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Preamble  

  

This  dissertation  contains  three  groups  of  studies  that  were  conducted  sequentially  over  

the  course  of  four  years  in  the  Department  of  Chemical  and  Environmental  Engineering  

at  the  University  of  Arizona  under  the  guidance  of  Dr.  Ara  Philipossian  and  Dr.  Anthony  

Muscat.  These  studies  were  principally  and  thematically  motivated  to  improve  the  cost-

effectiveness  of  processes  related  to  semiconductor  synthesis  or  semiconductor  device  

manufacturing.   In  every  study,   the  number  of  consumables,   the   thermal  and  pressure  

budgets,  or  the  length  of  the  process  were  reduced.  However,  performance  was  never  

intended   to   be   sacrificed   for   these   various   process   reductions,   and,   as   such,   was  

monitored  constantly  throughout  the  following  studies.    

  

The  primary  goal  of  the  pyrite  nanocrystal  study  was  to  reduce  the  number  of  different  

toxic  chemicals  consumed  during  the  synthesis  of  phase-pure  pyrite  nanocrystals,  which,  

consequently,  decreases   the   time,   toxicity,  and  waste  of   the  synthesis.  The  chemicals  

used  for  the  solvent,  reducing  agent,  and  ligand  during  the  reaction  were  not  typically  the  

same   chemical.   This   study   attempted   to   use   oleylamine   for   all   three.   During   the  

characterization  of  purity  of  the  nanocrystals,  there  emerged  a  secondary  focus  on  the  

kinetics  of  achieving  purity,  specifically,  whether  the  stoichiometric  ratio  (2:1)  of  sulfur  to  

iron  was  the  real  threshold  for  achieving  pyrite  phase  purity.    

  

The  focus  of  the  SiGe  MOSCAP  study  was  to  passivate  a  starting  surface  and  fabricate  

a   relatively   defect-free   device   through   wet   chemistry   at   ambient   temperature   and  
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pressure,  because  of   the  excessive  cost  added   to   the   thermal  budget  and   inherent   to  

vacuum  pumping.  In  these  first  two  studies,  the  challenge  was  in  producing  an  oxide-free  

surface,  or   interface,  as   these  cost-effective  strategies  were   implemented.  Oxides  that  

remained  after  cleaning  and  passivating   the  SiGe  surface  resulted   in  a  MOSCAP  with  

undesirable   performance.  Oxygen  exposure  was   inherent   in   our   study,   but   it  was  not  

initially   understood  whether   this  would   ultimately   contaminate   our  MOSCAP.  Ambient  

(pressure  and  temperature)  wet  chemistry  passivation,  and  ambient  exposure  in  between  

MOSCAP   fabrication   steps.   In   addition,   there   were   oxygen   precursors   required   for  

dielectric  deposition  during  MOSCAP  fabrication.      

  

The  CMP  studies  were  practically  motivated  to  establish  end-point  detection  during  pad  

conditioning  through  in-situ  measurement  of  shear  and  down  forces.  Traditional,  ex-situ  

endpoint  detection  methods  are  time-consuming  and  destructive  to  the  polishing  pad.  At  

the  onset  of  CMP  studies,  one  concern  was  whether  the  high-frequency  vibrations  from  

pad  surface  micro   texture   features   could  be  detected  by  our   shear   force   sensor.  The  

second  question,  and  largest  anticipated  challenge  of  this  work,  was  how  to  differentiate  

vibrations  detected  during  polishing  (through  shear  force  sensor  signals).  The  approach  

was  to  identify  vibrations  in  spectral  data  taken  during  polishing  from  all  components  of  

the  CMP  polishing  system,  and  then  deduce  the  vibrations  resulting  from  the  pad  surface  

micro  texture.  

  

While   the  CMP  studies  present   in   this  dissertation  were  practically  motivated  by  cost-

effectiveness  and  process  performance  (like  all  the  studies),  they  were  especially  inspired  
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by  the  violin.  How  vibrations  are  produced  during  playing  of  the  violin  is  analogous  to  the  

way  vibrations  are  generated  by  three-body  contact  of  the  wafer,  slurry,  and  pad  during  

CMP.  A  standard  in  judging  violin  quality  is  to  measure  and  compare  the  forces  through  

the  top  and  bottom  plate,  the  ratio  of  which  is  known  as  directivity.  Another  standard  is  to  

measure  the  vibrations  in  a  certain  frequency  range  and  analyze  their  precise  and  unique  

amplitudes   and   frequencies   (i.e.   fingerprint).   Violin’s   that   are   known   to   be   the   best  

performing  are  distinguishable  by  their  directivity  and  high-frequency  fingerprint.  We  were  

inspired  to  assess  the  endpoint  of  in-situ  pad  conditioning  with  various  conditioning  discs  

in  the  same  way.  

  

The   background   information   and   theory   pertaining   to   each   of   the   three   studies   are  

described   in   three   chapters,   followed  by   a   chapter  which   contains   only   the   published  

manuscript/s  corresponding  to  that  study.  The  manuscript  in  Chapter  4  was  reproduced  

with  permission  by  the  American  Chemical  Society,  per  the  author’s  agreement  with  ACS.  

(Jiang,   Feng,   Lauren   T.   Peckler,   and   Anthony   J.   Muscat.   "Phase   pure   pyrite   FeS2  

nanocubes   synthesized   using   oleylamine   as   ligand,   solvent,   and   reductant."   Crystal  

Growth  &  Design  15.8  (2015):  3565-3572.) Similarly,  the  manuscript   in  Chapter  8  was  
reproduced  by  permission  of  the  American  Vacuum  Society.  (Heslop,  Stacy  L.,  Lauren  

Peckler,   and   Anthony   J.   Muscat.   "Reaction   of   aqueous   ammonium   sulfide   on   SiGe  

25%."  Journal  of  Vacuum  Science  &  Technology  A:  Vacuum,  Surfaces,  and  Films  35.3  

(2017):  03E110.)  Finally,   the  manuscripts   in  Chapters  13  and  14  were   reproduced  by  

permission  of  the  Electrochemical  Society  (ECS).  (Peckler,  L.,  et  al.  "Real-Time  Shear  

and  Normal  Force  Trends   in  Copper  Chemical  Mechanical  Planarization  with  Different  
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Conditioning  Discs."  ECS   Journal   of  Solid  State  Science   and  Technology   7.3   (2018):  

P125-P131;;  Peckler,  L.,  et  al.  "Real-Time  Shear  and  Normal  Force  Trends  in  Tungsten  

Chemical  Mechanical  Planarization  with  Different  Conditioning  Discs."  ECS  Journal  of  

Solid  State  Science  and  Technology  7.5  (2018):  P221-P227.) 

  

In   this   dissertation,   the   results   of   each   study  are   reported  only   through   the  published  

manuscripts.  The  background  and  theory  of  pyrite  nanoparticle  synthesis  is  presented  in  

Chapters  1  through  3,  and  the  published  manuscript  of  this  work  is  provided  in  Chapter  4  

(“Phase  Pure  Pyrite  FeS2  Nanocubes  Synthesized  Using  Oleylamine  as  Ligand,  Solvent  

and  Reductant”).  Similarly,  Chapters  5  through  7  pertain  to  the  manuscript  provided  in  

Chapter  8  (“Reaction  of  aqueous  ammonium  sulfide  on  SiGe  25%”).  Chapters  9  through  

11  pertain  to  the  manuscripts  provided  in  Chapters  12  through  14  (“Chemical  Mechanical  

Planarization   and  Old   Italian   Violins”,   “Real-Time  Shear   and  Normal   Force   Trends   in  

Copper  Chemical  Mechanical  Planarization  with  Different  Conditioning  Discs”  and  “Real-

Time  Shear  and  Normal  Force  Trends  in  Tungsten  Chemical  Mechanical  Planarization  

with  Different  Conditioning  Discs”).  

  

Finally,  it  should  be  mentioned  that  the  author  was  personally  motivated  by  a  passion  she  

acquired   by   her   second   year   of   graduate   school   for   semiconductor   physics   and   the  

semiconductor  industry.  She  believes  this  gave  her  the  stamina  needed  to  complete  these  

studies.   While   they   were   related   to   one   another,   broadly,   both   thematically   and  

conceptually,  they  were  quite  distinct  from  one  another  technically.    
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Abstract  

  

The   first   study   presented   in   this   dissertation   concerns   the   synthesis   of   pyrite   (FeS2)  

nanocrystals  (NC).  Since  1980s,  pyrite  has  been  studied  as  a  potential  replacement  of  

silicon  as  the  absorber  layer  in  photovoltaics.  The  main  objective  in  our  study  has  been  

to  synthesize  pyrite  NCs  in  one  stage  by  reacting  ferrous  chloride  with  elemental  sulfur  in  

oleylamine  (OLA)  without  needing  an  additional  ligand  for  NC  growth.  Results  show  that  

the  synthesized  pyrite  NCs  are  cubic  and  88  ±  14  nm  on  each  side.  NCs  are  synthesized  

at  200  °C,  with  a  sulfur  to  iron  precursor  ratio  of  6,  and  1  hour  of  reaction  time  in  OLA.  

We  establish  that  the  phase  purity  of  the  pyrite  NCs  depends  on  the  sulfur  to  iron  ratio.  

For  near  stoichiometric  ratios,  at   least  24  hours  of  reaction  time  is  required  to  achieve  

phase  purity.  This   is   remarkable,  because,  up  until   this   study,   literature   indicated   that  

there  was  a   threshold   to  achieving  phase  purity,   specifically  at   a   ratio  of   6.  The   rate-

determining  step  of  the  synthesis  reaction  is  shown  to  involve  sulfur,  as  addition  of  sulfur  

precursor  increases  the  rate  of  pyrite  formation.  We  propose  a  mechanism  for  pyrite  NC  

formation.  FeS,  H2S  and  polysulfides  of  the  form  Sn2-  form  in  OLA.  The  slow  step  is  the  

reaction  between  FeS  and  these  molecules.  Then,  Fe2+S2-  is  attacked  nucleophilically  by  

H2S  and  Sn2,  with  S2-  converting  to  S-  and  the  remaining  sulfur  transferred  to  form  pyrite  

Fe2+S2-.  

  

The   second   study   presented   is   an   investigation   into   the   next   generation   transistor  

material,  silicon  germanium  (SiGe).  SiGe  has  better  p-type  carrier  mobility  than  silicon,  

and   should,   theoretically,   produce   a   better   performing   transistor.   One   challenge   in  
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implementing   this   material   is   the   unstable   native   germanium   oxides   that   form   on   its  

surface  during  processing.  These  oxides  are  electrical  defects.  Our  goal  in  this  study  is  

to  remove  all  native  silicon  and  germanium  oxides,  and  then  passivate  the  germanium  

atoms  with  sulfur   to  prevent   re-oxidation.  Capacitors   (MOSCAPs)   from   the  passivated  

starting   surface   are   fabricated   to   mimic   the   gate   the   stack   in   the   transistor.   X-ray  

photoelectron  spectroscopy  (XPS)  is  used  extensively  to  monitor  surface  oxides  on  the  

passivated  SiGe  surface.  Capacitance-voltage  profiling  is  employed  to  monitor  electrical  

defects   from   the  oxides  or   otherwise  on   the  SiGe  surface,   and  bulk  electrical   defects  

within  the  dielectric  layer  grown  on  this  surface  in  the  process  of  making  the  full  capacitor.  

An  alloy  of  25%  germanium  is  used  for  all  experiments  in  the  study.  Wet  passivation  of  

the  germanium  oxides  is  accomplished  through  aqueous  solutions  (non-acidic  and  more  

acidic)   of   ammonium   sulfide.   This   study   finds   that,   in   non-acidic   ammonium   sulfide  

solutions,  sulfur  does  not  bond  with  germanium  and  oxides  of  both  silicon  and  germanium  

regrow  during   the  passivation   treatments,  after   successfully  being   removed   through  a  

hydrofluoric  acid/hydrochloric  acid  solution  treatment.  Acidic  aqueous  ammonium  sulfide  

solutions   result   in   sulfur   bonding   with   germanium,   but   oxide   regrowth   is   even   more  

severe.  However,  any  passivation  treatment  results  in  a  decrease  in  density  of  electrical  

defects,  compared  to  the  non-passivated  MOSCAPs.  Bulk  fixed  charge  oxide  defects  in  

the  dielectric  later  are  present  in  all  MOSCAPs.  

  

The  third,  fourth  and  fifth  studies  presented  analyze  spectral  signatures  and  variances  of  

in-situ  forces  during  chemical  mechanical  planarization  (CMP)  of  metal  thin  films  for  the  

purposes   of   improving   endpoint   detection,   in   particular,   and   helping   us   gain   a   better  
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fundamental  understanding  of  CMP  processes,  in  general.  A  new  parameter,  directivity  

(D)  is  defined  and  used  throughout  all  three  studies.  In  the  third  study,  CMP  directivity  is  

introduced   as   a   ratio   of   shear   and   normal   forces   generated   during   polishing.   This  

parameter  is  inspired  by  a  parameter  of  the  same  name  used  to  assess  violins.  Sound  

quality   of   individual   violins   is   often   evaluated   through   directivity   by   violin  makers   and  

physicists,  which  is  the  ratio  of  the  variance  of  pressure  exerted  on  the  top  plate  of  the  

violin  to  the  variance  of  pressures  exerted  on  its  bottom  plate.  Older  violins  are  known  to  

have  higher  values  of  directivity   than  modern  violins.  A  directivity  greater   than  unity   is  

indicative   of   sound   traveling   from   the   violin   being   more   unidirectional.   The   physical  

components  of  the  CMP  polisher  have  quite  a  few  parallels  to  the  violin.  For  example,  the  

strings  of  the  violin  are  like  the  pad  in  the  polisher.  Typical  coefficients  of  friction  (COF)  

at   the   bow-rosin-string   and   wafer-slurry-pad   interfaces   are   even   similar,   being   in   the  

range  of  0.3  to  0.8  for  both  violins  and  CMP  processes.  This  study  observes  the  natural  

resonances  of   the  polisher   through  spectral  shear   force  signatures,  and   finds   that   the  

signature  changes  with  added  vibrations  from  the  environment.  The  classic  hammer  strike  

test,  which  is  common  in  testing  the  spectral  signature  response  in  violins,  is  applied  to  a  

polisher  to  show  this  effect.    

  

In  the  fourth  and  fifth  studies,  CMP  of  copper  and  tungsten  is  carried  out  with  different  

pad   surface   micro-textures,   generated   from   two   different,   commercially   available  

conditioning   discs.   In-situ   shear   and   normal   force  measurements   are   captured   for   all  

polishing   experiments.   The   experiments   are   conducted   with   a   variety   of   polishing  

pressures  and  sliding  velocities.  In  a  separate  study,  the  removal  rate  (RR)  from  these  
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studies  is  determined,  as  well  as  the  coefficient  of  friction  (COF).  The  surface  of  the  pad  

after   in-situ   conditioning   and   polishing   is   imaged  with   confocal  microscopy   (CM)   and  

various  parameters  are  derived  from  the  optical  image  data  such  as  contact  area  between  

pad   and   wafer   (CA),   contact   density   between   pad   and   wafer   (r)   and   the  

microhydrodynamic  lubrication  layer  (MHDLL)  thickness.  From  the  raw  in-situ  force  data,  

variances  of  forces  and  spectral  signatures  are  analyzed.  For  spectral  analysis,  the  time  

domain  is  converted  into  the  frequency  domain  with  a  fast  Fourier  transform,  to  distinguish  

a  fingerprint  of  the  experiment,  or  common  force  peaks  between  experiments.  We  then  

focus  on  the  shear  force  because  it  represents  the  force  that  is  most  closely  associated  

with   friction  at   the  pad-slurry-wafer   interface.  Variance  of  shear   force   is   interpreted  as  

stick-slip  events  at  the  interface.  Results  show  that  higher  directivity  values  correlate  in  

nearly   all   experiments   (regardless   of   wafer   material)   with   higher   RR,   larger   CA   and  

thinner   MHDLL   thickness.   This   clear   correlation   highlights   the   potential   for   directivity  

being  used  for  endpoint  detection  in  CMP.  Several  of  the  FFT  shear  force  peaks  from  0  

to   150   Hz   in   every   polishing   experiment   are   shown   to   be   harmonic   peaks   of   force  

vibrations  corresponding  to  the  sliding  velocity  of  the  platen.    
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Chapter  1.  Introduction  to  Pyrite  Nanocrystals  
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1.1.  Pyrite  Nanocrystal  Background    

  

In   the   last   decade,   alternatives   to   silicon  photovoltaic   (PV)   technology   continue   to   be  

investigated  in  hopes  of  finding  ways  to  drive  down  the  cost  of  producing  PV  modules.  

While  other  viable  semiconductors  result  in  PVs  with  <  10%  power  conversion,  they  are  

nearly  equal   in  lifetime  energy  output  as  the  silicon  PVs  with  >  20%  power  conversion  

when   less   semiconductor  material   is   used.1   In   other  words,   a   thinner   absorbing   layer  

results  in  a  material  cost  reduction  that  offsets  the  low  power  conversion.  The  thickness  

of  silicon  is  limited  to  some  extent  by  its  absorption  properties,  which  is  why  scaling  the  

thickness   of   silicon   is   not   a   solution.  On   the   other   hand,   a  material   like   iron   disulfide  

(pyrite)   needs   to   have   a   thickness   of   only   0.4   𝜇m   for   sufficient   absorption   of   solar  

radiation.2    

  

Mass  produced  PVs  typically  use  crystalline  silicon  as  the  absorber  layer,  and  it  has  been  

estimated  that  85%  of  the  PV  module  cost  is  due  to  the  processing  of  silicon.  This  is  a  

permanent   problem,   as   the   main   driver   in   this   part   of   the   cost   is   a   thermodynamic  

challenge.  A  relatively  large  Gibbs  free  energy  must  be  overcome  to  convert  sand  (SiO2)  

to  silicon.3  Besides  financial  cost,  there  is  an  environmental  cost  to  using  conventional  

silicon.   A   study   in   2008   compared   greenhouse   gas   (GHG)   emissions   from   producing  

conventional  silicon  PV  modules  vs.  thin-film  CdTe  PV,  and  found  a  significant  reduction  

in  all  GHG  emissions  with  the  CdTe  PV  modules.  This  is  because  the  energy  to  produce  

a  CdTe  module  is  far  less  compared  to  silicon  PV  modules.4    
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A  first  step  in  choosing  an  alternative  is  to  evaluate  its  performance  potential  and  its  raw  

material  cost.  In  a  2009  study  (Figure  1.1),  compared  to  23  other  inorganic  PV  materials,  

pyrite  had  the  highest  annual  electricity  production  potential  and  the  lowest  raw  material  

cost.3    

  

Other  than  having  to  be  relatively  cheap  to  extract  from  the  Earth  and  cheap  to  process,  

an  alternative  should  also  be  relatively  non-toxic.  Compared  to  CdTe,  GaAs,  InP,  CdS  

and  CuInSe2,   pyrite   is   a   non-toxic  material.   Alharbi  et   al.  proposed   a   list   of   toxic   PV  

materials,  based  on  the  National  Institute  for  Occupational  Health  and  Safety’s  (NIOSH)  

list  of  materials  Immediately  Dangerous  to  Life  or  Health  (IDLH).  While  Te,  Se,  and  As  

compounds  were  on  that  list,  Fe  and  S  were  not.  

  

For  these  reasons,  it  is  clear  why  researchers  have  been  motivated  to  understand  pyrite’s  

unique  PV  material   properties.  Pyrite   has   a   suitable   band   gap   and   a   high   absorption  

coefficient.5  The  actual  band  gap  is  debatable  because  it  is  difficult  to  achieve  or  attain  

highly  crystalline  and  pure  pyrite.  For  NCs,  0.93  eV  has  been   reported.2  Ennaoui  and  

Jaegermann  first  demonstrated  a  photocurrent  through  synthetic  pyrite  in  1983.6  A  year  

later,   they   tested   a   pyrite   electrode   and   found   that   the   fill   factor   value  was   poor,   the  

photovoltage   was   too   low,   and   the   resistance   was   too   high   for   real   photovoltaic  

applications.7  They  attributed  this  to  the  purity  of  the  pyrite  electrode  as  the  presence  of  

other  iron  sulfide  crystal  phases  significantly  lowers  the  band  gap,  leading  to  open  circuit  

voltage.  Under  the  assumption  that  improving  the  quality  (mainly  purity)  of  the  pyrite  will  
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improve  its  sub-par  electrical  performance,  what  followed  were  tens  of  studies,  spanning  

decades,  on  methods  of  synthesizing  the  material.    

  

 

 

 

Fig.  3.1:  Annual  Electricity  Production  Potential  and  Raw  Material  Cost  for  23                                                              
Inorganic  PV  Materials3  
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1.2.  Pyrite  Synthesis  Methods  to  Date   

  

The  primary  goal  of  finding  new  ways  to  synthesize  and  grow  pyrite  is  to  produce  a  pure,  

thin  layer  of  pyrite  for  a  PV.  In  1985,  Ennaoui  and  Tributsch  produced  pyrite  crystals  (1  

mm3)  or  polycrystalline  platelets  (>  1  cm3)  grown  in  bromide  vapor  from  pyrite  powder.8  

Four   years   later,   Greg   Smestad   of   Hewlett   Packard   (with   academic   collaboration)  

produced  a  40  µm  (maximum  thickness)  film  of  pure  pyrite  by  spraying  gaseous  reactants  

onto  a  hot  glass  substrate.  They  also  grew  pure  pyrite  via  spray  pyrolysis  of  gaseous  

sulfur  with  iron  oxides  onto  Kapton  foil.9  Ferrer  and  Sanchez  evaporated  iron  onto  glass,  

and  then  reacted  the  iron  films  with  gaseous  sulfur  in  a  vacuum  furnace  to  form  pyrite  1  

µm   films.   They   noticed   that   the   pure   pyrite   was   achievable   starting   at   200   °C.   Low-

temperature  synthesized  pyrite  lacked  in  crystallinity,  while  large  pyrite  grains  (appx.  0.05  

µm)   were   observed   with   annealing   temperatures   as   high   as   500   °C.   Metal-organic  

chemical  vapor  deposition  (MOCVD)  at  475  °C  and  a  critical  partial  pressure  of  the  di-

tert-butyldisulfide  precursor  of  at  least  0.225  mbar  produced  pure  pyrite.  Below  the  critical  

partial   pressure,   the   iron   sulfide   phase   pyrrhotite   (Fe7S8)   was   observed,   as   well.11  

Electrodeposition   of   iron   and   sulfur   in   aqueous   solutions   to   form   troilite   (FeS)   onto  

titanium  sheet,  followed  with  annealing  in  sulfur  vapor  to  form  FeS2,  resulted  in  pure  pyrite  

films  only,  with  annealing  below  600  °C.12    

  

Over   the   next   two   decades,   research   around   pyrite   film   synthesis   still   focused   on  

producing  high  purity  films,  but  prioritized  synthesis  of  pyrite  with  solution  chemistry,  for  

cost   and   convenience.   Remarkably,   this   method   of   synthesis   neither   required   high  
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vacuum  conditions,  nor  gas  precursor  transport.  An  aqueous  sol-gel  synthesis  process  

including  five  precursors,  various  heating  stages,  over  the  course  of  40  hours,  produced  

a   black   powder   of   micron-size   crystalline   particles   (pure   pyrite)   after   filtering   and  

washing.13  Cubic  pyrite  crystals  (0.5  µm)  were  prepared  from  an  aqueous  solution  with  a  

metal  complex  (iron  diethyldithiocarbamate)  heated  over  12  hours,  with  best  crystallinity  

and   purity   achieved   at   180   °C.   Other   iron   sulfide   phases   were   observed   below   this  

temperature.14  While  the  metal  complex  precursor  had  to  be  synthesized  beforehand,  this  

method  was  lauded  for  being  able  to  produce  pyrite  from  a  single  precursor.  Ramasy  et  

al.  synthesized  iron  and  sulfur  containing  metal  complex  precursors.  They  were  able  to  

deposit  a  film  of  micron-size  hexagonal  plates  containing  troilite  and  pyrite  using  aerosol-

assisted  CVD  and  the  precursor.  They  could  only  produce  pyrite  with  CVD  temperatures  

above  400  °C,  and  troilite  phases  were  present  with  pyrite  always.  (Pyrite  and  troilite  are  

more  stable   iron  sulfide  phases  according   to  Gibbs   free  energy.)  While  using  a  single  

precursor  with   a   fixed   composition   of   both   iron   and   sulfur   yielded   a  more   convenient  

synthesis  process,  it  also  increased  controllability.    

