   investigate	
   the	
   presence	
   of	
   various	
   functional	
   groups	
   on	
   the	
  

surface	
  of	
  NDs.7.7,	
  7.8,	
  7.9,	
  7.10	
  It	
  was	
  therefore	
  chosen	
  as	
  the	
  analytical	
  technique	
  for	
  

this	
  work	
  due	
  and	
  has	
  been	
  described	
  fully	
  in	
  chapter	
  4.	
  

Many	
  authors	
  report	
  the	
  use	
  of	
  KBr	
  pellets	
  to	
  perform	
  FTIR	
  of	
  nanodiamonds.7.11	
  

However,	
   since	
   the	
   treatments	
   in	
   this	
   work	
   were	
   conducted	
   on	
   nanodiamond	
  

layers	
   deposited	
   from	
   a	
   colloid,	
   KBr	
   discs	
   were	
   not	
   a	
   suitable	
   medium	
   for	
   two	
  

reasons.	
  The	
  first	
  being	
  the	
  exposure	
  to	
  water	
   from	
  the	
  nanodiamond	
  containing	
  

colloid	
  (KBr	
  is	
  water	
  soluble)	
  and	
  the	
  second,	
  the	
  high	
  temperatures	
  of	
  some	
  of	
  the	
  

treatments.	
  Silicon	
  was	
  also	
  not	
  a	
   suitable	
   substrate	
  due	
   to	
  phonon	
  creation	
  and	
  

the	
   unpolished	
   surface	
   causing	
   infrared	
   scattering.	
   Calcium	
   fluoride	
   windows	
  

(15mm	
   discs)	
   were	
   found	
   to	
   be	
   an	
   appropriate	
   alternative.	
   	
   However,	
   with	
   the	
  

FTIR	
   equipment	
   available	
   it	
   was	
   not	
   possible	
   to	
   obtain	
   a	
   spectrum	
   from	
   DND	
  

monolayers,	
  so	
  the	
  windows	
  were	
  coated	
  with	
  a	
  thick	
  layer	
  of	
  DNDs.	
  

	
  

7.2	
   Method	
  sample	
  of	
  preparation	
  

A	
  small	
  volume	
  of	
   the	
  original	
  nanodiamond	
  colloid	
  of	
  concentration	
  50	
  g/L	
  was	
  

used	
  to	
  create	
  a	
  dilution	
  of	
  concentration	
  3.33	
  g/L.	
  The	
  CaF2	
  window	
  was	
  placed	
  

on	
   a	
   heater	
   at	
   a	
   temperature	
   of	
   approximately	
   100°C.	
   The	
   diluted	
   colloid	
   was	
  

picked	
   up	
   using	
   a	
   micropipette	
   and	
   dropped	
   onto	
   the	
   window.	
   The	
   water	
  

evaporated,	
  leaving	
  a	
  coating	
  of	
  nanodiamonds	
  on	
  the	
  window	
  (Figure	
  7.1).	
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Figure	
  7.1:	
  CaF2	
  window	
  with	
  dried	
  nanodiamond	
  particles.	
  

	
  

	
  

List	
  of	
  ND	
  treatments	
  for	
  FTIR	
  spectroscopy	
  

The	
  FTIR	
  spectrometer	
  was	
  purged	
  with	
  nitrogen	
  to	
  reduce	
  the	
  effect	
  of	
  moisture	
  

in	
  the	
  spectra.	
  The	
  spectra	
  were	
  obtained	
  in	
  transmission	
  mode.	
  

Spectra	
  obtained	
  :	
  

CaF2	
  uncoated	
  (background).	
  

CaF2	
  nanodiamond	
  untreated.	
  

CaF2	
  nanodiamond,	
  treated	
  with	
  the	
  hydrogen	
  process.	
  

CaF2	
  nanodiamond,	
  treated	
  with	
  the	
  ozone	
  process.	
  

CaF2	
  nanodiamond,	
  treated	
  with	
  hydrogen	
  followed	
  by	
  ozone.	
  

CaF2	
  nanodiamond	
  treated	
  with	
  an	
  oxygen	
  reactive	
  ion	
  etching	
  (RIE)	
  plasma.	
  

	
  

7.2.1	
   Hydrogen	
  treatment	
  

To	
   hydrogenate	
   the	
   ND	
   surface,	
   the	
   sample	
   was	
   heated	
   in	
   an	
   atmosphere	
   of	
  

hydrogen	
   for	
  5	
  hours	
  at	
  500	
  °C.	
  This	
   treatment	
  was	
  conducted	
   in	
  a	
   custom	
  built	
  

chamber	
  with	
  a	
  heating	
  plate.	
  The	
  nanodiamond	
  coated	
  CaF2	
  window	
  was	
  placed	
  

on	
  the	
  heater	
  in	
  the	
  centre	
  of	
  the	
  chamber.	
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Treatment	
  steps	
  

• The	
   chamber	
  was	
  pumped	
  down	
   to	
  10-­‐5	
   torr	
  using	
   the	
   turbo	
  pump.	
  Once	
  

this	
  pressure	
  was	
  reached	
  the	
  turbo	
  pump	
  was	
  turned	
  off.	
  

• The	
   hydrogen	
   gas	
   values	
  were	
   opened	
   and	
   flow	
   of	
   hydrogen	
   entered	
   the	
  

chamber	
   until	
   the	
   pressure	
   in	
   the	
   chamber	
   reached	
   10	
   torr.	
   To	
  maintain	
  

this	
  pressure,	
  the	
  valve	
  on	
  the	
  rotary	
  pump	
  was	
  adjusted	
  accordingly.	
  

• The	
  temperature	
  controller	
  for	
  the	
  heating	
  plate	
  was	
  set	
  to	
  500	
  °C	
  and	
  the	
  

sample	
  heated.	
  The	
  sample	
  was	
   left	
   in	
  these	
  conditions	
  (10	
  torr	
  of	
  H2	
  and	
  

500	
  °C)	
  for	
  5	
  hours.	
  

• Once	
   the	
   5	
   hours	
   had	
   elapsed,	
   the	
   heating	
   plate	
   was	
   cooled	
   whilst	
   still	
  

maintaining	
  the	
  10	
  torr	
  of	
  H2	
  pressure.	
  When	
  the	
  heating	
  plate	
  had	
  reached	
  

room	
  temperature,	
  the	
  hydrogen	
  flow	
  to	
  the	
  chamber	
  was	
  stopped	
  and	
  all	
  

the	
  gas	
  line	
  valves	
  were	
  closed.	
  

• The	
   chamber	
   was	
   pumped	
   down	
   to	
   a	
   rough	
   vacuum	
   to	
   remove	
   the	
  

hydrogen	
   before	
   bringing	
   it	
   up	
   to	
   atmospheric	
   pressure	
   to	
   open.	
   The	
  

sample	
  was	
  then	
  immediately	
  transferred	
  to	
  the	
  FTIR	
  for	
  measurement	
  or	
  

to	
  the	
  equipment	
  for	
  oxidation	
  using	
  ozone.	
  

	
  

7.2.2	
   Ozone	
  treatment	
  

This	
   treatment	
   was	
   carried	
   out	
   for	
   30	
   minutes	
   at	
   200	
   °C	
   using	
   ozone	
   gas.	
   The	
  

ozone	
   was	
   produced	
   by	
   the	
   Ozonia	
   TOGC2-­‐100201.	
   The	
   TOGC2	
   is	
   a	
   corona	
  

discharge	
  type	
  ozone	
  generator	
  with	
  variable	
  ozone	
  output.	
  Producing	
  up	
  to	
  4g/h	
  

using	
  dry	
  air	
  and	
  10g/h	
  using	
  oxygen.	
  	
  

Treatment	
  steps	
  

• The	
  sample	
  was	
  placed	
  on	
  a	
  heater	
  inside	
  the	
  custom	
  built	
  chamber.	
  	
  

• The	
   chamber	
   was	
   pumped	
   to	
   low	
   10-­‐2	
   torr,	
   using	
   the	
   rotary	
   pump	
   but	
  

through	
   the	
   turbo	
   pump	
   connection.	
   Whilst	
   pumping,	
   the	
   chamber	
   was	
  

open	
   to	
   a	
   flow	
   of	
   oxygen	
   via	
   a	
   valve	
   fitted	
   connection	
   and	
   through	
   the	
  

TOGC2.	
  The	
  flow	
  duration	
  was	
  30	
  seconds.	
  The	
  valve	
  was	
  then	
  closed	
  and	
  

the	
  chamber	
  again	
  pumped	
  to	
  low	
  10-­‐2	
  torr.	
  The	
  purpose	
  of	
  this	
  step	
  was	
  to	
  

flush	
  the	
  lines	
  with	
  oxygen	
  gas	
  prior	
  to	
  treating	
  the	
  sample.	
  The	
  turbo	
  pump	
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was	
   then	
   started	
   and	
   the	
   chamber	
   was	
   pumped	
   down	
   to	
   10-­‐5	
   torr.	
   The	
  

sample	
  was	
  then	
  heated	
  to	
  200°C	
  and	
  this	
  temperature	
  was	
  maintained.	
  

• The	
  oxygen	
  gas	
  line	
  is	
  connected	
  to	
  the	
  chamber	
  via	
  the	
  TOGC2.	
  Oxygen	
  was	
  

introduced	
   into	
   the	
  chamber	
  by	
  opening	
   the	
  required	
  valves,	
  allowing	
   the	
  

pressure	
   to	
   rise	
   slowly,	
   the	
   turbo	
   pump	
   was	
   turned	
   off	
   and	
   the	
   valve	
  

connecting	
   the	
   chamber	
   to	
   the	
   turbo	
   pump	
   was	
   closed.	
   The	
   valve	
  

connecting	
   the	
   chamber	
  directly	
   to	
   the	
   rotary	
  pump	
  was	
   opened.	
  Using	
   a	
  

combination	
  of	
   the	
  oxygen	
  variable	
   area	
   flow	
  meter	
   and	
   the	
   rotary	
  pump	
  

valve,	
  a	
  chamber	
  pressure	
  of	
  50	
  mbar	
  was	
  established	
  and	
  maintained.	
  

• The	
   ozone	
   production	
   was	
   started	
   by	
   turning	
   on	
   the	
   TOGC2	
   unit	
   and	
  

continued	
  for	
  30	
  minutes.	
  After	
  30	
  minutes,	
  the	
  sample	
  was	
  cooled	
  down	
  in	
  

ozone.	
  	
  Once	
  the	
  sample	
  had	
  reached	
  room	
  temperature,	
  the	
  TOGC2	
  ozone	
  

production	
  was	
  stopped,	
  the	
  oxygen	
  flow	
  to	
  the	
  chamber	
  was	
  shut	
  off	
  and	
  

the	
   chamber	
   was	
   pumped	
   down	
   to	
   remove	
   gases	
   before	
   venting.	
   The	
  

sample	
  was	
  immediately	
  transferred	
  to	
  the	
  nitrogen	
  purged	
  FTIR.	
  

	
  

	
  

Figure	
  7.2:	
  Schematic	
  diagram	
  of	
  the	
  ozone	
  treatment	
  chamber,	
  showing	
  the	
  heater	
  on	
  which	
  

the	
  sample	
  is	
  placed,	
  with	
  the	
  gas	
  line	
  directly	
  above.	
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7.2.3	
   RIE	
  treatment	
  

Another	
  approach	
  used	
  for	
  the	
  oxidation	
  of	
  the	
  DND	
  surface	
  is	
  the	
  use	
  of	
  reactive	
  

ion	
  etching,	
  using	
  100	
  %	
  oxygen	
  gas	
  plasma.	
  	
  The	
  equipment	
  used	
  was	
  an	
  Oxford	
  

Plasma	
  Technology	
  RIE80	
  with	
  parallel	
  plates.	
  RIE	
  is	
  generally	
  used	
  as	
  an	
  etching	
  

technology,	
   using	
   a	
   chemically	
   reactive	
   plasma	
   to	
   remove	
  material	
   deposited	
   on	
  

wafers.	
   The	
   plasma	
   is	
   initiated	
   in	
   the	
   system	
   by	
   applying	
   a	
   strong	
   RF	
   (radio	
  

frequency)	
  electromagnetic	
  field	
  to	
  the	
  wafer	
  platter.	
  The	
  field	
  is	
  typically	
  set	
  to	
  a	
  

frequency	
   of	
   13.56	
  MHz	
   applied	
   at	
   a	
   few	
   hundred	
  watts.	
   The	
   oscillating	
   electric	
  

field	
  ionises	
  the	
  gas	
  molecules	
  by	
  stripping	
  them	
  of	
  electrons,	
  creating	
  a	
  plasma.	
  In	
  

each	
  cycle	
  of	
  the	
  field,	
  the	
  electrons	
  are	
  electrically	
  accelerated	
  up	
  and	
  down	
  in	
  the	
  

chamber,	
   sometimes	
   striking	
   both	
   the	
   upper	
  wall	
   of	
   the	
   chamber	
   and	
   the	
  wafer	
  

platter.	
   At	
   the	
   same	
   time,	
   the	
  much	
  more	
  massive	
   ions	
  move	
   relatively	
   little	
   in	
  

response	
   to	
   the	
  RF	
  electric	
   field.	
  When	
  electrons	
  are	
   absorbed	
   into	
   the	
   chamber	
  

walls	
  they	
  are	
  simply	
  fed	
  out	
  to	
  ground	
  and	
  do	
  not	
  alter	
  the	
  electronic	
  state	
  of	
  the	
  

system.	
   However,	
   electrons	
   stripped	
   from	
   the	
  wafer	
   platter	
   cause	
   the	
   platter	
   to	
  

build	
   up	
   charge	
   due	
   to	
   its	
   DC	
   isolation.	
   This	
   charge	
   build	
   up	
   develops	
   a	
   large	
  

positive	
  voltage	
  on	
  the	
  platter,	
   typically	
  around	
  a	
   few	
  hundred	
  volts.	
  The	
  plasma	
  

itself	
   develops	
   a	
   slightly	
   negative	
   charge	
   due	
   to	
   the	
   higher	
   concentration	
   of	
  

negative	
   ions	
  compared	
  to	
  free	
  electrons.	
  Because	
  of	
  the	
   large	
  voltage	
  difference,	
  

negative	
   ions	
   tend	
   to	
  drift	
   toward	
   the	
  wafer	
  platter,	
  where	
   they	
   collide	
  with	
   the	
  

samples	
  to	
  be	
  etched.	
  The	
  ions	
  react	
  chemically	
  with	
  the	
  materials	
  on	
  the	
  surface	
  

of	
   the	
   samples,	
  but	
   can	
  also	
   sputter	
   some	
  material	
  by	
   transferring	
   some	
  of	
   their	
  

kinetic	
  energy.	
  In	
  this	
  case,	
  surface	
  oxidation	
  is	
  desired	
  through	
  the	
  oxygen	
  species	
  

created	
  in	
  the	
  plasma	
  react	
  with	
  the	
  sample	
  surface.	
  

The	
   sample	
   is	
   placed	
   on	
   the	
   wafer	
   platter,	
   and	
   the	
   air	
   is	
   evacuated	
   from	
   the	
  

process	
   chamber	
   using	
   a	
   system	
  of	
   vacuum	
  pumps.	
   The	
   process	
   gas	
   (oxygen)	
   is	
  

then	
  introduced	
  at	
  low	
  pressure,	
  until	
  the	
  process	
  pressure	
  is	
  reached.	
  The	
  plasma	
  

is	
  then	
  initiated	
  by	
  applying	
  the	
  RF	
  potential.	
  For	
  this	
  particular	
  equipment,	
  it	
  was	
  

not	
   possible	
   to	
   initiate	
   the	
   plasma	
   at	
   different	
   conditions	
   and	
   thus	
   the	
   only	
  

variable	
  was	
  the	
  process	
  time.	
  

Process	
  Parameters	
  

Process	
  pressure	
  =	
  200	
  mtorr;	
  RF	
  power	
  =	
  350	
  W;	
  Treatment	
  time	
  =	
  15	
  mins	
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7.3	
   Results	
  and	
  discussion	
  

	
  

	
  

Figure	
  7.3:	
  FTIR	
  spectra	
  of	
  (a)	
  untreated	
  nanodiamonds,	
  (b)	
  nanodiamonds	
  with	
  hydrogen	
  

treatment,	
   (c)	
   nanodiamonds	
   with	
   ozone	
   treatment	
   and	
   (d)	
   nanodiamonds	
   treated	
   with	
  

ozone	
  following	
  hydrogen	
  treatment.	
  

	
  

(a)	
  

(b)	
  

(c)	
  

(d)	
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The	
  FTIR	
   spectrum	
  of	
   the	
   as-­‐received	
  NDs	
   is	
   shown	
   in	
   figure	
  7.3	
   (a).	
   	
   The	
  band	
  

observed	
   at	
   1726	
   cm-­‐1	
   is	
   characteristic	
   of	
   the	
   C	
   =	
  O	
   stretching	
   band	
   involved	
   in	
  

carboxylic	
  acid	
  groups	
  and	
  anhydride	
   functionalities.7.12	
  This	
  band	
   is	
   less	
   intense	
  

after	
  hydrogen	
  treatment.	
  The	
  wide	
  peak	
  in	
  the	
  3000-­‐3600	
  cm-­‐1	
  range	
  is	
  attributed	
  

to	
   OH	
   of	
   adsorbed	
   water.	
   In	
   the	
   1000–1500	
  cm−	
  1	
   range,	
   complex	
   mixed	
   peaks	
  

characteristic	
   of	
   nanodiamond	
   surface	
   groups	
   such	
   as	
   C–OH,	
   COO−,	
   C–O–C,	
   C–H,	
  

etc.	
  are	
  observed.7.13	
  

	
  

The	
  hydrogen	
  treated	
  FTIR	
  (Figure	
  7.3(b))	
  spectrum	
  shows	
  a	
  strong	
  peak	
  at	
  2923	
  

cm-­‐1,	
   this	
   band	
   has	
   previously	
   been	
   assigned	
   to	
   the	
   C–H	
   stretching	
   of	
   the	
  

hydrogenated	
   ND	
   surface.7.14	
   	
   This	
   is	
   coupled	
   with	
   the	
   CHx	
   bends	
   at	
   1461	
   cm-­‐1	
  

(CH2)	
  and	
  1377	
  cm-­‐1	
  (CH3)	
  which	
  are	
  not	
  observed	
  in	
  the	
  untreated	
  DND	
  spectrum.	
  

The	
   free	
   and	
   adsorbed	
   –OH	
   peaks	
   are	
   also	
   much	
   less	
   intense	
   after	
   hydrogen	
  

treatment	
  and	
  there	
  appears	
  to	
  be	
  little	
  moisture	
  on	
  the	
  sample.	
  

	
  

Figure	
  7.3	
  (c)	
  shows	
  nanodiamonds	
  with	
  ozone	
  treatment	
  only.	
  The	
  CHx	
  stretch	
  is	
  

still	
  quite	
  prominent	
  but	
   there	
  does	
  seem	
  to	
  be	
  a	
   level	
  of	
  oxidation	
   taking	
  place.	
  

There	
   appears	
   to	
   be	
   a	
   C=O	
   stretching	
   band	
   at	
   1755	
   cm-­‐1	
   superimposed	
   on	
   the	
  

anhydride	
  peak.	
  It	
  is	
  difficult	
  to	
  distinguish	
  peaks	
  in	
  the	
  fingerprint	
  region	
  but	
  the	
  

peaks	
  at	
  1249	
  cm-­‐1	
  and	
  1141	
  cm-­‐1	
  can	
  be	
  attributed	
  to	
  C-­‐O-­‐C	
  and	
  C-­‐O	
  respectively.	
  

	
  

Ozone	
   treatment	
   following	
   hydrogenation	
   (Figure	
   7.3	
   (d))	
   has	
   reduced	
   the	
   CHx	
  

significantly	
  so	
  that	
  it	
  is	
  only	
  just	
  observable.	
  The	
  main	
  band	
  is	
  at	
  1801	
  cm-­‐1	
  which	
  

is	
  attributed	
  to	
  cyclic	
  acid	
  anhydride	
  structures.	
  This	
  is	
  coupled	
  with	
  the	
  peaks	
  at	
  

1123	
   cm-­‐1	
   attributed	
   to	
   C-­‐O	
   and	
   1256	
   cm-­‐1	
   of	
   C–O–C,	
   of	
   carboxylic	
   acids	
   and	
  

anhydrides.	
   	