  

The   next   phase   of   synthesis  methods   extended   this   thinking   by   using   surfactants,   or  

ligands,  for  control  over  nanocrystal  structure  and  size  distribution.  The  energetics  of  the  

ligand  and  reaction  conditions  will  dictate  what  crystal  composition  and  structure  forms.  

It  is  important  to  note  that  the  ligand  that  attaches  to  the  NC  surface  not  be  optically  or  

electrically   active  as   to  hinder   light   absorption  or   charge   transport   in  PV  applications.  

Wadia   et   al.   mixed   an   aqueous   single-source   iron,   sulfur   complex   precursor   with  

hexadecyltrimethylammonium   bromide   (the   ligand)   at   200   °C   to   produce   phase-pure,  
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quasi-cubic,  large  (100  nm)  pyrite  nanocrystals.  By  2011,  solution-based  syntheses  are  

non-aqueous   and   even   simpler   with   oleylamine   (OLA)   used   as   both   the   solvent   to  

dissolve  the  iron  and  sulfur  precursors,  as  well  as  the  ligand  to  stabilize  NC  growth.16,17  

OLA   is   available   commercially,   has   a   high   boiling   point,   and   is   less   costly   than  

alternatives.  Typically,  using  OLA  as  the  solvent  and  ligand,  with  a  6:1  molar  ratio  of  sulfur  

(elemental  powder)  to  iron  (FeCl2•H2O),  and  a  reaction  temperature  of  at  least  180  °C,  

resulted   in   cubic   pyrite   NCs.18   A   higher   concentration   of   iron   precursor   produced  

nanodendrites.17  When  OLA  was  kept  as  the  solvent,  but  replaced  by  trioctylphoshphine  

oxide  (TOPO)  as  the  ligand,  the  NCs  were  more  air  stable,  presumably  because  TOPO  

passivated  both  sulfur  and   iron  sites  on   the  NC  surface.2  Tuning   the  variables  of   this  

method  of  synthesis  led  to  NC  2D  plates.19  However,  the  cubic  NC’s  material  properties  

are  known  to  more  closely  match  theoretical  material  properties  of  pyrite.20    

  

1.3.  Research  Motivation  and  Objectives  

  

The  aforementioned  studies  motivated  the  following  study  (see  Chapter  4)  on  synthesis  

of  pyrite  NCs  using  OLA  as  a  reductant,  solvent,  and  ligand.  Our  study  delved  deeper  into  

the  understanding  of  the  kinetics  involved  in  producing  pure  pyrite  NCs  by  systematically  

varying  the  reaction  time,  temperature  and  the  molar  ratios  of  the  precursors.    

  

With  the  pyrite  phase  (FeS2)  being  a  relatively  stable  iron  sulfide,  it  is  assumed  that  the  

precursors   will   react   to   produce   this   phase,   eventually,   and   if   there   is   at   least   a  

stoichiometric  amount  of  Fe  and  S  precursors   in   solution.  Although,  nearly  all   studies  
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using  OLA  as  the  solvent  and  ligand  only  achieved  pyrite  with  an  excess  of  sulfur  (at  least  

a  6:1  S:Fe  molar  ratio).  In  these  cases,  reaction  times  were  less  than  an  hour  and  reaction  

temperatures   were   most   often   200   °C.   Wadia   et   al.   observed   that   OLA   as   a   ligand  

produced  cubic  NC  with  marcasite  impurities,  and  they  claimed  that  purity  did  not  depend  

strongly  on  reaction  time.3  Very  few  studies  focus  on  the  time  of  reaction.  The  main  goal  

of  this  study  was  to  determine  if  there  were  thresholds  in  reaction  time  and  precursor  ratio  

to   achieve   pure   pyrite,   and   whether   there   was   a   strong   dependence   on   reaction  

temperature.  Crystal  phase  (pyrite,  marcasite,  troilite,  etc.)  purity  was  prioritized  over  NC  

morphology.  

  

These  molar  ratios  of  S:Fe  were  used:  6:1,  4.5:1,  4:1,  3.5:1,  3:1,  2.75:1,  2.5:1,  2.05:1.  

These   reaction   times   were   used:   0.5,   1,   3,   6,   15,   24,   and   60   hours.   These   reaction  

temperatures  were  used:  180,  200,  230  and  260  °C  (see  Table  3.1).  X-ray  diffraction  of  

purified  NC  powder  samples  confirmed  crystallinity  and  differentiated   the  different   iron  

sulfide   phases.   Raman   spectroscopy   also   confirmed   what   iron   sulfide   phases   were  

present.  Fourier-transform  infrared  spectroscopy  confirmed  the  presence  of  OLA  on  the  

surface  of  the  NCs.  The  absorbance  of  visible  light  by  the  NCs  was  tested  with  ultra-violet  

visible   spectroscopy.  NCs  were   imaged   and   size   distribution   estimated  with   scanning  

electron  microscopy.  
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Chapter  2.  Pyrite  Nanocrystals  General  Background  and  Theory  
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2.1.  Nanocrystal  Synthesis    

  

There  are  various  models   that   can  be  applied   to  NC  synthesis,  and  all   are  kinetically  

driven.   In  LaMer’s  model  of  synthesis  of  sulfur  NCs   in  aqueous  solution   there  are   two  

steps:  supersaturation  and  diffusion.21,22   In   the  first  step,   the  solvent   is  supersaturated  

with  a  sulfur  precursor,  which  reacts  with  nearby  precursors  to  form  a  nucleus.  This  occurs  

above   a   critical,   but   not   infinite,   supersaturated   concentration   of   precursor.   The  

concentration  needed  to  achieve  critical  supersaturation  depends  on  surface  tension  and  

the   crystal   orientation.   The   number   of   nuclei   formed   in   this   step   depends   on   the  

concentration   of   the   precursor.   According   to   LaMer’s   model,   ideally,   the   first   step   is  

practically  instantaneous,  and  all  nuclei  form  at  the  same  moment.    

  

The  second  step  involves  the  growth  of  the  nuclei   in  solution  to  form  a  colloid.  Growth  

depends  on  the  number  of  nuclei  present,  concentration  of  the  precursor,  solubility  of  the  

precursor,   and   the   diffusion   coefficient   of   the   precursor.   Once   enough   precursor   has  

reacted  away  to  form  nuclei,  the  concentration  of  precursor  falls  below  that  critical  limit,  

and  nuclei  stop  forming.  The  remaining  nuclei  grow  by  diffusion  of  remaining  precursor  in  

solution  to  the  surface  of  the  nuclei.  Relatively  low  initial  concentrations  of  the  precursor  

leads  to  less,  but  larger  nanoparticles.  High  initial  concentration  leads  to  more,  smaller  

nanoparticles.  Diffusion  of  precursor  to  nuclei  surfaces  proceeds  more  quickly  with  high  

initial   concentrations,   because   there   is   less   distance   between   the  many  more   nuclei.  

Consequently,   growth   of   the   nanoparticles   is   faster.   LaMer   derived   a   growth   rate   for  

monodispersed  particles  in  solution,  
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with  x  being  the  radius  of  the  NC,  Css  the  initial  concentration  of  sulfur,  Cs  the  solubility  of  

supercooled  sulfur,  D   the  diffusion  coefficient  of   sulfur   in   the  solvent,  𝜌   the  density  of  

diffusing  sulfur,  and  ℎ  the  radius  of  each  nuclei  after  initial  formation  of  all  nuclei  in  step  

1.   The   difference   (Css-Cs)   is   obtainable   from   the   number   and   size   of   final   NCs.   This  

equation  does  not  say  anything  about  the  size  distribution  of  NCs.  Ideally,  the  final  NCs  

have  the  same  radius  if  all  nuclei  grew  in  solution  for  exactly  the  same  amount  of  time.  

  

While  LaMer’s  model  is  simplistic  with  its  single  precursor,  other  models  build  on  the  idea  

of  nuclei  forming  in  solution.  Most  NC  synthesis  requires  two  precursors,  a  solvent,  and  

a  ligand.  The  hot  injection  solvothermal  method,  inspired  by  a  study  on  CdSe  clusters  at  

Bell  Labs   in   late  1980s23,24,25,   is  an  example  of  such  a  synthesis  method.  The  method  

follows  its  name.  Hot  precursor  is  injected  into  a  coordinating  solvent  at  a  relatively  cold  

temperature.  Nuclei  form  instantaneously  upon  injection.  As  the  total  mixture  cools,  nuclei  

stop  forming  and  slow  growth  begins.  The  clusters  form  at  relatively  low  temperatures.  

Then,  coordinating  solvent/ligand  is  added  and  temperature  is  increased  to  grow  the  NCs.  

This  process  gave  more  control  over  the  size  distribution.    

  

Donegá  et  al.  proposed  a  model  for  CdSe  synthesis  via  hot  injection,  based  on  Debye’s  

equilibrium   model   and   nucleation   theory.   It   shows   the   formation   of   CdSe   nuclei   in  

equilibrium  with  the  Cd  and  Se  monomers  (each  of  which  are  coordinated  to  the  TOPO  

ligand),  
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nCd-TOPO  +  nSe-TOP  ⇌  (CdSe)nTOPOm  +  (n-m)TOPO  +  nTOP          Equation  2.2  

  

with  n  being  the  number  of  monomers  and  𝑚  the  number  of  TOPO  ligands.26  Equation  

2.2   is   endothermic,   and   nuclei   concentration   increases   with   reaction   temperature.   It  

assumes  that  the  CdSe  is  macroscopic  solid.  Free  energy  per  unit  volume  is  much  larger  

for   nano-scale   solids.   This   means   the   chemical   potential   of   a   precursor   monomer  

attaching  to  the  crystal  cluster  needs  to  be  higher  than  if  it  were  attaching  to  a  bulk  crystal.  

This  can  be  achieved  if  the  monomer  concentration  is  above  supersaturation  at  a  critical  

point.21    

  

Monomers  can  then  combine  to  form  unstable  clusters  with  increased  free  energy.  ∆𝐺-  is  

the  change  in  free  energy  due  to  formation  of  the  crystal  structure  of  the  cluster,  

  

∆𝐺 𝑛 = w
u
𝜋𝑟u∆𝐺- + 4𝜋𝑟P𝛾                                                                Equation  2.3  

  

with  n  being  the  same  as  above,  𝑟  being  the  radius  of  a  CdSe  cluster,  and  𝛾  being  the  

surface  free  energy  per  unit  surface  area.  ∆𝐺-  increases  (endothermic)  with  cluster  radius  

to  a  maximum  cluster  radius,  after  which,  it  decreases  with  increasing  radius.  In  practice,  

∆𝐺-  and  𝛾  are  size  and  ligand  dependent  and  not  easily  determined.    

  

Despite  these  models,  pyrite  NC  empirical  studies  on  the  kinetics  are  the  state  of  the  art,  

and  the  models  come  after  the  fact.  In  contrast  to  the  formation  of  nuclei,  Bi  et  al.  showed  
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that,  first,  a  non-crystalline  FeS1-x  matrix  formed  upon  addition  of  sulfur,  and  then  crystals  

grew  out  of  the  matrix  (Fig.  2.1  C-E).  Within  minutes,  cubic  pyrite  NCs  grew  out  of  the  

matrix,  depending  on  the  concentration  of  sulfur.  At  zero  minutes,  Figs.  2.1  A,  C  show  no  

evidence  of  crystalline   iron  sulfide,  but  Raman  confirms  presence  of  FeS  (Fig.  2.1  B).  

Within  6  minutes,  XRD  peaks  are  detected  for  crystalline  FeS2  (Fig.  2.1  A)  which  is  further  

confirmed  by  Raman  spectroscopy  (Fig.  2.1  B).  

  

 

 

Fig.  4.1:  (A)  XRD  pattern  and  (B)  Raman  spectra  of  as-obtained  product  from  different  reaction  
times  after  injecting  sulfur  stock  solution  into  the  Fe  precursor.  (C-E)  SEM  images  of  the  

reaction  process  from  amorphous  Fe1-xS  to  cubic  FeS2  during  the  reaction,                                                                                              
2,  4  and  6  minutes  after  sulfur  injection.2  
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2.2.  Nanocrystal  Shape  Control    

  

While   nuclei   formation   is   kinetically   driven   at   least   by   precursor   concentrations   and  

temperature,  the  shape  of  the  NC  is  mainly  a  thermodynamic  process,  because  of  the  

energetics  between  crystal  faces  and  ligands.  In  the  context  of  the  oriented  attachment  

(OA)  growth  process,  ligands  attach  to  preferred  crystal  faces.  The  other  crystal  faces  of  

the  NC  are  available  for  reactions  with  other  NCs,  which  leads  to  formation  of  clusters.  

These  clusters  are  relatively  high  in  surface  energy  from  unsatisfied  dangling  bonds,  and  

bond  with  other  clusters  through  planar  crystal  faces  to  attain  a  lower  energy  state.27  The  

availability   of   certain   crystal   faces   on   the   clusters   changes   when   a   solvent   or   ligand  

chemistry  absorbs  or  bonds  to  these  faces.  The  clusters  grow  eventually  to  a  point  where  

the  only  crystal  faces  left  are  the  ones  that  the  ligands  prefer.  For  example,  say  a  ligand  

in  solution  only  bonds  with  the  (100)  face  of  a  NC  cluster,  and  this  NC  cluster  has  both  

(100)  and  (111)  crystal  faces.  Then,  the  NC  cluster  can  only  bond  to  other  clusters  through  

the  available  (111)  face.  In  a  way,  a  ligand  attaching  preferentially  to  certain  crystal  faces  

suppresses  growth  of  that  crystal  face  by  blocking  the  surface  bonds  on  that  face  from  

interacting  with  any  other  chemistry.  Of  course,  energetics  of   the   ligand  will  determine  

what  crystal  face  it  may  attach  to.  In  one  study,  octylamine  coordinating  solvent  (ligand  

and  solvent  are  one  in  the  same)  attaches  to  the  (100)  face  of  pyrite  clusters  initially,  and  

ultimately   results   in   pyrite   nanocubes.   Switching   octylamine   with   octanol   results   in  

crystalline  microspheres.28  TOPO  as  the  coordinating  ligand  also  resulted  in  cubic  NCs,  

and  makes  a  stronger  bond  with   the  pyrite  NC  surface   than  OLA.2  The  shape  control  

mechanism  through  OA  does  not  contradict  LaMer’s  or  Donegá’s  growth  mechanism,  but  
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it  adds  another  dimension  to  the  actual  process  of  growing  pyrite  NCs.  LaMer’s  model  

assumes  spherical  growth  and  that  the  solvent  is  not  in  any  way  acting  like  a  ligand  that  

bonds  with  the  nuclei  or  NC.  It  should  be  noted  that  the  crystal  faces  available  depends  

on  the  particular  phase  of  iron  sulfide  present,  because,  energetically  speaking,  FeS2  only  

exists  in  the  form  of  certain  crystal  structures.    

  

Shape  control  is  known  to  be  somewhat  kinetically  driven  by  precursor  concentration,  and  

this  issue  has  come  to  the  forefront  through  empirical  work.  Low  molar  concentrations  of  

Fe   precursor   in   OLA   (0.05   to   0.4   mmol)   have   been   shown   to   be   a   requirement   for  

formation  of  cubic  pyrite  NCs,  possibly  because  of  the  slower  growth  rate  that  comes  with  

lowering  precursor  concentration  to  form  the  cubes.2,17    

  

2.3.  Surface  Passivation  

  

The   ligand  was  probably   first   conceived   for   surface  passivation  on   the  NCs,  because  

surface  states  (that  exist  in  band  gaps)  impede  charge  transfer  in  PVs.  Shorter  ligands  

are  known  to  dramatically  increase  the  differential  conductance  of  pyrite  films.  If  there  is  

no  passivation,  the  surface  of  pyrite  NCs  decomposes  to  the  undesirable,  metal-like  FeS  

and  sulfur  to  reduce  surface  energy.2  Oxidation  of  exposed  sulfur  is  also  a  concern  when  

OLA  is  the  ligand,  because  it  bonds  with  iron  atoms  only  on  the  surface.  In  contrast,  TOPO  

passivates  both  sulfur  and  iron  atoms  on  the  surface.  
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2.4.  Pyrite  Reaction  Mechanism  

  

The  growth  of  NCs  according  to  Donegá’s  model  (Equation  2.2)  is  reasonable,  generally  

speaking,  but  does  not  completely  explain  the  chemical  mechanism  for  forming  different  

iron  sulfide  phases.  For  synthesis  of  pyrite  through  an  OLA  solvent  and  ligand,  both  Fe  

and  S  precursors  may  not  be  coordinated  OLA  monomers  that  react  with  each  other.  It  is  

understood   in  pyrite  NC   literature   that   each  Fe2+  atom   is  bonded   to  OLA   through   the  

amine   group,   and   can   be   viewed   as   a   Fe-OLA   monomer.18   However,   according   to  

Equation  4,  sulfur  in  OLA  solution  is  reduced,  not  to  form  a  coordinated  solvent,  but  to  

form  an  intermediate:  hydrogen  sulfide.29  

  

𝑆{ + 𝑂𝐿𝐴 → 𝐻P𝑆 + 𝑡ℎ𝑖𝑜𝑎𝑚𝑖𝑑𝑒𝑠 + 𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠                          Equation  2.4  

  

𝐹𝑒P� + 𝐻P𝑆 → 𝐹𝑒𝑆 + 2𝐻�                                                            Equation  2.5  

  

𝐹𝑒𝑆 + 𝐻P𝑆 → 𝐹𝑒𝑆P + 𝐻P                                                              Equation  2.6  

  

Amorphous   FeS   is   produced   by   the   reaction   between   H2S   and   iron.   Bi   et   al.   found  

evidence  of  amorphous  FeS1-x   forming  before  pyrite.  Since  OLA  coordinates  with  only  

iron  through  the  nitrogen  in  its  amine  group,  assuming  all  the  Fe  precursor  is  coordinated  

to   an  OLA  molecule,   then  Equation   2.5   proceeds  with   an  OLA-coordinated   Fe   group  

reacting  with  the  H2S.  After  FeS  forms  it  reacts  with  H2S  as  well  to  produce  FeS2.  
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Chapter  3.  Pyrite  Nanocrystals  Experimental  and  Characterization  

Tools  and  Methods  
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3.1.  Experimental  Setup    

  

Although  water  was  present  in  the  ferrous  iron  chloride  tetrahydrate  precursor,  Pyrite  NCs  

were  synthesized  in  such  a  way  as  to  minimize  additional  oxygen  exposure.  Synthesis  

took  place  in  a  50  ml  three-neck,  glass  flask  under  a  hood.  One  neck  of  the  flask  was  

attached  to  a  Schlenk   line,  which  allowed  the   flask   to  be   isolated   from  ambient,  or   for  

pumping  and  purging  of  N2  (Figure  3.1).  The  second  line  of  the  flask  was  capped  with  a  

rubber  septum.  Sulfur  dissolved  in  OLA  precursor  was  injected  with  a  syringe  piercing  the  

rubber  septum.  A  thermocouple  was  fed  through  the  third  neck  of  the  flask  with  an  airtight  

custom  seal.  The  thermocouple  was  attached  to  a  temperature  controller.  The  flask  sat  

in  a  small  heating  mantle,  which  was  connected  to  the  temperature  controller  (Digitrol  II  

Bench  Control,  Gas-Col).  After  synthesis,  NCs  were   rinsed  with  various  solvents,  with  

centrifuging   in  between   (Fisher  Scientific  benchtop  centrifuge,  model  228  and  Hermle  

LaborTechnik  Z-400K   refrigerated   centrifuge).   For   various   characterization  processes,  

NCs  were  dried  of  solvent  and  moisture  in  a  benchtop  tube  furnace  connected  to  N2  purge  

lines.  Otherwise,  NCs  were  dispersed  in  solvent  and  stored  in  glass  vials  topped  with  N2.  

See  Chapter  4  for  exact  details  of  the  synthesis.  

  

3.1.1  Experiments  Matrix  

  

Since  this  study  focused  on  the  kinetics  of  pyrite  NC  synthesis,  concentration,  reaction  

time,  and  reaction  temperature  were  varied  over  the  course  of  many  experiments.  Table  

3.1  summarizes  these  experiments  in  terms  of  these  kinetic  variables.  
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Table  3.1:  List  of  NC  Synthesis  Experiments.  
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3.2.  Characterization  Tools  and  Methods  

  

3.2.1.  X-Ray  Diffraction  

  

The  principle  of  X-ray  diffraction  (XRD)  is  based  on  the  fact  that  a  crystal  structure  will  

diffract   incident  X-rays   in  a  way   that   is  unique   to   the  structure   itself.  Some  of   the   iron  

sulfides  have  identical  stoichiometry,  but  different  crystal  structures,  and,  thus,  electrical  

properties.  XRD  is  probably  the  most  common  technique  used  to  detect  different  crystal  

phases.   Since   XRD   can   only   detect   crystalline   material,   data   is   typically   noisy   if   the  

sample  is  amorphous  or  the  crystals  are  too  small.  Either  an  XDS  2000  or  XPERT-PRO  

X-ray  powder  diffractometer  with  Cu  K𝛼   radiation   (𝜆  =  1.5406  Å)  was  used,  with  data  

collected  from  10  to  70  degrees  with  a  step  size  of  0.02  degrees  and  a  scan  rate  of  2  

degrees/min.  While  most  studies  give  evidence  for  phase  pure  pyrite  mainly  through  XRD,  

later  studies  question  what  electrical  performance   tolerance   there   is   for   impurities  and  

whether  XRD  is  the  most  sensitive  measurement  technique  for  these  impurities.  

  

3.2.2.  Raman  Spectroscopy  

  

Raman   spectroscopy   can   detect   both   crystalline   and   non-crystalline  material,   but   the  

material  must  be  polarizable.  Raman  spectroscopy  is  the  standard  technique  for  detecting  

impurity  pyrite  NC  phases,  because  it  is  known  to  be  more  sensitive  than  XRD.28,30  First,  

a  laser  is  directed  at  the  sample.  A  molecule  (or  crystal)  in  the  sample  absorbs  photons,  
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the  photon  excites  phonons,  and  the  molecule  transitions  to  a  virtual  energy  state.  Soon,  

the  photon  emits  from  the  sample  with  energy  different  from  the  incident  energy  (Stokes  

shift),  and  the  molecule  transitions  to  a  new  vibrational  state.  The  energy  of  the  photon  is  

exactly   the   difference   in   energy   between   the   initial   and   final   vibrational   state   of   the  

molecule.   A   detector   tracks   these   energy-shifted   photons   that   are   signatures   of   the  

material.  For  this  study,  Raman  spectra  were  only  taken  on  NC  samples  that,  first,  passed  

a  purity   test  with  XRD,  because  of   local  availability  of  and   relative  cost   to  do  Raman.  

Pyrite  NC  samples  were  measured  with  a  Renishaw  inVia  Raman  microscope  with  514,  

532  and  785  nm  excitation  lasers,  using  laser  powers  from  0.1  to  1%.    

  

3.2.3.  Scanning  Electron  Microscopy  

  

Scanning  electron  microscopy  (SEM)  can  image  the  nanometer  scale.  It  provides  the  best  

and  qualitative  indication  of  the  morphology  and  size  distribution  of  the  NCs.  The  basic  

operation  of  SEM  is  that  a  focused  electron  beam  scans  a  sample  mounted  below  it,  and  

then   secondary   electrons   are   emitted   from   the   sample   itself.     With   a   detector   and   a  

photomultiplier  the  energies  of  these  electrons  are  recorded,  and,  from  this,  an  image  can  

be  constructed.  Electrons  emitted  from  the  surface  of   the  sample  are  higher   in  energy  

and,  consequently,  brighter  in  the  image  than  those  lower  in  energy.    A  Hitachi  S-4800  

SEM  was  used  to  image  the  pyrite  NCs.  Samples  were  drop  cast  onto  Si  substrate  before  

imaging.  To  prevent  electrostatic  charge  accumulation  on  the  sample  during  exposure  to  

the  electron  beam,  samples  were  sputter-coated  in  Au  beforehand.  

  



 45  

3.2.4.  Absorption  Spectroscopy  

  

Fourier-transform   infrared   (FTIR)   spectroscopy   essentially   measures   absorption   of  

infrared   radiation   (0.8   to   1000   𝜇m).   Absorption   in   the   IR   occurs   through   molecular  

vibrations.   It   is  a  common   technique   for  detecting  molecules  with  polarizable  covalent  

bonds.  In  this  study,  a  Nicolet  Nexus  670  spectrometer  with  N2-cooled  MCT  detector  was  

used  to  confirm  presence  of  OLA  (the  OLA  ligand  is  presumed  to  be  attached  to  the  pyrite  

NCs  still  after  synthesis),  Spectra  were  collected  with  a  4  cm-1  resolution  and  200  scans  

added  together.  Transmission  FTIR  with  also  employed,  using  KBr  pellets  ground  up  with  

sample   pyrite  NCs   (1   to   2%  w/w)   and   dried   under   a   heating   lamp   for   an   hour.  Omni  

software  was  used  for  all  baseline  correction  and  data  analysis.  In  addition,  absorption  of  

visible   light   tests  were  necessary   to   prove   that   the  pyrite  NCs  would  be  useful   in  PV  

applications.  A  Jasco  V-670  spectrophotometer  measured  absorption,  with  scan  rate  of  

400  nm/min.  and  NIR/UV/vis  bandwidths  of  8  nm  and  0.2  nm.    
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Chapter  4.  “Phase  Pure  Pyrite  FeS2  Nanocubes  Synthesized  Using  

Oleylamine  as  Ligand,  Solvent  and  Reductant”                                                                                                  

(Supporting  Information  Included)  

  

  

  

  

 

     

  

  

 

  

  



 47  

  

  

Phase Pure Pyrite FeS2 Nanocubes Synthesized Using Oleylamine as
Ligand, Solvent, and Reductant
Feng Jiang, Lauren T. Peckler, and Anthony J. Muscat*

Department of Chemical and Environmental Engineering, University of Arizona, Tucson, Arizona 85721, United States

*S Supporting Information

ABSTRACT: Pyrite (FeS2) nanocrystals with a narrow size distribution and optical
absorption from 1600 to 380 nm were synthesized in a single stage by reacting ferrous
chloride with elemental sulfur in oleylamine (OAm) without an additional ligand. X-ray
diffraction, Raman, and scanning electron microscopy showed that pyrite cubes with
dimensions of 88 ± 14 nm formed at 200 °C, an S to Fe ratio of 6, and 1 h reaction time in
OAm. The time required to form phase pure pyrite depended on the S to Fe ratio. Phase
purity was obtained in less than 1 h at a ratio of 6, but times as long as 24 h were necessary
at a ratio of 2.75. The rate of pyrite formation increased with higher sulfur concentrations,
which shows that molecules containing sulfur are involved in the rate-determining step.
Both H2S and polysulfides of the form Sn

2− are known to form in oleylamine. The slow
step is the reaction between FeS and these molecules. Fe2+S2− undergoes nucleophilic
attack by H2S and Sn

2−; S2− converts to S− and sulfur is transferred forming pyrite
Fe2+S2

2−.

■ INTRODUCTION
Iron pyrite (FeS2) is among the semiconductors composed of
elements that are both geologically abundant and able to
convert solar energy into electricity.1 It has an indirect band gap
of 0.85−1.00 eV and an integrated absorption coefficient of 3.3
× 105 cm−1 in the visible range between 300 and 750 nm.1−3 A
working photovoltaic device using synthetic pyrite crystals was
first demonstrated in 1984,4 and the development of techniques
to deposit bulk pyrite films over large areas soon followed.
Thermal evaporation of naturally occurring pyrite yielded FeS2
films with a S to Fe ratio of 1.4 that exhibited semiconducting
properties based on measurements of the Hall effect.5

Iron pyrite thin films were synthesized on Kapton foil by
sulfurizing layers of iron oxides using gaseous sulfur in open or
closed ampules at 350 °C for 0.5−2 h.6 X-ray photoelectron
spectroscopy (XPS) combined with depth profiling showed
that iron oxyhydroxides were present on the surface of the film.
The bulk contained nearly pure pyrite FeSx, with x = 2.2, where
the deviation from a stoichiometric layer was attributed to
instrument calibration. Fe layers were flash evaporated on glass
substrates to an average thickness of 0.3 μm and annealed in a
vacuum-sealed glass ampule for 20 h at two different sulfur
pressures and at temperatures between 150 and 500 °C.7 Pyrite
formed above 200 °C (500 Torr S) and 250 °C (600 Torr S)
based on X-ray diffraction (XRD). No other phases were
observed by XRD or Mössbauer spectroscopy. Annealing at
higher temperatures produced sharper XRD peaks. The (200)
peak was the largest indicating a preferred orientation for
crystal growth. Energy dispersive xray (EDX) yielded a S to Fe
molar ratio of 1.8 ± 0.2, which was attributed to sulfur
vacancies. The optical absorption peak was broad for annealing
temperatures below 400 °C. The band edge increased to about

1.1 eV, and the sheet resistivity increased to 1 Ω cm with
increasing annealing temperature.
To simplify processing and perhaps because of the variability

in stoichiometry, the synthesis strategy shifted to techniques
that react Fe directly with S. Bulk pyrite films and particles
synthesized by spray pyrolysis,8 aqueous mixtures of an iron salt
and polysulfide,9 hydrothermal colloidal,10 hydrothermal
decomposition of iron diethyldithiocarbamate,11 aerosol-
assisted chemical vapor deposition of the molecular precursor
iron thiobiuret,12 and hydrothermal decomposition of
potassium ferrocyanide13 have been reported. Hydrothermal
decomposition of iron sodium diethyldithiocarbamate (Fe-
NaDDTC) at 180 °C for 12 h without any added surfactants
yielded cubic FeS2 nanocrystals from the XRD with an average
edge size of ∼500 nm based on scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).11

Lowering the reaction temperature produced multiple phases.
Motivated by photocatalysis and quantum confinement, FeS2

clusters with diameters of 2−4.5 nm were grown in inverse
micellar cages in nonaqueous solvents.14 The S to Fe ratio was
2, and both oxygen and water were kept below 1 ppm in a
drybox to prevent degradation of the Fe salt precursor. TEM
shows that the clusters were similar in size, and the multiple
peaks in the absorption spectrum are assigned to different
electronic transitions in the same cluster. Intense photo-
luminescence was observed near the absorption edge suggesting
that there was some direct recombination.
The optimal thickness for light absorption of a photovoltaic

device based on iron pyrite is 50−100 nm, and there are several
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strategies to produce nanocrystals (NCs) in this size range. A
surfactant-assisted hydrothermal method using both diethyl
dithiophosphate ammonium salt instead of NaDDTC and a
surfactant (hexadecyltrimethylammonium bromide, CTAB)
yielded cubic FeS2 NCs with edge lengths of ∼100 nm.1

XRD and XPS show that pyrite was produced without any
noticeable impurities. An indirect band gap of 0.95 eV was
determined using X-ray absorption and emission spectroscopy.
The authors point out that suitable reaction conditions are
temperatures no lower than 200 °C, a pH between 3 and 7, and
use of oleylamine as a secondary surfactant. To avoid using
complex molecular precursors, a single-step polymer-assisted
hydrothermal method was developed.15 Employing S powder
and FeCl2 with the polymer surfactants polyvinylpyrrolidone
(PVP) and poly(vinyl alcohol) (PVA), uniform pyrite FeS2
NCs with edge lengths of 100−200 nm were obtained after a
reaction time of 12 h at 180 °C. The NC shape was changed
from cubic to octahedral by adjusting the NaOH concentration
from 0.11 to 0.14 M. UV−vis shows an absorption peak located
at 990 nm, which is close to the theoretical band gap of FeS2.
The use of wet chemistry to synthesize colloidal metal NCs

by thermolytic reduction has improved the phase purity of
metal chalcogenides.16,17 Injecting iron pentacarbonyl into
elemental S dissolved in oleylamine produced pyrite nanoplates
after 4 h at reaction temperatures above 180 °C.18 The
nanoplates had lateral dimensions of 150−500 nm and a
thickness of about 30 nm. Dissolving a metal salt and elemental
sulfur in an alkylamine combined with another ligand or solvent
produces pyrite NCs ranging in size from a few to hundreds of
nanometers.3,19−21 The alkylamine solvates many organic and
inorganic compounds and acts as both a coordinating solvent
and mild reducing agent.22,23 Oleylamine is often chosen
because of its high boiling point, commercial availability, and
relatively low cost compared to other alkylamines. Despite its
versatility, oleylamine (OAm) is typically used with ligands that
bind more strongly in the synthesis of pyrite NCs.
Trioctylphosphine oxide (TOPO) combined with oleylamine
enabled control of the size of pyrite cubes in the range from 60
to 200 nm.19 Hexadecanesulfonate yielded cubic NCs with
dimensions of 80 nm in OAm.3 Problems with crystal
solubility20 and phase purity1,21 have been reported using
OAm, and may be due, in part, to its commercial purity. This
has led to the use of other solvents such as diphenyl ether in
which the reaction of FeCl2 and sulfur produced a mixture of
oblate and spheroidal pyrite NCs with diameters of 5−20 nm
using octadecylamine (ODA, CH3(CH17)NH2) as a capping
ligand.20

Mixtures of 1-octylamine and 1-octanol were used to
synthesize phase pure FeS2 pyrite NCs in an autoclave at a S
to Fe ratio of 20 at 260 °C by oriented attachment.24 Raman
showed that the only crystalline phase present was pyrite after
0.5 h of growth. The morphology and growth rate of the NCs
were controlled by the solvent and reducing agent: 1-
octylamine promoted rapid growth of cubes because it is a
stronger reducing agent and adsorbs preferentially on (100)
facets; 1-octanol reduced the growth rate because it is a weaker
reducing agent and promoted growth of spheroidal particles.
Both types of particles aggregated into a larger structure that
became a crystal after 5 h of growth. Moreover, 1-octanol
protected surface sites from air exposure for 1 year.
FeS2 NCs were synthesized in diphenyl ether and paraffin oil

using the ligand octadecylamine at a S to Fe ratio of 6 and a
growth temperature of 205 °C.25 Initially a mixed phase was

formed containing FeS and Fe3S4 that became pure pyrite after
5 h based on XRD spectra. The S to Fe ratio based on XPS and
the disappearance of FeS after 4 h in the XRD were interpreted
to show that FeS loses Fe supplying S to form Fe3S4 that reacts
with additional S to form FeS2. Once formed the 100−200 nm
FeS2 crystals did not decompose to other phases.
The method that has become the standard for producing

phase pure iron pyrite NCs in oleylamine is based on the
synthesis of PbS, ZnS, CdS, and MnS NCs.26 It involves
dissolving the metal chloride in oleylamine (OAm,
CH3(CH2)7CHCH(CH2)8NH2) at 90−120 °C to form a
metal-OAm complex, injecting elemental S dissolved in OAm
at the same or room temperature and heating to a temperature
between 140 and 320 °C for one to several hours depending on
the metal. Nanocrystals of these materials with a range of sizes
and shapes were produced. For example, control of the size of
nearly cubic PbS NCs in the range from 6 to 13 nm was
demonstrated by increasing the S to Pb ratio from 0.33 to 0.83.
Pyrite cubes with average edge lengths of 150 nm and

dendrites composed of oriented pyrite crystals were produced
using a S to Fe ratio of 6 after 20 min at 220 °C.27 Light
absorption of the dendrites in the red and near-infrared was
enhanced relative to isolated particles. In a study that examined
how ligands affect the optical properties of pyrite NCs, OAm
was chosen as the synthesis ligand because it is displaced
easily.27 An aliquot of the S-OAm mixture was injected at 100
°C into the Fe-OAm solution to achieve a S to Fe ratio of 6.
The temperature was ramped to 220 °C for 3 h, cooled to room
temperature, and purified with chloroform. Smooth, crack-free
films were produced by repeated spin coating on clean glass or
ITO and ligand exchange by immersion for 24 h. Other amine
anchoring ligands did not change the optical properties of the
pyrite thin films, but shorter ligands exponentially increased the
differential conductance. Semicubic pyrite NCs with edge
lengths less than 20 nm were synthesized at a S to Fe ratio of
9.5 after 1 h at 180 °C.28

Ligand-ligand interactions were used to control both the
shape and growth of nanocrystals.29 Pyrite nanocrystals with an
average edge length of 37 ± 11 nm were synthesized in a three-
stage process where the reaction was initially conducted using
the solvent hexadecylamine and a S to Fe ratio of 6 at 250 °C.
The reaction temperature was lowered to 200 °C, and two
separate additions of oleylamine and the Fe precursor were
made lowering the S to Fe ratio in the mixture to 2.05. XRD
showed that the crystals were composed of pyrite throughout
the three growth stages, and EDX confirmed FeS2 stoichiom-
etry. The crystals tended to agglomerate, and they increased the
amount of scattered light near the 300 and 500 nm states in the
UV−vis absorption spectrum. Good agreement was demon-
strated between the absorption coefficient calculated from
experiment and theory. A band edge absorption plot yielded an
indirect band gap at ∼1.1 eV and two direct band gaps at ∼1.9
and ∼3.0 eV.
In this study, we systematically changed the S to Fe ratio,

reaction time, and reaction temperature to understand the
mechanism for growth of iron pyrite nanocrystals using only
oleylamine as the ligand, solvent, and reductant. We also
wanted to establish whether there was a practical threshold for
the S to Fe ratio that produced phase pure pyrite because most
studies fix the ratio at 6. XRD and Raman were used to monitor
phase purity, and XPS to determine stoichiometry of the
crystals.
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■ RESULTS AND DISCUSSION
Figure 1a shows phase and structural data for the purified NCs
prepared using a S to Fe ratio of 6 at 200 °C for 1 h. The

intense XRD peaks located at 33.0°, 37.1°, 40.8°, 47.4°, and
56.3° correspond to the (200), (210), (211), (220), and (311)
planes of pyrite (ICDD 71-1680). The major diffraction peaks
and intensities for marcasite (FeS2, orthorhombic), pyrrhotite
(Fe7S8), and hematite (Fe2O3) are marked in Figure 1a, but
were not detected. Phase purity was confirmed by the Raman
peaks for pyrite at 340, 375, and 426 cm−1 shown in Figure
1b.30 Raman peaks for troilite FeS (210 and 280 cm−1),
marcasite (324, 387, and 532 cm−1), and pyrrhotite (214 and
282 cm−1) were not observed.19,30−33 The cubic shape and
uniform size of the crystals are shown in the SEM image of a
drop cast sample (Figure 1c). The mean length of a cube edge
is 87.9 ± 14.1 nm based on a histogram obtained from
measurements of 100 crystals (Figure 1d). The relatively
narrow size distribution is indicative of OAm coordination to
the surface of the crystals.
The FeS2 NCs absorbed light strongly from 1600 nm in the

near-infrared through the visible into the ultraviolet at 380 nm
as shown by the UV−vis-NIR spectrum in Figure 2a. The
maximum in the absorption is at about 1130 nm (1.10 eV). The
absorption maximum is close to the indirect band gap of 1.00 ±
0.11 eV measured for 80 nm pyrite cubes by synchrotron X-ray
spectroscopy.3 Similar absorbance results were reported for
pyrite microcubes with dimensions of 200 nm.15 Optical
absorption over such a wide range is characteristic of an

electronic structure containing broad energy bands. The energy
levels in bulk pyrite consist of a S pσ* band and a d-band
manifold. The d-band splits into the occupied t2g and the
unoccupied egsub-bands, with the indirect band gap falling in
between.34 The indistinct boundary between the S pσ* band
and eg subband causes the conduction band to span from 0.95
to 3.65 eV in the bulk.35 The absorption envelope of the FeS2
nanocrystals in Figure 2a is consistent with the broad
conduction band characteristic of bulk pyrite.
Photoluminescence of pyrite NCs was characterized at room

temperature in cyclohexane with an excitation wavelength of
306 nm. Figure 2b shows photoluminescence (PL) spectra
from 1700 to 345 nm using infrared and visible-UV gratings
and detectors. The strong peak at 437 nm corresponds to an
energy of 2.84 eV, which is consistent with the broad
conduction band of pyrite. Results similar to those presented
here were reported for 3−10 nm pyrite NCs in water with PL
emission peaks between 400 and 450 nm.36 Spherical 5 nm FeS
nanoparticles in ethylene glycol fluoresce at 455 nm and an α-
Fe2O3 thin film fluoresces at 440 nm.37,38 However, we report
Raman data for pyrite NCs (6:1 S to Fe ratio, 200 °C, 1 h)
(Figure 1b) that confirm phase purity, which means FeS or
oxygen contamination is an unlikely cause of the 437 nm peak
in the PL measurements.
The surface composition of the pyrite NCs was measured

with XPS for drop-cast nanocrystals made using a S to Fe ratio
of 6 at 200 °C for 1 h. The spectra were aligned based on the
adventitious C 1s peak assigned to 284.5 eV. Peaks were fit with
a Shirley background and Voigt line shapes. Figure 3a shows
the high resolution XPS peaks for the Fe 2p, S 2p, and N 1s
states. The spin−orbit coupled Fe 2p3/2 and 2p1/2 peaks located
at 706.8 and 719.5 eV are consistent with the energies expected
for pyrite.15 The shoulders at 710.3 and 722.5 eV are oxidized
Fe3+ due to superficial species such as hematite (Fe2O3) and
ferric sulfate (Fe2(SO4)3)

39 on the surface of the nanocrystals
that formed during sample preparation for XPS. The spin−orbit
coupled sulfur 2p3/2 state at 162.4 eV and 2p1/2 at 163.6 eV
were not resolved and appear as a single broad peak centered at
162.3 eV. This peak could contain contributions from disulfide
S2

2− at 161.7 eV as well as polysulfide Sn
2− (n > 2) at 162.9

eV.39 The S2
2− is bound to Fe2+ corresponding to

stoichiometric pyrite. The polysulfide is in the form of chains
or rings. The small peak at 168.1 eV is due to ferric sulfate.39

The Fe to S ratio based on peak areas corrected using
sensitivity factors is 0.45, which is lower than stoichiometric
FeS2 (see Supporting Information for the peak fitting results

Figure 1. (a) Powder X-ray diffraction (XRD) spectrum of pyrite NCs
synthesized with a S to Fe ratio of 6 at 200 °C for 1 h. Bulk diffraction
peaks are also indexed for marcasite (FeS2), pyrrhotite (Fe7S8), and
hematite (Fe2O3), (b) Raman spectrum of the same FeS2 NC sample
using a 532 nm excitation laser at 1% power (0.25 mW), (c) SEM
image of drop-cast NCs, (d) histogram of the sizes of 100 cubes in the
SEM image.

Figure 2. Optical spectra for pyrite NCs synthesized with a S to Fe
ratio of 6 at 230 °C for 1 h. (a) UV−vis spectrum, (b) PL spectrum
after sonicating the NCs for 15 min (UV−visible, blue, left axis and
visible-IR, red, right axis).
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and molar ratio calculation). A weak N 1s peak was present at
400.3 eV. This confirms the presence of oleylamine on the
surface of the NCs.
The transmission FTIR spectrum of drop cast pyrite NCs is

shown in Figure 3b. The peaks at 3423.9, 1630.2, and 609.4
cm−1 are attributed to adsorbed moisture.40 The group of peaks
centered at 1134.4 cm−1 is consistent with superficial oxidation
of pyrite.41−43 OAm is present on the surface of the NCs as
shown by the peaks at 2923.6 and 2852.1 cm−1, corresponding
to the asymmetric (νa) and symmetric (νs) stretches of C−H,
and the peak at 1453.0 cm−1, corresponding to the deformation
mode of C−H.23,41 The CC stretch expected at 1680−1640
cm−1 was not resolved because of interference from the large
water bending vibration at 1630 cm−1. The FTIR spectrum
corroborates the small N 1s peaks observed in the XPS, and
shows that OAm remains on the pyrite even after purification
and drying at 190 °C in flowing nitrogen. During nanocrystal
growth, OAm binds preferentially to the (111) and (100)
planes because these are Fe-terminated.44 Since the (111)
planes have the higher surface energy, the crystals grow along
these planes leaving the (100) faces exposed, and cubic crystals
are produced. The coordination that OAm makes to the surface
of the pyrite corresponds with the relatively narrow size
distribution of the NCs.
Figure 4 shows the XRD patterns, Raman spectra, and SEM

images of crystals synthesized at reaction temperatures of 200−
260 °C. The diffraction peaks (Figure 4a) for the NCs
synthesized at 230 °C can be indexed to pure cubic phase pyrite
with no obvious impurities. The sharp peaks indicate good
crystallinity. Raman spectroscopy is more sensitive than XRD
for distinguishing the iron sulfide phases that are present.21,24

The Raman peaks (Figure 4b) of the NCs synthesized at 230
°C correspond to pyrite, and again, there were no peaks for

troilite, marcasite, or pyrrhotite. The slight shift of the Raman
peaks to lower wavenumbers for the sample synthesized at 200
°C indicate poorer crystallinity compared to the 230 °C sample.
Increasing the reaction temperature to 260 °C reduced the
XRD peaks characteristic of pyrite, and new peaks appeared at
29.9°, 33.8°, 43.6°, and 53.1° marked by solid triangles in the
figure, corresponding to the (200), (206), (20(12)), and (220)
planes of mixed valence pyrrhotite (ICDD 29-0725). However,
no Raman scattering signal was found corresponding to either
pyrite or pyrrhotite (blue spectrum in Figure 4b). The SEM
images in Figure 4c show that the size and size distribution
increased slightly from 200 to 230 °C, but irregularly shaped
crystals were formed at 260 °C that are nearly 1−2 μm in size.
The temperature window of 200−230 °C is relatively narrow

for synthesizing phase pure pyrite NCs. The 200 °C threshold
is consistent with the pyrite NC literature. For example, low
reaction rates and amorphous side products formed below 200
°C in the solvent diphenyl ether and the ligand octadecyl-
amine,20 and small 14−18 nm NCs that were phase pure based
on XRD and had a cubic crystal structure based on HRTEM
formed at 180 °C using only OAm at a S to Fe ratio of 9.5.28 A
maximum below 260 °C is somewhat unexpected because
pyrite formation from sulfidation of pyrrhotite is known to be
rapid above 300 °C from geological studies,45 and pyrite is a
stable phase based on measured free-energy minima with a
thermal stability of 742 °C.45 The Fe−S system below 350 °C
is complex primarily due to the superstructures formed by
various pyrrhotites which pervade the phase diagram.45 Because
the formation of some of these structures is under kinetic
control and driven by vacancies due to missing Fe atoms, they
could have a significant influence on NC growth. Similar results
were reported for the formation of spheroidal pyrite NCs with
diameters of 5−20 nm:20 the solubility of the NCs decreased at

Figure 3. (a) High resolution XPS and (b) FTIR of pyrite NCs.