   These	
   peaks	
   are	
   stronger	
   and	
   more	
   defined	
   than	
   with	
   ozone	
  

treatment	
  only.	
  In	
  addition	
  the	
  spectrum	
  suggests	
  that	
  to	
  fully	
  oxidise	
  the	
  surface	
  

of	
   the	
   nanodiamonds,	
   previous	
   hydrogen	
   treatment	
   is	
   necessary.	
   There	
   also	
  

appears	
   to	
   be	
  more	
  water	
   adsorbed	
   on	
   the	
   nanodiamonds	
   in	
   the	
   hydrogen	
   plus	
  

oxygen	
  spectrum,	
  which	
  can	
  be	
  seen	
  desorbing	
  over	
  time	
  in	
  the	
  nitrogen	
  purge,	
  as	
  

witnessed	
  by	
  the	
  decreasing	
  intensity	
  of	
  the	
  band	
  in	
  the	
  region	
  3000	
  –	
  4000	
  cm-­‐1.	
  

This	
  suggests	
  that	
  the	
  layer	
  should	
  be	
  well	
  dried	
  before	
  use.	
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Figure	
  7.4:	
  FTIR	
  spectra	
  of	
  (a)	
  untreated	
  nanodiamonds,	
  (b)	
  nanodiamonds	
  after	
  RIE	
  oxygen	
  

plasma	
   treatment,	
   (c)	
   nanodiamonds	
   with	
   ozone	
   gas	
   treatment	
   and	
   (d)	
   nanodiamonds	
  

treated	
  with	
  ozone	
  gas	
  following	
  hydrogen	
  treatment.	
  

Figure	
  7.4	
  shows	
  the	
  spectra	
  obtained	
  from	
  the	
  two	
  ozone	
  treatments	
  compared	
  to	
  

oxygen	
   plasma	
   (RIE)	
   treatment.	
   Interestingly,	
   the	
   only	
   significant	
   change	
  

compared	
  to	
  the	
  pre-­‐treatment	
  spectrum	
  is	
  that	
  the	
  C=O	
  stretch	
  of	
  carboxylic	
  acid	
  

(a)	
  

(b)	
  

(c)	
  

(d)	
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and	
  C-­‐O	
  peaks	
  are	
  more	
  intense	
  after	
  oxygen	
  plasma	
  treatment.	
  There	
  is	
  no	
  strong	
  

evidence	
  for	
  cyclic	
  acid	
  anhydride	
  structures.	
  

	
  

	
  

Figure	
  7.5:	
  Spectra	
  of	
  hydrogen	
  plus	
  ozone	
  treated	
  nanodiamonds	
  and	
  their	
  stability	
  when	
  

exposed	
  to	
  air	
  and	
  recovery	
  in	
  the	
  FTIR	
  under	
  nitrogen.	
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Figure	
   7.5	
   shows	
   water	
   desorbing	
   from	
   a	
   hydrogen	
   plus	
   ozone	
   treated	
  

nanodiamond	
   sample	
   under	
   a	
   nitrogen	
   atmosphere.	
   We	
   can	
   observe	
   that	
   even	
  

overnight	
   in	
   normal	
   atmospheric	
   conditions	
   does	
   not	
   change	
   the	
   spectrum.	
   The	
  

moisture	
   that	
   adsorbs	
   on	
   the	
   nanodiamonds	
   is	
   readily	
   desorbed	
   under	
   nitrogen	
  

once	
  again.	
  We	
  can	
   conclude	
   that	
   samples	
   treated	
   in	
   this	
  way	
  do	
  not	
  need	
   to	
  be	
  

stored	
   in	
   special	
   conditions	
   but	
   they	
   do	
   need	
   drying	
   under	
   vacuum	
   before	
   a	
  

reaction	
  with	
  caesium	
  or	
  any	
  measurement.	
  

	
  

Figure	
   7.6	
   displays	
   the	
   FTIR	
   spectra	
   of	
   untreated	
   NDs	
   compared	
   to	
   MWPCVD	
  

hydrogen	
  plasma	
   treated	
  ND’s	
   from	
   the	
   study	
  by	
  Arnault	
  et	
   al.7.2	
   	
   Two	
  points	
   of	
  

note	
  are	
   that	
   (1)	
   the	
  CHx	
  peak	
   is	
  not	
  as	
   large	
  and	
  sharp	
  as	
   the	
  peak	
  displayed	
   in	
  

this	
  work	
  (Figure	
  7.3	
  (b))	
  and	
  (2)	
  a	
  large	
  band	
  of	
  superimposed	
  peaks	
  in	
  the	
  range	
  

1000	
   –	
   1500	
   cm-­‐1	
   characteristic	
   of	
   nanodiamond	
   surface	
   groups	
   such	
   as	
   C–OH,	
  

COO−,	
   C–O–C,	
   C–H	
   are	
   still	
   present.	
   These	
   groups	
   are	
   greatly	
   reduced	
   by	
   the	
  

hydrogen	
  annealing	
  treatment	
  described	
  in	
  this	
  chapter.	
  	
  

	
  

	
  

Figure	
  7.6:	
  FTIR	
  spectra	
  of	
  raw,	
  whole-­‐surface	
  hydrogenated	
  (H-­‐NDs)	
  and	
  functionalised	
  

diazonium	
  (fNDs)	
  detonation	
  nanodiamond	
  (taken	
  from	
  Ref.	
  7.2).	
  The	
  circle	
  highlights	
  the	
  

peask	
  in	
  ths	
  1000	
  –	
  1500	
  cm-­‐1range.	
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The	
   authors	
   also	
  mention	
   that	
   the	
   efficiency	
   of	
   such	
   plasma	
   to	
   remove	
   carbon–

oxygen	
  bonds	
  at	
  the	
  ND	
  surface	
  was	
  demonstrated	
  for	
  a	
  temperature	
  higher	
  than	
  

700	
   °C	
   and	
   that	
   a	
   part	
   of	
   the	
   initial	
   oxygen	
   content	
   remained	
   for	
   lower	
   surface	
  

temperatures	
   (i.e.	
  T	
  =	
  520	
   °C).	
  The	
  hydrogen	
   treatment	
   shown	
   in	
   this	
   chapter	
   is	
  

effective	
   at	
   lower	
   temperatures	
   (500	
   °C)	
   to	
   remove	
  many	
   of	
   the	
   surface	
   oxygen	
  

containing	
   groups	
   and	
   there	
   is	
   a	
   strong	
   presence	
   of	
   the	
   CHx	
   peak.	
   Since	
   this	
  

treatment	
  is	
  conducted	
  on	
  the	
  ND	
  surface	
  to	
  air,	
  after	
  deposition,	
  it	
  is	
  expected	
  that	
  

the	
  remaining	
  oxygen	
  containing	
  groups	
  displayed	
  in	
  the	
  FTIR	
  are	
  on	
  parts	
  of	
  the	
  

ND	
  surfaces	
  that	
  the	
  hydrogen	
  gas	
  could	
  not	
  reach.	
  

	
  

An	
  alternative	
  for	
  the	
  oxidation	
  of	
  nanodiamond	
  (“carboxylated”	
  nanodiamond)	
  is	
  

based	
   on	
   strong	
   acid	
   treatments	
   (wet	
   chemistry).	
   This	
   technique	
   is	
   now	
   quite	
  

common	
  and	
   carboxylated	
  nanodiamonds	
   can	
  also	
  be	
  purchased	
   in	
   colloid	
   form.	
  

However,	
   these	
   nanodiamonds	
   have	
   a	
   negative	
   zeta	
   potential	
   and	
   will	
   not	
  

electrostatically	
  attach	
  onto	
  substrates	
  in	
  the	
  manner	
  described	
  in	
  this	
  work.	
  The	
  

gaseous	
  method	
  described	
   in	
   this	
   chapter,	
   allows	
  nanodiamonds	
   to	
  be	
  deposited	
  

with	
  ease	
  and	
  then	
  subsequently	
  treated	
  for	
  the	
  desired	
  outcome;	
  hydrogenated	
  or	
  

oxidised	
  NDs.	
  

	
  

Shenderova	
   et	
   al.7.15	
   report	
   on	
   the	
   use	
   of	
   ozone	
   purification	
   to	
   oxidise	
  

nanodiamonds,	
   concluding	
   that	
   carboxylic	
   anhydride	
   groups	
   prevail	
   on	
   the	
  

surface.	
  The	
  authors	
  used	
  ozone	
  purification	
  on	
   larger	
  sized	
  (80	
  nm),	
  aggregated	
  

nanodiamonds	
   and	
   compared	
   this	
   treatment	
   with	
   air	
   oxidation	
   (NDS).	
   The	
  

obtained	
   FTIR	
   spectrum	
   (NDO)	
   in	
   figure	
   7.7	
   looks	
   remarkably	
   similar	
   to	
   the	
  

hydrogen+ozone	
   treated	
   nanodiamonds	
   in	
   figure	
   7.3.	
   However,	
   whereas	
   the	
  

authors	
  treated	
  their	
  nanodiamonds	
  at	
  150	
  –	
  200	
  °C	
  for	
  72	
  hours,	
   in	
  this	
  work	
  it	
  

was	
  achieved	
  in	
  30	
  minutes	
  at	
  200	
  °C	
  which	
  we	
  can	
  conclude	
  is	
  as	
  a	
  result	
  of	
  the	
  

prior	
  hydrogen	
  treatment.	
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Figure	
  7.7:	
  FTIR	
  spectra	
  of	
  NDO	
  and	
  NDS	
  (taken	
  from	
  Ref.	
  7.15).	
  

	
  

7.4	
   Concluding	
  remarks	
  

In	
   summary,	
   initial	
  hydrogenation	
   is	
   important	
   to	
  homogenise	
   the	
  nanodiamond	
  

surface	
   by	
   removing	
   oxygen	
   containing	
   groups	
   and	
   replace	
   them	
  with	
   hydrogen	
  

terminations.	
   Ozone	
   treatment	
   following	
   this	
   is	
   successful	
   in	
   removing	
   the	
  

hydrogen	
   terminations	
  and	
  replacing	
   them	
  with	
  oxygen	
  containing	
  groups,	
  more	
  

so	
   than	
   ozone	
   treating	
   nanodiamonds	
   directly.	
   Additionally	
   the	
   ozone	
   treatment	
  

post-­‐hydrogenation	
  displays	
  the	
  presence	
  of	
  more	
  of	
  the	
  important	
  ketone	
  groups.	
  

An	
   efficient	
   protocol	
   for	
   the	
   oxidation	
   of	
   nanodiamond	
   surfaces	
   has	
   been	
  

established.	
  

Further	
   work	
   is	
   required	
   to	
   study	
   these	
   treatments	
   on	
   nanodiamond	
   layers,	
  

especially	
  for	
  monolayer	
  coatings	
  on	
  silicon.	
  We	
  are	
  investigating	
  the	
  possibility	
  of	
  

doing	
   this	
   with	
   attenuated	
   total	
   reflection	
   FTIR.	
   These	
   measurements	
   can	
   be	
  

complemented	
  by	
  X-­‐ray	
  photoelectron	
  spectroscopy.	
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Chapter	
  8:	
   Secondary	
  electron	
  emission	
  from	
  nanodiamond	
  layers	
  

8.1	
   Introduction	
  

As	
  discussed	
  in	
  chapter	
  3,	
  improvement	
  of	
  an	
  image	
  intensifier	
  would	
  rely	
  on	
  the	
  

ability	
   of	
   the	
  microchannel	
   plate	
   (MCP)	
   to	
   create	
   a	
   higher	
   number	
   of	
   secondary	
  

electrons	
  per	
  input	
  electron,	
  particularly	
  at	
  the	
  input	
  stage	
  of	
  the	
  MCP	
  where	
  any	
  

incident	
   electrons	
   that	
   do	
   not	
   create	
   secondary	
   electrons	
  mean	
   that	
   the	
   photon	
  

that	
   created	
   them	
   has	
   effectively	
   been	
   ‘lost’	
   to	
   the	
   device.	
   Thus,	
   increasing	
   the	
  

secondary	
   electron	
   yield	
   at	
   the	
   entrance	
   of	
   the	
  MCP,	
   the	
   first	
   interaction,	
  would	
  

improve	
  the	
  signal	
  to	
  noise	
  ratio	
  and	
  the	
  efficiency	
  of	
  light	
  capture.	
  

One	
   approach	
   could	
   be	
   to	
   grow	
   diamond	
   all	
   over	
   the	
   MCP,	
   however	
   the	
  

temperatures	
   required	
   for	
   diamond	
   growth	
   are	
   not	
   compatible	
   with	
   the	
   MCP	
  

material.	
  A	
   temperature	
  above	
  400	
   °C	
  would	
  begin	
   to	
   cause	
  warping	
  of	
   the	
  MCP	
  

which	
   is	
   made	
   from	
   a	
   proprietary	
   silicon	
   dioxide	
   based	
   material.	
   The	
   last	
   few	
  

chapters	
   have	
   shown	
   that	
   surfaces	
   can	
   be	
   easily	
   coated	
   with	
   a	
   layer	
   of	
  

nanodiamonds,	
   which	
   exhibit	
   good	
   diamond	
   characteristics.	
   If	
   the	
   MCP	
   can	
   be	
  

coated	
  with	
  a	
  layer	
  of	
  nanodiamonds,	
  treated	
  to	
  maximise	
  the	
  secondary	
  electron	
  

yield,	
  the	
  performance	
  of	
  an	
  image	
  intensifier	
  would	
  be	
  greatly	
  increased	
  in	
  terms	
  

of	
   better	
   signal	
   to	
   noise	
   ratio	
   thereby	
   increasing	
   image	
   contrast	
   and	
   resolution.	
  

The	
   premise	
   of	
   this	
   chapter	
   is	
   the	
   investigation	
   of	
   the	
   secondary	
   electron	
   yield	
  

from	
   the	
   most	
   simple	
   surface;	
   untreated	
   nanodiamonds,	
   followed	
   by	
   the	
  

investigation	
  into	
  various	
  surface	
  treatments	
  to	
  enhance	
  the	
  SEY.	
  

	
  

8.2.	
   Experimental	
  method	
  

The	
   secondary	
   electron	
   yield	
   of	
   the	
   nanodiamond	
   layers	
   was	
   measured	
   by	
  

bombardment	
   with	
   a	
   continuous	
   electron	
   beam	
   from	
   an	
   electron	
   gun	
   (Kimball	
  

Physics	
   EGG-­‐301),	
   i.e.	
   primary	
   electrons.	
   A	
   negative	
   voltage	
   was	
   applied	
   to	
   the	
  

sample	
  in	
  order	
  to	
  prevent	
  the	
  emitted	
  secondary	
  electrons	
  (SEs)	
  from	
  returning	
  

to	
  the	
  sample.	
  The	
  energy	
  of	
  the	
  primary	
  electrons	
  (Ep)	
  was	
  varied	
  by	
  controlling	
  

the	
  kinetic	
  energy	
  of	
  the	
  incident	
  electrons	
  emitted	
  from	
  the	
  electron	
  gun	
  and	
  also	
  

by	
   varying	
   the	
   sample	
   bias	
   (Vb)	
   in	
   the	
   negative	
   regime.	
   The	
   primary	
   electron	
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energy	
   (Ep)	
   is	
   defined	
   as	
   Ea	
   +	
   eVb,	
   where	
   Ea	
   is	
   the	
   initial	
   kinetic	
   energy	
   of	
   the	
  

primary	
  electrons	
   from	
   the	
  electron	
  gun.	
  The	
  magnitude	
  of	
   the	
  primary	
  electron	
  

current	
   (Ip)	
   as	
   a	
   function	
   of	
   primary	
   electron	
   energy	
  was	
  measured	
   by	
   applying	
  

+500	
  V	
  to	
  the	
  sample	
  holder	
  before	
  the	
  measurement	
  of	
  SEE	
  yield	
  (δ).	
  	
  

The	
   electron	
   gun	
   was	
   set-­‐up	
   in	
   a	
   custom	
   built	
   high	
   vacuum	
   chamber	
   (base	
  

pressure	
  1×10-­‐7	
  mbar),	
  with	
  the	
  sample	
  stage	
  perpendicular	
  to	
  the	
  beam	
  line.	
  	
  

Prior	
   to	
   sample	
   measurements,	
   the	
   electron	
   gun	
   operating	
   characteristics	
   were	
  

obtained.	
  A	
  phosphor	
  coated	
  silicon	
  wafer	
  was	
  placed	
  on	
  the	
  sample	
  stage	
   in	
  the	
  

beam	
  line.	
  This	
  allowed	
  calibration	
  of	
  the	
  electron	
  gun	
  focus	
  voltage,	
  grid	
  voltage	
  

and	
  x-­‐y	
  deflection	
  at	
  each	
  required	
  beam	
  energy	
  to	
  obtain	
  a	
  2	
  mm	
  diameter	
  beam	
  

spot	
   in	
   the	
   centre	
   of	
   the	
  wafer.	
   This	
   is	
   shown	
   in	
   figure	
   8.1	
  where	
   the	
   left	
   hand	
  

image	
   shows	
   the	
   luminescence	
   from	
   a	
   focussed	
   spot	
   used	
   for	
   the	
   experiments	
  

performed	
   here,	
   whilst	
   the	
   right	
   hand	
   image	
   shows	
   luminescence	
   from	
   a	
  

defocussed	
  beam.	
  

	
  

	
  

Figure	
  8.1:	
  A	
  phosphor	
  coated	
  wafer	
  was	
  used	
  to	
  determine	
  the	
  E-­‐gun	
  operating	
  parameters	
  

for	
  the	
  size	
  and	
  positioning	
  of	
  the	
  beam.	
  

	
  

The	
  sample	
  stage	
  consisted	
  of	
  copper	
  grid	
  electrode	
  on	
  a	
  heater.	
  The	
  sample	
  to	
  be	
  

measured	
   was	
   mounted	
   in	
   the	
   centre	
   of	
   the	
   sample	
   stage	
   with	
   silver	
   paste	
   to	
  

ensure	
  good	
  electrical	
  contact.	
  A	
  small	
  amount	
  of	
  silver	
  paste	
  was	
  coated	
  around	
  

the	
  sides	
  of	
  the	
  sample	
  to	
  prevent	
  any	
  possible	
  charging	
  of	
  the	
  surface.	
  The	
  sample	
  

stage	
  was	
  positioned	
  in	
  the	
  chamber	
  and	
  the	
  chamber	
  was	
  pumped	
  down	
  to	
  10-­‐7	
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mbar.	
   The	
   sample	
   could	
   then	
   be	
   heated	
   under	
   vacuum	
   to	
   remove	
   adsorbed	
  

moisture,	
   which	
   quenches	
   the	
   negative	
   electron	
   affinity	
   of	
   a	
   surface	
   thereby	
  

inhibiting	
   secondary	
   electron	
   emission,8.2	
   before	
   measurements	
   were	
   taken.	
  

Heating	
  of	
   the	
  samples	
  was	
   for	
  approximately	
  1	
  hour	
  at	
  150	
  °C.	
  The	
  sample	
  was	
  

then	
  left	
  to	
  cool	
  to	
  approximately	
  35	
  °C	
  before	
  the	
  measurements	
  were	
  taken.	
  The	
  

back	
  electrode	
  (copper	
  grid)	
  was	
  connected	
  in	
  series	
  to	
  a	
  voltage	
  source	
  (Keithley	
  

487	
   picoammeter/voltage	
   source),	
   picoammeter	
   (Keithley	
   6485	
   Picoammeter	
   )	
  

and	
  then	
  to	
  ground	
  as	
  illustrated	
  in	
  figure	
  8.2.	
  	
  

	
  

	
  

Figure	
   8.2:	
   Schematic	
   depicting	
   the	
   experimental	
   set-­‐up.	
   The	
   border	
   depicts	
   the	
   chamber	
  

(under	
  vacuum	
  conditions),	
   the	
  blue	
  rectangle	
   is	
   the	
  sample,	
   the	
  dashed	
  line	
   is	
   the	
  copper	
  

grid	
   which	
   acts	
   as	
   an	
   electrode	
   and	
   below	
   this	
   a	
   heater.	
   Connections	
   are	
   made	
   to	
   the	
  

equipment	
  outside	
  the	
  chamber.	
  

	
  
Figure	
  8.3	
  shows	
  the	
  realisation	
  of	
  this	
  sample	
  arrangement,	
  which	
  is	
  placed	
  in	
  the	
  

vacuum	
  system.	
  The	
  E-­‐gun	
  was	
  powered	
  to	
  the	
  desired	
  operating	
  conditions	
  with	
  

the	
  attached	
  faraday	
  cup	
  in	
  the	
  closed	
  position	
  to	
  monitor	
  the	
  beam	
  current	
  at	
  the	
  

exit	
   of	
   the	
   electron	
   gun.	
   Once	
   the	
   faraday	
   cup	
  was	
   put	
   into	
   then	
   ‘open’	
   position	
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(whereby	
   it	
   is	
   moved	
   out	
   of	
   the	
   beam	
   line,	
   so	
   that	
   the	
   beam	
   impinges	
   on	
   the	
  

sample,	
  inducing	
  emission	
  of	
  SEs)	
  the	
  measurements	
  were	
  promptly	
  started.	
  	
  

The	
   current	
   from	
   the	
   sample	
   to	
   ground	
  was	
  measured	
   at	
   bias	
   voltages	
   intervals	
  

from	
  -­‐500	
  V	
  to	
  +500	
  V.	
  This	
  was	
  done	
  for	
  electron	
  beam	
  energies	
  ranging	
  from	
  500	
  

eV	
  to	
  2	
  keV.	
  

	
  

To	
   determine	
   the	
   gain	
   i.e,	
   the	
   secondary	
   electron	
   emission	
   (SEE)	
   yield	
   vs	
   the	
  

primary	
   beam	
   current,	
   the	
   sample	
  was	
   biased	
   negatively,	
   then	
   positively,	
  whilst	
  

the	
  current	
  to	
  ground	
  was	
  monitored	
  at	
  each	
  interval.	
  To	
  understand	
  the	
  basis	
  for	
  

the	
  SEE	
  yield	
  measurements	
  being	
  made,	
   it	
   is	
   important	
  to	
  consider	
  the	
  terms	
  in	
  

equation	
  8.1,	
  where	
  (Is)	
  denotes	
  the	
  current	
  from	
  the	
  emitted	
  secondary	
  electrons.	
  

The	
   target	
   current	
   (It)	
   flows	
   to	
   replenish	
   electrons	
   to	
   the	
   positively	
   charged	
  

surface	
  in	
  the	
  case	
  where	
  more	
  electrons	
  are	
  emitted	
  from	
  the	
  target	
  sample	
  than	
  

the	
   input	
  primary	
  electrons	
   (δ>	
  1).	
   (Is)	
   is	
   the	
   current	
  of	
   all	
   electrons	
   leaving	
   the	
  

surface,	
  so	
  including	
  both	
  the	
  elastically	
  and	
  inelastically	
  scattered	
  electrons.	
  This	
  

is	
  different	
  from	
  some	
  definitions	
  used	
  in	
  literature,	
  where	
  (Is)	
  often	
  is	
  defined	
  as	
  

the	
  current	
  of	
  the	
  ‘true’	
  secondaries.	
  	
  In	
  the	
  case	
  of	
  this	
  device,	
  the	
  exact	
  origin	
  of	
  

the	
   secondary	
   electrons	
   in	
   unimportant,	
   it	
   is	
   the	
   emitted	
   electron	
   flux	
   that	
   is	
  

important.	
  Given	
  that,	
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  It(-­‐hv):	
  The	
  target	
  current	
  under	
  negative	
  bias	
  (calculated	
  for	
  each	
  negative	
  	
  	
  	
  	
  
	
  voltage	
  interval)	
  
	
  It(+hv):	
  The	
  target	
  current	
  under	
  positive	
  bias	
  (+500	
  V)	
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Figure	
  8.3:	
  Sample	
  stage	
  consisting	
  of	
  a	
  ceramic	
  heater,	
  a	
  back	
  electrode	
  (copper	
  grid)	
  and	
  a	
  

typical	
  nanodiamond	
  covered	
  silicon	
  substrate.	
  Silver	
  paste	
  has	
  been	
  used	
  to	
  form	
  a	
  contact	
  

between	
  the	
  electrode	
  and	
  sample.	
  

	
  

	
  

8.3	
   Aluminium	
  oxide	
  thin	
  film	
  

Other	
   materials	
   are	
   capable	
   of	
   supporting	
   NEA	
   whilst	
   being	
   stable	
   in	
   thin	
   film	
  

form,	
  such	
  that	
  their	
  application	
  within	
  the	
  MCP	
  technology	
  can	
  be	
  considered	
  in	
  

competition	
  to	
  nanodiamonds.	
  Whilst	
  it	
  is	
  beyond	
  the	
  scope	
  of	
  the	
  current	
  work	
  to	
  

carry	
  out	
  an	
  exhaustive	
  study	
  of	
  such	
  materials	
  it	
  is	
  informative	
  to	
  select	
  one	
  such	
  

sample	
  so	
  that	
  a	
  comparison	
  with	
  nanodiamonds	
  can	
  be	
  made.	
  The	
  collaborators	
  

in	
  the	
  current	
  activity	
  have	
  an	
  in-­‐house	
  program	
  studying	
  aluminium	
  oxide	
  (Al2O3)	
  

as	
  this	
  material	
  can	
  be	
  conveniently	
  deposited	
  by	
  atomic	
  layer	
  deposition	
  (ALD),	
  a	
  

process	
  considered	
  compatible	
  with	
  the	
  (fragile)	
  microchannel	
  plate	
  technology.	
  

The	
  sample	
  used	
  for	
  secondary	
  electron	
  yield	
  measurements	
  consisted	
  of	
  a	
  layer	
  of	
  

aluminium	
  oxide,	
  deposited	
  by	
  atomic	
  layer	
  deposition	
  on	
  a	
  silicon	
  wafer,	
  received	
  

from	
  the	
  collaborators	
  laboratory.	
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Graph	
  8.1:	
  Measured	
  SEE	
  yield	
  curves	
  for	
  an	
  ALD	
  deposited	
  layer	
  of	
  Al2O3	
  for	
  electron	
  beam	
  

energies,	
  500	
  eV,	
  800	
  eV,	
  1000	
  eV,	
  1200	
  eV.	
  

	
  
Graph	
  8.1	
  shows	
  the	
  obtained	
  SEE	
  yield	
  curves	
  (absolute	
  values)	
  against	
  incident	
  

beam	
   energy	
   from	
   0	
   eV	
   to	
   1200	
   eV.	
   SEE	
   yield	
   curves	
   were	
   obtained	
   for	
   four	
  

electron	
  beam	
  energies	
  (500,	
  800,	
  1000	
  and	
  1200	
  eV).	
  The	
  curves	
  for	
  each	
  energy	
  

were	
  obtained	
  by	
  varying	
  the	
  sample	
  bias	
  at	
  intervals	
  from	
  -­‐50	
  to	
  -­‐500	
  V,	
  thereby	
  

changing	
  the	
  incident	
  energy	
  at	
  which	
  the	
  electrons	
  impinge	
  on	
  the	
  sample	
  surface	
  

as	
   described	
   in	
   the	
   experimental	
  method.	
   The	
   curves	
   do	
   not	
  match	
   exactly	
   as	
   a	
  

result	
  of	
  experimental	
  errors	
  introduced	
  by	
  changing	
  conditions	
  in	
  refocusing	
  the	
  

beam	
  at	
  subsequent	
  electron	
  beam	
  energies.	
  

	
  

Aluminium	
  oxide	
  gives	
  a	
  maximum	
  SEE	
  yield	
  of	
  approximately	
  4	
  at	
  400	
  eV.	
  This	
  

value	
  is	
  consistent	
  with	
  the	
  values	
  obtained	
  by	
  the	
  collaborators	
  for	
  this	
  material.	
  

Although	
   this	
   is	
   an	
   improvement	
   upon	
   the	
   existing	
   technology,	
   a	
   SEE	
   yield	
   of	
   4	
  

means	
  that	
   there	
   is	
  still	
  a	
  significant	
  probability	
   that	
  an	
   interaction	
  event	
  will	
  be	
  

lost,	
  as	
  explained	
  in	
  chapter	
  3.1.4.	
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8.4	
   Boron	
  doped	
  microcrystalline	
  diamond	
  (µCD)	
  

Nanodiamonds	
  deposited	
   from	
  solution	
  at	
  room	
  temperature	
  represent	
   the	
  most	
  

tangible	
  method	
  of	
  introducing	
  a	
  diamond	
  coating	
  to	
  the	
  fragile	
  three-­‐dimensional	
  

structure	
   that	
   is	
   the	
   microchannel	
   plate.	
   However	
   it	
   is	
   known	
   from	
   the	
   Raman	
  

spectrum	
   in	
   chapter	
   5	
   that	
   the	
   nanodiamonds	
   comprise	
   non-­‐diamond	
   carbon	
  

material	
  and	
  a	
  wide	
  range	
  of	
  functional	
  terminating	
  groups	
  (chapter	
  7).	
   	
  In	
  order	
  

to	
  benchmark	
  the	
  performance	
  of	
  nanodiamond	
  layers	
  against	
  a	
  potentially	
  more	
  

pure	
   (less	
   sp2	
   contaminated)	
   form	
   of	
   nanodiamond,	
   continuous	
   µCD	
   has	
   been	
  

studied.	
  To	
  ensure	
  sufficient	
  conduction	
  through	
  the	
  film	
  from	
  the	
  back	
  electrode	
  

exists	
  (essential	
  for	
  SEE)	
  boron	
  doped	
  material	
  was	
  selected.	
  

An	
  as	
  received	
  1”	
  boron	
  doped	
  microcrystalline	
  diamond	
  sample,	
  grown	
  on	
  silicon	
  

is	
   characterised	
   using	
   SEM	
   imaging	
   and	
   Raman	
   spectroscopy.	
   The	
   secondary	
  

electron	
  emission	
  yield	
   curves	
  were	
  obtained	
  using	
   the	
  method	
  described	
  at	
   the	
  

beginning	
  of	
  this	
  chapter.	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  8.4:	
  SEM	
  image	
  of	
  the	
  boron	
  doped	
  µCD	
  sample	
  showing	
  crystallites	
  with	
  a	
  variety	
  

of	
  sizes,	
  the	
  larger	
  crystallites	
  are	
  in	
  the	
  region	
  of	
  1	
  µm.	
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Figure	
  8.4	
  shows	
  the	
  SEM	
  image	
  obtained	
  for	
  this	
  sample	
  with	
  grain	
  sizes	
  less	
  than	
  

1	
  µm.	
  The	
  thickness	
  of	
  this	
  sample	
  is	
  approximately	
  1	
  µm.	
  The	
  Raman	
  spectrum	
  of	
  

this	
   sample	
   (Figure	
   8.5)	
   shows	
   a	
   sharp	
   diamond	
   peak	
   at	
   1332	
   cm-­‐1.	
   The	
  

asymmetry	
   of	
   the	
   peak	
   (a	
   Fano	
   line	
   shape)	
   is	
   observed;	
   this	
   is	
   attributed	
   to	
   the	
  

Fano-­‐type	
   interference	
   between	
   the	
   discrete	
   zone-­‐centre	
   phonon	
   and	
   the	
  

continuum	
   of	
   electron	
   states	
   induced	
   by	
   the	
   presence	
   of	
   the	
   dopant	
   (boron).	
  

Pruvost	
   and	
   Deneuville	
   (2001)8.1	
   show	
   that	
   the	
   Fano	
   appears	
   above	
   a	
   critical	
  

percolation	
  threshold	
  which	
  corresponds	
  to	
  the	
  onset	
  of	
  metallic	
  conductivity	
  (i.e.	
  

ca.	
   2	
   x	
   1020	
   B	
   cm-­‐3).	
   The	
   defined	
   peak	
   at	
   approximately	
   1580	
   cm-­‐1	
   is	
   the	
   ‘G’	
  

(graphitic)	
  peak	
  of	
  amorphous	
  carbon.	
  	
  

	
 

	
 

Figure	
  8.5:	
  Raman	
  spectrum	
  of	
  the	
  boron	
  doped	
  µCD	
  sample,	
  showing	
  peak	
  assignments.	
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Graph	
   8.2:	
   Measured	
   SEE	
   yield	
   curves	
   for	
   boron	
   doped	
   microcrystalline	
   diamond	
   for	
  

electron	
  beam	
  energies,	
  500	
  eV,	
  800	
  eV,	
  1000	
  eV,	
  1200	
  eV,	
  1600	
  eV	
  and	
  2000	
  eV.	
  

	
  

Graph	
  8.2	
  shows	
  the	
  obtained	
  SEE	
  yield	
  curves	
  (absolute	
  values)	
  against	
  incident	
  

beam	
   energy	
   from	
   0	
   eV	
   to	
   2000	
   eV.	
   SEE	
   yield	
   curves	
   were	
   obtained	
   for	
   five	
  

electron	
  beam	
  energies	
  (500,	
  800,	
  1200,	
  1600	
  and	
  2000	
  eV).	
  The	
  curves	
  for	
  each	
  

energy	
  were	
  obtained	
  by	
  varying	
  the	
  sample	
  bias	
  at	
  intervals	
  from	
  -­‐50	
  to	
  -­‐500	
  V,	
  

thereby	
   changing	
   the	
   incident	
   energy	
   at	
   which	
   the	
   electrons	
   impinge	
   on	
   the	
  

sample	
  surface.	
  The	
  curves	
  do	
  not	
  match	
  exactly	
  as	
  a	
  result	
  of	
  experimental	
  errors	
  

introduced	
  by	
  changing	
  conditions	
  in	
  refocusing	
  the	
  beam	
  at	
  subsequent	
  electron	
  

beam	
   energies.	
   Desorption	
   of	
   hydrogen	
   from	
   the	
   surface	
   at	
   the	
   point	
  where	
   the	
  

electron	
  beam	
  is	
  impinging	
  may	
  also	
  be	
  a	
  contributing	
  factor.8.2	
  

The	
   SEE	
   yield	
   increases	
   with	
   increasing	
   incident	
   energy,	
   as	
   more	
   secondary	
  

electrons	
  can	
  be	
  excited,	
   to	
  a	
  maximum	
  of	
  6.7	
  ±	
  0.3	
  at	
  850	
  eV.	
   It	
   then	
  begins	
   to	
  

decrease	
   at	
   a	
   slower	
   rate	
   as	
   the	
   penetration	
   of	
   the	
   primary	
   electrons	
   becomes	
  

higher	
  than	
  the	
  escape	
  depth	
  of	
  the	
  secondary	
  electrons.	
  

Shih	
  et	
  al.8.2	
  report	
  a	
  value	
  of	
  10.3	
  ±	
  0.5	
  for	
  the	
  maximum	
  SEE	
  yield	
  at	
  1160	
  ±	
  160	
  

eV	
  from	
  a	
  boron	
  doped	
  diamond	
  film	
  of	
  thickness	
  between	
  100	
  –	
  200	
  microns.	
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The	
  value	
  obtained	
  from	
  this	
  boron	
  doped	
  µCD	
  film	
  is	
  promising;	
  if	
  a	
  similar	
  value	
  

can	
  be	
  obtained	
  from	
  a	
  nanodiamond	
  layer,	
  both	
  the	
  current	
  technology	
  and	
  other	
  

research	
  materials	
  would	
  be	
  outperformed.	
  However,	
  the	
  film	
  surface	
  is	
  hydrogen	
  

terminated	
  which	
  is	
  not	
  considered	
  to	
  be	
  stable.8.2	
  Although	
  a	
  metallic	
  layer	
  such	
  

as	
  caesium	
  could	
  be	
  used	
  as	
  an	
  alternative	
  NEA	
  surface	
  for	
  the	
  diamond	
  film,	
  in	
  the	
  

first	
  instance	
  it	
  is	
  worth	
  investigating	
  the	
  stability	
  of	
  the	
  hydrogen	
  surface,	
  with	
  a	
  

view	
   to	
   the	
   relative	
   importance	
   of	
   H-­‐termination	
   instability	
   in	
   the	
   night-­‐vision	
  

applications.	
  

	
  

8.4.1	
   Stability	
  of	
  the	
  hydrogen	
  surface	
  

As	
   discussed	
   in	
   chapter	
   3,	
   the	
   negative	
   electron	
   affinity	
   of	
   diamond	
   surfaces	
   is	
  

highly	
   dependent	
   on	
   the	
   surface	
   termination.	
   Hydrogenated	
   surfaces	
   are	
   the	
  

easiest	
   to	
   produce	
   as	
   any	
   CVD	
   grown	
   diamond	
   material,	
   containing	
   atomic	
  

hydrogen	
  in	
  the	
  growth	
  gas	
  mixture,	
  will	
  naturally	
  be	
  terminated	
  with	
  hydrogen.	
  

This	
  surface	
  is	
  not	
  generally	
  considered	
  to	
  be	
  stable	
  and	
  most	
  experimental	
  work	
  

is	
   conducted	
   using	
   a	
   pulsed	
   electron	
   beam	
   to	
   avoid	
   beam	
   induced	
   surface	
  

modification	
  during	
  measurements.8.3	
  

In	
   order	
   to	
   investigate	
   the	
   stability	
   of	
   the	
   hydrogen	
   surface	
   in	
   the	
   environment	
  

being	
  studied	
  here,	
  we	
  can	
  calculate	
  the	
  desorption	
  cross	
  section. In	
  applications,	
  

the	
  lifetime	
  of	
  the	
  device	
  is	
  a	
  crucial	
  aspect	
  and	
  it	
  is	
  of	
  interest	
  to	
  find	
  the	
  electro-­‐

positive	
   element	
   with	
   the	
   smallest	
   cross-­‐section	
   for	
   electron	
   stimulated	
  

desorption.	
  To	
  calculate	
  the	
  cross	
  section,	
  the	
  experiment	
  was	
  set	
  up	
  in	
  the	
  same	
  

way	
  as	
  for	
  SEE	
  yield	
  calculations	
  as	
  described	
  at	
  the	
  beginning	
  of	
  this	
  chapter,	
  but	
  

with	
   fixed	
   conditions	
   for	
   the	
   beam	
   energy	
   and	
   beam	
   current.	
   The	
   beam	
   current	
  

used	
  was	
  0.5	
   µA.	
  The	
   sample	
   current	
  was	
   then	
  monitored	
  over	
   a	
   period	
  of	
   time	
  

until	
   substantial	
   decay	
   had	
   occurred.	
   The	
   logarithm	
   of	
   the	
   current	
   decay	
   in	
   the	
  

presence	
   of	
   a	
   continuous	
   bombardment	
   with	
   an	
   electron	
   beam	
   against	
   time	
   in	
  

minutes	
  is	
  shown	
  in	
  graph	
  8.3.	
  

The	
   total	
   cross-­‐section	
  σtot,	
   for	
   stimulated	
   hydrogen	
   desorption	
   can	
   be	
   obtained	
  

from	
   the	
   time	
   constant	
   of	
   the	
   exponential	
   decay	
   of	
   the	
   current	
   during	
   constant	
  

electron	
   bombardment	
   of	
   a	
   hydrogenated	
   diamond	
   surface	
   without	
   assuming	
  

there	
  is	
  no	
  readsorption.	
  The	
  current	
  shows	
  an	
  exponential	
  time	
  dependence;	
  	
  



Chapter	
  8:	
  Secondary	
  electron	
  emission	
  from	
  nanodiamond	
  layers	
  
	
   	
  
	
  

136	
  
	
  

⎟
⎠

⎞
⎜
⎝

⎛ −
×=

t
tItID exp)( 0 	
  	
   	
   	
   	
   (eq.	
  8.4)	
  

Fitting	
   ID(t)	
   to	
   the	
   data	
   of	
   graph	
   8.3,	
   the	
   total	
   desorption	
   cross	
   section	
   σtot,	
  

including	
   all	
   processes	
   that	
   lead	
   to	
   a	
   hydrogen	
   loss,	
   is	
   obtained	
   from	
   the	
   time	
  

constant	
  τ	
  via;	
  	
  

τ
σ

e
tot I

eA
=

	
  	
   	
   	
   	
   	
   (eq.	
  8.5)	
  

	
  

where	
  e	
   is	
   the	
  electronic	
   charge.	
  For	
   this	
   experiment	
  a	
  defocused	
  electron	
  beam	
  

was	
  used.	
  The	
  beam	
  diameter	
  of	
  the	
  electron	
  gun	
  was	
  measured	
  on	
  a	
  phosphorus	
  

screen	
  within	
  the	
  vacuum	
  chamber	
  to	
  be	
  16	
  ±	
  1	
  mm,	
  resulting	
  in	
  an	
  area	
  A	
  =	
  (201	
  ±	
  

25)	
  mm2.	
  The	
  electron	
  current	
  (Ie)	
  is	
  determined	
  by	
  means	
  of	
  a	
  Faraday	
  cup	
  with	
  

an	
  accuracy	
  of	
  around	
  10%.*	
  

	
  

	
  

Graph	
  8.3:	
  Plot	
  of	
  the	
  sample	
  current	
  (measured	
  to	
  ground)	
  against	
  time	
  during	
  continuous	
  

bombardment	
  with	
  a	
  1000	
  eV	
  electron	
  beam	
  (sample	
  bias	
  -­‐50V).	
  