Figure 4. (a) XRD pattern, (b) Raman spectroscopy (532 nm laser at
0.5% power, 0.125 mW), and (c) SEM images of the pyrite or mixed
pyrite and pyrrhotite phases synthesized for a S to Fe ratio of 6 for 1 h
at 200, 230, and 260 °C.
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temperatures above 240 °C, and at about 250 °C a mixture of
greigite (Fe3S4) and pyrite formed. Moreover, this narrow
temperature window seems to be intrinsic to the reaction
between S and Fe precursors, independent of the ligands used.
For example, cubic NCs with dimensions of 80 nm were
produced in OAm using the ligand hexadecanesulfonate at a S
to Fe ratio of 6, a reaction temperature of 220 °C, and time of
10 min.3 Pyrite cubes capped with trioctylphosphine oxide with
cross-sectional dimensions in the range from 60 to 200 nm
were obtained using a S to Fe ratio of 60 at 220 °C for 2 h.19

The S to Fe ratio and reaction time were varied to gain a
general understanding of the mechanism. At a S to Fe ratio of 6
phase pure pyrite was produced at 230 °C for reactions times of
1−6 h (Figure S1). Lowering the ratio to 4 yielded pyrrhotite at
1 h and 230 °C (Figure S3a), but at 6 h pure pyrite was formed
(Figure S3b). The XRD spectra in Figure 5 show both mixed

phase and pure pyrite from samples with a ratio of 3 at 230 °C.
At a reaction time of 15 h a mixture of pyrite, greigite, and
hematite was detected; four of the peaks match the diffraction
peaks expected for both pyrite and greigite or pyrite and
hematite. Since one peak was found to only match greigite the
sample at 15 h is mixed phase. Only pyrite peaks were detected
and matched for the 24 h reaction, but the peaks are weak. The
ratios and reaction conditions studied are collected in Table S1.
Since phase purity was achieved with a S to Fe ratio of 3 after

extending the reaction time from 15 to 24 h, we examined
lower ratios at the longer reaction time. Because of the weak
XRD peaks at a ratio of 3, Raman spectroscopy was used to
assess phase purity of three samples with ratios of 2.75, 2.5, and
2.05 at 230 °C (Figure 6). The sample at a ratio of 2.75 was
phase pure pyrite with Raman peaks at 341, 377, and 426 nm.
At a ratio of 2.5 a new peak appeared at 318 nm in addition to
the peaks for pyrite. Combined with the shoulder at about 380
nm, these peaks are assigned to marcasite,30,31 which is the
dominant phase because the 318 nm peak is stronger than the
major pyrite peak at 373 nm. Lowering the ratio to 2.05 or near
stoichiometric, the same set of peaks appears, but the relative
strengths switch and pyrite is the dominant phase. FeS2
formation as either pyrite or marcasite is favorable. The cubic
crystal structure of pyrite or the orthorhombic crystal structure

of marcasite is selected owing to the local growth conditions.
The Raman data suggest that lengthening the reaction time
even further could yield phase pure pyrite at a near
stoichiometric ratio, which is consistent with the staged growth
process of Macpherson and Stoldt.29 There does not appear to
be a threshold S to Fe ratio.
The reaction conditions that yielded pure pyrite are shown in

red in Figure 7. Either marcasite or mixed phases containing

pyrite, greigite, and pyrrhotite are shown in blue. Phase purity is
based on the XRD and Raman spectra. Data points are labeled
by the temperature of the reaction mixture; those that are
grouped together were done at the same S to Fe ratio and
temperature and shifted on the plot for clarity (Table S1 lists
the conditions). At a S to Fe ratio of 6, phase pure pyrite
formed in reaction times as short as 0.5 h at 230 °C. We did not

Figure 5. XRD spectra for FeS2 NC samples synthesized with a S to Fe
ratio of 3 at 230 °C for 15 and 24 h. Peaks correspond to pyrite (P),
greigite (G), and hematite (H).

Figure 6. Raman spectra using a 514 nm laser for FeS2 NC samples
synthesized at 230 °C and 24 h. The S to Fe ratio was varied between
samples: 2.75:1, 2.5:1, and 2.05:1.

Figure 7. S to Fe ratios, reaction times, and temperatures that formed
pure pyrite are shown in red, and those that formed either marcasite or
mixed phases containing pyrite, greigite, and pyrrhotite are shown in
blue. The numbers denote the reaction temperature in °C. Contiguous
temperatures were done at the same ratio and time and are offset for
clarity.
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attempt to estimate the weight percent, but it is unlikely the
products were 100% pyrite. Rather phase purity means that
pyrite was the only crystalline phase detected by XRD and
Raman. Lowering the S to Fe ratio to 3 formed mixed phases at
times of 15 h or less but pyrite formed at 24 h. Lowering the S
to Fe ratio to 2.75 formed pyrite after 24 h at 230 °C, but
mixed phases resulted when the ratio was 2.5 or less. Most of
the experiments were run at 230 °C because phase purity did
not depend on temperature in the range from 180 to 260 °C
for times less than or equal to 6 h. Instead the reaction time
correlates with the S to Fe ratiolowering the ratio lengthened
the time to synthesize phase pure pyrite.
The lack of a strong temperature dependence in the range

180−260 °C excludes mechanisms for pyrite formation that
involve phase transformations and mass transport such as
diffusion processes. The other phases observed in the XRD and
Raman spectra are structurally and chemically very different
from pyrite and consequently would have to dissolve and
recrystallize to form a cubic pyrite phase. Moreover, sulfur
atoms would have to be chemically reduced before diffusing
into a NC and driving a phase transformation. Pyrite is the
most thermodynamically stable iron sulfide.46 When it forms
the system has reached equilibrium. One interpretation of the
phase map in Figure 7 is that higher S to Fe ratios allow
equilibrium to be reached more quickly; in other words, higher
ratios increase the reaction rate. If there is only one slow step in
the mechanism to form pyrite, then this elementary reaction
involves sulfur atoms.
Some authors suggest that FeS decomposes to supply S to

form pyrite via the reaction 2FeS → FeS2 + Fe.25,29 The freed
Fe reacts with S in solution forming FeS and the process
repeats. Irregularly shaped particles were produced using only
hexadecylamine which bonds strongly to the surface isolating
the crystals.29 Adding the more weakly bound OAm produced
cubic pyrite crystals, and from this ligand exchange study the
authors conclude that the step limiting growth is monomer
reaching the surface of the particle since FeS dissolution is slow.
Changing the S to Fe ratio would not be expected to have a
strong impact on this reaction as long as there is an excess of S
over the stoichiometric amount needed to form FeS and as a
consequence FeS2. Phase pure pyrite requires longer reaction
times when the S to Fe ratio is lowered because of a kinetic
limitation involving S that depends on the absolute S
concentration.
Sulfur atoms in FeS2

2− are in the reduced form S2
2− or S−,

which has an orbital filling like a halogen. The bonding is
rationalized as Fe−S−S, and each S− has seven electrons.
Chemical reduction of the elemental sulfur S0 in the starting
mixture occurs by reaction with oleylamine. Using standard and
pulsed field gradient diffusion NMR, Thompson et al. showed
that sulfur reacts with octylamine at low temperature producing
alkylammonium polysulfides.22 At the temperatures used in
nanocrystal synthesis, they showed that polysulfide ions, Sn

2−,
react with excess amine by different pathways generating H2S as
well as amides and amidines and the thio analogues of these
molecules. The H2S and thioamides combine with Fe2+ salt
forming iron sulfides. The overall reactions describing these
steps are as follows.

+ → + +S OAm H S thioamides byproducts0
2

+ → ++ +Fe H S FeS 2H (rapid)2
2

The FeS represents amorphous iron monosulfide and nano-
crystal pyrrhotites with variable stoichiometry, Fe1−xS and 0 ≤ x
< 0.2. These reactions are rapid and describe the nucleation of
iron sulfide when the Fe and S precursor solutions are mixed. A
reaction between elemental S0 and the OAm double bond is
also possible. Singlet S reacts with alkenes forming episulfide
and thiols,47 and more than one S atom can insert into CC
depending upon the structure of the alkene.48

Hydrogen sulfide has a stable HOMO at −10.5 eV
(ionization energy) but donates electrons to Fe2+ to form
FeS because the LUMO of Fe2+ is at an even lower energy. In
aqueous solutions, the redox couple switches and H2S accepts
electrons from FeS forming pyrite because of favorable
energetics and orbital symmetry.49

+ → +FeS H S FeS H2 2 2

The same reaction to produce pyrite likely occurs in OAm. The
data in Figure 7 are consistent with this reaction since
decreasing the S concentration should have the same effect on
H2S and lengthen the time to form pyrite. OAm is nonpolar
and may not stabilize the polar H2S molecule well. Also the
temperatures used in nanocrystal synthesis are much higher
than those found in aqueous systems and drive off volatile
species such as H2S.
An alternative route is long-chain polysulfide molecules that

form in organic amines.22 Longer chains distribute the −2
formal charge over all of the atoms in the molecule lowering the
absolute charge on any one and stabilizing the chain.
Calculations show that the charge per atom decreases as the
length of the chain increases.46 Higher S concentrations
promote the formation of longer polysulfide molecules, Sn

2−,
that are nucleophilic and attack Fe2+S2− transferring a neutral S
atom that accepts electron density converting sulfur S2− to S−

and producing pyrite

+ → +−
−
−FeS S FeS Sn n

2
2 1

2

S atoms are cleaved one by one from the chain as the reaction
proceeds. The polysulfide mechanism is slower by about 2
orders of magnitude than the H2S mechanism in aqueous
solutions,50 which is consistent with the increase in time
required to obtain phase pure pyrite even though the S
concentration is greater than the stoichiometric amount. The
reaction to convert FeS to FeS2 occurs at the surface of
nanocrystals or the FeS2 monomers are produced in solution
and are added to nanocrystals. Proof of these mechanisms in
OAm will require isolating the molecules responsible for pyrite
formation.

■ CONCLUSIONS
Phase pure pyrite was synthesized in one stage using oleylamine
as the solvent, ligand, and reducing agent. There was no
threshold concentration of S needed to form pyrite, but the
higher the S to Fe ratio the faster that phase pure pyrite formed.
Reactions are proposed consistent with the Bunsen mecha-
nism46 for pyrite formation in aqueous solutions where both
H2S and Sn

2− accept electron density from FeS converting it to
FeS2 and S2− to S−. FeS2 in the form of cubic pyrite and
orthorhombic marcasite were both produced in some cases at
long reaction times. The preference must be due to local
reaction conditions. Since the purity and uniformity of a
nanomaterial impact its ultimate function, characterization of
the molecular species in solution is crucial. A better
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understanding of the mechanism would also aid in developing
both process and quality control systems. Inks containing
nanoscale materials have the potential to lower the cost of
fabricating electronic devices if the means to synthesize and
deposit them can be scaled up to industrial levels. The synthesis
method reported here uses a single-source precursor via
injection of elemental S at low temperature followed by a
ramp to higher temperature and can be implemented with
either a series of continuous stirred-tank reactors (CSTRs) or
one CSTR with a preheated feed, enabling mass production.

■ EXPERIMENTAL METHODS
The synthesis method was adapted from a literature technique that
was used to make other metal sulfide nanocrystals.26 Pyrite
nanocrystals were synthesized by dissolving 81 mg (0.5 mmol) of
ferrous chloride tetrahydrate (FeCl2·4H2O; Sigma-Aldrich, 99.99%) in
17 mL (51.5 mmol) of OAm (Acros, 80−90%) in a three-neck flask
yielding a S to Fe ratio of 6 to 1. The mixture was deaerated by three
pump and purge cycles using N2 for 15 min each in a Schlenk line. In
the last cycle, the flask was heated to 90 °C with a temperature
controlled mantle and digital temperature controller (DigiTrol II
Bench Control, Glas-Col). The mixture gradually changed color from
yellow to brown as FeCl2 dissolved. In a separate glass vial, the sulfur
precursor was prepared by dissolving 640 mg (20 mmol) of S powder
(Sigma-Aldrich, 99.98%) in 20 mL (60.6 mmol) of OAm. The mixture
was sonicated for 10 min at room temperature to break up the powder
and left for 3 days at room temperature to dissolve completely,
producing a viscous dark red liquid. For a S to Fe ratio of 6, a 3.0 mL
(3.0 mmol) aliquot of the sulfur solution was slowly injected into the
Fe-oleylamine mixture using a glass Pasteur pipet. A smaller volume of
the solution with the same sulfur concentration was used for S to Fe
ratios less than 6 and pure OAm was added to the Fe-oleylamine
mixture to maintain a total volume of 20 mL. The three-neck flask was
disconnected from the Schlenk line, and the temperature set point was
increased to 180−260 °C. Although the temperature reached 90% of
the set point within 5−10 min, the target temperature was reached
only after about 40 min. After heating for 1−24 h from the time that
the sulfur was injected, the flask was cooled in a water bath. Once the
solution reached room temperature, 40 mL of methanol (Sigma-
Aldrich, anhydrous, 99.8%) was added. The precipitate was collected
by centrifuging at 1000 rpm for 15 min (Fisher Scientific benchtop
model 228), washed twice using an equal volume mixture of methanol
and toluene (Sigma-Aldrich, 99.9%), and finally dispersed in
cyclohexane (Sigma-Aldrich, 99.5%). A portion of the precipitate
was dried at 190 °C in a tube furnace with continuously flowing N2 for
1 h to obtain a powder. All of the samples were stored in glass vials
filled with argon.
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Experimental methods

Ferrous chloride tetrahydrate (FeCl2·4H2O 99.99%), sulfur powder (99.98%), methanol (an-

hydrous, 99.8%), cyclohexane (99.5%) and toluene (99.9%) were purchased from Sigma-

Aldrich and used as received. Oleylamine (OAm) with a purity of 80-90% was purchased

from Acros and used as received. The synthesis method was adapted from a literature

technique that was used to make other metal sulfide nanocrystals.1 FeS2 nanocrystals were

synthesized via the reaction between FeCl2 and sulfur dissolved in oleylamine. For a S to Fe

ratio of 6, 81 mg (0.5 mmol) of FeCl2·4H2O was mixed with 17 mL (51.5 mmol) of oleylamine

in a three neck flask. The flask was then purged and back-filled with N2 (one purge cycle)

for 15 minutes each half cycle using a Schlenk line. This was repeated twice more for a

total of 3 purge cycles. In the last purge cycle the flask was placed in a heating mantle set

to 90 �C with a digital temperature controller (DigiTrol II Bench Control, Glas-Col). The

mixture gradually changed color from yellow to brown as FeCl2 dissolved. In a separate glass

vial, the sulfur precursor was prepared by dissolving 640 mg (20 mmol) of S in 20 mL (60.6

mmol) of OAm with sonication. After the third purge cycle, 3 mL (for 6:1) of pre-dissolved

S oleylamine solution (3 mmol S) was slowly injected through a rubber stopper into the hot

Fe-oleylamine mixture with a glass Pasteur pipette or syringe to prevent oxygen contami-

nation. The flask was disconnected from the Schlenk line, isolated from ambient, and the

temperature was set between 180 and 260 �C. The reaction time began with the injection of

S, although the ramping and auto-tuning process took about 40 min to complete, in which

the temperature reached 90% of the set point (180 �C) in the first 5 min and crossed over

it four times with a fluctuation of ±5 �C. After terminating the reaction by placing the

flask in a water bath at room temperature, FeS2 NCs were precipitated by adding 40 mL of

methanol. The precipitate was collected after centrifuging at 1000 RPM for 15 min (Fisher

Scientific bench-top model 228), washed twice using a methanol/toluene (1:1 volume ratio)

mixture, and finally dispersed in cyclohexane. To obtain FeS2 powder for XRD, FTIR, and

Raman analysis, part of the precipitate was dried at 190 �C in a tube furnace with continu-
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ously flowing N2 for 1 hour. All of the dry samples were stored in glass vials filled with Ar or

N2. Other reaction conditions, such as Fe:S ratio, reaction time, and reaction temperature,

were systematically changed as described in the paper.

X-ray di↵raction data were collected on either a Scintag XDS 2000 or XPERT-PRO x-

ray powder di↵ractometer with Cu K↵ radiation (�=1.5406 Å). All of the data sets were

collected from 10 to 70 degrees with a step size of 0.02 degree and a scan rate of 2 degrees/min.

Raman spectroscopy was obtained on FeS2 powder samples using a Renishaw inVia Raman

microscope with 514, 532 and 785 nm excitation lasers. Various laser powers from 0.1% to

1% were used. SEM images were taken using a Hitachi S-4800 scanning electron microscope.

FeS2 suspensions were drop cast on Si substrates and air dried for imaging. Fourier-transform

infrared (FTIR) spectroscopy was performed with a Nicolet Nexus 670 spectrometer equipped

with a N2-cooled MCT detector. KBr pellets for transmission FTIR spectra were prepared

by grinding a 1-2% (w/w) mixture of FeS2 NCs in KBr powder under an IR heating lamp

for 1 h. The ground mixture was consolidated using a Pike Technologies bolt press. Spectra

were collected with a 4 cm�1 resolution and 200 scans were co-added. Baseline correction

and peak identification were performed with Omnic (Thermo Electron Corp., v6.2).

UV-vis absorption spectra ranging from 300 to 1500 nm were recorded at room tem-

perature using a Jasco V-670 spectrophotometer with a scan rate of 400 nm/min. The

bandwidths of NIR and UV/vis were set to 8 nm and 0.2 nm, respectively, with a grat-

ing change occurring at 850 nm. Photoluminescence (PL) spectra were measured at room

temperature with a Horiba Fluorolog-3 spectrofluorometer with excitation wavelengths of

300-600 nm. In the infrared range (900-1550 nm), the detector was an ElectroOptical Sys-

tems DSS-1GA020L DSS-Cryogenic Receiver. In the visible and UV range (190-860 nm),

the detector was a Horiba FL-1073 thermoelectrically cooled photo multiplier tube. All of

the samples for UV-vis and PL measurement were homogeneous and free from visible ag-

gregation during the measurement. The elemental composition information was obtained

with an x-ray photoelectron spectroscopy (XPS) system consisting of a Physical Electronics
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(Model 549) system equipped with a non-monochromatic Al K↵ source (1486.6 eV) and a

cylindrical mirror analyzer. High-resolution scans were recorded at a pass energy of 50 eV

with incremental steps of 0.1 eV. The peaks were fit with Voigt lineshapes using Igor Pro

(Wavemetrics v6.2). FeS2 powder was placed on carbon tape stuck on a Si substrate, which

was mounted to the sample holder for XPS analysis. Peak alignment was performed based

on the adventitious C 1s peak at 284.5 eV to correct for specimen charging. Molar ratios

were calculated using corrected peak areas. Transmission electron microscopy (TEM) images

were taken on a Hitachi H8100 electron microscope using a 200 kV accelerating voltage.

Additional XRD, TEM, Raman Spectroscopy, Quanti-

tative XPS Analysis, Raman Scattering of Cyclohexane,

and Electronic Structure of Pyrite

Figure S1: XRD spectra for three groups of samples with S to Fe ratios of 3, 4, and 6. Other
conditions are marked on each spectrum. The table shows the resulting phases for each
condition.
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Figure S1 shows the XRD results of phase purity obtained using various reaction condi-

tions, such as reaction time from 1 to 6 h, reaction temperature from 180 to 260 �C, and S

to Fe ratios from 3 to 6. With higher S to Fe ratios, such as 6, there was a wider window of

reaction conditions for making phase pure pyrite. But, at these shorter times, lower S to Fe

ratios often yielded impurities. Initial experiments in this study were done mostly at higher

S to Fe ratios and shorter reaction times at 230 �C. Phase purity was unattainable at low

ratios and short times at this temperature. Later experiments tended toward lower ratios

and longer reaction times to measure how purity changed with S to Fe ratio and time (Fig-

ure S2). Sample a) (3.5) shows a mix of phases, including pyrite, greigite, and pyrrhotite.

Samples b) and e) (4.5) show phase pure pyrite at 1 h (b) and a mix of phases at 6 h (e).

We expected that the 6 h sample would also be pure, given that the 1 h sample was found

to be pure. One possible explanation is that temperature control was not accurate and the

6 h sample went below or above the set point. Samples c) and d) had the lowest ratios (2.05

and 2.5) for the longest reaction times (60 h and 24 h), and the XRD shows mixed phases.

Table S1 is a summary of all experiments according to three main parameters: S to Fe ratio,

reaction time, and temperature.

At a S to Fe ratio of 6, phase pure pyrite was produced at 230 �C for reaction times

of 1-6 h (Figure S3a and Figure S1). The XRD spectra in Figure S3a show a mixture of

pyrrhotite (marked by solid triangles) and pyrite formed at a S to Fe ratio of 4 at 230 �C

and a reaction time of 1 h. The amount of pyrrhotite was small based on the relative peak

heights, but shows that there is a kinetic limitation in forming FeS2 because there is ample

S in the reaction mixture. Prolonging the reaction time to 3 h at a S to Fe ratio of 4 still

yielded mixed phases (Figure S1), but at 6 h phase pure pyrite was produced based on XRD

(Figure S3b). A S to Fe ratio of 3 produced a mixture of pyrite and pyrrhotite for reaction

times up to 6 h (Figure S1).
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Figure S2: XRD spectra for S to Fe ratios and reaction times of a) 3.5 at 6 h, b) 4.5 at 1 h,
c) 2.05 at 60 h, d) 2.5 at 24 h, e) 4.5 at 6 h. Key: pyrite (P), pyrrhotite (Pr), greigite (G).