	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
*	
  This	
  error	
  was	
  obtained	
  experimentally	
  by	
  comparing	
  the	
  current	
  values	
  obtained	
  by	
  the	
  Faraday	
  
cup	
  to	
  the	
  beam	
  current	
  measured	
  through	
  the	
  sample	
  when	
  a	
  positive	
  bias	
  is	
  applied.	
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The	
   resulting	
   cross	
   section	
   is	
   σtot	
   =	
   1.3	
   x	
   10-­‐20.	
   This	
   value	
   is	
   two	
   orders	
   of	
  

magnitude	
   less	
   than	
   quoted	
   in	
   the	
   literature	
   for	
   boron	
   doped	
   polycrystalline	
  

diamond.8.4	
   Goeden	
   and	
   Dollinger	
   (2002)8.5	
   suggest	
   nitrogen	
   defects	
   in	
   the	
   film	
  

decrease	
  the	
  desorption	
  cross	
  section.	
  Therefore	
  the	
  significant	
  difference	
  in	
  cross	
  

sections	
   could	
  be	
   explained	
  by	
   the	
  possibility	
   of	
   the	
  defect	
   structure	
   of	
   the	
  NCD	
  

film	
   suppressing	
   hydrogen	
   desorption.	
   Another	
   contributing	
   factor	
   may	
   be	
  

replenishment	
   of	
   surface	
   hydrogen	
   from	
   the	
   bulk	
   through	
   thermal	
   migration	
  

through	
   the	
  grain	
  boundaries.	
  Relating	
   this	
   cross	
   section	
   to	
  a	
  device	
  application,	
  

involving	
  a	
  400	
  mm2	
  area	
  and	
  an	
  operating	
  current	
  of	
  1nA,	
  it	
  would	
  take	
  667	
  hours	
  

of	
  usage	
  to	
  reduce	
  the	
  secondary	
  electron	
  yield	
  by	
  half.	
  Current	
  image	
  intensifiers	
  

have	
  a	
  typical	
  lifetime	
  of	
  10,000	
  hours.	
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8.5	
   Gas	
  treatments	
  of	
  nanodiamond	
  layers	
  

The	
   promising	
   results	
   from	
   hydrogen	
   terminated	
   boron-­‐doped	
   nanocrystalline	
  

diamond	
   prompted	
   investigations	
   into	
   the	
   secondary	
   electron	
   emission	
   of	
  

nanodiamond	
   coatings.	
   In	
   chapter	
   7,	
   it	
   was	
   established	
   that	
   untreated	
  

nanodiamonds	
  have	
  a	
  variety	
  of	
  surface	
  functional	
  groups.	
  In	
  order	
  for	
  secondary	
  

electron	
   emission,	
   we	
   require	
   an	
   electro-­‐positive	
   surface.	
   The	
   simplest	
   way	
   to	
  

achieve	
  this	
  is	
  to	
  hydrogenate	
  the	
  nanodiamond	
  surface.	
  	
  

8.5.1	
   Hydrogen	
  treatment	
  of	
  nanodiamond	
  coatings	
  

The	
   substrate	
   material,	
   a	
   conductive	
   silicon	
   wafer	
   (arsenic	
   doped,	
   n-­‐type,	
   0.01	
  

Ωcm)	
   was	
   cut	
   into	
   samples	
  measuring	
   approximately	
   1	
   cm2.	
   The	
   samples	
   were	
  

cleaned	
  using	
  the	
  de-­‐greasing	
  protocol	
  described	
  in	
  chapter	
  4.7.	
  The	
  samples	
  were	
  

then	
   coated	
   with	
   nanodiamonds	
   using	
   the	
   methods	
   described	
   in	
   chapter	
   5;	
   the	
  

details	
   are	
   given	
   in	
   the	
   results	
   section.	
   Two	
   types	
   of	
   hydrogen	
   treatment	
   were	
  

investigated.	
  First,	
  an	
  annealing	
  procedure	
  was	
  used,	
   involving	
  an	
  atmosphere	
  of	
  

hydrogen	
  (the	
  method	
  used	
  in	
  chapter	
  7).	
  Secondly,	
  a	
  hydrogen	
  microwave	
  plasma	
  

treatment	
  in	
  a	
  CVD	
  reactor.	
  The	
  latter	
  treatment	
  is	
  routinely	
  used	
  to	
  hydrogenate	
  

diamond	
   films.8.6	
   The	
   samples	
   were	
   measured	
   for	
   their	
   secondary	
   electron	
  

emission	
  yield	
  using	
   the	
  experimental	
  method	
  described	
  at	
   the	
  beginning	
  of	
   this	
  

chapter.	
  

8.5.2	
   Results	
  and	
  Discussion	
  

Graph	
  8.4	
  shows	
  the	
  obtained	
  SEE	
  yield	
  curves	
  (absolute	
  values)	
  against	
  incident	
  

beam	
   energy	
   from	
   50	
   eV	
   to	
   960	
   eV	
   for	
   an	
   untreated	
   nanodiamond	
   coating	
  

supported	
  on	
  a	
  conductive	
  silicon	
  wafer.	
  SEE	
  yield	
  curves	
  were	
  obtained	
  for	
  three	
  

electron	
  beam	
  energies	
  (500,	
  800	
  and	
  1000	
  eV).	
  The	
  curves	
  for	
  each	
  electron	
  beam	
  

energy	
  were	
  obtained	
  by	
  varying	
  the	
  sample	
  bias	
  at	
  intervals	
  from	
  -­‐50	
  to	
  -­‐500	
  V,	
  

thereby	
   changing	
   the	
   incident	
   energy	
   at	
   which	
   the	
   electrons	
   impinge	
   on	
   the	
  

sample	
  surface.	
  The	
  curves	
  do	
  not	
  match	
  exactly	
  as	
  a	
  result	
  of	
  experimental	
  errors	
  

introduced	
  by	
  changing	
  conditions	
   in	
  refocusing	
  the	
  beam	
  at	
  each	
  electron	
  beam	
  

energy.	
  Desorption	
  of	
  hydrogen	
   from	
  the	
  surface	
  at	
   the	
  point	
  where	
   the	
  electron	
  

beam	
  is	
  impinging	
  is	
  also	
  a	
  contributing	
  factor.	
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Sample	
  1	
  (Control)	
  

Conductive	
  silicon	
  sample	
  with	
  nanodiamond	
  coating	
  using	
  colloid	
  
concentration	
  of	
  5	
  g/L.	
  

Treatment	
  
No	
  treatment.	
  Heating	
  under	
  vacuum	
  prior	
  to	
  measurements	
  at	
  150	
  °C	
  for	
  1	
  hour	
  
to	
  remove	
  adsorbed	
  moisture.	
  

	
  

Graph	
  8.4:	
   SEE	
  yield	
   curves	
   for	
   sample	
  1	
   for	
   electron	
  beam	
  energies,	
   500eV,	
  800eV	
  and	
  

1000eV.	
  

The	
   SEE	
   yield	
   increases	
   with	
   increasing	
   incident	
   energy,	
   as	
   more	
   secondary	
  

electrons	
  can	
  be	
  exited,	
  to	
  a	
  maximum	
  of	
  2.5	
  –	
  2.7	
  at	
  450	
  eV.	
  This	
  energy	
  is	
  400	
  eV	
  

less	
   than	
   required	
   for	
   the	
   maximum	
   SEY	
   for	
   the	
   boron	
   doped	
   nanocrystalline	
  

diamond	
  measured	
  in	
  the	
  previous	
  section.	
  This	
  is	
  expected	
  as	
  this	
  nanodiamond	
  

layer	
  is	
  in	
  the	
  order	
  of	
  a	
  few	
  tens	
  of	
  nanometres.	
  A	
  surface	
  with	
  positive	
  electron	
  

affinity	
  can	
  also	
  experience	
  emission	
  of	
  electrons	
  as	
  it	
  is	
  a	
  probabilistic	
  process,	
  so	
  

the	
  SEE	
  yield	
  of	
  such	
  a	
  surface	
  can	
  still	
  be	
  greater	
  than	
  one.	
  The	
  SEE	
  yield	
  from	
  the	
  

nanodiamond	
  layer	
  (2.5	
  –	
  2.7)	
  is	
  suggestive	
  of	
  a	
  low	
  barrier	
  or	
  negative	
  electron	
  

affinity	
   (NEA).	
   It	
   is	
   also	
   possible	
   that	
   some	
   areas	
   of	
  NEA	
   exist	
   as	
   a	
   result	
   in	
   the	
  

variation	
  of	
   surface	
   functional	
  groups.	
  This	
  value	
   is	
   lower	
   than	
   that	
  obtained	
   for	
  

aluminium	
   oxide	
   (4	
   at	
   400	
   eV)	
   but	
   it	
   is	
   promising	
   and	
   with	
   surface	
  

homogenisation,	
  may	
  improve.	
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The	
   next	
   sample	
   (sample	
   2)	
   consists	
   of	
   50%	
   surface	
   coverage	
   of	
   nanodiamond	
  

particles	
  on	
  a	
  conductive	
  silicon	
  wafer.	
  This	
  sample	
  was	
  then	
  treated	
  in	
  a	
  hydrogen	
  

gas,	
  microwave	
  plasma	
   for	
  5	
  minutes.	
  The	
   full	
   conditions	
  are	
  described	
   in	
   figure	
  

8.5.	
  

Sample	
  2	
  

Nanodiamond	
  coating	
  using	
  colloid	
  concentration	
  of	
  0.5	
  g/L.	
  

Treatment	
  	
  
H2	
  MW	
  Plasma	
  at	
  500	
  °C,	
  5mins,	
  20	
  torr,	
  500	
  W.	
  Heating	
  under	
  vacuum	
  prior	
  to	
  
measurements	
  at	
  150	
  °C	
  for	
  1	
  hour	
  to	
  remove	
  adsorbed	
  moisture.	
  

	
  

Graph	
  8.5:	
  SEE	
  yield	
  curves	
  for	
  sample	
  2	
  for	
  electron	
  beam	
  energies,	
  200eV,	
  500eV	
  and	
  

800eV.	
  

	
  

Graph	
   8.5	
   follows	
   the	
   same	
   format	
   as	
   the	
   previous	
   graph.	
   The	
   electron	
   beam	
  

energies	
   used	
   to	
   investigate	
   this	
   sample	
   were	
   200	
   eV,	
   500	
   eV	
   and	
   800	
   eV.	
   The	
  

reduction	
   in	
  surface	
  coverage	
  prompted	
  starting	
   the	
  measurements	
  with	
  a	
   lower	
  

electron	
  beam	
  energy.	
  The	
  SEE	
  yield	
  curves	
  show	
  the	
  same	
  increase	
  of	
  SEE	
  yield	
  

with	
   increasing	
  incident	
  energy	
  up	
  to	
  the	
  maximum	
  of	
  1.9	
  at	
  450	
  eV.	
  This	
   lower	
  

maximum	
   SEE	
   yield	
   compared	
   to	
   sample	
   1	
   (SEE	
   yield	
   of	
   2.8)	
   suggests	
   that	
   a	
  

continuous	
  film	
  is	
  important	
  for	
  good	
  secondary	
  electron	
  emission	
  characteristics,	
  

as	
  might	
  be	
  expected.	
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Therefore,	
  sample	
  3	
  was	
  chosen	
  to	
  have	
  full	
  nanodiamond	
  surface	
  coverage	
  with	
  

an	
  approximate	
   layer	
  thickness	
  of	
  30nm;	
  the	
  experiment	
  conditions	
  used	
  for	
  this	
  

treatment	
  and	
  the	
  measured	
  SEE	
  yield	
  curves	
  are	
  shown	
  in	
  figure	
  8.6.	
  

	
  

Sample	
  3	
  

Nanodiamond	
  coating	
  using	
  colloid	
  concentration	
  of	
  5	
  g/L	
  

Treatment	
  	
  
H2	
  MW	
  Plasma	
  at	
  800	
  °C,	
  750W;	
  35-­‐40	
   torr	
   for	
  1	
  hour.	
  Heating	
  under	
  vacuum	
  
prior	
  to	
  measurements	
  at	
  150	
  °C	
  for	
  1	
  hour	
  to	
  remove	
  adsorbed	
  moisture.	
  

	
  

Graph	
  8.6:	
  SEE	
  yield	
  curves	
  for	
  sample	
  3	
  for	
  electron	
  beam	
  energy	
  500	
  eV.	
  

	
  

Graph	
   8.6	
   follows	
   the	
   same	
   format	
   as	
   the	
   previous	
   graph.	
   The	
   electron	
   beam	
  

energy	
  used	
  to	
  investigate	
  this	
  sample	
  was	
  500eV.	
  From	
  the	
  previous	
  two	
  samples,	
  

the	
  maximum	
  SEE	
  yield	
  was	
  expected	
  to	
  be	
  at	
  around	
  400eV,	
  so	
  further	
  SEE	
  yield	
  

curves	
  were	
  not	
   obtained.	
   This	
   SEE	
   yield	
   curve	
   shows	
   the	
   same	
   increase	
   of	
   SEE	
  

yield	
  with	
  increasing	
  incident	
  energy	
  up	
  to	
  the	
  maximum	
  of	
  3.2	
  at	
  350	
  eV.	
  This	
  is	
  a	
  

slight	
   improvement	
   on	
   the	
   secondary	
   electron	
   yield	
   of	
   an	
   untreated	
   sample	
  

suggesting	
  that	
  the	
  surface	
  is	
  becoming	
  more	
  electro-­‐positive	
  by	
  hydrogenation	
  of	
  

the	
  surface.	
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Sample	
  4	
  

Nanodiamond	
  coating	
  using	
  colloid	
  concentration	
  of	
  5	
  g/L	
  

Treatment	
  	
  
H2	
  MW	
  Plasma	
  at	
  800	
  °C,	
  750W;	
  25	
  torr	
  for	
  10	
  hours.	
  	
  
Heating	
   under	
   vacuum	
   prior	
   to	
  measurements	
   at	
   150°C	
   for	
   1	
   hour	
   to	
   remove	
  
adsorbed	
  moisture.	
  

	
  

Graph	
  8.7:	
  SEE	
  yield	
  curves	
  for	
  sample	
  1	
  for	
  electron	
  beam	
  energies,	
  500eV	
  and	
  800eV.	
  

The	
   results	
   from	
   sample	
   4	
   are	
   plotted	
   in	
   graph	
   8.7.	
   This	
   sample	
   has	
   the	
   same	
  

nanodiamond	
  coating	
  and	
  hydrogen	
  gas	
  microwave	
  plasma	
  treatment	
  as	
  sample	
  3,	
  

except	
   that	
   the	
   treatment	
   duration	
  was	
   extended	
   from	
   1	
   hour	
   to	
   10	
   hours.	
   The	
  

graph	
   follows	
   the	
   same	
   format	
   as	
   the	
  previous	
   graphs	
   for	
   this	
   sample	
   set.	
   From	
  

this,	
  we	
  can	
  see	
  that	
  the	
  maximum	
  SEE	
  yield	
  is	
  approximately	
  3.2	
  at	
  400	
  eV.	
  There	
  

is	
  no	
  improvement	
  over	
  sample	
  3.	
  

These	
   results	
   show	
   that	
   there	
   is	
   little	
   improvement	
   of	
   the	
   SEE	
   yield	
   over	
   an	
  

untreated	
  sample	
  with	
  hydrogen	
  gas	
  plasma	
   treatment.	
   In	
  chapter	
  7,	
  a	
  hydrogen	
  

gas	
   anneal	
   was	
   investigated	
   for	
   its	
   suitability	
   to	
   hydrogenate	
   the	
   nanodiamond	
  

surface.	
   The	
   FTIR	
   spectrum	
   obtained	
   indicated	
   that	
   this	
   treatment	
   is	
   just	
   as	
  

successful	
  as	
  the	
  microwave	
  plasma	
  treatment	
  reported	
  by	
  Arnault	
  et.	
  al.8.6	
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Sample	
  5	
  

Nanodiamond	
  coating	
  using	
  colloid	
  concentration	
  of	
  5	
  g/L	
  

Treatment	
  	
  
H2	
  gas	
  anneal	
  at	
  300	
  °C	
  

	
  
	
  Figure	
   8.6:	
   AFM	
   image	
   of	
   sample	
   5	
   before	
  

treatment	
  showing	
  a	
  500	
  µm	
  x	
  500	
  µm	
  area.	
  

The	
   ND	
   particles	
   are	
   tightly	
   packed	
   and	
  

agglomerated	
  in	
  some	
  areas.	
  

	
  
Figure	
   8.7:	
   AFM	
   image	
   of	
   sample	
   5	
   after	
  

hydrogen	
   treatment	
   showing	
   a	
   500	
   µm	
   x	
  

500	
  µm	
  area.	
  The	
  dark	
  areas	
  is	
  the	
  surface	
  

of	
  the	
  flat	
  silicon	
  substrate.	
  

	
  

Figures	
  8.6	
  and	
  8.7	
  show	
  AFM	
  images	
  of	
  sample	
  5	
  before	
  and	
  after	
  a	
  hydrogen	
  gas	
  

treatment	
  at	
  350	
  °C.	
  This	
  is	
  a	
  lower	
  temperature	
  than	
  the	
  500	
  °C	
  used	
  for	
  the	
  FTIR	
  

sample	
  in	
  Chapter	
  7.	
  However,	
  figure	
  8.7	
  displays	
  regions	
  where	
  the	
  silicon	
  surface	
  

is	
  visible	
  (dark	
  areas)	
  indicating	
  that	
  particles	
  have	
  been	
  removed	
  from	
  the	
  surface	
  

by	
  this	
  treatment.	
  The	
  FTIR	
  investigation	
  was	
  carried	
  out	
  with	
  a	
  thick	
  and	
  visible	
  

to	
  the	
  naked-­‐eye	
  layer	
  of	
  NDs,	
  as	
  sufficient	
  particles	
  to	
  obtain	
  a	
  FTIR	
  signal	
  were	
  

required.	
  Therefore,	
  this	
  phenomenon	
  was	
  not	
  previously	
  observed.	
  In	
  the	
  case	
  of	
  

sample	
  5,	
  the	
  layer	
  thickness	
  before	
  treatment	
  was	
  approximately	
  30	
  –	
  40	
  nm.	
  

The	
   secondary	
   electron	
   emission	
   measurements	
   for	
   this	
   sample	
   produced	
   a	
  

maximum	
  SEE	
  yield	
  of	
  1.9	
  at	
  400	
  eV.	
  This	
  value	
  is	
  the	
  same	
  as	
  the	
  maximum	
  SEE	
  

yield	
  obtained	
  for	
  sample	
  2	
  (H2	
  MW	
  plasma	
  treatment	
  of	
  50%	
  sample	
  coverage).	
  

Therefore,	
   whilst	
   the	
   nanodiamond	
   surfaces	
   may	
   have	
   undergone	
   hydrogen	
  

termination	
   using	
   this	
   treatment,	
   it	
   has	
   also	
   removed	
   many	
   particles	
   from	
   the	
  

substrate,	
  presumably	
  through	
  chemical	
  etching	
  by	
  the	
  hydrogen	
  gas.	
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8.5.3	
   Caesium	
  metallisation	
  of	
  nanodiamond	
  coatings	
  

The	
  previous	
  section	
  has	
  shown	
  that	
  while	
  hydrogen	
  microwave	
  plasma	
  treatment	
  

of	
  nanodiamond	
  layers	
  gives	
  a	
  slight	
  improvement	
  to	
  the	
  secondary	
  electron	
  yield,	
  

the	
   value	
   is	
   still	
   much	
   smaller	
   than	
   for	
   boron	
   doped	
   nanocrystalline	
   diamond	
  

(which	
  was	
  around	
  6	
  at	
  400	
  eV)	
  and	
  slightly	
  smaller	
  than	
  for	
  Al2O3	
  (4	
  at	
  400	
  eV).	
  

Besides	
  hydrogen,	
  many	
  electropositive	
  materials	
  produce	
  NEA	
  of	
  diamond.	
   It	
   is	
  

well	
   known	
   that	
   a	
   monolayer	
   of	
   caesium	
   deposited	
   on	
   the	
   diamond	
   surface	
  

produces	
   a	
   larger	
   NEA,	
   thereby	
   giving	
   a	
   greater	
   improvement	
   to	
   the	
   secondary	
  

electron	
  yield.8.9	
  Caesium	
  can	
  be	
  deposited	
  directly	
  onto	
   the	
  diamond	
  surface	
   to	
  

create	
  a	
  NEA	
  surface;	
  however,	
   it	
  has	
  been	
  shown	
  that	
  depositing	
  caesium	
  on	
  an	
  

oxidised	
   surface	
   creates	
   a	
   more	
   stable	
   and	
   more	
   electro-­‐positive	
   surface.8.7,	
   8.8	
  

Therefore,	
  prior	
  to	
  caesium	
  deposition,	
  the	
  nanodiamond	
  layers	
  must	
  be	
  oxidised.	
  

In	
  chapter	
  7,	
  it	
  was	
  concluded	
  that	
  for	
  the	
  most	
  thorough	
  oxidation	
  leading	
  to	
  the	
  

required	
   surface	
   functional	
   groups	
   (ketones)	
   the	
   surface	
   must	
   be	
   hydrogen	
  

terminated	
   using	
   a	
   hydrogen	
   gas	
   anneal	
   at	
   500	
   °C.	
   However,	
   the	
   results	
   in	
   the	
  

previous	
  section	
  have	
  shown	
  that	
  this	
  treatment	
  etches	
  the	
  particles.	
  	
  

An	
   alternative	
   treatment	
   for	
   oxidation	
   investigated	
   in	
   chapter	
   7	
   is	
   reactive	
   ion	
  

etching	
   (RIE)	
   using	
   a	
   pure	
   oxygen	
   gas	
   plasma.	
   This	
   treatment	
   was	
   partially	
  

successful	
   in	
   reducing	
   the	
   surface	
   to	
   oxygen	
   containing	
   groups	
   as	
   shown	
  by	
   the	
  

FTIR	
  (Figure	
  7.4	
  (b)).	
  

	
  

Nanodiamond	
  coated,	
   silicon	
   samples	
  were	
  prepared	
  using	
   the	
   standard	
  process	
  

described	
  in	
  chapter	
  5.	
  They	
  were	
  then	
  treated	
  in	
  an	
  Oxford	
  Plasma	
  Labs	
  RIE	
  using	
  

pure	
  molecular	
  oxygen	
  as	
   the	
  plasma	
  gas.	
  This	
   treatment	
  process	
   is	
  described	
   in	
  

detail	
  in	
  chapter	
  7.	
  The	
  samples	
  were	
  then	
  sent	
  to	
  our	
  collaborators	
  for	
  deposition	
  

of	
  an	
  atomic	
  layer	
  of	
  caesium	
  using	
  thermal	
  evaporation.	
  This	
  was	
  performed	
  in	
  a	
  

custom	
   built	
   chamber	
   under	
   vacuum	
   (1x10-­‐8	
   torr)	
   using	
   caesium	
   getters	
   from	
  

SAES	
  Ltd.	
  Secondary	
  electron	
  emission	
  yield	
  measurements	
  were	
  conducted	
  using	
  

the	
   same	
   method	
   as	
   for	
   the	
   previous	
   samples.	
   SEE	
   yield	
   curves	
   were	
   obtained	
  

using	
  electron	
  beam	
  energies	
  of	
  500	
  and	
  800	
  eV.	
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8.5.4	
   Results	
  and	
  Discussion	
  

	
   Description	
   Treatment	
  
Maximum	
  

SEE	
  Yield	
  

Sample	
  6	
  

(control)	
  

Nanodiamond	
  coating	
  using	
  

colloid	
  concentration	
  of	
  5	
  g/L	
  

(30nm	
  thick	
  layer)	
  

Deposition	
  of	
  an	
  atom	
  layer	
  of	
  

Caesium,	
  no	
  prior	
  treatment.	
  
3.7	
  at	
  500eV	
  

Sample	
  7	
  

Nanodiamond	
  coating	
  using	
  

colloid	
  concentration	
  of	
  0.5	
  g/L	
  

(10nm	
  thick	
  layer)	
  

RIE	
  oxygen	
  plasma	
  duration:	
  

7mins.	
  Deposition	
  of	
  an	
  atom	
  

layer	
  of	
  Caesium.	
  

4.5	
  at	
  400eV	
  

Sample	
  8	
  

Nanodiamond	
  coating	
  using	
  

colloid	
  concentration	
  of	
  5	
  g/L	
  

(30nm	
  thick	
  layer)	
  

RIE	
  oxygen	
  plasma	
  duration:	
  

7mins.	
  Deposition	
  of	
  an	
  atom	
  

layer	
  of	
  Caesium.	
  

4.5	
  at	
  400eV	
  

Sample	
  9	
  

Nanodiamond	
  coating	
  using	
  

colloid	
  concentration	
  of	
  5	
  g/L	
  

(30nm	
  thick	
  layer)	
  

RIE	
  oxygen	
  plasma	
  duration:	
  

15mins.	
  Deposition	
  of	
  an	
  

atom	
  layer	
  of	
  Caesium.	
  

4.5	
  at	
  400eV	
  

Table	
  8.1:	
  Description	
  of	
   the	
  nanodiamond	
  coatings	
  and	
   treatments	
   for	
   samples	
  6	
   –	
  9	
  and	
  

the	
  SEE	
  yields	
  obtained	
  for	
  each.	
  

	
  
Table	
   8.1	
   displays	
   information	
   on	
   the	
   nanodiamond	
   coating	
   of	
   each	
   sample,	
   the	
  

treatment	
  received	
  by	
  the	
  sample	
  and	
  the	
  maximum	
  SEE	
  yield	
  value	
  obtained	
  from	
  

the	
   sample.	
   Sample	
   6	
   displays	
   some	
   improvement	
   to	
   SEE	
   yield	
   with	
   caesium	
  

deposition	
  over	
  the	
  untreated	
  control	
  sample	
  (1).	
  Samples	
  7,	
  8	
  and	
  9	
  all	
  show	
  an	
  

improvement	
  of	
   the	
  SEE	
  yield	
   to	
  4.5,	
   regardless	
  of	
   the	
   initial	
  nanodiamond	
   layer	
  

thickness	
   or	
   RIE	
   duration.	
   Although	
   these	
   values	
   are	
   equivalent	
   to	
   the	
   other	
  

current	
   research	
   material	
   (Al2O3),	
   they	
   are	
   much	
   lower	
   than	
   expected,	
   by	
  

reference	
   to	
   the	
   scientific	
   literature.	
   In	
   the	
   case	
   of	
   case	
   of	
   boron	
   doped	
  

polycrystalline	
  diamond	
  samples,	
  an	
  increase	
  in	
  the	
  SEE	
  yield	
  amounting	
  to	
  double	
  

the	
   value	
   for	
   hydrogen	
   termination	
   has	
   been	
   reported.8.9	
   This	
   suggests	
   that	
   the	
  

oxidation	
   process	
   being	
   performed	
   is	
   insufficient	
   for	
   completely	
   CsO	
   formation.	
  

However,	
   that	
   seems	
   unlikely	
   given	
   the	
   analysis	
   presented	
   in	
   chapter	
   7.	
   More	
  

likely	
   it	
   is	
   a	
   limitation	
   to	
   the	
   SEE	
   Yield	
   created	
   by	
   the	
   poor	
   ‘quality’	
   of	
   the	
  

nanodiamond	
   layer	
  when	
  compared	
   to	
   the	
   large	
  grain	
  continuous	
   thin	
   film	
   layer	
  

being	
  used	
   in	
   the	
  works	
   reported	
  as	
   reference	
  8.11.	
  This	
   leads	
   to	
   the	
  conclusion	
  

that	
   treatments	
   to	
   further	
  modify	
   and/or	
   improve	
   the	
   nanodiamond	
   surface	
   are	
  

required	
  before	
  Cs	
  treatments	
  will	
  give	
  rise	
  to	
  optimal	
  SEE	
  yields.	
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8.6	
   CVD	
  processing	
  of	
  nanodiamond	
  layers	
  

The	
   previous	
   section	
   has	
   shown	
   that	
   gaseous	
   treatments	
   are	
   only	
   partially	
  

successful	
   in	
   improving	
   the	
   secondary	
   electron	
   yield	
   from	
   a	
   DND	
   layer.	
   This	
  

section	
  investigates	
  the	
  suitability	
  of	
  using	
  chemical	
  vapour	
  deposition	
  (CVD)	
  with	
  

processes	
  similar	
  those	
  of	
  growing	
  nanocrystalline	
  diamond	
  but	
  with	
  much	
  lower	
  

temperature	
   regimes,	
   which	
   may	
   be	
   compatible	
   with	
   the	
   micro	
   channel	
   plates.	
  

Four	
   samples,	
  with	
   distinct	
   differences	
   in	
   the	
   process	
   parameters,	
   in	
   regards,	
   to	
  

power,	
   pressure,	
   treatment	
   time,	
   treatment	
   temperature	
   and	
   methane	
  

concentration	
   were	
   investigated	
   for	
   their	
   secondary	
   electron	
   yield.	
   Raman	
  

spectroscopy	
  was	
  used	
  to	
  analyse	
  the	
  diamond/sp2	
  content	
  of	
  the	
  layers	
  and	
  SEM	
  

to	
  investigate	
  the	
  morphology.	
  

	
  

8.6.1	
   Sample	
  preparation	
  

The	
  samples	
  measured	
  in	
  this	
  section	
  were	
  prepared	
  with	
  our	
  collaborators	
  in	
  at	
  

the	
   Fraunhofer	
   Institute	
   for	
   Applied	
   Solid	
   State	
   Research	
   in	
   Freiburg,	
   Germany.	
  

Silicon	
   wafers	
   with	
   500	
   µm	
   thicknesses	
   were	
   used	
   as	
   substrates	
   for	
   all	
   four	
  

samples.	
  All	
   samples	
  were	
  cleaned	
  by	
  heating	
   in	
  NH3OH:H2O2:DI	
  H2O	
  (1:1:5)	
  at	
  

75	
  °C	
  for	
  10	
  minutes	
  followed	
  by	
  rinsing	
  in	
  de-­‐ionsied	
  water	
  	
  in	
  an	
  ultrasonic	
  bath.	
  

The	
   substrates	
  were	
   seeded	
  with	
   a	
  monolayer	
   nanodiamond	
   particles	
   using	
   the	
  

process	
   described	
   in	
   chapter	
   5,	
   to	
   ensure	
   an	
   evenly	
   spaced	
   out,	
   tight	
   size	
  

distribution	
  of	
  particles.	
  	
  

Chemical	
  vapour	
  deposition	
  (CVD)	
  was	
  performed	
  using	
  an	
  ellipsoidal	
  microwave	
  

cavity	
  reactor	
  cavity	
  reactor	
  designed	
  to	
  produce	
  uniform	
  plasma	
  discharges	
  over	
  

large	
  areas	
  and	
  under	
  a	
  wide	
  range	
  of	
  conditions.8.10	
  Deposition	
  from	
  a	
  hydrogen-­‐

rich	
   plasma	
   environment	
   ensured	
   complete	
   hydrogen	
   coverage	
   of	
   the	
   sample	
  

surface.	
   The	
   treatment	
   conditions	
   for	
   each	
   of	
   the	
   four	
   samples	
   are	
   listed	
   in	
   the	
  

results	
  section.	
  The	
  treatment	
  conditions	
  for	
  each	
  sample	
  are	
  followed	
  by	
  the	
  SEM	
  

images	
  and	
  Raman	
  spectra	
  obtained.	
  Finally,	
   the	
  secondary	
  electron	
  yield	
  curves,	
  

obtained	
   using	
   the	
   method	
   described	
   at	
   the	
   beginning	
   of	
   this	
   chapter	
   are	
  

displayed.	
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8.6.2	
  	
   	
  Results	
  

Sample	
  ERVII618	
  

Substrate:	
  1”	
  Silicon	
  

H2	
  298.5	
  sccm	
  ;	
  CH4	
  0.5	
  sccm	
  (0.16%	
  CH4)	
  

Power:	
  3000W	
  

Process	
  Pressure:	
  60	
  mbar	
  

Temp:	
  800	
  °C	
  

Treatment	
  time:	
  205	
  minutes	
  

Thickness:	
  280	
  nm	
  

	
  

Figure	
  8.8:	
  Sample	
  ERVII618	
  

	
  

	
  

Figure	
  8.9:	
  SEM	
  image	
  of	
  sample	
  ERVII618	
  showing	
  

crystallites	
  with	
  a	
  variety	
  of	
  sizes,	
  the	
  larger	
  crystallites	
  

are	
  in	
  the	
  region	
  of	
  150	
  –	
  250	
  nm.	
  

	
  

The	
  treatment	
  conditions	
  for	
  sample	
  ERVII618	
  are	
  listed	
  above.	
  Figure	
  8.8	
  shows	
  a	
  

photograph	
   of	
   this	
   sample;	
   the	
   homogenous	
   colour	
   indicating	
   even	
   growth	
   over	
  

the	
  surface.	
  Figure	
  8.9	
  displays	
  the	
  SEM	
  image	
  obtained,	
  showing	
  crystallites	
  of	
  a	
  

variety	
   of	
   sizes	
   that	
   are	
   in	
   the	
   region	
   of	
   150	
   –	
   200	
   nm.	
   The	
   obtained	
   Raman	
  

spectrum	
   for	
   this	
   sample	
   in	
   shown	
   in	
   Figure	
   8.10.	
   The	
   spectrum	
   shows	
   a	
   sharp	
  

diamond	
   peak	
   at	
   1332	
   cm-­‐1	
   and	
   the	
   presence	
   of	
   a	
   number	
   of	
   other	
   peaks;	
   the	
  

spectrum	
  is	
  discussed	
  further	
  at	
  the	
  end	
  of	
  this	
  results	
  section.	
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Figure	
  8.10:	
  Raman	
  spectrum	
  of	
  sample	
  ERVII618	
  with	
  assigned	
  peaks	
  using	
  Lorentizian	
  

peak	
  fitting.	
  

	
  

Graph	
  8.8:	
  SEE	
  yield	
  curves	
  for	
  sample	
  ERVII618,	
  for	
  electron	
  beam	
  energies,	
  500	
  eV,	
  800	
  

eV	
  and	
  1000	
  eV.	
  and	
  2000	
  eV.	
  The	
  maximum	
  SEE	
  yield	
  of	
  7	
  occurs	
  at	
  620	
  eV.	
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Graph	
  8.8	
  shows	
  the	
  obtained	
  SEE	
  yield	
  curves	
  (absolute	
  values)	
  against	
  incident	
  

beam	
   energy	
   from	
   0	
   eV	
   to	
   2000	
   eV.	
   SEE	
   yield	
   curves	
   were	
   obtained	
   for	
   four	
  

electron	
  beam	
  energies	
  (500,	
  800,	
  1000	
  and	
  2000	
  eV).	
  The	
  curves	
  for	
  each	
  energy	
  

were	
  obtained	
  by	
  varying	
  the	
  sample	
  bias	
  at	
  intervals	
  from	
  -­‐50	
  to	
  -­‐500	
  V,	
  thereby	
  

changing	
   the	
   incident	
   energy	
   at	
   which	
   the	
   electrons	
   impinge	
   on	
   the	
   sample	
  

surface.	
   The	
   curves	
   do	
   not	
   match	
   exactly	
   as	
   a	
   result	
   of	
   experimental	
   errors	
  

introduced	
  by	
  changing	
  conditions	
  in	
  refocusing	
  the	
  beam	
  at	
  subsequent	
  electron	
  

beam	
   energies.	
   Desorption	
   of	
   hydrogen	
   from	
   the	
   surface	
   at	
   the	
   point	
  where	
   the	
  

electron	
   beam	
   is	
   impinging	
   may	
   also	
   be	
   a	
   contributing	
   factor.8.2	
   The	
   SEE	
   yield	
  

increases	
   with	
   increasing	
   incident	
   energy,	
   as	
   more	
   secondary	
   electrons	
   can	
   be	
  

excited,	
  to	
  a	
  maximum	
  of	
  7	
  at	
  620	
  eV.	
  It	
  then	
  begins	
  to	
  decrease	
  at	
  a	
  slower	
  rate	
  as	
  

the	
  penetration	
  of	
  the	
  primary	
  electrons	
  becomes	
  higher	
  than	
  the	
  escape	
  depth	
  of	
  

the	
  secondary	
  electrons.	
  

	
  
	
  
The	
  treatment	
  conditions	
  for	
  sample	
  ERVII649	
  are	
  listed	
  in	
  the	
  results	
  table	
  on	
  the	
  

following	
  page.	
  Figure	
  8.11	
  shows	
  a	
  photograph	
  of	
  this	
  sample;	
  the	
  colour	
  pattern	
  

indicating	
  uneven	
  growth	
  thickness	
  over	
  the	
  sample	
  area.	
  Figure	
  8.12	
  displays	
  the	
  

SEM	
  image	
  obtained,	
  showing	
  crystallites	
  of	
  a	
  variety	
  of	
  sizes	
  that	
  are	
  in	
  the	
  region	
  

of	
  100	
  –	
  280	
  nm.	
  The	
  obtained	
  Raman	
  spectrum	
  for	
  this	
  sample	
  in	
  shown	
  in	
  Figure	
  

8.13.	
  The	
  spectrum	
  shows	
  a	
  sharp	
  diamond	
  peak	
  at	
  1332	
  cm-­‐1	
  and	
  the	
  presence	
  of	
  

a	
   number	
   of	
   other	
   peaks;	
   the	
   spectrum	
   is	
   discussed	
   further	
   at	
   the	
   end	
   of	
   this	
  

results	
   section.	
  Graph	
  8.9	
   shows	
   the	
  obtained	
  SEE	
  yield	
  curves	
   (absolute	
  values)	
  

against	
   incident	
   beam	
   energy	
   from	
   300	
   eV	
   to	
   1000	
   eV.	
   SEE	
   yield	
   curves	
   were	
  

obtained	
  for	
  two	
  electron	
  beam	
  energies	
  (500	
  and	
  1000	
  eV).	
  The	
  curves	
  for	
  each	
  

energy	
  were	
  obtained	
  by	
  varying	
  the	
  sample	
  bias	
  at	
  intervals	
  from	
  -­‐50	
  to	
  -­‐500	
  V,	
  

thereby	
   changing	
   the	
   incident	
   energy	
   at	
   which	
   the	
   electrons	
   impinge	
   on	
   the	
  

sample	
  surface.	
  This	
  incident	
  energy	
  range	
  was	
  studied	
  as	
  the	
  maximum	
  SEE	
  yield	
  

was	
  expected	
   to	
   lie	
  within	
   this.	
  The	
   curves	
  do	
  not	
  match	
  exactly	
   for	
   the	
   reasons	
  

explained	
  previously.	
  The	
  SEE	
  yield	
   increases	
  with	
   increasing	
   incident	
  energy,	
  as	
  

more	
  secondary	
  electrons	
  can	
  be	
  excited,	
  to	
  a	
  maximum	
  of	
  8.5	
  at	
  780	
  eV.	
  It	
  then	
  

begins	
   to	
   decrease	
   at	
   a	
   slower	
   rate	
   as	
   the	
   penetration	
   of	
   the	
   primary	
   electrons	
  

becomes	
  higher	
  than	
  the	
  escape	
  depth	
  of	
  the	
  secondary	
  electrons.	
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Sample	
  ERVII649	
  

Substrate:	
  2”	
  Si	
  500µm	
  

H2	
  298.5	
  sccm	
  ;	
  CH4	
  1.5	
  sccm	
  (0.5%	
  

methane,	
  5%	
  for	
  the	
  first	
  hour)	
  

Power:	
  1500	
  W	
  	
  

Process	
  Pressure:	
  10	
  mbar	
  	
  

Treatment	
  Time:	
  16	
  hours	
  

Temperature:	
  440°C	
  

	
  

Figure	
  8.11:	
  Sample	
  ERVII649	
  

	
  
Figure	
  8.12:	
  SEM	
  of	
  sample	
  ERVII649	
  showing	
  crystallites	
  with	
  a	
  variety	
  of	
  sizes.	
  The	
  large	
  

crystallite	
  has	
  a	
  length	
  of	
  ~280	
  nm.	
  