Figure S3: XRD patterns for samples synthesized at 230 �C and a) S to Fe ratios of 4 and
6 for 1 h and b) a fixed S to Fe ratio of 4 and varying reaction times of 1 and 6 h.

6



 61  

  

  

Θ

Figure S2: XRD spectra for S to Fe ratios and reaction times of a) 3.5 at 6 h, b) 4.5 at 1 h,
c) 2.05 at 60 h, d) 2.5 at 24 h, e) 4.5 at 6 h. Key: pyrite (P), pyrrhotite (Pr), greigite (G).

Figure S3: XRD patterns for samples synthesized at 230 �C and a) S to Fe ratios of 4 and
6 for 1 h and b) a fixed S to Fe ratio of 4 and varying reaction times of 1 and 6 h.
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Table S1: The S to Fe ratios and reaction conditions for the experiments plotted in Figure

7 in the main paper.

S:Fe Ratio Reaction Time (h) Reaction Temperature (�C)
6 1 200
6 1 230
6 1 260
6 3 230
6 3 260
6 6 260
6 6 260
4.5 1 230
4.5 6 230
4 1 230
4 3 230
4 6 230
3.5 6 230
3 1 230
3 1 260
3 3 180
3 3 230
3 3 260
3 6 180
3 6 230
3 6 260
3 15 230
3 24 230

2.75 24 230
2.75 24 230
2.5 24 230
2.5 24 230
2.05 24 230
2.05 60 230
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Figure S4 shows the TEM images of the cubic pyrite crystals with a length of 500 nm

obtained with reaction time of 3 and 6 h at 230 �C and a S to Fe ratio of 6. The large

dimension is due to the longer reaction time.

Figure S4: TEM images of cubic FeS2 crystals with a length of ⇠500 nm, which were
synthesized with a reaction time of a) 3 hr and b) 6 hr at 230 �C and a S to Fe ratio of 6.

Figure S5: Electronic structure of pyrite FeS2, reproduced from literature.2

Figure S5 shows the electronic structure of bulk pyrite.2 The zero level of energy corre-

sponds to the valence band maximum. A band gap of 0.95 eV is located between the t2g
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Figure S6: Peak fitting of high resolution Fe 2p, S 2p, and N 1s peaks and quantitative
analysis.

and the eg sub-bands. The boundary between the eg and S p�⇤ bands is not distinct and

the two bands cover the range from 0.95 to 3.65 eV.

The molar ratio of Fe to S was computed based on the XPS spectra in Figure S6. The

raw data were normalized based on the number of sweeps scanned. This step allows a

valid comparison between di↵erent elements. The background was removed using a Shirley

algorithm.3 The peaks were fit using a Voigt distribution. The molar ratio between the two

elements was calculated based on the following equation:

CFe

CS
=

AreaFe/S.F.Fe
AreaS/S.F.S

(1)

where C is concentration, Area is the peak area, and S.F. is the sensitivity factor. The S.F.

values of the Fe 2p and S 2p states are 2.686 and 0.57, respectively. The total area of all

four peaks was used for the Fe 2p state and two peaks for the S 2p state. The molar ratios

of Fe to S and Fe to N determined using this method are 0.45 and 2.82, respectively.
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5.1.  Microchip  History:  Moving  Beyond  the  Si/SiO2  Interface  

  

Microchip  technology  has  its  roots  in  the  discovery  of  the  high-quality,  thermally  grown  

oxide   of   silicon:   A   thermodynamically   stable   material,   with   great   masking   properties  

compared  to  the  native  oxides  of  similar  semiconductors,  and  a  structure  matching  that  

of   crystalline   silicon.   As   a   dielectric,   this   discovery   led   to   two   major   technological  

breakthroughs,  namely,  the  inventions  of  integrated  circuits  (ICs)  by  Kilby  in  1959,  and  

the  metal-oxide-semiconductor   field  effect   transistor  (MOSFET)   in  1960  by  Kahng  and  

Atalla  at  Bell  Labs.31-36  As  the  gate  dielectric  of  the  MOSFET,  this  native  oxide  essentially  

passivated  the  surface  of  the  silicon,  and  formed  an  interface  with  the  channel  layer  of  

the  silicon  substrate,  as  shown  in  Fig.  5.1.  

  

  

Fig.  5.1:  Silicon  MOSFET  gate  stack.49  
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The   native   oxide   of   silicon   is   predominantly   composed   of   silicon   dioxide   (SiO2).   The  

crystalline   structure   of  SiO2  matches   so  well  with   that   of   silicon   that   99.999  %  of   the  

dangling  bonds  on  a  clean  silicon  surface  are  bonded  with  SiO2.37  The  Gibbs  free  energy  

of  oxide  formation  for  SiO2  is  -428  kJ/mol  (per  O  atom  in  the  bulk  phase),  which  represents  

a  relatively  stable  oxide.  The  interface  between  silicon  and  its  native  oxide  is  not  without  

electrical   performance   defects   though,  which   are  mainly   in   the   form   of   the   remaining  

silicon  dangling  bonds.  A  defect  can  be  an  unstable  chemical  species  or  one  that  impedes  

charge  transfer  if  it  exists  energetically  in  the  band  gap  of  the  semiconductor.  During  the  

1960s,  much  research  was  done  to  understand  the  mechanism  of  how  these  defects  form  

and   how   to   reduce   the   concentration   of   them.38-41   Hydrogen   passivation   of   defects  

through  a  post-metallization  forming  gas  anneal  became  the  most  preeminent  method  of  

satisfying  dangling  silicon  bonds  at  the  interface.  

  

The  native  oxide  of  another  Group  IV  semiconductor,  germanium,  forms  a  more  defective  

interface.  Compared   to  SiO2,   the  Gibbs   free  energy  of   formation   for  one  germanium’s  

native  oxide  species,  GeO2,   is  -261  kJ/mol.42  The  lower  thermodynamic  stability  of  the  

germanium  oxides  makes  it  hard  to  control  the  growth  process  for  a  high-quality  native  

germanium   oxide.   Furthermore,  GeO2   dissolves   in  water,   which   is   the  most   common  

solvent   in   the  semiconductor   industry,  and  the  sub  oxides  (GeOx)  are  reported  to  also  

exist   as   electrical   states   in   the   band   gap.43   These   are   some   of   the   reasons   why  

germanium  has  been  passed  over  for  development  of  the  solid-state  transistor,  despite  

having  better  carrier  mobility  and  being  easier  to  produce  with  high-purity  compared  to  

silicon  immediately  following  the  invention  of  the  transistor.44    
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5.2.  Scaling  the  Dielectric  Layer  of  the  MOSFET      

  

Since   1971,   complementary   metal-oxide-semiconductor   (CMOS)   FETs   have   scaled  

according  to  Moore’s  law,  with  the  number  of  transistors  in  an  integrated  circuit  doubling  

every  two  years.  To  achieve  higher  and  higher  densities  of  transistors,  the  channel  width  

and  dielectric  thickness  had  to  shrink.45-46  One  benefit  of  the  continued  shrinking  of  the  

gate  oxide   thickness  has  been  a  continued   increase   in  capacitance  and  drive  current,  

because  a  larger  capacitive  barrier  at  the  gate  oxide  allows  for  a  higher  doping  density  in  

the  channel.  In  Its  ON  state,  the  applied  voltage  to  the  MOSFET  causes  majority  carriers  

(holes  for  p-type  semiconductors)  to  be  driven  away  from  the  interface.  This  depletion  of  

carriers  opens  the  channel  and  allows  for  current  to  pass  from  source  to  drain  (Fig.  5.2).  

Therefore,  more  doping  in  the  channel  means  less  resistance  and  a  higher  drive.  

  

However,   when   the   thickness   of   silicon   dioxide   was   reduced   to   about   10  Å,   leakage  

current  increased  so  dramatically  that  any  additional  gains  in  drive  current  were  lost  and  

power  consumption  became  very  high.47  To  maintain  reasonable  performance  standards,  

scaling  of  the  silicon  dioxide  layer  thickness  stalled.  At  that  point,  the  only  way  to  prevent  

leakage  without  sacrificing  gate  capacitance  was  to  replace  silicon  dioxide  with  a  material  

with   a   higher   dielectric   constant   (𝑘);;   since   capacitance   is   proportional   to  𝑘.   This   also  

decreased   power   consumption.   Brar   et   al.   showed   that   a   gate   oxide   with   a   higher  

dielectric  constant  and  the  same  thickness  uses  less  power  with  applied  gate  voltage  (Fig.  



 70  

5.3)  and  some  of  these  new  materials  started  to  be  implemented  for  sub-0.1  𝜇m  CMOS  

technology  (sub-20  Å  gate  oxide).49    

  

  

  

Fig.  5.2:  Schematic  of  SiGe  MOSFET  in  its  “ON”  state.  

  

This   new   class   of   “high   k”  materials   includes   alumina   (Al2O3),   which   has   a   dielectric  

constant   that   is   2.5   times   that   of   silicon   dioxide.  Dielectrics   like  ZnO2   and  HfO2   have  

dielectric   constants   that   are   nearly   10   times   that   of   silicon,   but   they   crystallize   at   the  

temperatures  used  in  microchip  manufacture.  Crystallization  can  cause  grain  boundaries,  

which   are   a   route   for   current   leakage.   While   alumina   is   both   thermally   stable   and  

amorphous,  there  also  exists  a  method  of  depositing  it  that  is  now  well  understood  and  

practical  for  CMOS  applications.  Alumina  is  usually  grown  through  atomic  layer  deposition  

(ALD)  on  top  of  the  semiconductor  layer,  because  ALD  can  be  done  at  lower  temperatures  

with  faster  deposition  rates  than  chemical  vapor  deposition  (CVD),  while  not  sacrificing  
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film   quality.   ALD   dates   to   1952  when   it   was   known   as   a   technique   called   “molecular  

layering.”50   As   early   as   the   mid-90s,   ALD   was   being   considered   for   microelectronics  

applications,  and,  by  2007,  it  was  being  used  for  depositing  the  high-k  dielectric  in  Intel’s  

microprocessors.51  

 

  

  
Fig.  5.3:  Power  consumption  and  gate  leakage  current  density  for  SiO2  (15  Å)  microchip  (gate  

area  of  0.1  cm2)  vs.  a  high-k  dielectric  (same  equivalent  thickness)  microchip.48  

  

Building  and  scaling  competitive  MOSFETs  with  alumina  (or,  generally,  any  of  the  “high  

k”  gate  oxide  materials)  is  not  without  challenges.  Defects  in  the  bulk  of  alumina  and  at  

the  interface  of  alumina  and  the  semiconductor  disrupt  the  performance  of  the  MOSFET.  

Bulk   alumina   defects   usually   take   the   form   of   fixed   charges   at   the   interface   which  

effectively  strengthen  or  weaken  the  electric  field  across  the  dielectric  when  no  voltage  is  

applied  to  the  gate.  This  moves  the  threshold  voltage  needed  to  bring  the  MOSFET  to  its  
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“ON”  state.  The  threshold  voltage  is  the  minimum  applied  gate  voltage  needed  to  create  

a  conducting  pathway  between  the  source  and  the  drain.  The  threshold  voltage  is  ideally  

close  to  zero,  and  a  shift  to  a  voltage  of  some  higher  magnitude  may  not  be  feasible  for  

application  to  the  MOSFET.  Defects  at  the  interface  can  also  move  the  threshold  voltage.  

The  concentration  of  interface  defects  (𝐷"#)  need  be  no  greater  than,  and  on  the  order  of,  

1010  cm-2,  which  is  the  standard  for  the  Si-SiO2  interface.49,53  Naturally,  the  concentration  

and  composition  of  defects  is  a  consequence  of  the  exact  bonding  configurations  between  

alumina   and   silicon.   However,   bonding   between   alumina   and   another   semiconductor  

results  in  an  interface  having  a  unique  set  of  defects.  

  

5.3.  Next  Generation  Semiconductor  Materials  

  

The   replacement   of   silicon   dioxide   with   alternative   dielectrics,   like   alumina,   not   only  

solved  part  of  the  MOSFET  scaling  problems,  but  it  also  drove  the  replacement  of  silicon  

with  a   theoretically  more  superior  semiconductor   for  performance  reasons.  The  carrier  

mobility  of  holes  in  germanium  is  4  times  that  of  hole  mobility   in  silicon.  Unfortunately,  

germanium  is  leakier  due  to  a  lower  band  gap  and  has  a  high  concentration  of  chemically  

reactive  surface  oxidation  states,  most  of  which  are  electrically  defective.  The  instability  

of  the  surface  makes  control  of  its  composition  throughout  the  many  transistor  fabrication  

steps   challenging.   These   include   exposure   to   deposition   precursors   and   high  

temperatures  resulting   in  side-reactions  with   the  unstable  germanium  oxidation  states.  

Forming   stable   bonds   at   the   interface   between   germanium   and   the   dielectric   of   the  

transistor   is   crucial.   If   germanium   oxides   are   left   on   the   surface   of   germanium   in   a  
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MOSFET,  it  leads  to  reduced  capacitance  of  the  dielectric,  wasted  current  and  reduced  

switching  speed  between  the  ON  and  OFF  states  due  to  band  gap  states.  The  successful  

manufacture  of  a  germanium  MOSFET  is  also  hindered  by  the  fact  that,  for  decades,  front  

end   of   the   line   (FEOL)  microchip  manufacturing   has   been   based   on   the   fundamental  

physics   of   silicon   and   its   native   oxide.   Processing   variables   such   as   temperature,  

pressure   and   time   can   change   dramatically   with   material.   Because   of   this   practical  

challenge,  the  alloy,  SiGe,  came  to  the  forefront  as  a  material   that  may  be  the  best  of  

both  worlds   for  a  MOSFET  with  an  alternative  dielectric.  Previously,   in  silicon  CMOS,  

SiGe   was   used   as   a   strain-inducing   layer   in   the   silicon   to   increase   carrier   mobility  

through.53  It  was  also  commonly  used  as  the  semiconductor  layer  in  heterojunction  bipolar  

transistors   (HBT)   since   its   higher   carrier   mobility   than   silicon   allowed   SiGe   HBTs   to  

operate  at  the  high  frequencies  needed  in  mobile  communications.54  While  it  is  possibly  

manufacturable  under  the  same  conditions  as  silicon,  SiGe  has  enhanced  carrier  mobility  

due   to   the   germanium.   Most   literature   on   silicon   germanium   interfaces   for   MOSFET  

applications  have  focused  on  <  50%  germanium  molar  concentration,  likely  because  the  

𝐷"#  of  Si1-xGex  (x  <  0.5)   is  relatively   low,  although  not  as   low  as  the  𝐷"#   for   the  Si/SiO2  

interface.43,55  

  

5.4.  Germanium  Oxides    

 

Germanium   oxides   have   been   characterized   through   both   germanium   and   silicon  

germanium  interfaces  with  alumina.  Zhang  et  al.  simulated  a  SiGe/Al2O3  interface  with  

either  SiO2  only  on  the  SiGe  surface  or  GeO2  only.  They  found  that  the  density  of  states  
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in  the  band  gap  was  significantly  higher  with  GeO2  on  the  surface  (Fig.  5.4).  Kuzum  et  al.  

achieved  a  𝐷"#  of  3  x  1011  cm-2  for  a  Ge/high-k  interface.    

  

  

  

Fig.  5.4:  Density  of  states  of  Si1-xGex  (x  =  0.45)/Al2O3  interface  with  either  (a)  Ge  oxide  on  top                                    
of  SiGe,  or  (b)  Si  oxide  on  top  of  SiGe.43      

  

There  are  at  least  two  other  germanium  oxides  that  are  present  in  the  native  oxide.  The  

germanium  sub  oxides  (GeOx)  are  in  the  +1  and  +3  states.  They  result  in  a  higher  𝐷"#  at  

a  Ge/Al2O3  interface  than  that  of  a  purely  GeO2  interface.57-60    

  

While  there  is  significantly  more  literature  on  the  silicon  and  germanium  interfaces,  the  

silicon  germanium  alloy  interface  cannot  be  treated  like  other  interfaces.  First,  the  band  

gap  is  different.  A  defect  that  exists  at  a  certain  location  in  the  silicon  or  germanium  band  

gaps  will  not  be  in  the  same  location  –  with  respect  to  the  band  edges  –  inside  of  silicon  

germanium’s  band  gap.  A  SiGe/Al2O3  interface  has  defects  sitting  at  the  valence  edge  of  
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the   band   gap,   while   the   Ge/Al2O3   interface   has   defects   only   at   the   conduction   band  

edge.43,58  

  

5.5.  Re-oxidation  of  the  Interface    

  

Even  with  removal  of  silicon  and  germanium  oxides  with  an  acidic  solution,  the  pristine  

SiGe   surface   is   reactive   and  will   re-oxidize   upon   exposure   to   the   ambient;;   especially  

during  ALD.  Both  silicon  and  germanium  oxides  have  been  shown  to  regrow  during  ALD  

of  Al2O3.43,55    

     

 

  

Fig.  5.5:  Native  oxides  regrowth  in  ambient.  

  

There   are   known   strategies   to   undo   this   re-oxidation   in   both   silicon   and   germanium  

interfaces,  and  remove  defects  in  the  bulk  alumina  layer  that  can  form  during  non-ideal  

ALD.  Reduction  of  germanium  interface  defects  takes  a  page  from  silicon  interface  defect  

reduction  with  hydrogen  passivation  through  forming  gas  anneal  (FGA).  Hydrogen  in  the  

forming   gas   essentially   diffuses   through   the   dielectric   layer   and   reacts   with   dangling  
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bonds  at  the  interface.  Hydrogen  annealing  sufficiently  passivates  some  interface  defects  

in   both   Si/SiO2   and   Ge/GeO2   interfaces.58,61   For   a   Ge/Al2O3   interface,   supposedly  

hydrogen   reacts  with   residual  hydroxyl  groups   in   the  bulk  alumina   layer   to   form  water  

which  then  reacts  with  the  Ge  dangling  bonds  on  the  surface  to  form  GeO2.43    

  

Bulk  alumina  defects  in  the  form  of  fixed  charge  can  effectively  be  removed  by  the  altering  

of  their  charge  states  through  reactions  with  hydrogen  during  a  FGA,  as  long  as  the  new  

charge  state  does  not  exist  energetically  in  the  band  gap  of  the  semiconductor.  This  can  

be  observed  through  the  flat  band  voltage  (Vfb)  shift  from  the  theoretical  value  after  FGA.  

Defects  at  either  the  SiGe/Al2O3  interface  or  the  bulk  of  the  Al2O3  are  observed  through  

shifting  of  a  MOSCAP’s  (see  Section  5.7.1  for  definition  of  MOSCAP)  flat  band  voltage  

away   from   its   theoretical   value,   which   depends   only   on   the   work   function   of   the  

semiconductor   and   the  metal.   Equation   6.2   shows   the   relation   between   the   flat   band  

voltage,   the  work   functions   noted  above,   and   the   elementary   charge.  For   example,   a  

positive   fixed  charge  will   shift   a   flat  band  voltage  of  1.0  V   to   interface   toward  a  more  

negative  voltage.  The  extent  of  this  shift  depends  on  the  concentration  of  defects  and  the  

thickness  of  the  dielectric.  Kang  et  al.  purposefully  annealed  their  Al2O3/GaN  MOSCAPs  

in  oxygen  and  then  measured  the  flat  band  voltage  to  infer  presence  of  oxide  charge  at  

the   Al2O3/GaN   interface   or   in   the   bulk   of   Al2O3   (see   Fig.   6.1).   The   black   CV   profile  

corresponds  to  a  MOSCAP  without  any  defects.  Shifting  from  the  ideal  at  approximately  

-1  V  to  positive  voltages  indicates  an  increase  in  negatively  charged  oxide  defects.    
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Since  capacitance   is   inversely  proportional   to   the  thickness  of   the  dielectric,  FGA  also  

densifies  the  dielectric  and  increases  capacitance  by  likely  removing  oxide  defects  at  the  

interface   that   have   properties   similar   to   low-k   dielectrics   (note   that   capacitance   is  

proportional  to  the  dielectric  constant,	  𝑘).    

  

 

 

Fig.  5.6:  Flat  band  shifting  of  a  Al2O3/GaN  MOSCAP.62  

  

5.6.  Sulfur  Surface  Passivation    

  

The  acidic  cleaning  steps  before  atomic   layer  deposition  of  alumina  and   the  FGA  are  

standard  methods  for  preventing  interface  and  bulk  defects.  Another  method  that  is  often  

combined   with   these   methods   to   prevent   interface   defect   formation   is   SiGe   surface  

passivation   immediately   following   the   acidic   clean.   The   SiGe   surface   is   hydrogen-
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terminated  on  the  Si  and  Ge  after  the  cleaning  step.  Since  the  Ge-H  bond  is  weaker  than  

the  Si-H  bond,  it  is  prone  to  react  with  subsequent  oxygen  exposure.  A  major  challenge  

is  putting  germanium  atoms  in  a  stable  bonding  configuration  that  does  not  exist  in  the  

SiGe   band   gap.   The  most   recent   approach   is   to   react   germanium   atoms  with   sulfur.  

Sardashti   et   al.   checked   the   𝐷"#   after   sulfur   passivation   treatments   with   aqueous  

ammonium   sulfide   and   then   ALD   at   two   different   temperatures   (Fig.   5.5).   While   the  

highest  ALD  temperature  (300  °C)  produced  higher  𝐷"#  regardless  of  sulfur  passivation,  

after  an  ammonium  sulfide  treatment,  the  𝐷"#  did  drop  by  50%.  The  lowest  𝐷"#  of  this  study  

still  lags  the  𝐷"#  of  state-of-the-art  silicon  MOSFETs.  

 

  

  

Fig.  5.7:  Density  of  interface  defects  of  Si1-xGex  (x  =  0.30)/Al2O3  from  a  cleaned  only  SiGe  
surface  (a)  and  a  cleaned  and  S  passivated  SiGe  surface  (b).55  

 

Sardashti   et   al.   found   that   sulfur   passivation   did   not   completely   prevent   silicon   and  

germanium  re-oxidation,  because  sulfur  coverage  dropped  from  0.54  to  0.35  monolayer  
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(ML)  during  ALD  of  the  Al2O3.  They  claimed  that  this  occurred  because  S-H  termination  

on   the   SiGe   surface   interacted   with   the   ALD   precursor,   trimethylaluminum   (TMA),  

electrostatically  much  like  OH  on  the  silicon  atoms  of  the  SiGe  surface  interacts  during  

Al2O3  nucleation  (they  assumed  that  S  is  on  the  germanium  atoms  of  the  SiGe  surface  

as  SH  bonds).  It  must  be  noted  that  GeOx  is  more  thermodynamically  stable  than  at  least  

GeS,  and  not  all  Ge  is  passivated  in  sulfur  solution  treatments.    

  

5.7.  Research  Motivation  and  Objectives  

  

The  study  shown  in  Chapter  8  extends  the  understanding  of  aqueous  ammonium  sulfide  

passivation   of  SiGe   surfaces  and   in  SiGe  MOSFET  applications.  What   is   unique  and  

novel  about  the  study  is  that  various  concentrations  of  acidic  aqueous  ammonium  sulfide  

treatments  were  applied  to  the  cleaned  SiGe  surface.  The  central  goals  of  the  study  are  

to   bond   a   full   monolayer   of   sulfur   to   germanium   and,   consequently,   reduce   the  𝐷"#.  