	
  
Figure	
  8.13:	
  Raman	
  spectrum	
  of	
  sample	
  ERVII649	
  with	
  assigned	
  peaks.	
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Graph	
  8.9:	
  SEE	
  yield	
  curves	
  for	
  as-­‐received	
  sample	
  ERVII649	
  for	
  electron	
  beam	
  energies,	
  

800	
  eV	
  and	
  1000	
  eV.	
  The	
  maximum	
  SEE	
  yield	
  of	
  8.5	
  occurs	
  at	
  780	
  eV.	
  

	
  
	
  

The	
  treatment	
  conditions	
  for	
  sample	
  ERVII665	
  are	
  listed	
  on	
  the	
  next	
  page.	
  Figure	
  

8.14	
  displays	
  the	
  SEM	
  image	
  obtained,	
  showing	
  crystallites	
  of	
  a	
  variety	
  of	
  sizes	
  that	
  

are	
  in	
  the	
  region	
  of	
  100	
  nm	
  or	
  smaller.	
  It	
  is	
  interesting	
  to	
  note	
  that	
  although	
  while	
  

the	
  power,	
  pressure	
  and	
  treatment	
  time	
  were	
  the	
  same	
  as	
   for	
  ERVII649,	
   the	
   film	
  

thickness	
   and	
   grain	
   size	
   is	
   smaller	
   for	
   ERVII665.	
   This	
   suggests	
   that	
   the	
   small	
  

difference	
   in	
  methane	
  concentration	
  (0.5%	
  to	
  0.33%)	
  and	
  substrate	
   temperature	
  

affect	
   growth	
   of	
   the	
   film	
   quite	
   significantly.	
   Typically,	
  we	
  would	
   expect	
   the	
   film	
  

grown	
  with	
  a	
  higher	
  methane	
  percentage	
  to	
  present	
  with	
  smaller	
  grain	
  sizes	
  as	
  a	
  

result	
  of	
  greater	
  re-­‐nucleation.8.15	
  In	
  this	
  case,	
  the	
  opposite	
  is	
  observed	
  which	
  can	
  

be	
  attributed	
   to	
   the	
   slower	
   rate	
  of	
   reaction	
  because	
  of	
   the	
   lower	
   temperature	
  of	
  

ERVII649.	
  	
  

The	
   obtained	
   Raman	
   spectrum	
   for	
   this	
   sample	
   in	
   shown	
   in	
   Figure	
   8.15.	
   The	
  

spectrum	
  shows	
  a	
  sharp	
  diamond	
  peak	
  at	
  1332	
  cm-­‐1	
  and	
  the	
  presence	
  of	
  a	
  number	
  

of	
  other	
  peaks;	
  the	
  spectrum	
  is	
  discussed	
  further	
  at	
  the	
  end	
  of	
  this	
  results	
  section.	
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Sample	
  ERVII665	
  

Substrate:	
  3”	
  Si	
  500µm	
  

H2	
  299	
  sccm	
  ;	
  CH4	
  1.0	
  sccm	
  (0.33%	
  methane;	
  5%	
  for	
  the	
  first	
  hour)	
  

Power:	
  1500	
  W	
  

Process	
  Pressure:	
  10	
  mbar	
  

Temperature:	
  550°C	
  

Treatment	
  Time:	
  16	
  hours	
  

Thickness:	
  140	
  nm	
  

	
  
Figure	
  8.14:	
  SEM	
  image	
  of	
  sample	
  ERVII5665.	
  

	
  
Figure	
  8.15:	
  Raman	
  spectrum	
  of	
  sample	
  ERVII665	
  with	
  assigned	
  peaks.	
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Graph	
  8.10:	
  SEE	
  yield	
  curves	
  for	
  sample	
  ERVII665	
  for	
  electron	
  beam	
  energies,	
  500	
  eV,	
  800	
  

eV	
  and	
  1000	
  eV.	
  1500	
  eV	
  and	
  2000	
  eV.	
  The	
  maximum	
  SEE	
  yield	
  of	
  7.9	
  occurs	
  at	
  780	
  eV.	
  

	
  

Graph	
  8.10	
  shows	
  the	
  obtained	
  SEE	
  yield	
  curves	
  (absolute	
  values)	
  against	
  incident	
  

beam	
   energy	
   from	
   0	
   eV	
   to	
   2000	
   eV.	
   SEE	
   yield	
   curves	
   were	
   obtained	
   for	
   five	
  

electron	
  beam	
  energies	
  (500,	
  800,	
  1000,	
  1500	
  and	
  2000	
  eV).	
  The	
  curves	
  for	
  each	
  

energy	
  were	
  obtained	
  by	
  varying	
  the	
  sample	
  bias	
  at	
  intervals	
  from	
  -­‐50	
  to	
  -­‐500	
  V,	
  

thereby	
   changing	
   the	
   incident	
   energy	
   at	
   which	
   the	
   electrons	
   impinge	
   on	
   the	
  

sample	
   surface.	
   The	
   curves	
   do	
   not	
   match	
   exactly	
   for	
   the	
   reasons	
   explained	
  

previously.	
   The	
   SEE	
   yield	
   increases	
   with	
   increasing	
   incident	
   energy,	
   as	
   more	
  

secondary	
   electrons	
   can	
   be	
   excited,	
   to	
   a	
  maximum	
  of	
  7.9	
   at	
   780	
  eV.	
  Which	
   is	
   a	
  

similar	
   value	
   to	
   that	
   obtained	
   from	
   ERVII649;	
   in	
   good	
   agreement	
   with	
   the	
  

similarity	
  between	
  the	
  two	
  films.	
  It	
  then	
  begins	
  to	
  decrease	
  at	
  a	
  slower	
  rate	
  as	
  the	
  

penetration	
  of	
  the	
  primary	
  electrons	
  becomes	
  higher	
  than	
  the	
  escape	
  depth	
  of	
  the	
  

secondary	
  electrons.	
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The	
  results	
   for	
  the	
   last	
  sample	
  ERVII652	
  are	
  given	
  in	
  figure	
  8.16	
  and	
  graph	
  8.11.	
  

This	
  sample	
  had	
  a	
  high	
  power	
  density	
  treatment,	
  at	
  a	
  higher	
  temperature,	
  similar	
  

to	
   sample	
   ERVII618,	
   however	
   for	
   a	
   short	
   duration	
   of	
   5	
   mins.	
   The	
   aim	
   for	
   this	
  

sample	
  was	
   to	
   investigate	
  whether	
   a	
   short,	
   high	
  power	
  density	
   treatment	
  would	
  

enhance	
  the	
  nanodiamond	
  coating	
  sufficiently	
  to	
  improve	
  the	
  SEE	
  characteristics.	
  

Post	
   treatment,	
   this	
  sample	
   looked	
   the	
  same	
  as	
  pre-­‐treatment,	
  with	
  some	
  cloudy	
  

patches.	
  

Sample	
  ERVII652	
  

Substrate:	
  2”	
  Si	
  500µm	
  

H2	
  299	
  sccm	
  	
  ;	
  CH4	
  1	
  sccm	
  

Power:	
  3000	
  W	
  

Process	
  Pressure:	
  60	
  mbar	
  

Temperature:	
  750°C	
  

Treatment	
  Time:	
  5	
  mins	
  
	
  

	
  

Figure	
  8.	
  16:	
  Raman	
  spectrum	
  of	
  sample	
  ERVII652.	
  No	
  peaks	
  are	
  discernable.	
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The	
  Raman	
  spectrum	
  for	
  sample	
  ERVI652	
  displays	
  no	
  peaks	
  (Figure	
  8.16).	
  This	
  is	
  

the	
  same	
  result	
  acquired	
  when	
  analysing	
  a	
  nanodiamond	
  seeing	
  layer	
  using	
  Raman	
  

spectroscopy,	
  which	
  is	
  known	
  to	
  be	
  too	
  thin	
  to	
  obtain	
  a	
  Raman	
  signal	
  from.	
  Graph	
  

8.11	
   shows	
   that	
   the	
   maximum	
   SEE	
   yield	
   is	
   2.25	
   at	
   400–500	
   eV.	
   This	
   value	
   is	
  

similar	
   to	
   that	
   of	
   an	
   untreated	
   nanodiamond	
   layer	
   (sample	
   1)	
   suggesting	
   these	
  

treatment	
   parameters,	
   notably	
   a	
   short	
   treatment	
   time	
   of	
   5	
   minutes	
   at	
   a	
   high	
  

pressure	
  and	
  power,	
  did	
  not	
  enhance	
  the	
  nanodiamond	
  network.	
  	
  

	
  

	
  

Graph	
  8.11:	
  SEE	
  yield	
  curve	
  for	
  sample	
  ERVII652	
  for	
  electron	
  beam	
  energies,	
  500	
  eV,	
  800	
  

eV	
  and	
  1000	
  eV.	
  The	
  maximum	
  SEE	
  yield	
  of	
  2.2	
  occurs	
  at	
  350	
  eV.	
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8.6.3	
  	
  	
  Discussion	
  

	
  

	
  

Figure	
  8.17:	
  Raman	
  spectra,	
  with	
  background	
  correction	
  for	
  all	
  ERVIIxyz	
  samples.	
  

	
  
The	
  Raman	
  spectra	
  have	
  been	
  normalised	
  to	
  remove	
  the	
  sloping	
  background	
  due	
  

to	
  photoluminescence,	
   thus	
  allowing	
   for	
   the	
   fitting	
  of	
  peaks.	
  Figure	
  8.17	
  displays	
  

the	
  Raman	
  spectra	
  of	
  all	
  four	
  samples	
  for	
  comparison.	
  The	
  diamond	
  peaks	
  are	
  all	
  

centred	
   at	
   1332	
   cm-­‐1.	
   The	
   Raman	
   spectrum	
   of	
   sample	
   ERVII618	
   (Figure	
   8.10)	
  

displays	
  a	
  sharp	
  diamond	
  peak	
  but	
  also	
  the	
  presence	
  of	
  a	
  poorly	
  defined	
  peak	
  at	
  

approximately	
  1560	
  cm-­‐1	
  due	
  to	
  the	
  ‘G’-­‐band	
  emission.	
  	
  The	
  ‘G’	
  peak	
  is	
  due	
  to	
  the	
  

bond	
   stretching	
   of	
   all	
   pairs	
   of	
   sp2	
   atoms	
   in	
   both	
   rings	
   and	
   chains.	
   The	
   peaks	
   at	
  

1140	
  cm-­‐1	
  and	
  1470	
  cm-­‐1	
  	
  are	
  due	
  to	
  transpolyacetalene	
  in	
  the	
  grain	
  boundaries;	
  	
  a	
  

fingerprint	
  of	
  nanocrystalline	
  diamond.	
  8.11	
  	
  

Samples	
  ERVII649	
  and	
  ERVII665	
  have	
  very	
  similar	
  growth	
  conditions,	
  the	
  notable	
  

differences	
  being	
  the	
  small	
  difference	
  in	
  the	
  methane	
  concentration	
  (0.5%	
  versus	
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0.33%)	
   and	
   the	
   temperature	
   (440	
   °C	
   versus	
   510	
   °C).	
   From	
   the	
   Raman	
   spectra	
  

(Figure	
  8.13	
   and	
  Figure	
  8.15)	
   it	
   can	
  observed	
   that	
   sample	
  ERVII649	
  has	
   slightly	
  

better	
  film	
  characteristics.	
  	
  Both	
  samples	
  have	
  similar	
  diamond	
  peaks	
  at	
  1332	
  cm-­‐1	
  

and	
  the	
  presence	
  of	
  the	
  transpolyacetalene	
  peaks.	
  However,	
  while	
  ERVII649	
  has	
  a	
  

poorly	
  defined	
  peak	
  at	
  approximately	
  1560	
  cm-­‐1	
  due	
  to	
  the	
  ‘G’-­‐band	
  emission,	
  this	
  

peak	
   is	
   notably	
   absent	
   in	
   the	
   spectrum	
   for	
   ERVII665.	
   Instead,	
   we	
   observe	
   the	
  

presence	
   of	
   a	
   peak	
   at	
   1636	
   cm-­‐1;	
   assigned	
   to	
   dumbbell	
   defect	
   of	
   an	
   isolated	
   sp2	
  

bonded	
   pair	
   of	
   carbon	
   atoms.8.12	
   In	
   addition	
   to	
   this,	
   the	
   peak	
   at	
   1363	
   cm-­‐1	
   is	
  

attributed	
  to	
  the	
  ‘D’-­‐band	
  of	
  amorphous	
  carbon.	
  	
  

The	
  Raman	
  spectrum	
  of	
  sample	
  ERVII652	
  has	
  no	
  discernable	
  peaks	
  and	
  it	
  was	
  not	
  

possible	
  to	
  obtain	
  a	
  SEM	
  image.	
  This	
  is	
  consistent	
  with	
  the	
  analysis	
  of	
  a	
  monolayer	
  

of	
   deposited	
   nanodiamonds,	
   suggesting	
   that	
   there	
   has	
   been	
   no	
   change	
   to	
   the	
  

seeding	
  layer	
  of	
  particles.	
  

	
  

Sample	
   ERVII649	
   has	
   presented	
  with	
   the	
  maximum	
   secondary	
   electron	
   yield	
   of	
  

8.5,	
  shown	
  in	
  graph	
  8.9.	
  Followed	
  by	
  sample	
  ERVII665	
  with	
  a	
  SEE	
  yield	
  of	
  7.9	
  and	
  

ERVII618	
  with	
   a	
   SEY	
   of	
  7.	
   The	
   “better	
   quality”	
   nanocrystalline	
   film	
   is	
   actually	
   a	
  

poorer	
   electron	
   emitter.	
   An	
   important	
   factor	
   in	
   electron	
   emission	
   processes,	
  

besides	
   the	
  surface	
  barrier	
   is	
   the	
  electron	
  supply	
   to	
   the	
  surface.	
  Accumulation	
  of	
  

positive	
   charge	
   at	
   the	
   upper	
   layer	
   of	
   the	
   emitting	
   sample	
   may	
   slow	
   down	
   the	
  

secondary	
  electrons,	
  or	
  even	
  prevent	
   their	
  escape	
   to	
   the	
  vacuum.	
  Previous	
  work	
  

has	
   shown	
   experimentally	
   that	
  more	
   conductive	
   diamond	
   films	
   also	
   show	
  much	
  

better	
  electron	
  emission	
  properties.8.13,	
  8.14	
  	
  

Higher	
   methane	
   concentrations	
   and	
   lower	
   power	
   density	
   regimes	
   drive	
   the	
   re-­‐

nucleation	
   rate,	
   decreasing	
   the	
   crystallite	
   sizes	
   and	
   increasing	
   the	
   surface	
   to	
  

volume	
   fraction	
   of	
   the	
   films.8.15	
   The	
   grain	
   boundary	
   concentration	
   rises	
  

considerably	
  resulting	
  in	
  significantly	
  enhanced	
  sp2	
  concentrations.	
  The	
  increase	
  in	
  

surface	
  to	
  volume	
  fraction	
  also	
  increases	
  the	
  hydrogen	
  content	
  of	
  the	
  film	
  as	
  it	
   is	
  

predominantly	
  located	
  at	
  the	
  grain	
  boundaries.	
  We	
  can	
  observe	
  this	
  comparing	
  the	
  

Raman	
   spectrum	
   of	
   ERVII618	
   (low	
   methane,	
   higher	
   power	
   density)	
   with	
   the	
  

spectrum	
   for	
   ERVII649	
   and	
   ERVII665	
   (higher	
   methane	
   concentration,	
   lower	
  

power	
   density).	
   The	
   SEM	
   images	
   for	
   the	
   samples	
   also	
   show	
   the	
   variation	
   in	
  

crystallite	
  sizes.	
  Comparing	
  the	
  Raman	
  spectra	
  of	
  ERVII618	
  and	
  ERVII649	
  there	
  is	
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a	
  decreasing	
   sp2	
   relative	
  content	
  with	
   increasing	
   film	
  thickness	
  (according	
   to	
   the	
  

1550	
   cm-­‐1	
   peak	
   appearance).	
  However,	
   the	
   quality	
   of	
   both	
   films	
   is	
   high	
   because	
  

they	
  exhibit	
  a	
  defined	
  diamond	
  peak.	
   	
  Additionally,	
  the	
  type	
  of	
  sp2	
  bonding	
  in	
  the	
  

films	
   seems	
   to	
   factor	
   in	
   the	
   electron	
   emission	
   properties.	
   Although	
   samples	
  

ERVII649	
   and	
   ERVII665	
   both	
   have	
   good	
   secondary	
   electron	
   yields,	
   the	
   value	
   is	
  

higher	
  for	
  ERVII649	
  which	
  shows	
  the	
  presence	
  of	
  crystalline	
  sp2	
  bonding,	
  opposed	
  

to	
   the	
   amorphous	
   carbon	
   of	
   ERVII665,	
   indicating	
   that	
   the	
   type	
   of	
   non-­‐diamond	
  

carbon	
  present	
  is	
  important.	
  

	
  

The	
   secondary	
   electron	
   yield	
   curves	
   follow	
   what	
   is	
   described	
   as	
   the	
   ‘universal	
  

curve’,	
   i.e.,	
   one	
   hump	
   with	
   a	
   monotonic	
   increase	
   (decrease)	
   before	
   (after)	
   the	
  

hump.	
  The	
  SEE	
  yield	
  increases	
  as	
  a	
  function	
  of	
  Ep	
  at	
  low	
  primary	
  energy,	
  as	
  more	
  

secondary	
  electrons	
  can	
  be	
  excited	
  with	
  increasing	
  beam	
  energy.	
  At	
  a	
  certain	
  beam	
  

energy	
   the	
   penetration	
   depth	
   of	
   the	
   primary	
   electrons	
   becomes	
   higher	
   than	
   the	
  

escape	
  depth	
  of	
  the	
  secondaries,	
  resulting	
  in	
  a	
  decrease	
  of	
  the	
  SEE	
  yield.	
  	
  

	
  

Trucchi	
  el	
  al.8.16	
  investigated	
  the	
  SEE	
  yield	
  from	
  polycrystalline	
  diamond	
  samples.	
  

These	
  samples	
  were	
  grown	
  on	
  p-­‐doped	
  silicon	
  substrates	
  at	
  a	
  temperature	
  of	
  770	
  

°C	
   and	
   using	
   a	
   {CH4}/{H2}	
   concentration	
   ratio	
   of	
   0.5%.	
   Samples	
   were	
   produced	
  

with	
  the	
  same	
  experimental	
  conditions	
  at	
  increasing	
  times	
  in	
  order	
  to	
  differentiate	
  

for	
  the	
  film	
  thickness.	
  The	
  authors	
  found	
  an	
  increase	
  in	
  the	
  SEE	
  yield	
  from	
  7	
  to	
  10	
  

for	
   samples	
   from	
   2	
   µm	
   to	
   15.6	
   µm,	
   followed	
   by	
   a	
   decrease	
   in	
   the	
   SEE	
   yield	
   for	
  

thicker	
  samples.	
  	
  The	
  results	
  of	
  the	
  current	
  sample	
  set	
  has	
  shown	
  that	
  it	
  is	
  possible	
  

to	
  obtain	
  similar	
  values	
  to	
  bulk	
  diamond	
  films	
  from	
  nanocrystalline	
  diamond	
  films,	
  

grown	
   at	
   lower	
   temperature,	
   with	
   thicknesses	
   in	
   the	
   range	
   of	
   a	
   few	
   hundred	
  

nanometers.	
  

	
  

Sample	
   ERVII649	
   presented	
   with	
   the	
   best	
   secondary	
   electron	
   yield	
   in	
   its	
   as-­‐

received	
   hydrogen	
   terminated	
   state:	
   δ	
   =	
   8.5	
   at	
   770	
   eV.	
   It	
   was	
   therefore	
   the	
  

sample	
  of	
   choice	
   for	
  deposition	
  of	
  a	
  monolayer	
  of	
   caesium.	
  The	
  sample	
  was	
   first	
  

treated	
  with	
  ozone	
  using	
   the	
  method	
  described	
   in	
   chapter	
  7.	
  The	
  SEE	
  yield	
  data	
  

was	
  collected	
  by	
  the	
  collaborators	
  of	
  this	
  project.	
  Graph	
  8.10	
  displays	
  the	
  acquired	
  

data	
  with	
  the	
  sample	
  having	
  a	
  maximum	
  SEE	
  yield	
  of	
  17	
  at	
  1600	
  eV.	
  This	
  figure	
  is	
  



Chapter	
  8:	
  Secondary	
  electron	
  emission	
  from	
  nanodiamond	
  layers	
  
	
   	
  
	
  

159	
  
	
  

almost	
  double	
  that	
  obtained	
  from	
  the	
  hydrogen	
  terminated	
  state	
  which	
  is	
  in	
  good	
  

agreement	
  with	
  the	
  literature.	
  

	
  	
  

Graph	
   8.12:	
   SEE	
   yield	
   curve	
   for	
   sample	
   ERVII649	
   after	
   Caesium	
   deposition	
   for	
   electron	
  

beam	
   energies,	
   800	
   eV,	
   1000	
   eV,	
   1500	
   eV	
   and	
   2000	
   eV.	
   The	
  maximum	
   SEE	
   yield	
   of	
   2.2	
  

occurs	
  at	
  350	
  eV.	
  

	
  

8.7	
   Low	
  temperature	
  CVD	
  processing	
  of	
  nanodiamond	
  layers	
  

The	
  previous	
  sample	
  set	
  has	
  shown	
  that	
  thin	
  film	
  nanocrystalline	
  diamond	
  grown	
  

by	
   a	
   CVD	
   process,	
   with	
   no	
   further	
   treatment	
   produces	
  material	
   with	
   secondary	
  

electron	
  yield	
  values	
  much	
  higher	
  than	
  the	
  current	
  technology	
  or	
  materials	
  under	
  

investigation	
  (i.e.	
  Al2O3,	
  MgO).	
  An	
  enhanced	
  NEA	
  surface	
  via	
  caesium	
  metallisation	
  

of	
   the	
   diamond	
   surface	
   almost	
   doubles	
   this	
   initial	
   value	
   from	
   the	
   hydrogen	
  

terminated	
  surface.	
  

To	
   process	
   the	
  microchannel	
   plate	
   in	
   this	
   same	
  way	
   requires	
   adjustment	
   of	
   the	
  

process;	
   lowering	
   of	
   the	
   operating	
   temperatures.	
   The	
   MCP	
   cannot	
   withstand	
  

temperatures	
   higher	
   than	
   400	
   °C	
   without	
   warping	
   of	
   its	
   structure.	
   To	
   establish	
  

whether	
   successful	
   low	
   temperature	
  processing	
   is	
   possible,	
   the	
   treatments	
  were	
  

initially	
  investigated	
  using	
  silicon	
  wafers	
  rather	
  than	
  MCPs.	
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8.7.1	
   Sample	
  preparation	
  

1	
  inch	
  conductive	
  (n-­‐type	
  arsenic	
  doped	
  0.01ohmcm)	
  silicon	
  wafers	
  were	
  selected	
  

as	
   the	
   substrate	
   material.	
   A	
   conductive	
   substrate	
   material	
   is	
   required	
   for	
   the	
  

secondary	
   electron	
   yield	
  measurements	
   as	
   the	
   current	
   is	
  measured	
   through	
   the	
  

back	
   of	
   the	
   sample.	
   The	
   wafers	
   were	
   “seeded”	
   with	
   nanodiamond	
   particles	
   as	
  

described	
   in	
  chapter	
  5	
  using	
  a	
  colloid	
  concentration	
  of	
  0.5g/L	
  to	
  produce,	
  evenly	
  

dispersed,	
  tightly	
  packed	
  layers	
  ‘monolayers’.	
  

	
  

8.7.2	
   CVD	
  Processing	
  

The	
   samples	
   in	
   this	
   section	
  were	
   treated	
   in	
   a	
   CVD	
   reactor	
   at	
   the	
   UCL	
   Diamond	
  

Electronics	
   laboratory.	
  The	
  CVD	
  reactor	
  used	
  to	
  process	
  these	
  samples	
   is	
  by	
  Seki	
  

Technotron.	
   This	
   reactor	
   is	
   much	
   smaller	
   than	
   the	
   reactor	
   used	
   to	
   produce	
   the	
  

ERVIIXYZ	
  sample	
  set,	
  allowing	
  a	
  maximum	
  wafer	
  size	
  of	
  1”.	
  The	
  maximum	
  power	
  

output	
   of	
   the	
   power	
   supply	
   is	
   limited	
   to	
   1500	
   W.	
   The	
   substrate	
   holder	
   was	
  

modified	
  to	
  allow	
  cooling	
  by	
  connection	
  to	
  a	
  water	
  cooling	
  unit	
   thereby	
  allowing	
  

the	
  plasma	
  to	
  be	
  maintained	
  at	
  a	
  substrate	
  temperature	
  of	
  no	
  more	
  than	
  400	
  °C.	
  

Deposition	
  from	
  a	
  hydrogen-­‐rich	
  plasma	
  environment	
  ensured	
  hydrogen	
  coverage	
  

of	
   the	
   sample	
   surface.	
   The	
   treatment	
   conditions	
   for	
   each	
   of	
   the	
   four	
   treated	
  

samples	
   are	
   listed	
   in	
   the	
   following	
   results	
   section.	
   The	
   treatment	
   conditions	
   for	
  

each	
   sample	
   are	
   followed	
   by	
   the	
   SEM	
   images	
   and	
   Raman	
   spectra	
   obtained.	
   The	
  

Raman	
  spectra	
  were	
  obtained	
  using	
  a	
  514	
  nm	
  wavelength.	
  Finally,	
  the	
  secondary	
  

electron	
  yield	
  curves,	
  obtained	
  using	
  the	
  method	
  described	
  at	
  the	
  beginning	
  of	
  this	
  

chapter	
  are	
  displayed.	
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8.7.3	
   Results	
  and	
  Discussion	
  

Sample	
  UCL	
  (a)	
  

Substrate:	
  1”	
  Si;	
  500µm	
  thickness	
  

H2	
  190	
  sccm	
  	
  ;	
  CH4	
  10	
  sccm	
  (5%	
  methane)	
  

Power:	
  450	
  W	
  

Process	
  Pressure:	
  	
  13.0	
  torr	
  

Temperature:	
  400°C	
  

Treatment	
  Time:	
  3	
  hours	
  

	
  
Figure	
  8.18:	
  SEM	
  image	
  of	
  Sample	
  UCL	
  (a)	
  after	
  processing.	
  This	
  image	
  was	
  taken	
  at	
  

the	
  edge	
  of	
  the	
  sample.	
  

	
  

Figure	
  8.19:	
  SEM	
  image	
  of	
  Sample	
  UCL	
  (a)	
  after	
  processing.	
  This	
  image	
  was	
  taken	
  at	
  the	
  

centre	
  of	
  the	
  sample.	
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Sample	
  UCL	
  (a)	
  was	
  treated	
  with	
  5	
  %	
  methane	
  concentration	
   in	
   the	
  gas	
  mixture,	
  

for	
   a	
   duration	
   of	
   3	
   hours.	
   The	
   plasma	
   power	
   and	
   pressure	
   were	
   adjusted	
  

throughout	
  to	
  maintain	
  a	
  temperature	
  of	
  approximately	
  400	
  °C.	
  Figures	
  8.18	
  and	
  

8.19	
  display	
   the	
   SEM	
   images	
   obtained	
   from	
   the	
   edge	
   and	
   centre	
   of	
   the	
   1”	
  wafer	
  

post	
  processing.	
  The	
  morphology	
  of	
  the	
  film	
  is	
  still	
  particle-­‐like,	
  with	
  a	
  crystalline	
  

structure	
  not	
  visible.	
  There	
   is	
  a	
  clear	
  difference	
   in	
   the	
  size	
  of	
   the	
  particles	
  at	
   the	
  

edge	
   and	
   centre.	
   Since	
   the	
   plasma	
   size	
   was	
   small	
   (less	
   than	
   approximately	
   2”	
  

diameter)	
   it	
   can	
   be	
   expected	
   that	
   the	
   sample	
   would	
   not	
   experience	
   equal	
  

conditions.	
  

	
  

Figure	
  8.20	
  shows	
   the	
  Raman	
  spectrum	
  obtained	
   from	
   the	
  centre	
  of	
   sample	
  UCL	
  

(a).	
   A	
   reasonably	
   sharp	
   but	
   broadened	
   diamond	
   peak	
   is	
   visible	
   at	
   1331	
   cm-­‐1.	
  

Comparing	
  this	
  to	
  the	
  Raman	
  spectrum	
  of	
  untreated	
  nanodiamonds	
  (Figure	
  5.10)	
  

the	
  diamond	
  peak	
  is	
  only	
  red-­‐shifted	
  by	
  1	
  wavenumber	
  which	
  is	
  expected	
  since	
  the	
  

post	
  treatment	
  particles	
  are	
  much	
  larger	
  in	
  size.	
  The	
  broad	
  peak	
  that	
  appears	
  to	
  be	
  

centred	
  around	
  1170	
  cm-­‐1	
  	
  is	
  most	
  likely	
  due	
  to	
  transpolyacetylene	
  in	
  the	
  film.	
  The	
  

broad	
  peak	
  from	
  1400	
  –	
  1650	
  cm-­‐1	
  is	
  the	
  product	
  of	
  any	
  possible	
  number	
  of	
  peaks,	
  

which	
  would	
  require	
  deconvolution	
  to	
  establish.	
  A	
  peak	
  at	
  1450cm-­‐1	
  would	
  be	
  due	
  

to	
   transpolyactylene.	
   The	
   1520-­‐	
   1580	
   cm-­‐1	
   is	
   attributed	
   to	
   the	
   ‘G’	
   peak	
   of	
   sp2	
  

amorphous	
  carbon.	
  It	
  is	
  clear	
  that	
  this	
  layer	
  contains	
  a	
  substantial	
  amount	
  of	
  non-­‐

diamond	
  carbon.	
  	
  

	
  

Graph	
  8.13	
  shows	
  the	
  obtained	
  SEE	
  yield	
  curves	
  (absolute	
  values)	
  against	
  incident	
  

beam	
   energy	
   from	
   0	
   eV	
   to	
   1000	
   eV.	
   SEE	
   yield	
   curves	
   were	
   obtained	
   for	
   three	
  

electron	
  beam	
  energies	
  (500,	
  800,	
  and	
  1000	
  eV).	
  The	
  curves	
  for	
  each	
  energy	
  were	
  

obtained	
   by	
   varying	
   the	
   sample	
   bias	
   at	
   intervals	
   from	
   -­‐50	
   to	
   -­‐500	
   V,	
   thereby	
  

changing	
   the	
   incident	
   energy	
   at	
   which	
   the	
   electrons	
   impinge	
   on	
   the	
   sample	
  

surface.	
  The	
  curves	
  do	
  not	
  match	
  exactly	
  for	
  the	
  reasons	
  explained	
  earlier	
   in	
  this	
  

chapter.	
   The	
   SEE	
   yield	
   increases	
   with	
   increasing	
   incident	
   energy,	
   as	
   more	
  

secondary	
  electrons	
  can	
  be	
  excited,	
  to	
  a	
  maximum	
  of	
  5.5	
  at	
  650	
  eV.	
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Figure	
  8.20:	
  Raman	
  spectrum	
  of	
  Sample	
  UCL	
  (a)	
  with	
  assigned	
  peaks.	
  

	
   	
  

Graph	
   8.13:	
   SEE	
   yield	
   curves	
   for	
   Sample	
   UCL	
   (a)	
   for	
   electron	
   beam	
   energies,	
   500eV,	
  

800eV	
  and	
  1000eV.	
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Sample	
  UCL	
  (b)	
  

Substrate:	
  1”	
  Si;	
  500µm	
  thickness	
  

H2	
  190	
  sccm	
  	
  ;	
  CH4	
  10	
  sccm	
  (5%	
  methane)	
  

Power:	
  400	
  –	
  450	
  W	
  

Process	
  Pressure:	
  	
  13.0	
  torr	
  

Temperature:	
  400	
  °C	
  

Treatment	
  Time:	
  4.5	
  hours	
  

	
  
Figure	
  8.21:	
  SEM	
   image	
  of	
  Sample	
  UCL	
  (b)	
  after	
  processing.	
  This	
   image	
  was	
   taken	
  at	
   the	
  

edge	
  of	
  the	
  sample.	
  

	
  

	
  	
  

Figure	
  8.22:	
  SEM	
   image	
  of	
  Sample	
  UCL	
  (b)	
  after	
  processing.	
  This	
   image	
  was	
   taken	
  at	
   the	
  

centre	
  of	
  the	
  sample.	
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Sample	
  UCL	
  (b)	
  was	
  treated	
  with	
  5	
  %	
  methane	
  concentration	
   in	
  the	
  gas	
  mixture,	
  

for	
   a	
   duration	
   of	
   4.5	
   hours.	
   The	
   plasma	
   power	
   and	
   pressure	
   were	
   adjusted	
  

throughout	
  to	
  maintain	
  a	
  temperature	
  of	
  approximately	
  400	
  °C.	
  Figures	
  8.21	
  and	
  

8.22	
  display	
   the	
   SEM	
   images	
   obtained	
   from	
   the	
   edge	
   and	
   centre	
   of	
   the	
   1”	
  wafer	
  

post	
  processing.	
  The	
  morphology	
  of	
  the	
  film	
  is	
  still	
  particle-­‐like,	
  with	
  a	
  crystalline	
  

structure	
   not	
   visible.	
   The	
   sample	
   displays	
   the	
   same	
   difference	
   in	
   particle	
   size	
  

between	
   the	
  edge	
  and	
  centre	
  of	
   the	
  wafer	
  as	
  with	
   sample	
  UCL	
   (a).	
  However,	
   the	
  

particles	
  do	
  appear	
  slightly	
  bigger	
  than	
  in	
  the	
  SEM	
  images	
  of	
  sample	
  UCL	
  (a).	
  The	
  

particles	
  at	
  the	
  centre	
  of	
  the	
  wafer	
  are	
  approximately	
  80	
  nm	
  in	
  diameter.	
  

Figure	
  8.23	
  shows	
   the	
  Raman	
  spectrum	
  obtained	
   from	
   the	
  centre	
  of	
   sample	
  UCL	
  

(b),	
  which	
  is	
  almost	
  identical	
  to	
  sample	
  UCL	
  (a).	
  A	
  reasonably	
  sharp	
  but	
  broadened	
  

diamond	
  peak	
  is	
  visible	
  at	
  1331	
  cm-­‐1.	
  The	
  origin	
  of	
  the	
  two	
  broader	
  peaks	
  has	
  been	
  

discussed	
  for	
  the	
  spectrum	
  of	
  sample	
  UCL	
  (a).	
  

	
  

Graph	
  8.14	
  shows	
  the	
  obtained	
  SEE	
  yield	
  curves	
  (absolute	
  values)	
  against	
  incident	
  

beam	
   energy	
   from	
   0	
   eV	
   to	
   1500	
   eV.	
   SEE	
   yield	
   curves	
   were	
   obtained	
   for	
   four	
  

electron	
  beam	
  energies	
  (500,	
  800,	
  1100	
  and	
  1500	
  eV).	
  The	
  curves	
  for	
  each	
  energy	
  

were	
  obtained	
  by	
  varying	
  the	
  sample	
  bias	
  at	
  intervals	
  from	
  -­‐50	
  to	
  -­‐500	
  V,	
  thereby	
  

changing	
   the	
   incident	
   energy	
   at	
   which	
   the	
   electrons	
   impinge	
   on	
   the	
   sample	
  

surface.	
  The	
  curves	
  do	
  not	
  match	
  exactly	
  for	
  the	
  reasons	
  explained	
  earlier	
   in	
  this	
  

chapter.	
   The	
   SEE	
   yield	
   increases	
   with	
   increasing	
   incident	
   energy,	
   as	
   more	
  

secondary	
  electrons	
  can	
  be	
  excited,	
  to	
  a	
  maximum	
  of	
  5.5	
  at	
  650	
  –	
  800	
  eV.	
  This	
  is	
  

the	
  same	
  value	
  as	
  obtained	
  for	
  sample	
  UCL	
  (a).	
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Figure	
  8.23:	
  Raman	
  spectrum	
  of	
  Sample	
  UCL(b)	
  with	
  assigned	
  peaks.	
  

	
  

#	
  

Graph	
  8.14:	
  SEE	
  yield	
  curves	
  for	
  Sample	
  UCL	
  (b)	
  for	
  electron	
  beam	
  energies,	
  500eV,	
  

800eV,	
  1100eV	
  and	
  1500	
  eV.	
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Sample	
  1(c)	
  

Substrate:	
  1”	
  Si	
  500µm	
  

H2	
  133	
  sccm	
  	
  ;	
  CH4	
  10	
  sccm	
  (7.5%	
  methane)	
  

Power:	
  W	
  

Process	
  Pressure:	
  	
  mbar	
  

Temperature:	
  400°C	
  

Treatment	
  Time:	
  3	
  hours	
  

	
  Figure	
  8.24:	
   SEM	
   image	
  of	
   Sample	
  UCL	
   (c)	
  

after	
   processing.	
   This	
   image	
   was	
   taken	
   at	
  

the	
  edge	
  of	
  the	
  sample.	
  

	
  

Figure	
   8.25:	
   SEM	
   image	
   of	
   Sample	
  UCL	
   (c)	
  

after	
   processing.	
   This	
   image	
   was	
   taken	
   at	
  

the	
  edge	
  of	
  the	
  sample.	
  

	
  

Figure	
  8.26:	
  Raman	
  spectrum	
  of	
  Sample	
  UCL	
  (c)	
  with	
  assigned	
  peaks.	
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Sample	
  UCL	
  (c)	
  was	
  treated	
  with	
  7.5	
  %	
  methane	
  concentration	
  in	
  the	
  gas	
  mixture,	
  

for	
   a	
   duration	
   of	
   3	
   hours.	
   The	
   plasma	
   power	
   and	
   pressure	
   were	
   adjusted	
  

throughout	
  to	
  maintain	
  a	
  temperature	
  of	
  approximately	
  400	
  °C.	
  Figures	
  8.24	
  and	
  

8.25	
  display	
   the	
   SEM	
   images	
   obtained	
   from	
   the	
   edge	
   and	
   centre	
   of	
   the	
   1”	
  wafer	
  

post	
  processing.	
  The	
  morphology	
  of	
  the	
  film	
  is	
  still	
  particle-­‐like,	
  with	
  a	
  crystalline	
  

structure	
   not	
   visible.	
   The	
   sample	
   displays	
   the	
   same	
   difference	
   in	
   particle	
   size	
  

between	
   the	
   edge	
   and	
   centre	
   of	
   the	
   wafer	
   as	
   with	
   sample	
   UCL	
   (a)	
   and	
   (b).	
  

However,	
  the	
  particles	
  do	
  appear	
  slightly	
  bigger	
  than	
  in	
  the	
  SEM	
  images	
  of	
  sample	
  

UCL	
   (a).	
   The	
   particles	
   at	
   the	
   centre	
   of	
   the	
   wafer	
   are	
   approximately	
   80	
   nm	
   in	
  

diameter.	
  

	
  

Figure	
  8.26	
  shows	
   the	
  Raman	
  spectrum	
  obtained	
   from	
   the	
  centre	
  of	
   sample	
  UCL	
  

(c).	
  This	
  spectrum	
  is	
  slightly	
  different	
  compared	
  to	
  sample	
  UCL	
  (a)	
  and	
  UCL	
  (b).	
  A	
  

reasonably	
  sharp	
  but	
  broadened	
  diamond	
  peak	
  is	
  visible	
  at	
  1331	
  cm-­‐1.	
  The	
  origin	
  

of	
  the	
  two	
  broader	
  peaks	
  has	
  been	
  discussed	
  for	
  the	
  spectrum	
  of	
  sample	
  UCL	
  (a).	
  

However,	
  the	
  broad	
  peak	
  at	
  approximately	
  1170cm-­‐1	
  is	
  absent	
  from	
  the	
  spectrum.	
  

A	
   higher	
   methane	
   concentration	
   results	
   in	
   a	
   greater	
   renucleation,	
   which	
   could	
  

explain	
   the	
   lower	
  concentration	
  of	
   transpolyactylene	
  at	
   this	
  point	
   in	
   the	
  process.	
  