Secondary   to   these  goals,   are   the   characterization  of   the  alumina   thickness  and  bulk  

alumina  defects  after  ALD.  The  study  in  Chapter  8  only  uses  the  alloy  Si1-xGex  (x  =  0.25)  

with  the  (100)  surface.  

  

5.7.1.  Studying  a  MOSFET  with  a  Capacitor  

  

The   study   in   Chapter   8   relies   on   a   capacitor   (instead   of   a   transistor)   to   electrically  

characterize  interface  defects,.  The  reason  for  this  is  that  the  gate  of  a  transistor  is  just  a  
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capacitor,  and  the  interface  between  SiGe  and  alumina  is  contained  in  the  gate.  These  

metal-oxide-semiconductor  capacitors  are  called  MOSCAPs  (see  Fig.  5.7),  

  

 

 

Fig.  5.8:  Schematic  of  SiGe  MOSCAP  with  typical  contact  to  top  and  bottom  of  the  stack.  

  

The  MOSCAPs  in  this  study  are  fabricated  in-house  on  an  as-received  SiGe  wafer.  The  

surface  is  then  cleaned  and  treated  with  various  aqueous  ammonium  sulfide  solutions.  

Alumina  is  deposited  with  a  home-built  ALD  reactor  that  operates  under  low  vacuum.  The  

metal  electrode  (Ni)   is  deposited   in  a  cleanroom  environment  with  E-beam  deposition.  

Post-metallization  annealing  takes  place  in  a  custom  furnace  with  forming  gas.  All  treated  

SiGe  surfaces  are  measured  and  analyzed  with  XPS  separately  to  detect  the  Ge-S  bond.  

MOSCAPs   are   measured   for   capacitance   and   conductance   with   an   inductance-
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capacitance-resistance   (LCR)   meter   to   produce   capacitance-voltage   profiles   and   to  

calculate  𝐷"#.  

  

The  basic  process  of  building  the  MOSCAP  is  given  in  Fig.  5.8.  

  

 

  

Fig.  5.9:  MOSCAP  fabrication  with  sulfur  passivation  and  regrowth  of  germanium  sub  oxides.  

 
The  study  given  in  Chapter  8  does  not  focus  on  the  interface  between  Al2O3  and  the  metal  

electrode.  The  choice  to  use  nickel  is  because  it  has  a  higher  standard  reduction  potential  

than   aluminum.   This   prevents   the   formation   of   an   additional   oxide   due   to   the   metal  

reacting  with  alumina.   It   is  also  chosen  because   the  work   function   is  similar   to   that  of  

alumina.  An  ideal  flat  band  voltage  is  simply  the  difference  in  these  works  functions,  and  

is,  preferably,  as  close  to  zero  volts  as  possible.  
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Chapter  6.  Si1-xGex  MOSCAP  Theory  
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6.1.  Al2O3  ALD  Growth  Mechanism    

  

ALD  involves  the  layer  by  layer  growth  if  a  thin  film.  This  is  achieved  through  cycles  of  

saturating  the  surface  with  reactants/precursors.  For  Al2O3,  there  are  two  precursors:  H2O  

and  TMA.  A  precursor  diffuses  through  the  reactor  to  the  sample  surface,  adsorbs  on  the  

surface  and  then  reacts  with  it  to  form  the  first  layer.  Then  the  first  precursor  is  pumped  

out  and  the  second  is  purged  to  react  with  the  same  surface  that  just  reacted  with  the  first  

precursor.   This   process   repeats   itself   until   the   desired   thickness   of   Al2O3   is   reached.  

Typically,  TMA  and  water  are  alternatively  pulsed  into  a  reactor  at  low  vacuum  (see  Fig.  

6.1).   The   known   reaction   between   TMA   and   silicon   hydroxyls   is   thermodynamically  

favorable,  with  methane  as  the  byproduct.  Likely,  there  are  only  hydroxyls  on  the  silicon  

atoms,  since  germanium  is  more  reactive.  

  

  

Fig.  6.1.  Schematic  for  ALD  Al2O3  reaction  mechanism.  
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6.2.  Capacitance-Voltage  Profiling  

  

Capacitance-voltage  profiling  is  used  to  qualitatively  characterize  the  density  of  interface  

defects.  It  is  also  used  to  quantify  bulk  Al2O3  defects  as  well  as  the  thickness  of  the  Al2O3.  

The  method  also  allows  one  to  infer  the  presence  of  additional  dielectrics  grown  during  

processing.  Visual  inspection  of  the  slope  of  the  C-V  curve  is  the  qualitative  way  to  infer  

relative  density  of  defects.  At  best,  this  should  be  done  only  if  an  ideal  C-V  curve  can  be  

predicted,   which   requires   numerical   modeling.   For   this   reason,   quantitative   analysis  

through  𝐷"#  is  preferred.  From  C-V  data  and  material  properties,  the  real  flat  band  voltage,  

V34,6789,  is  extracted.  Then,  from  Eq.  6.1  any  dipole  present  at  the  semiconductor/dielectric  

interface  can  be  calculated.:  

  

V34 = ϕ; − ϕ<                                                                                          Equation  6.1  

  

V34,6789 = ϕ; − ϕ< −
��
���

− O
���

𝜌DE𝑥𝑑𝑥
#��
{                                               Equation  6.2  

  

To   calculate   the   theoretical   flat   band   voltage,   the   metal   work   function   (ϕ;)   and   the  

semiconductor   work   function   (ϕ<).   The   semiconductor   work   function,  ϕ<,   is   shown   in  

Equation  6.3  where  c  is  the  electron  affinity  of  the  semiconductor,  E?	  is  the  semiconductor  

energy  gap  and  NB  is  the  intrinsic  carrier  density  of  the  semiconductor.  These  values  can  

be  referenced  from  the  literature.  In  Eq.  6.3,  T  is  the  temperature  around  the  capacitor  

during  measurement,  and  k  is  Boltzmann’s  constant.  The  density  of  dopants,  NC,  can  be  

determined  experimentally  through  C-V  data.    
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ϕ< =
����

P��� 9�����

                                                                                  Equation  6.3  

  

The  difference  between  V34,6789  and  the  theoretical  V34  are  the  second  and  third  terms  in  

Equation   6.2.   The   third   term   represents   the   voltage   drop   across   the   interface   due   to  

interface  defect  charge,  which  is  derived  from  the  oxide  capacitance  (𝐶DE)  and  the  amount  

of  interface  charge  (𝑄").  The  fourth  term  represents  the  voltage  drop  across  the  oxide  due  

to  defect  charge  in  the  bulk  oxide,  which  is  derived  from  the  dielectric  permittivity  of  the  

oxide  (𝜀DE),  the  thickness  of  the  oxide  (𝑡DE)  and  the  charge  density  distribution  function  

through  the  oxide  (𝜌DE𝑥).  

  

Table  6.1  shows  the  expected  theoretical  V34  for  SiGe  MOSCAPs  in  the  study  given  in  

Chapter  8.    

  

Table  6.1:  Metal  Work  Functions  and  Theoretical  Flat  Band  Voltages.  

  

ϕ;  of  Ni  (eV)   4.5  

ϕ<  of  Si1-xGex  (x  =  0.25)63  (eV)   4.2  

Theoretical  V34  of  Ni  MOSCAP  (V)   0.3  
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The  thickness  of  the  dielectric  layer  and  any  additional  interfacial  layers  (such  as  GeO2  

regrown   during   ALD)   is   inferred   through   back-calculation   after   measuring   the  

capacitance.  Capacitance  is  inversely  proportional  to  the  dielectric  thickness,  tK�  through  

Equation  6.4:  

  

C = �� C
N ¡
                                                                                        Equation  6.4  

  

The  area  of  the  capacitor  electrode  (metal  layer  in  the  schematics  shown)  is  represented  

by  A,  and  the  vacuum  permittivity  is  represented  by  ϵK.  The  relative  dielectric  permittivity  

(or  dielectric  constant),  k,  for  GeO2,  is  half  that  of  Al2O3.  The  capacitance  across  the  GeO2  

layer  will   then  be  half   that  of   the  capacitance  across   the  Al2O3   layer.  The  capacitance  

from  each  of  these  dielectric  layers  adds  inversely,  which  means  the  lowest  capacitance  

(from  the  GeO2  layer)  dominates  the  total  capacitance  (see  Equation  6.5).  

  

O
¢£ £

= O
¢¤
+ O

¢n
                                                                                  Equation  6.5  

  

6.3.  𝑫𝒊𝒕  with  the  Conductance  Method  

  

The  Ge  oxide  defects  can  be  detected  most  directly  through  a  thin  Al2O3  layer  at  the  buried  

interface  with  chemical  characterization  techniques,  but,  typically,  interface  defects,  𝐷"#,  

are   indirectly   determined   through   a   calculation   with   electrical   data   from   a  MOSCAP.  

Density  of  interface  electrical  defects  is  inferred  from  the  C-V  profile  of  a  MOSCAP.  While  
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chemical  characterization  can  reveal  a  defect,  sometimes  the  signal  corresponding  to  it  

is  weak  enough   to  be  considered  negligible,  whereas  electrical  characterization  of   the  

same  transistor  may  show  that  same  defect  as  having  a  significant  and  detrimental  effect  

on  performance,  with  respect  to  the  1010  cm-3  standard.  The  Terman  method  from  1960  

derived  𝐷"#   from   measuring   the   slope   of   the   C-V   curves   from   Si/SiO2   MOSCAPs   in  

between   the   onset   of   depletion   and   the   onset   of   accumulation   capacitance,   and  

comparing  to  an  ideal  C-V  curve.64  Nicollian  and  Goetzberger  developed  an  equation  for  

𝐷"#  (Equation  6.6)  from  capacitance  and  conductance  (Equation  6.7)  and  an  equivalent  

parallel  circuit.41    

  

𝐷"# =
P.©
ª
(	  «¬

	  )T®E                                                                          Equation  6.6  

  

«¬

= «¯���n

«¯n�n(���°�¯)n
                                                                  Equation  6.7  

  

In   the   above   equations,  𝐺R   is   the   equivalent   parallel   conductance   which   in   turn   is   a  

function  of  measured  capacitance  (𝐶T),  conductance  (𝐺T),  angular  frequency  (w)  and  the  

applied  voltage  bias   (V).  Oxide  capacitance   (𝐶DE)   is   the  maximum  capacitance,  which  

occurs   at   measurement   frequencies   starting   at   about   100   kHz.   The   measured  

capacitance   should   converge   to   the   oxide   capacitance   value   by   1  MHz.   Since  𝐷"#   is  

usually   presented   across   the   band   gap,  𝐺T   and  𝐶T  must   be  measured   at   all   voltage  

biases  in  the  band  gap  and  across  at  least  several  frequencies  from  20  Hz  to  1.5  MHz.    
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Chapter  7.  Si1-xGex  MOSCAP  Experimental  and  Characterization  Tools  

and  Methods  
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7.1.  Fabrication  of  MOSCAPs  

  

The  MOSCAPs  are  made  on  1×1  cm2  samples  (a.k.a.  coupons).  First  the  SiGe  coupon  

is  cleaned  with  aqueous  HF  and/or  passivated  with  an  (NH4)2S  solution  to  deposit  S  under  

a  ventilated  wet  bench.  Immediately  following  (<  4  mins  in  ambient)  this  step,  the  coupons  

are  transferred  to  a  vacuum  chamber  where  they  stay  under  vacuum  (about  1E-8  Torr)  

to   prevent   oxidation   until   they   can  be   transferred   in-situ   (under   load-lock)   to   the  ALD  

reactor.  The  ALD  reactor  is  a  2”  diameter  by  1”  tall  cylinder.  A  single  coupon  is  processed  

at  any  given  time  with  a  set  recipe  of  ½  cycle  pulses  of  H2O  or  TMA  at  170  °C.  The  growth  

rate  is  approximately  1.4  Å  per  cycle  which  yields  a  final  thickness  of  10  nm  for  the  Al2O3.  

Even  though  the  industry  standard  is  much  thinner  (about  1  nm),  there  is  a  large  risk  of  

leakage  through  electron  tunneling  which  appear  in  the  C-V  data  and  therefore  mislead  

the  interpretation  of  Dit.  However,  at  10  nm,  diffusion  takes  longer  and  bulk  oxide  defects  

are  more  apparent  in  the  C-V  curve.    

  

After  ALD,  the  coupons  are  more  stable  in  air  due  to  the  thermodynamic  stability  of  Al2O3.  

However,  the  coupons  are  taken  immediately  from  vacuum  to  the  clean  room,  mounted  

to  a  shadow  mask,  and  put   into  an  E-beam  chamber  (BOC  Edwards  Auto  306)  under  

vacuum.  Transport  from  the  ALD  reactor  to  the  E-beam  chamber  causes  the  coupon  to  

be  exposed  to  ambient  conditions  for  about  1  hour  (due  to  the  need  for  the  coupons  to  be  

mounted  to  the  shadow  mask  before  being  put  into  the  chamber).  After  metal  deposition  

through   the   mask,   4-micron   size   metal   electrodes   are   formed   on   the   coupon   which  
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effectively  create  6  MOSCAPs  at  different  locations  on  the  coupon.  The  metal  deposited  

around  the  mask  effectively  creates  another  capacitor,  but  on  the  order  of  1  cm2.    

  

The  MOSCAPs  are  then  taken  out  of  the  clean  room  and  placed  in  a  furnace  with  forming  

gas  flowing  at  1,000  sccm  through  a  quartz  tube.  The  temperature  ramp,  as  well  as  the  

final  temperature  and  soak  time,  were  optimized  prior  to  this  study.  Previous  studies  have  

reported  SiGe  devices  to  have  been  exposed  to  250  to  400  °C  for  30  minutes  with  no  

mention  of  ramp-up  and  ramp-down  conditions.  13,  23  Finished  MOSCAPs  are  stored  in  

ambient  conditions.  In  our  case,  the  MOSCAPs  are  only  made  from  SiGe  or  SiGe/Al2O3  

coupons  that  have  not  undergone  any  XPS  characterization.  

    

7.2.  Characterization  Tools  and  Analysis  Methods    

  

7.2.1.  X-Ray  Photoelectron  Spectroscopy  

  

XPS   is  utilized   for   detection  and  analysis  of   silicon  and  germanium  oxides  and  sulfur  

bonding  on  the  SiGe  surface.  With  X-rays,  the  sample  surface  is  irradiated,  which  results  

in   emission   of   photoelectrons.   The   energies   of   the   photoelectrons   are   then   detected  

which  correspond  to  specific  binding  energies.  Measurements  are  taken  with  a  Physical  

Electronics  (Model  549)  XPS  system  with  a  non-monochromatic,  dual-mode  Al  Ka  X-ray  

source  (1486.6  eV)  and  a  double-pass  cylindrical  mirror  analyzer.  Measurements  were  

taken  with  high-resolution  scans  at  a  pass  energy  of  50  eV  with  0.1  eV  steps.  Peaks  are  

fit  with  a  Voigt  distribution  and  the  background  is  removed  with  a  Shirley  algorithm  using  
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Igor  Pro  (WaveMetrics,  Inc.,  Version  6.2).  The  Ge  3d  photoelectron  line  (29.4  eV)  is  used  

to  align  the  peaks.  Peak  areas  are  used  to  calculate  molar  ratios.  The  molar  ratio  of  Si/Ge  

present  on  the  surface  is  calculated  with  Si  2p  and  Ge  2p  peak  area  ratio  and  sensitivity  

factors.  

  

7.2.3.  LCR  Meter  

  

All   capacitance   and   conductance   measurements   are   taken   with   a   manual  

Micromanipulator  probe  station  and  an  Agilent  4284a  inductance-capacitance-resistance  

(LCR)  meter.  During  C-V  profiling,  due  to  the  setup  of  our  station,  the  probes  contact  a  

micron-size  electrode  and  a   centimeter-size  electrode  on   the   top/metal   surface  of   the  

SiGe  MOSCAPs  samples.  It  must  be  noted  that  the  SiGe  MOSCAPs  are  masked  before  

metal  deposition  to  create  these  two  electrodes.  This  is  referred  to  as  a  “top  contacting”  

method,  which  is  quite  unconventional.  It  can  be  thought  of  as  measuring  capacitors  in  

series.  Since  capacitors  in  series  add  inversely,  any  larger  capacitance  contribution  from,  

say,  the  second,  much  larger  electrode,  are  essentially  negligible.  
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Chapter  8.  Reaction  of  Aqueous  Ammonium  Sulfide  on  SiGe  25%  

(Supporting  Information  Included)    
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SiGe 25% substrates were treated with aqueous solutions of ammonium sulfide with and without
added acid to understand the adsorption of sulfur on the surface. X-ray photoelectron spectroscopy
showed no sulfide layer was deposited from aqueous (NH4)2S alone and instead both Si and Ge
oxides formed during immersion in the sulfur solution. The addition of hydrofluoric and hydro-
chloric acids dropped the pH from 10 to 8 and deposited sulfides, yet increased the oxide coverage
on the surface and preferentially formed Ge oxides. The sulfur coverage grew with increasing con-
centrations of acid in the aqueous (NH4)2S. The simultaneous deposition of O and S is suspected to
be the result of oxidized sulfur species in solution. Metal-insulator-semiconductor capacitor
(MISCAP) devices were fabricated to test the electrical consequences of aqueous ammonium sul-
fide wet chemistries on SiGe. MISCAPs treated with acidic ammonium sulfide solutions contained
fewer interface defects in the valence band region. The defect density (Dit) was on the order of
10þ12 cm–2 eV"1. The flat band voltage shift was lower after the acidic ammonium sulfide treat-
ment, despite the presence of surface oxides. Adsorption of S and potentially O improved the stabil-
ity of the surface and made it less electrically active. VC 2017 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4982223]

I. INTRODUCTION

Germanium and silicon germanium are desirable alterna-
tives to conventional silicon based devices due to the smaller
bandgap and increased hole mobility of germanium.1 The
incorporation of Ge into SiGe films also allows for tuning
the material properties. One problem with Ge and SiGe
based devices is the formation of Ge oxides, such as GeO2,
which are soluble in water and form a relatively high density
of defects at the interface with Ge.2,3 These oxides are
etched in halogen acids, but the freshly cleaned surfaces are
susceptible to reoxidation in air.4

Forming a covalent bond between an atom or molecule,
and the top most layer of atoms on SiGe that chemically pas-
sivates the surface could also electrically passivate the inter-
face when a dielectric film is deposited. Passivation of Ge
surfaces with sulfur has been studied using both gas and liq-
uid phase processes. Weser et al. characterized the structure
of sulfur-passivated Ge surfaces after exposure to S2 in a
vacuum. The surface was characterized using Auger electron
spectroscopy (AES) and low energy electron diffraction
(LEED). A coverage of 0.3 monolayers (MLs) of sulfur was
obtained, and the sulfur atoms were in two-fold bridging
sites shared between two germanium atoms.5,6 Alternate
sources of sulfur such as H2S have also been investigated.
Gas phase H2S dissociatively adsorbs on the surface and
reaches a saturation coverage of 0.25 ML at room tempera-
ture and up to 0.5 ML after heating to 553 K to desorb hydro-
gen from the surface.7

Deposition of sulfur from aqueous solutions, such as
ammonium sulfide (NH4)2S, has also been studied. Anderson

et al. used AES to show that a single layer of sulfur was
deposited from (NH4)2S on a Ge(100) substrate. LEED pat-
terns showed that the sulfur atoms formed a bridge bonded
configuration similar to that achieved in gas phase studies.8

In contrast, Lyman et al. carried out a similar experiment on
Ge(001) and achieved up to 2.5 ML consisting of a disor-
dered sulfur layer above a thin layer of bridge bonded sulfur
atoms.9 Disorder was also observed using scanning tunneling
microscopy after short immersions in ammonium sulfide,
which yielded 0.3 ML of sulfur.10 To better understand the
mechanism of sulfur adsorption on Ge as well as the surface
structure, Fleischmann et al. used x-ray absorption and
molecular dynamics simulations to study sulfur on Ge. They
found that S forms bridge bonds to Ge, as expected. The
results also show that S interacts with other species on the
surface, namely Ge oxides, which inhibit the formation of a
complete sulfur layer.11

We report on the reaction of aqueous (NH4)2S on clean
Si1–xGex (x¼ 0.25) (SiGe 25%) and characterize the bonding
of both S and O on the surface and their impact on electrical
performance. Previous work shows that (NH4)2S solutions
deposit 0.54 ML of S, but both Si and Ge oxides remain after
treatment.12 We investigated how the addition of acid to
(NH4)2S changes the S and O coverages. To complement the
chemical characterization of the surface, we fabricated
metal-insulator-semiconductor capacitor (MISCAP) devices
to mimic the gate stack in a transistor. The electrical perfor-
mance of these devices can be used to learn how to reduce
the most electrically active defects and improve the perfor-
mance of SiGe transistors which are in production. The prob-
lem of Ge oxides remaining on the SiGe surface has
prompted studies on how to control the interface between
SiGe and a dielectric. Nearly all steps in fabricating thea)Electronic mail: muscat@email.arizona.edu
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MISCAPs have been studied as a means of figuring out how
to control electrical defects. Recently, there have been stud-
ies on controlling the growth of both Si and Ge oxides at the
SiGe/high-k (Al2O3) interface by manipulating the composi-
tion of the metal contact layer, plasma postnitridation, pre-
atomic layer deposition (ALD) dosing, and wet chemical
sulfur passivation.12–17 When sulfur chemistries were used
before Al2O3 dielectric deposition in SiGe 30% MISCAPs,
the density of interface defects reported was as low as
2:0! 1012 cm"2 eV"1.12

II. EXPERIMENT

Hydrogen peroxide (H2O2, 30%), hydrochloric acid (HCl,
37%), and VLSI grade hydrofluoric acid (HF, 49%) were
purchased from Honeywell. Ammonium hydroxide
(NH4OH, 28%–30% NH3 basis) was purchased from Sigma
Aldrich. Ammonium sulfide [(NH4)2S, 20%–24%] was pur-
chased from Alfa-Aesar. Ultrapure water (UPW, 18 MX cm)
was used to make solutions and for rinsing. All reagents and
solvents were used as received.

Si1–xGex (x¼ 0.25) ($40 nm) on p-type Si(100) wafers
were cut into 1.0! 1.8 cm2 coupons. Organic contaminants
were removed by immersion in SC-1 NH4OH:H2O2:H2O
with the ratio of 1:1:500 for 2 min followed by rinsing with
UPW for 1 min and blown dry with N2. Oxides were
removed by immersion in HF:HCl:H2O with the ratio of
1:3:300 for 5 min. The cleaned coupon was transferred
directly, without rinsing or drying, either into an aqueous
(NH4)2S solution at room temperature for 20 min or into a
water bath for 20 min, which served as a control. Acidic
(NH4)2S solutions were prepared by diluting (NH4)2S and
adding appropriate volumes of HF and HCl. Upon addition
of acids, a precipitate formed. The coupon was removed,
rinsed with UPW for 30 s, and blown dry with N2. Within
4 min, during which it was exposed to air, the coupon was
loaded in a vacuum. Either the surface of the coupon was
characterized immediately or a dielectric film was deposited
on the coupon in the process of building a device. Electrical
measurements were made on device coupons prior to any
surface or film characterization.

The surface composition was measured using x-ray photo-
electron spectroscopy (XPS, Physical Electronics, Model 549)
equipped with a nonmonochromatic dual-anode Al/Mg x-ray
source and a double-pass cylindrical mirror analyzer. The Al
Ka x-ray source (1486.6 eV) was used for all analyses, and
high resolution spectra were obtained using a 0.1 eV resolu-
tion with a pass energy of 50 eV. The instrument was cali-
brated with the Au 4f7=2 peak at 84.0 eV (FWHM¼ 1.9 eV).
The Ge 3d photoelectron line at 29.4 eV was used for charg-
ing correction. Peak analysis was carried out using Igor Pro
(WaveMetrics, Inc., v.6.2). Shirley background subtraction
was performed, and the peaks were fitted with Voigt line-
shapes.18 Si/Ge peak area ratios were calculated using the Ge
2p and Si 2p peak areas and appropriate sensitivity factors.19

MISCAP devices were fabricated by depositing an alumina
dielectric film on coupons prepared by one of the following
three methods: (1) cleaning and drying only (control), (2)

cleaning and immersion in aqueous ammonium sulfide
(NH4)2S:H2O 1:100, or (3) cleaning and immersion in aque-
ous ammonium sulfide with added acid HF:HCl:(NH4)2S:H2O
in the ratio of 0.15:0.15:1:100. The alumina, Al2O3, was
deposited at 170 %C by ALD using trimethylaluminum
[Al(CH3)3, Hi-K grade, Rohm and Haas] and water vapor
with ultrapure nitrogen as a purge and carrier gas. The approx-
imate Al2O3 film thickness deposited in each cycle was 1.3 Å,
and the nominal film thickness was 10 nm measured using an
ellipsometer (J.A. Woollam Company M-2000). See Fig. 3 in
the supplementary material.34 The dielectric film thickness
was purposefully chosen to be thick enough to avoid oxide
leakage. After ALD, the three coupons were fitted to a shadow
mask for metal contact deposition. The shadow mask con-
tained both a runway and four gate contacts for each coupon.
Each gate contact had an area of 12.6lm2, effectively creat-
ing three MISCAP devices per coupon. Ni and Au (50 nm/
25 nm) layers were deposited through the mask using an e-
beam evaporator (BOC Edwards Auto 306). To complete the
fabrication of the MISCAP devices, all three coupons were
annealed together in a glass tube furnace for 30 min at 400 %C
in 1 slm of forming gas.

MISCAP devices were tested using an Agilent 4284a LCR
meter at room temperature. Capacitance–voltage measure-
ments from "2 to 2 V were taken for three MISCAP devices
on a single coupon and averaged. Capacitance and conduc-
tance data from a single MISCAP device per coupon were
used to calculate the density of interface defects (Dit) accord-
ing to the conductance method developed by Nicollian et al.20

Conductance was measured with a DC bias spanning accumu-
lation to deep depletion and over a frequency range of
100 Hz–1 MHz. The applied AC signal was 10 mV. An upper
limit of 1 MHz was used because Dit is known to be less accu-
rate above this frequency.20 All Dit values were corrected for
series resistance if frequency dispersion in accumulation was
observed. Frequency dispersion data are shown in Figs. 6 and
7 of the supplementary material.34

III. RESULTS

The surface composition was monitored using XPS after
treatment with (NH4)2S. Figure 1(a) shows the high resolu-
tion XPS spectra of the Si 2p, Ge 2p, O 1s, and S 2p regions
of the SiGe native oxide surface with no solvent cleaning. In
the Si 2p region, peaks at 99.4 and 103.3 eV correspond to
bulk Si and SiOx, respectively.21 Bulk Ge and GeO2 are
assigned at 1217.4 and 1221.3 eV in the Ge 2p region, and
the O 1s region shows a single, broad peak at 532.7 eV
(FWHM¼ 2.4 eV) corresponding to a mixture of Si and Ge
oxides.21,22 The broad peak at approximately 168 eV is
assigned to a satellite peak from the Si 2s photoelectron line.

Figure 1(b) shows a 2 min immersion in SC-1 solution
and 4 min of air exposure as with all the other coupons. Si
and Si oxides are detected in the Si 2p region. The area ratio
shows that the intensity of the Ge 2p peaks is reduced by a
factor of 1.8 compared to a native oxide surface due to the
selective removal of Ge from the film. The bulk peak shifts
slightly to higher binding energy at 1217.6 eV, and a broad

03E110-2 Heslop, Peckler, and Muscat: Reaction of aqueous ammonium sulfide on SiGe 25% 03E110-2

J. Vac. Sci. Technol. A, Vol. 35, No. 3, May/Jun 2017



 95  

  

 

peak at 1220.5 eV is attributed to a mixture of Ge suboxides
on the surface. GeO2 does not appear because it is soluble in
water. The broad peak in the O 1s region shifts slightly
(þ0.2 eV) due to the selective removal of Ge atoms from the
film and oxidation of the remaining Si. In the S 2p region,
only the Si 2s satellite peak is detected at 168 eV.

In Fig. 1(c), the SiGe surface was etched in an aqueous
mixture of HF and HCl. The peak due to Si oxides was
removed below detection limits. A peak at 1219.2 eV was
resolved and assigned to GeO. The intensity of the O 1s
peak is reduced by a factor of 14 compared to the native
oxide surface after etching, and a small peak at 532.4 eV was
fitted. The Si 2s satellite peak in the S 2p region increases in
intensity due to the removal of the oxide layer. Figure 1(d)
shows a control experiment in which a cleaned SiGe surface
was immersed in UPW alone for 20 min. Si oxides are not
detected in the Si 2p region. In the Ge 2p region, bulk Ge is
fitted at 1217.5 eV, while a peak at 1218.5 eV is assigned to
a mixture of Ge suboxides. A peak was fitted at 532.7 eV in
the O 1s region.

Figures 1(e)–1(h) show the SiGe surface after a 20 min
immersion in increasing concentrations of (NH4)2S.
Spectrum e corresponds to (NH4)2S with the ratio of 1:1000
v/v. The Si 2p region shows only a bulk peak at 99.4 eV,
while the Ge 2p region shows a small peak corresponding to
the Geþ2 state. A single broad peak in the O 1s region at
532.4 eV again demonstrates that both the Si and Ge oxides
were present. Sulfides, which are indicative of covalent bond

formation with the surface, are not detected in the S 2p
region at 162 eV. Increasing the concentration to 1:100 v/v
(spectrum f) shows similar results where only the presence
of bulk Si is detected. Bulk Ge and Geþ2 are observed in the
Ge 2p region. The O 1s region shows a mixture of both Si
and Ge oxides at 531.9 eV. Increasing the (NH4)2S concen-
tration further to 1:10 v/v causes oxides to appear in the Si
2p region at 102 eV (spectrum g). Oxide growth is also
detected in the Ge 2p region with the peak at 1219.3 eV
attributed to the Geþ2 state. The intensity of the O 1s signal
grows while the peak shifts slightly toward higher binding
energy at 532.3 eV. Spectrum h is observed after a 20 min
immersion in undiluted (NH4)2S. Both the Si and Ge peaks
are attenuated because of oxide growth. The intensity of the
peak at 102.9 eV attributed to Si oxides grew sharply. A broad
peak (FWHM¼ 3.5) at 1219.6 eV corresponds to a mixture of
Ge oxides on the surface. Bulk Ge is detected at 1217.5 eV,
and a broad peak (FWHM¼ 3.6) at 1220.4 eV is assigned to
Ge oxides. The area of the O 1s peak at 532.6 eV doubled.
The Si 2s satellite peak at 168 eV in the S 2p region was atten-
uated due to the growth of the oxides on the surface, and there
was no evidence of sulfide adsorption at 162 eV despite the
high concentration of ammonium sulfide in solution.

The film stoichiometry after control and (NH4)2S treat-
ments is shown in Fig. 2. The ratio of oxidized Si and Ge
with respect to bulk Si and Ge peaks was used to separately
follow the oxidation of each surface atom. The overall oxide
was tracked using the O 1s peak area compared to each

FIG. 1. XPS spectra of SiGe coupons after immersion in increasing concentrations of (NH4)2S. All coupons were previously cleaned with SC-1 and HF/HCl
comixed solutions before immersion in (NH4)2S. Coupons were transferred to ultrahigh vacuum for analysis within 4 min of ambient air exposure. (a) Native
oxides, (b) 2 min of immersion in NH4OH:H2O2:H2O with the ratio of 1:1:500 followed by 1 min DIW rinse, (c) 5 min of immersion in HF:HCl:H2O with the
ratio of 1:3:300, (d) 20 min of immersion in UPW alone, and (NH4)2S at dilutions v/v of (e) 1:1000, (f) 1:100, and (g) 1:10 and (h) undiluted. Solid lines corre-
spond to the fitted peaks, and circle markers correspond to data.
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substrate atom by summing all peaks in that region. Native
oxide samples show the highest levels of oxidation [Fig. 2(a)].
SC-1 treatments show similar levels of Si oxides (Siþ/Si)
while the relative amount of oxidized Ge atoms (Geþ/Ge)
drops due to etching of Ge by the solution [Fig. 2(b)]. Acid
etched samples show no Si oxides and the lowest Ge oxide
[Fig. 2(c)]. A small increase in oxides is observed in the UPW
control [Fig. 2(d)]. Immersing the samples in aqueous (NH4)2S

increased the coverage of oxide without depositing sulfur, and
ultimately, the oxide coverage was comparable to a native
oxide covered surface [Figs. 2(e)–2(h)].

Hydrofluoric and hydrochloric acids were added to lower
the pH, with the intent of etching oxides that form when cou-
pons are immersed in aqueous (NH4)2S solutions. Figure 3
shows the XPS spectra of SiGe surfaces treated with acidic
(NH4)2S. The pH of both aqueous and acidic (NH4)2S solu-
tions was measured using pH paper. Aqueous (NH4)2S solu-
tions had a pH of approximately 10, and the addition of HF
and HCl to the solution dropped the pH to 8. Figures
3(a)–3(c) are used for reference and show the surface with
the native oxide, after oxide removal, and after immersion in
aqueous (NH4)2S (1:100 v/v) without acid. Note that the
(NH4)2S (1:100 v/v) solution contained a small volume
(20–100 ll) of acid introduced by the carryover layer on the
coupon when it was transferred from the etching solution to
the ammonium sulfide bath. Surfaces treated with the acidic
(NH4)2S solutions are shown in Figs. 3(d)–3(f). Figure 3(d)
was obtained after immersion in a solution of HF:HCl:
(NH4)2S:H2O with a volumetric ratio of 0.05:0.05:1:100.
The Si 2p region shows bulk Si detected at 99.4 eV and Si
oxides at 101.8 eV. Bulk Ge is shifted slightly to 1217.6 eV,
and the peak corresponding to a mixture of Ge suboxides
was fitted at 1219.7 eV. The mixture of Si and Ge oxides
could not be separated in the O 1s region, and a peak was fit-
ted at 532.2 eV. The S 2p region shows the Si 2s satellite
peak, and sulfides are still not detected. The spectra after
increasing the concentration of HF and HCl in the (NH4)2S
solution to 0.1:0.1:1:100 (HF:HCl:(NH4)2S:H2O) are shown

FIG. 2. (Color online) Peak area ratios calculated for coupons treated with
varying concentrations of (NH4)2S. (a) Native oxide SiGe, (b)
NH4OH:H2O2:H2O in the ratio of 1:1:500 with 1 min of DIW rinsing, (c)
HF:HCl:H2O in the ratio of 1:3:300, (d) UPW 20 min, and (NH4)2S at dilu-
tions v/v of (e) 1:1000, (f) 1:100, and (g) 1:10 and (h) undiluted.

FIG. 3. XPS spectra of SiGe coupons after immersion in acidic (NH4)2S solutions. (a) Native oxide SiGe, (b) HF:HCl:H2O in the ratio of 1:3:300, and
(NH4)2S:H2O (1:100 v/v) with HF:HCl in the ratios of (c) 0:0, (d) 0.05:0.05, (e) 0.1:0.1, and (f) 0.15:0.15. Solid lines correspond to fitted peaks, and circle
markers correspond to data.
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in Fig. 3(e). The presence of Geþ2 is detected at 1219.1 eV.
A peak at 532.3 eV was fitted in the O 1s region. A small
shoulder is observed near 162 eV in the S 2p region corre-
sponding to the formation of sulfide bonds. This shoulder
became more pronounced when increasing the volume of
acid added to the aqueous (NH4)2S. In Fig. 3(f), the surface
treated with HF:HCl:(NH4)2S:H2O v/v in the ratio of
0.15:0.15:1:100 for 20 min is shown. A small peak was fitted
at 102.4 eV corresponding to Si oxides. Additionally, Ge
oxides were detected at 1219.7 eV. A peak was fitted at
532.2 eV in the O 1s region despite the addition of more
acid. A strong sulfide peak was detected at 162 eV in the S
2p region.

Peak area ratios for acidic (NH4)2S processes were calcu-
lated and are plotted in Fig. 4. The peak areas were taken
from the spectra in Fig. 3 and corrected for the XPS peak
sensitivity. Ratios of sulfides to substrate peaks were also
included. Experiments (a)–(c) are for reference correspond-
ing to the surface with native oxide, after acid etching, and
after treatment with (NH4)2S (1:100 v/v) without acid.
Adding acid to (NH4)2S deposits sulfur, and the coverage
increases (S/Ge) as the acidity of the solution is increased.
Despite the addition of HF and HCl to the solution, the for-
mation of oxides is still observed. The relative amount of
oxides increases as a function of increasing HF and HCl con-
centration despite the presence of sulfur on the surface.
These results suggest the simultaneous deposition of oxygen
and sulfur species, such as a sulfate, on the surface.

Figure 5 shows the averaged C-V profiles for three differ-
ent surface treatments, with the average calculated from three
MISCAP devices on each coupon. The MISCAP devices on
coupons that were cleaned had an average flat band voltage of
0.88 6 0.01 V and an average calculated oxide thickness of
1660:44 nm. For MISCAP devices on coupons that were
cleaned and treated with aqueous (NH4)2S (1:100 v/v), the
average flat band voltage was 0.78 6 0.07 V and the averaged
calculated oxide thickness was 1660:07 nm. On the devices
cleaned and treated with the HF:HCl:(NH4)2S:H2O solution in

the ratio of 0.15:0.15:1:100, which yielded the highest S cov-
erage, the average flat band voltage was 0.40 6 0.20 V and
the average calculated oxide thickness was 1861:5 nm.

Midband gap voltages were calculated with depletion
capacitance data. Dit values at the midgap and around the
Si1–xGex (x¼ 0.25) band gap are shown in Fig. 6. At a midgap
voltage of 0.57 V, the Dit without an ammonium sulfide sur-
face treatment was 6:4# 10þ12 cm$2 eV$1. Likewise, for the
two ammonium sulfide surface treatments, the Dit values are
4:4# 10þ12 cm$2 eV$1 at Vmid ¼ 0:48 V for the (NH4)2S
(1:100 v/v) solution and 1:4# 10þ12 cm$2 eV$1 at Vmid

¼ 0:15 V for the HF:HCl:(NH4)2S:H2O solution with the ratio
of 0.15:0.15:1:100.

IV. DISCUSSION

After etching in halogen acids, the (100) faces of both
pure Si and Ge surfaces are hydrogen terminated.23,24 XPS
of the Cl 2p region (supplementary material, Fig. 4) shows
no Cl bound to the surface after etching in HF/HCl.34 The
SiGe 25% surface contains an equal number of Si–Si and
Si–Ge dimers, on average. On SiGe 25%, the hydrogen ter-
mination must be incomplete because there are small Geþ2

oxide and O 1s peaks in the XPS [Fig. 1(c)]. In pure water,
slightly more oxides formed. The O 1s peak area was 1.4
times larger for coupons with a 20 min UPW immersion
compared to freshly cleaned coupons and Ge surface atoms
oxidized preferentially to Si. We expected the aqueous
ammonium sulfide solutions to deposit sulfur on the freshly
cleaned SiGe surface. Instead, sulfur was not detected, and
the surface was reoxidized after etching in the HF and HCl
acid mixture. In the least concentrated 1:1000 v/v (NH4)2S
solution, the oxide coverage doubled compared to the water
control. As the (NH4)2S became more concentrated, the

FIG. 4. (Color online) Peak area ratios for coupons treated with varying con-
centrations of (NH4)2S. (a) Native oxide SiGe, (b) HF:HCl:H2O in the ratio
of 1:3:300 and (NH4)2S:H2O (1:100 v/v) with HF:HCl in the ratios of (c)
0:0, (d) 0.05:0.05, (e) 0.1:0.1, and (f) 0.15:0.15.

FIG. 5. (Color online) Averaged C-V profiles measured at 1 MHz for Si1–xGex

(x¼ 0.25) MISCAP devices with the following surface treatments: (a) cleaned
and dried, (b) cleaned and immersed in aqueous ammonium sulfide [(NH4)2S
(1:100 v/v)], and (c) cleaned and immersed in aqueous ammonium sulfide
with added acid [HF:HCl:(NH4)2S:H2O in the ratio of 0.15:0.15:1:100].
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oxide coverage increased. Ge atoms oxidized preferentially,
and at the highest ammonium sulfide concentrations, Si
oxides formed (Fig. 1). Ultimately, treatment with the high-
est concentration of (NH4)2S resulted in 6.4 times more oxy-
gen on the surface compared to the water control. The
oxides that form must be the result of the solution chemistry
because no sulfur was detected on the surface and the dis-
solved oxygen concentration, although not controlled, was
presumably the same for all the experiments. Moreover, the
time of air exposure of the coupons between liquid solution
processing and loading into the vacuum chamber for analysis
was controlled and fixed in each experiment.

In order to rationalize these results, we consider the solu-
tion chemistry. Ammonium sulfide dissociates completely in
water into ammonium and sulfide ions

ðNH4Þ2S! 2NHþ4 þ S2$: (1)

The ammonium ion dissociates into ammonia and a proton

NHþ4 !NH3 þ Hþ; (2)

and the sulfide ion is reduced by protons ultimately forming
hydrogen sulfide

S2$ þ Hþ!HS$; (3)

HS$ þ Hþ!H2S: (4)

The extent of these reactions depends on the pH of the solu-
tion. When treated with (NH4)2S alone, which had a pH of
about 10, more oxides formed. Previous studies have
reported the use of Lewis bases such as NH3 and pyridine as
catalysts for low temperature growth of SiO2.25,26 While
these studies were done using gas phase reactants, it is possi-
ble that a similar mechanism is responsible for the growth of

oxides on the SiGe surface in (NH4)2S solutions which con-
tain both NHþ4 and NH3 even though nitrogen species were
not detected in the XPS (supplementary material, Fig. 1).34

The sulfide and hydrosulfide ions can react with oxygen
forming sulfites and sulfates

S2$ þ 3

2
O2 ! SO2$

3 ; (5)

2HS$ þ 2O2 ! S2O2$
3 þ H2O: (6)

Reactions (5) and (6) have large equilibrium constants and
are effectively irreversible as written forming sulfite SO2$

3

and thiosulfate S2O2$
3 . However, there is no direct evidence

for the adsorption of either of these anions on the surface.
Sulfites are expected at binding energies of 167 eV, while
adsorption of thiosulfate species would yield two peaks at
162 and 168.5 eV due to the different oxidation states of the
sulfur atoms.27,28 Both of these overlap the Si 2s satellite
peak, and the FWHM of the Si 2s satellite peak does not
change with the ammonium sulfide concentration with or
without acid compared to the clean surface control. In Fig. 1,
the Si 2p, Ge 2p, and Si 2s satellite peaks are all attenuated
after immersing in ammonium sulfide, and the O 1s state
increases sharply. The Ge oxide to Ge ratio varies, but higher
concentrations of ammonium sulfide yield a higher ratio.
One interpretation of these data is that the sulfite and thiosul-
fate adsorb on the SiGe surface and oxidize it. Monolayer
adsorption of sulfate ions on SiO2 has been observed from
very low concentrations (0.05 M) of K2SO4 and Na2SO4.29 It
is possible that the reaction of Ge atoms has a lower barrier
and these react first, and ultimately, Si atoms oxidize as the
ammonium sulfide concentration is increased. The Si to Ge
peak area ratio increases sharply for the most concentrated
(NH4)2S solution, which shows that Ge etched because
GeO2 formed and dissolved in water (supplementary mate-
rial, Fig. 5).34

Adding acid to the ammonium sulfide solution deposited
sulfides on the surface. Figure 4 shows peak area ratios of
oxides to bulk for both substrate peaks for various pro-
cesses. Comparison of the (NH4)2S 1:100 aqueous treat-
ment [Fig. 4(c)] with acidic ammonium sulfide processes
[Figs. 4(d)–4(f)] shows that the deposition of sulfur also
results in more oxygen. As the amount of acid in solution is
increased, the peak attributed to sulfides grows, but oxides
continue to grow. The highest sulfur coverage achieved
[Fig. 3(f)] resulted in an increase in oxides by a factor of
2.8 compared to aqueous (NH4)2S. To quantify these cover-
ages, thicknesses of the sulfur and oxide layers were calcu-
lated from XPS peak areas using the sulfide peak at 162 eV
and peaks attributed to oxides at 102 eV in the Si 2p region.
A simple model of Si/SiO2/S was assumed. The sulfur layer
was calculated to be approximately 0.4 Å thick for spectra d
and e in Fig. 3. The SiO2 layer from spectra d and f ranged
from 0.3 to 0.4 Å in thickness. The maximum sulfur thick-
ness achieved, shown in Fig. 3(f), was 0.7 Å. These thick-
ness values correspond to submonolayer coverages.

Surfaces treated with aqueous (NH4)2S showed no Ge–S
bond formation. The addition of HF and HCl to the solution

FIG. 6. (Color online) Dit for MISCAP devices with the following surface
treatments: (a) cleaned and dried, (b) cleaned and immersed in aqueous
ammonium sulfide [(NH4)2S (1:100 v/v)], and (c) cleaned and immersed in
aqueous ammonium sulfide with added acid [HF:HCl:(NH4)2S:H2O in the
ratio of 0.15:0.15:1:100].
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drives the reaction equilibria toward the formation of H2S
which reacts on the surface. Sulfides are not expected to
bond to the Si atoms, primarily due to the much shorter Si–S
bond length (2.24 Å) compared to an ideally reconstructed
Si(100) surface (2.34 Å) as well as a much larger bond angle
for Si–S (118.4! compared to 109.4!).30 Another possibility
for the deposition of sulfur under acidic conditions is the for-
mation of sulfate species in solution. Sulfates cannot be
resolved in the S 2p region due to the Si 2s satellite peak;
however, sulfate species in solution could explain the simul-
taneous deposition of sulfur and oxygen on the surface.
Under acidic conditions, the reduction of the sulfate species
produces elemental sulfur and hydrogen sulfide that adsorb
and react on the surface.