The	
  broad	
  peak	
  between	
  1400	
  –	
  1650	
  cm-­‐1	
  appears	
  to	
  be	
  slightly	
  sharper	
  than	
  that	
  

of	
   the	
  preacious	
   two	
  samples.	
  However,	
   it	
  can	
  be	
  expected	
   it	
   is	
  as	
  a	
  result	
  of	
   the	
  

same	
  ‘D’	
  and	
  ‘G’	
  peaks	
  of	
  sp2	
  amorphous	
  carbon.	
  

	
  

Graph	
  8.15	
  shows	
  the	
  obtained	
  SEE	
  yield	
  curves	
  (absolute	
  values)	
  against	
  incident	
  

beam	
   energy	
   from	
   0	
   eV	
   to	
   1000	
   eV.	
   SEE	
   yield	
   curves	
   were	
   obtained	
   for	
   three	
  

electron	
  beam	
  energies	
  (500,	
  800,	
  and	
  1000	
  eV).	
  The	
  curves	
  for	
  each	
  energy	
  were	
  

obtained	
   by	
   varying	
   the	
   sample	
   bias	
   at	
   intervals	
   from	
   -­‐50	
   to	
   -­‐500	
   V,	
   thereby	
  

changing	
   the	
   incident	
   energy	
   at	
   which	
   the	
   electrons	
   impinge	
   on	
   the	
   sample	
  

surface.	
  The	
  curves	
  do	
  not	
  match	
  exactly	
  for	
  the	
  reasons	
  explained	
  earlier	
   in	
  this	
  

chapter.	
   The	
   SEE	
   yield	
   increases	
   with	
   increasing	
   incident	
   energy,	
   as	
   more	
  

secondary	
  electrons	
  can	
  be	
  excited,	
  to	
  a	
  maximum	
  of	
  5.5	
  –	
  6.0	
  at	
  650	
  –	
  800	
  eV.	
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Graph	
  8.15:	
  SEE	
  yield	
  curves	
   for	
  Sample	
  1(a)	
   for	
  electron	
  beam	
  energies,	
  500eV,	
  800eV,	
  

and	
  1000	
  eV.	
  

	
  

The	
  critical	
  temperature	
  of	
  400	
  °C	
  meant	
  that	
   is	
  was	
  not	
  possible	
  to	
   increase	
  the	
  

power	
  and	
  pressure	
  of	
  the	
  plasma	
  which	
  limited	
  the	
  samples	
  in	
  this	
  investigation.†	
  

The	
   only	
   variables	
   were	
   the	
   methane	
   concentration	
   and	
   the	
   treatment	
   time.	
   A	
  

2.5%	
  increase	
  in	
  methane	
  concentration	
  (sample	
  UCL	
  (c))	
  is	
  quite	
  significant	
  given	
  

that	
   NCD	
   is	
   typically	
   grown	
   with	
   less	
   than	
   1	
   %	
   of	
   methane	
   in	
   the	
   growth	
   gas	
  

mixture.	
  Below	
  5	
  %	
  (sample	
  UCL	
  (a)	
  and	
  UCL	
  (b))	
  and	
  it	
  is	
  unlikely	
  that	
  a	
  change	
  

would	
   have	
   occurred	
   to	
   the	
   seeding	
   layer	
   given	
   the	
   low	
   power	
   densities	
   which	
  

were	
   employed.	
   Since	
   an	
   increase	
   from	
  3	
  hours	
   to	
   4.5	
   hours	
  did	
  not	
   change	
   the	
  

composition	
  or	
  structure	
  of	
  the	
  film,	
  a	
  further	
  increase	
  in	
  treatment	
  time	
  was	
  not	
  

investigated.	
  Nevertheless	
  the	
  results	
  obtained	
  from	
  this	
  sample	
  set	
  are	
  extremely	
  

promising	
   in	
   showing	
   that	
   low	
   temperature	
   CVD	
   processing	
   of	
   nanodiamond	
  

seeding	
   layers	
   can	
  produce	
   a	
  network	
  of	
   particles	
  with	
   good	
   secondary	
   electron	
  

emission	
   yield	
   characteristics,	
   similar	
   to	
   those	
   obtained	
   from	
   continuous,	
  

crystalline	
  films	
  (ERVII	
  sample	
  set).	
  The	
  SEE	
  yield	
  values	
  are	
  double	
  that	
  obtained	
  

from	
   an	
   untreated	
   nanodiamond	
   layer	
   (2.5	
   at	
   450	
   eV;	
   sample	
   1	
   (control)),	
  

indicating	
  a	
  substantial	
   improvement	
  to	
  the	
  structure.	
  Since	
  the	
  conditions	
  being	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
†	
  Improved	
  cooling	
  would	
  allow	
  for	
  better	
  plasma	
  conditions.	
  



Chapter	
  8:	
  Secondary	
  electron	
  emission	
  from	
  nanodiamond	
  layers	
  
	
   	
  
	
  

170	
  
	
  

used	
  are	
  insufficient	
  for	
  significant	
  diamond	
  significant	
  diamond	
  growth,	
  as	
  shown	
  

by	
  the	
  SEM	
  and	
  Raman	
  analysis,	
  this	
   is	
  clearly	
  attributable	
  to	
  an	
  improvement	
  in	
  

the	
   diamond	
   crystalline	
   quality	
   of	
   the	
   (still)	
  ND	
  particles.	
   Consistently	
   good	
   SEE	
  

yields	
   have	
   been	
   obtained	
   that	
   exceed	
   those	
   of	
   other	
  materials	
   currently	
   under	
  

investigation.	
  

	
  

	
  

8.8	
   Concluding	
  remarks	
  

The	
  work	
  described	
  in	
  this	
  chapter	
  has	
   led	
  to	
  the	
  development	
  of	
  processes	
  fully	
  

compatible	
  with	
   existing	
  MCP	
   technology	
   used	
  within	
   night	
   vision	
   devices.	
   	
   The	
  

development	
  of	
  low	
  temperature	
  plasma	
  methods	
  for	
  the	
  formation	
  of	
  continuous	
  

CVD	
   diamond	
   films	
   from	
   ND	
   films	
   (section	
   8.6)	
   can	
   be	
   considered	
   important.	
  	
  

However,	
   it	
   is	
   the	
   realisation	
  of	
  a	
   low	
   temperature	
  process	
  at	
   lower	
  powers	
  and	
  

time	
  durations	
  (section	
  8.7)	
  that	
  effectively	
  turns	
  ‘poor’	
  NDs	
  into	
  ‘high	
  quality’	
  NDs	
  

that	
   can	
   be	
   considered	
   a	
   major	
   step	
   towards	
   realising	
   improved	
   MCPs	
   for	
   this	
  

application.	
  	
  This	
  process	
  can	
  be	
  improved	
  by	
  the	
  use	
  of	
  a	
  larger	
  reactor	
  combined	
  

with	
  more	
  aggressive	
  cooling.	
  This	
  would	
  allow	
  for	
  a	
  higher	
  power	
  density	
  plasma	
  

at	
  400	
  °C,	
  with	
  which	
  it	
  should	
  be	
  possible	
  further	
  improve	
  the	
  SEE	
  characteristics	
  

of	
   the	
   layers.	
   The	
   next	
   step	
   would	
   then	
   be	
   to	
   replicate	
   this	
   process	
   on	
   a	
  

microchannel	
  plate	
  with	
  an	
  aim	
  to	
  create	
  a	
  layer	
  on	
  the	
  top	
  surface	
  and	
  in	
  the	
  top	
  

of	
   the	
   channel	
   walls	
   to	
   a	
   depth	
   of	
   a	
   few	
   diameters.	
   The	
   reasoning	
   for	
   this	
   is	
  

explained	
   in	
   chapter	
   3;	
   to	
   insure	
   that	
   first	
   interaction	
   events	
   are	
   not	
   lost	
   to	
   the	
  

device.	
   Processing	
   a	
   microchannel	
   plate	
   presents	
   with	
   additional	
   complications.	
  

Not	
  only	
  must	
  the	
  temperature	
  not	
  exceed	
  400	
  °C	
  but	
  a	
  method	
  of	
  ‘back-­‐pumping’	
  

must	
  be	
   employed	
  whereby	
   the	
  MCP	
   channels	
   are	
  pumped	
   from	
   the	
  backside	
  of	
  

the	
   plate	
   to	
   avoid	
   gas	
   becoming	
   trapped	
   in	
   the	
   channels,	
   causing	
   a	
   build	
   up	
   of	
  

carbon.	
   The	
   equipment	
   is	
   undergoing	
   modification	
   to	
   achieve	
   this.Preliminary	
  

experiments	
  have	
  been	
  conducted	
  and	
  at	
  the	
  time	
  of	
  writing	
  technology	
  transfer	
  is	
  

occurring	
   between	
   the	
   UCL	
   team	
   and	
   Photonis	
   SAS,	
   such	
   that	
   the	
   processes	
  

developed	
   in	
   this	
   chapter	
   can	
   be	
   applied	
   to	
   MCPs	
   for	
   device	
   trials	
   in	
   the	
   night	
  

vision	
  goggles	
  during	
  summer	
  2012.	
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Conclusion	
  
	
  
Research	
  on	
  the	
  topic	
  of	
  nanodiamond	
  has	
  increased	
  rapidly	
  in	
  the	
  past	
  five	
  years.	
  

However,	
   the	
  majority	
   of	
   the	
   published	
   literature	
   has	
   been	
   in	
   the	
   areas	
   of	
   post-­‐

detonation	
   processing,	
   chemical	
   functionalisation	
   for	
   biological	
   applications	
   and	
  

applications	
  in	
  nanocomposites.	
  The	
  research	
  in	
  the	
  realm	
  of	
  electronics	
  has	
  been	
  

fairly	
   limited,	
   with	
   the	
   most	
   common	
   use	
   of	
   nanodiamonds	
   being	
   their	
   use	
   as	
  

seeds	
   for	
   thin	
   film	
   diamond	
   growth.	
   This	
   thesis	
   has	
   investigated	
   fundamental	
  

aspects	
   of	
   nanodiamonds	
   for	
   their	
   applicability	
   in	
   electronic	
   applications.	
  

Important	
   topics	
   such	
   as	
   deposition,	
   electrical	
   characteristics	
   and	
   surface	
  

modifications	
  of	
  detonation	
  nanodiamonds	
  have	
  been	
  addressed	
  in	
  this	
  thesis	
  for	
  

the	
   realisation	
   of	
   a	
   high	
   secondary	
   electron	
   emission	
   nanodiamond	
   material,	
  

outperforming	
  both	
  the	
  current	
  technology	
  and	
  other	
  research	
  materials.	
  

	
  

Chapter	
  5	
  

A	
   protocol	
   for	
   the	
   deposition	
   of	
   a	
   densely	
   packed	
   monolayer	
   of	
   ~5nm	
  

nanodiamonds	
  has	
  been	
  developed.	
  Substrate	
  choice	
  and	
  the	
  surface	
  condition	
  of	
  

the	
   NDs	
   used	
   (chapter	
   7)	
   mean	
   that	
   attractive	
   zeta	
   potentials	
   lead	
   to	
   a	
   well-­‐

adhered	
  layer,	
  in	
  terms	
  of	
  routine	
  laboratory	
  handling.	
  	
  This	
  is	
  a	
  promising	
  result	
  

for	
   the	
   potential	
   use	
   of	
   this	
   form	
   of	
   ND	
   in	
   applications	
   where	
   a	
   thin	
   diamond	
  

coating	
  on	
  a	
  2-­‐	
  or	
  3-­‐D	
  non-­‐diamond	
   substrate	
  would	
  be	
   advantageous.	
   	
  The	
   fact	
  

that	
  they	
  can	
  be	
  deposited	
  from	
  a	
  water-­‐based	
  solution	
  at	
  room	
  temperature	
  using	
  

a	
   simple	
   sonication	
   process	
   means	
   that	
   a	
   wide	
   range	
   of	
   substrates	
   can	
   be	
  

employed,	
  including	
  those	
  comprising	
  materials	
  that	
  would	
  not	
  be	
  resilient	
  within	
  

a	
   standard	
   thin	
   film	
  diamond	
  growth	
   system,	
  which	
   typically	
  operates	
   at	
  850	
   °C	
  

with	
   a	
   high	
   partial	
   pressure	
   of	
   (chemically	
   active)	
   atomic	
   hydrogen.9.1	
   Such	
  

materials	
  could	
  include	
  glass	
  and	
  plastics.	
  These	
  results	
  have	
  already	
  been	
  utilised	
  

by	
   the	
  UCL	
  diamond	
  electronics	
   group	
   to	
  produce	
  a	
  nanodiamond-­‐coated	
   silicon	
  

cantilever	
  array	
  for	
  chemical	
  sensing.9.2	
  

The	
  use	
  of	
  Raman	
  spectroscopy	
  has	
  led	
  to	
  the	
  conclusion	
  that	
  the	
  ND	
  particles	
  are	
  

indeed	
   crystalline	
   diamond,	
   with	
   little	
   sp2	
   content	
   within	
   a	
   densely	
   packed	
  

(multilayer)	
   sample.	
   	
   This	
   observation	
  means	
   that	
   these	
   particles	
   can	
   indeed	
   be	
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explored	
  for	
  diamond	
  coating	
  applications,	
  without	
  re-­‐course	
  to	
  conventional	
  thin	
  

film	
  diamond	
  growth	
  procedures.	
  

	
  

Chapter	
  6	
  

The	
   electrical	
   properties	
   of	
   a	
   “monolayer”	
   of	
   nanodiamonds	
   has	
   been	
   studied;	
   a	
  

resistivity	
  of	
  the	
  order	
  of	
  1012	
  Ω/sq	
  has	
  been	
  determined,	
  with	
  only	
  one	
  significant	
  

conduction	
   pathway	
   being	
   observed.	
   This	
   suggests	
   either	
   the	
   nanodiamonds	
  

support	
  little	
  in	
  the	
  way	
  of	
  sp2-­‐like	
  material	
  on	
  their	
  surfaces,	
  or	
  any	
  such	
  material	
  

is	
   electrically	
   inactive,	
   presumably	
   through	
  depletion.	
  The	
  dielectric	
   character	
  of	
  

the	
   detonation	
   nanodiamond	
   particles	
   is	
   also	
   good,	
   with	
   dielectric	
   loss	
   tangent	
  

values	
   in	
   the	
   range	
   0.05	
   –	
   0.5	
   being	
   recorded.	
   These	
   combined	
   observations	
  

suggest	
   DNDs	
   behave	
   in	
   electrical	
   terms	
   similar	
   to	
   thin	
   film	
   diamond,	
   and	
   that	
  

electrical	
   applications	
   for	
   DNDs	
   are	
   worthy	
   of	
   pursuit.	
   Since	
   the	
   simple	
   room	
  

temperature	
   sonication	
   process	
   used	
   here	
   is	
   capable	
   of	
   coating	
   a	
  wide-­‐range	
   of	
  

three-­‐dimensional	
  objects	
  with	
  DND	
   layers	
   this	
   is	
   an	
  exciting	
   result.	
  A	
   limitation	
  

on	
   the	
   electrical	
   use	
   the	
   monodispersed	
   DNDs,	
   at	
   least	
   in	
   the	
   untreated,	
   as-­‐

deposited	
   from	
  solution	
   form	
  used	
  here,	
   is	
   the	
   catastrophic	
   loss	
  of	
  diamond	
   like	
  

character	
  at	
  temperatures	
  above	
  400	
  °C.	
  

	
  

Chapter	
  7	
  

It	
  has	
  been	
  found	
  that	
  annealing	
  the	
  nanodiamond	
  layers	
  hydrogenates	
  the	
  surface	
  

by	
   removing	
   oxygen	
   containing	
   groups	
   and	
   replacing	
   them	
   with	
   hydrogen	
  

terminations.	
  The	
  Ozone	
  treatment	
  devised	
  following	
  hydrogenation	
  is	
  successful	
  

in	
   removing	
   the	
   hydrogen	
   terminations	
   and	
   replacing	
   them	
   with	
   oxygen	
  

containing	
   groups,	
   more	
   so	
   than	
   ozone	
   treating	
   nanodiamonds	
   directly.	
  

Additionally	
   the	
   ozone	
   treatment	
   post-­‐hydrogenation	
   displays	
   the	
   presence	
   of	
  

more	
   of	
   the	
   important	
   ketone	
   groups.	
   An	
   efficient	
   protocol	
   for	
   the	
   oxidation	
   of	
  

nanodiamond	
  surfaces	
  has	
  been	
  established,	
  which	
  is	
  faster	
  and	
  simpler	
  than	
  the	
  

methods	
  reported	
  in	
  the	
  literature	
  and	
  also	
  suitable	
  to	
  perform	
  after	
  deposition	
  on	
  

to	
  a	
  substrate.	
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Chapter	
  8	
  

The	
  work	
  described	
  in	
  this	
  chapter	
  has	
   led	
  to	
  the	
  development	
  of	
  processes	
  fully	
  

compatible	
  with	
   existing	
  MCP	
   technology	
   used	
  within	
   night	
   vision	
   devices.	
   	
   The	
  

development	
  of	
  low	
  temperature	
  plasma	
  methods	
  for	
  the	
  formation	
  of	
  continuous	
  

CVD	
   diamond	
   films	
   from	
   ND	
   films	
   (section	
   8.6)	
   can	
   be	
   considered	
   important.	
  	
  

However,	
   it	
   is	
   the	
   realisation	
  of	
  a	
   low	
   temperature	
  process	
  at	
   lower	
  powers	
  and	
  

time	
  durations	
  (section	
  8.7)	
  that	
  effectively	
  turns	
  ‘poor’	
  NDs	
  into	
  ‘high	
  quality’	
  NDs	
  

that	
   can	
   be	
   considered	
   a	
   major	
   step	
   towards	
   realising	
   improved	
   MCPs	
   for	
   this	
  

application.	
  	
  

	
  

There	
   are	
   currently	
   two	
   important	
   areas	
   of	
   further	
   research.	
   The	
   first	
   is	
   to	
  

investigate	
   the	
   use	
   of	
   lithium	
   as	
   a	
   replacement	
   for	
   metallisation.	
   Lithium	
   is	
  

reported	
  to	
  exhibit	
  a	
  large	
  work-­‐function	
  shift	
  relative	
  to	
  a	
  clean	
  diamond	
  surface	
  

an	
   effect	
   similar	
   to	
   that	
   seen	
   for	
   Cs-­‐O	
   on	
   diamond,	
   but	
   with	
   a	
   higher	
   binding	
  

energy	
  of	
  4.7	
  eV	
  per	
  Li	
  atom,9.3	
  which	
  would	
  produce	
  a	
  higher	
  stability	
  NEA	
  surface	
  

than	
  caesium.	
  The	
  second	
  area,	
   in	
  which	
  research	
  has	
  already	
  commenced,	
   is	
  the	
  

use	
   of	
   single	
   crystal	
   diamond	
   (SCD)	
   as	
   a	
   replacement	
   for	
   the	
   MCP.	
   High	
  

transmission	
  yields	
  have	
  been	
  measured	
  from	
  SCD9.4	
  and	
  thin	
  (	
  5	
  –	
  10	
  µm)	
  plates	
  

are	
  now	
  commercially	
  available	
  on	
  request.	
  If	
  the	
  yields	
  can	
  be	
  improved,	
  through	
  

the	
   mechanism	
   of	
   photoconductive	
   gain,	
   the	
   potential	
   applications	
   in	
   image	
  

intensifiers	
  and	
  electron	
  amplification	
  devices	
  would	
  be	
  significant.	
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Appendix	
  2:	
   List	
  of	
  Abbreviations	
  

	
  

DND:	
  Detonation	
  nanodiamond	
  

ND:	
  Nanodiamond	
  

CVD:	
  Chemical	
  Vapour	
  Depostion	
  

HPHT:	
  High	
  pressure	
  high	
  temperature	
  

NMR:	
  Nuclear	
  magnetic	
  resonance	
  

TPD:	
  Temperature	
  programmed	
  desorption	
  

XPS:	
  X-­‐ray	
  photoelectron	
  spectroscopy	
  

RIE:	
  Reactive	
  Ion	
  Etching	
  

MCP:	
  Microchannel	
  Plate	
  

NEA:	
  Negative	
  Electron	
  Affinity	
  

SEE:	
  Secondary	
  electron	
  emission	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  