The surfaces treated with aqueous ammonium sulfide
with and without acid result in MISCAP devices with less
interface defects at the valence band edge than a control.
Both sulfides and oxides appear to reduce interface defects
with energies near the valence band. Sulfur was detected on
the surface after immersion in an acidic ammonium sulfide
solution and before ALD [Fig. 3(f)]. Sulfur was not detected
by XPS without acid, but Dit is still less compared to the
control MISCAP device (Fig. 6). This may mean that sulfur
bonds are present but not enough to be detected using XPS.
Based on the chemical and electrical data we cannot distin-
guish whether it is the sulfides and/or oxides that reduce Dit

[Figs. 3(c) and 3(f)].
For these MISCAPs, the flat band voltages are nearly

equal for the control and the aqueous ammonium sulfide
solution surface treatment at 0.90 and 0.87 V. These flat
band voltages are shifted from literature reported flat band
voltages for similar devices, but our MISCAPs have a dielec-
tric layer that is thicker by a factor of three or more.12 The
positive voltage shift could be due to the increase in fixed
oxide and/or interface charge, and the shift scales linearly
with the thickness of the dielectric layer. According to the-
ory, a thicker dielectric layer will increase the absolute mag-
nitude of the fixed oxide charge contribution to the flat band
voltage.31,32 Interface charge should be minimized with the
400 !C postmetallization forming gas anneal though.20 The
MISCAP treated with acidic ammonium sulfide produces a
flat band shifted by "0.64 V with respect to the MISCAP
treated with ammonium sulfide and no acid (Fig. 5). The
acidic ammonium sulfide could yield a thicker dielectric
stack, less interface charge, and less fixed oxide charge.

A similar trend is observed for the calculated Al2O3 thick-
ness for the three types of MISCAP devices, with the acidic
ammonium sulfide treated MISCAP being 26% thicker. (All
the thickness values reported were found by assuming that
the dielectric layer is only Al2O3.) The calculated oxide
thickness is inversely proportional to capacitance in accumu-
lation and proportional to the dielectric constant. If there
were an interfacial layer or the effective dielectric constant
were lower (due to a different quality alumina) in this
MISCAP, the electric field across this oxide and thus the
capacitance in accumulation would be lower. Such an inter-
facial layer would be composed of oxides resulting from
either of the ammonium sulfide surface treatments before

ALD [Figs. 4(b), 4(c), and 4(f)]. For example, if a layer of
GeO2 were present, it would result in a slightly lower capaci-
tance in accumulation because its dielectric constant is 4.5
compared to approximately 9 for alumina.33 It is also possi-
ble that these surface treatments result in bulk Al2O3 layers
that differ in the amount of defects even though the physical
thicknesses of the Al2O3 layer on each of these surfaces
measured by ellipsometry were nearly equal at approxi-
mately 10 nm (supplementary material, Fig. 3).34

V. CONCLUSIONS

SiGe surfaces were treated with aqueous ammonium sul-
fide at increasing concentrations. Sulfides did not bond to the
surface atoms, but instead the surface oxidized at a faster
rate compared to the control. At high concentrations of
ammonium sulfide, the surface became enriched with Si,
possibly due to the etching of Ge by NH4OH in solution.
Adding halogen acids to the solution facilitates the deposi-
tion of a thin layer of sulfur, but oxides also grow, likely due
to sulfate species formed in solution, which adsorb to the
surface. Even though Si and Ge oxides were present before
ALD, the MISCAP with the most sulfur bonds to SiGe has a
lower interface defect density and a smaller flat band voltage
shift.
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FIG. 1. N 1s XPS spectra for SiGe coupons after immersion in increasing concentrations of

(NH4)2S. Coupons were transferred to ultra-high vacuum for analysis within 4 min of ambient ex-

posure. a) Native oxides and (NH4)2S at dilutions v/v of b) 1:1000, c) 1:100, d) 1:10, e) undiluted,

f) 05:0.05:1:100 HF:HCl:(NH4)2S:H2O, g) 0.1:0.1:1:100 HF:HCl:(NH4)2S:H2O, h) 0.15:0.15:1:100

HF:HCl:(NH4)2S:H2O. Solid lines correspond to fitted peaks and circle markers to data.

The N 1s XPS region was scanned after all processes to measure nitrogen containing

adsorbates on the surface (Fig. 1). The native oxide surface, where we expect no nitrogen

containing species, is shown in spectrum a. Spectra b-e correspond to increasing concentra-

tions of (NH4)2S and acidic treatments are shown in spectra f-h. Adsorbed NH3 is expected

in the range 398.6-399.5 eV. If ammonium salts were present on the surface after treatment,5

we would expect a peak in the range of 400.5-403 eV [1]. The surface was free of N to

the detection limits of XPS, supporting the hypothesis that ammonium cations were not

responsible for oxide formation. It is possible that the oxidation in solution is due to a more

complicated mechanism involving ammonia or ammonium cation as a catalyst.

The speciation in (NH4)2S solutions was modeled using equilibrium thermodynamics. The10

model assumes the complete dissociation of (NH4)2S. Equilibrium constants for equations

2-4 in the original manuscript were obtained from the CRC Handbook. Modeling results

are shown in Fig. 2. Plot a) is the concentration of species in a (NH4)2S 1:100 v/v solution.

Species attributed to Cl or F are not present since no acid was added to the solution. NH3

and NH4
+ are present in relatively high concentrations (10�2M) and the predominant sulfur15

2
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FIG. 2. Solution modeling for a) (NH4)2S 1:100 v/v, b) 05:0.05:1:100 HF:HCl:(NH4)2S:H2O, c)

0.1:0.1:1:100 HF:HCl:(NH4)2S:H2O, d) 0.15:0.15:1:100 HF:HCl:(NH4)2S:H2O. Addition of HF and

HCl to ammonium sulfide solution reduces NH3 and drives H2S.

species in solution is HS�. Adding acid to the NH4)2S solution shifted the equilibria favoring

H2S and HS� (Fig. 2b-d).

Ellipsometry was used to ascertain whether or not the three wet chemical surface treat-

ments used to build SiGe MISCAP devices changed the final thickness of the dielectric layer.

The thickness was measured after atomic layer deposition (ALD) of Al2O3 on the SiGe 25%20

(100) surface, but before deposition of metal contacts. Figure 3 shows the average thickness

of Al2O3 after the three surface treatments. Each average was calculated from the measure-

ment of five di↵erent locations on the same coupon (2 cm2). Error in thickness comes from

variation in thickness across the coupon. The expected thickness based on our ALD growth

3
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FIG. 3. Average thickness of Al2O3 deposited on SiGe(100) 25% after the following treatments:

a) cleaned and dried, b) cleaned and immersed in aqueous ammonium sulfide ((NH4)2S 1:100

v/v), c) cleaned and immersed in aqueous ammonium sulfide with added acid (0.15:0.15:1:100

HF:HCl:(NH4)2S:H2O).
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FIG. 4. Cl 2p XPS spectra for a) Native oxide SiGe, and b) HF:HCl:H2O 1:3:300.

rate was 99.5 Å (1.3 Å/cycle, 71 cycles). The control device (a) had an Al2O3 thickness of25

105.6 ± 0.50 Å. The two sulfur-treated devices had thicknesses of 105.7 ± 0.94 Å (b) and

105.0± 0.84 Å (c).
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FIG. 5. Peak area ratios of Si 2p to Ge 2p photoelectron lines for coupons treated with varying

concentrations of (NH4)2S. a) Native oxide SiGe, b) 1:1:500 NH4OH:H2O2:H2O with 1 min DIW

rinse, c) HF:HCl:H2O 1:3:300, d) UPW 20 min, and (NH4)2S at dilutions v/v of e) 1:1000, f) 1:100,

g) 1:10, h) undiluted.

The Cl 2p XPS region was scanned during all experiments and is shown in Fig. 4.

Spectrum a corresponds to a native oxide surface with no solvent cleaning (Cl free surface).

Spectrum b is a coupon after the native oxide has been etched away in HF:HCl:H2O 1:3:300.30

Chlorine is below detection limits for both samples. After etching, the surface is hydrogen

terminated. The shoulder in spectrum b at 200 eV corresponds to the Ge Auger line and

becomes more pronounced after stripping the native oxide.

To monitor film stoichiometry after (NH4)2S treatments, the ratio of the Si 2p to Ge

2p peak area was calculated for each process. The corrected peak area for each state was35

computed by summing the areas of the bulk and oxide peaks in each region and dividing

by the XPS sensitivity factor. The ratios plotted in Figure 5 correspond to the processes

in Figure 1 of the main manuscript. The Si to Ge ratio of 2.5 in Figure 5a suggests that

the native oxide is Ge rich; a ratio of 3 is stoichiometric for the Si 75%/Ge 25% film. The

Ge enrichment of the native oxide could be an artifact of the greater surface sensitivity of40

the Ge 2p state compared to the Si 2p state. The Si to Ge ratio of 5.4 in Figure 5b shows

that the SC-1 solution selectively removed Ge from the surface, enriching the surface in Si to

about 84%. Etching in HF and HCl removed the Si oxides left behind by the SC-1 treatment

and returned the film close to its starting stoichiometry (Si/Ge = 1.8 in Figure 5c). After

5
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FIG. 6. CV profiles of the same SiGe 25% MISCAP device taken at frequencies from 100 Hz to 10

kHz with the following surface treatment: cleaned and dried

cleaning and etching, coupons were directly immersed into the aqueous (NH4)2S solutions.45

The Si to Ge ratio remained approximately constant at 1.7-1.8 for aqueous (NH4)2S 1:1000

to 1:10 v/v solutions (Figure 5d-f). However in concentrated (NH4)2S, the Si to Ge ratio

increased to 3.2 and the surface was again depleted of Ge relative to the dilute ammonium

sulfide solutions. The Ge 3d state, which is not as surface sensitive as the Ge 2p state, was

also used to compute ratios, and the Si 2p to Ge 3d ratio shows the same trend as the Si 2p50

to Ge 2p ratio.

Figures 6 and 7 show CV data from one MISCAP device at various frequencies. The

frequency dispersion in accumulation is indicative of series resistance in the device. Unless

otherwise stated, all CV data elsewhere at 1 MHz has been corrected for series resistance.

Figure 8 shows CV data (uncorrected for series resistance) for three MISCAP devices from55

three di↵erent coupons with the same surface treatment (cleaned and dried), but annealed

at either 300, 350, or 400 �C in forming gas. Accumulation capacitance varies for these

devices, but there is no discernible trend in the CV profiles as temperature is increased from

300 �C to 400 �C. This may be due to lack of repeatability in other steps in the MISCAP

fabrication process.60
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MHz with the following surface treatment: cleaned and dried
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in FGA at 300, 350, or 400 �C
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FIG. 9. Peak area ratios of Si 2p to Ge 2p photoelectron lines for coupons treated with varying

concentrations of (NH4)2S. a) Native oxide SiGe, b) 1:1:500 NH4OH:H2O2:H2O with 1 min DIW

rinse, c) HF:HCl:H2O 1:3:300, d) UPW 20 min, and (NH4)2S at dilutions v/v of e) 1:1000, f) 1:100,

g) 1:10, h) undiluted.

The Si 2p to Ge 2p peak area ratios for acidic (NH4)2S processes were also calculated

and are plotted in Figure 9. The peak areas were taken from the spectra in Figure 3 of the

main manuscript and corrected for the XPS peak sensitivity. Experiments a-c are for the

references corresponding to the surface with native oxide, after etching, and after treatment

with (NH4)2S 1:100 v/v. Increasing the acidity of the aqueous (NH4)2S produced Si 2p to65

Ge 2p peak area ratios of 2.1, 1.8, and 2.4, which are similar to that without added acid.
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The  process  of  manufacturing  microchips  can  be  thought  of  as  simply  the  layer  upon  layer  

deposition  of  materials,  followed  by  patterning  and  selective  (or  blanket  removal)  of  the  

layers  depending  on  the  objective.  Starting  from  the  bottom  and  growing  vertically,  the  

initial   layers   form   the   logic   part   of   the   microchip   (e.g.   transistors)   with   a   variety   of  

processing  methods  that  are  categorized  as  front  end  of  the  line  (FEOL).  Then,  the  layers  

of  metal  interconnects  are  established  by  the  processing  steps  in  the  back  end  of  the  line  

(BEOL).  With  every   layer,  before  beginning   the  process  of  building  a  new   layer,   there  

needs  to  be  near  perfect  planarization  of  the  surface.  This  is  to  ensure  ideal  growth  of  the  

next  layer.  In  the  formation  of  interconnects  in  the  microchip,  essentially  a  dielectric  is  first  

deposited  over   a   feature   (such  as  a   transistor),   and   then  metal   is   deposited  over   the  

dielectric.   Before   metal   can   be   deposited,   the   dielectric   must   be   polished   to   remove  

topography  that  propagated  from  initial  layers  (Fig.  9.1)  or  any  mounds  or  pits  that  formed  

during  deposition  of   the  dielectric.  All   the  subsequently  deposited   layers  will  have   this  

topography  as  well,  because  of  propagation  through  conformal  deposition.  

  

 

 

Fig.  9.1:  Propagation  of  topography  through  dielectric  and  metal  deposition.65  
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Early   attempts   to   solve   this   issue   in   microelectronics   manufacturing   focused   on   the  

method  of  deposition  and  how,  in  this  one  step,  to  ultimately  generate  a  smooth  surface.  

These  deposition  methods  included  spin-on  glass  (SOG)  and  borophosphosilicate  glass  

(BPSG)  chemical  vapor  deposition  (CVD)  and  reflow.66-69  These  methods  required  high  

processing   temperatures   (1000   °C),   and   they   were   only   effective   in   achieving   local  

planarity.   Chemical   mechanical   planarization   (CMP)   came   about   as   a   polish   step  

secondary   to   the   initial   deposition   of   a   not-quite   smooth   surface,   and,   unlike   the  

deposition  step,  it  produced  a  globally  planar  surface.  Even  today,  it  consists  essentially  

of  pressing  a  wafer  into  a  rotating  polishing  pad  with  slurry  wetting  the  pad.  Material  is  

removed  from  the  wafer  through  nanoscale  abrasion  and  chemical  reactions  occurring  

between  the  wafer,  pad  and  slurry  particles  (Fig.  9.2).  

  

 

  

Fig.  9.2:  Schematic  of  CMP  polisher.70  
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CMP  was  discovered  by  Klaus  Beyer  at  IBM  in  1983.  Coincidentally,  Beyer  was  applying  

megasonic  polishing  with  a  slurry  to  a  silicon  wafer  to  remove  micro-scratches.  He  later  

took  a  risk  in  applying  this  relatively  “dirty”  method  –  because  it  generated  particle  waste  

–  to  a  wafer  that  had  just  been  treated  with  a  shallow  trench  isolation  (STI)  fill,  and  found  

that  it  successfully  removed  surface  mounds  that  were  left  over  from  the  STI  process.71,  

76-77  However,  the  widespread  integration  of  CMP  came  with  the  0.25  𝜇m  technology  node  

(gate   length),   and  was   for   polishing   the   silicon   dioxide   interlayer   dielectric   (ILD).   IBM  

developed   the   multilevel   vertical   interconnect   architecture   in   secret   initially,   but   they  

exposed  this  technology  and  its  advances  in  CMP  in  the  late  1980s  to  SEMATECH.71  By  

2004,  nearly  half  of  all  wafers  in  the  industry  were  used  for  the  quarter  micron  technology  

node,  and  required  CMP.72    

  

The  basic  steps  of  planar  processing  needed  for  integrated  circuitry  is,  first,  that  material  

is  added  in  layer(s),  and,  second,  that  material   is  removed  from  these  layers  in  places  

where   it   is   not   desired.   In   most   cases,   adding   material   to   a   layer   causes   severe  

topography  which  in  turn  stresses  the  circuitry.  This  is  another  reason  why  every  previous  

layer  of   interconnects  needs  to  be  globally  planar  before  starting   the  deposition  of   the  

next   layer.   Furthermore,   since   precisely   depositing   a   layer   of   an   exact   thickness   and  

uniformity  is  quite  challenging,  the  typical  approach  has  been  to  intentionally  deposit  too  

much   of   the   material   for   one   layer,   and   then   to   etch   back   or   polish   the   excess  

“overburden”  material.  
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Vertical  construction  of  multiples  layers  of  interconnected  metal  wiring  was  not  going  to  

be  possible  if  each  layer  of  interconnects  was  not  globally  planar  before  depositing  the  

next   layer.   Besides   propagation   of   topography,   the   deposition   of   subsequent   layers  

hinged  on  a   lithographic  process  with  a   strict   depth  of   focus   (DOF)  budget.  This  was  

needed  to  ensure  that  the  image  of  the  surface  was  not  distorted.  For  example,  a  248-

nm  beam  of  UV  light  can  print  with  0.25  𝜇m  resolution,  but  it  can  only  provide  a  DOF  of  

450  nm.  This  means  surface  topography  needs  to  be  within  450  nm  for  proper  focusing.73  

Using  a  distorted  image  due  to  improper  DOF  results  in  deposition  of  circuit  elements  of  

the  wrong  dimension  and   in   the  wrong   location.     As   the  aspect   ratio  of   transistor  gate  

length  to  height  of  interconnect  structures  became  more  severe  with  scaling  according  to  

Moore’s  law,  DOF  requirements  became  even  more  stringent.    

  

To   this  day,  CMP   is   the  only  process   in  microchip  manufacturing   that  achieves  global  

surface   planarity   and   uniformity   across   the   entire   wafer   surface,   and   has   sufficient  

repeatability.  Today’s  microchips  are  even  more   intricate  due   to   the  consequences  of  

Moore’s   law.   They   contain   transistors   that   have   3D   architectures   (FinFETs)   and   an  

increasing  number  of  metal  interconnect  layers.  In  the  BEOL,  major  CMP  advancement  

came   with   copper   as   the   choice   interconnect   and   the   development   of   the   Dual  

Damascene  process  by  IBM  in  1997.74  Fifteen  years  later,  interconnects  were  already  ten  

times  smaller  and  there  were  15  layers  of  interconnects.  On  the  FEOL,  by  2007,  for  the  

45-nm  technology  node,  two  CMP  steps  were  incorporated  in  the  formation  of  the  high-k  

gate  of  the  transistor.75  There  are  now  a  total  of  20  to  30  steps  that  require  CMP,  from  
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the  FEOL  through  the  BEOL.78  The  materials  in  these  layers  are  also  more  varied,  with  

each  requiring  a  unique  CMP  process.  

  

9.1.  Metal  CMP  

  

9.1.1  Tungsten  CMP  

  

While  CMP  has   its   roots   in   the  polishing  of   silicon  dioxide,  eventually,  metal   contacts  

needed  to  be  polished  in  the  BEOL  formation  of  interconnects  in  the  microchip.  By  the  

1980s,  IBM  was  secretly  working  on  their  multilayer  interconnect  technology.  In  the  early  

development   of   this   technology,   aluminum   was   used   as   the   plug   material,   which  

electrically  contacted  the  logic  devices  to  the  interconnects.    Tungsten  replaced  aluminum  

as   the   metal   plugs   in   microchips,   because   CVD   tungsten   filled   the   plug   holes   more  

effectively  and  its  melting  point  was  not  as  low  as  that  of  aluminum  (see  Fig.  9.3).79      

  

 

 

Fig.  9.3:  Tungsten  plugs.80    



 115  

A  result  of  the  damascene  process  was  that  excess  tungsten  being  deposited  in  the  CVD  

step.  Before  depositing  the  first  layer  of  interconnects,  this  excess  “overburden”  had  to  

be  removed,  so  that  final  surface  would  become  planar  and  relatively  defect-free.  Initially,  

this  was  done  through  a  dry  etch-back  step.  Fluorine-based  plasma  etching  was  applied  

to   the   tungsten   covered   wafer   to   remove   the   excess   tungsten.   Similar   traditional  

planarization  techniques  were  sputtering  etch-back  and  photoresist  etch-back.  Thermal  

planarization  techniques,  such  as  BPSG,  were  avoided  because  they  required  operation  

at  temperatures  above  the  melting  point  of  other  BEOL  metals,  such  as  aluminum.  This  

dry   etch-back   step   was   not   effective   in   achieving   full   planarization,   often   requiring   a  

second  round  of  etching,  which  produced  too  many  new  defects  (Fig.  9.4).  

  

 

  

Fig.  9.4:  Cross  section  of  patterned  wafer  showing  early  interconnects  made  from  aluminum,  

BPSG  of  the  dielectric  around  the  tungsten  plugs  and  plasma  etch  back  of  excess  tungsten  

producing  a  non-planar  surface  below  ILD  1.81    
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By   1987,   IBM   began  work   to   develop   a  CMP  process   for   tungsten.82   Tungsten  CMP  

eventually   replaced   the   dry   etch-back   step,   because   it   removed  metal   residue   better,  

produced   less   particles,   and   even   removed   some   particles.83   Eventually,   IBM’s  

interconnect  technology  was  not  a  secret,  and  tungsten  CMP  was  used  being  used  by  

Intel  in  1995.84-85  Five  years  later,  tungsten,  along  with  ILD,  CMP  were  the  most  mature  

and  often  used  CMP  processes  in  fabs.86    

  

9.1.2  Copper  CMP  

  

By  the  nineties,  in  an  effort  to  continue  scaling  according  to  Moore’s  law  and  to  improve  

chip   performance,   the   material   of   not   only   the   plug,   but   also   the   interconnects   had  

changed.   Copper   replaced   aluminum   interconnects   mainly   because   it   was   40%   less  

resistive.  IBM  developed  a  way  to  deposit  thinner  interconnects  that  were  made  of  copper  

through  a  process  called  additive  patterning,  and  introduced  the  microchip  with  six  levels  

of   copper   interconnects   into  market   in   1997.87   CMP   of   copper   was   a   crucial   step   of  

additive  patterning.  First,  a  pattern  of  trenches  and  vias  was  etched  into  a  layer  of  silicon  

dioxide.  Then,  through  a  process  known  as  Dual  Damascene,  a  barrier  layer  and  a  copper  

layer  were  deposited  over   the  wafer,   filling   the   trenches  and  vias.  Excess  copper   that  

spilled  over  the  edges  of  the  trenches  was  removed  through  CMP  (Fig.  9.5).  
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Fig.  9.5:  Schematic  of  the  copper  dual-damascene  fabrication  process,  (a)  Via  patterning,  (b)  

Via  and  trench  patterning,  (c)  Barrier  layer  and  copper  seed  deposition,  (d)  Copper  

electroplating  and  excess  removal  by  CMP,  and  (e)  Capping  layer  deposition.88   

  

9.2.  Tribology  in  CMP  

  

Tribology  is  an  important  aspect  in  the  mechanical  removal  of  wafer  material  for  all  CMP.  

Within  the  slurry,  shearing  (or  friction)  from  the  abrasive  particles  removes  wafer  material.  

Shearing  also  occurs  at  the  interfaces  between  the  wafer  and  pad,  and  also  between  the  

conditioning   disc   and   the   pad.   It   is   the   shearing   between   the   disc   and   pad   that  

regenerates  the  pad  surface  micro-texture.  Friction  between  the  rotating  wafer  and  pad  

causes  the  micro-texture  to  change,  which  then  decreases  removal  rate.  One  explanation  

of  this  is  that  the  pores  in  the  pad’s  surface  micro-texture  act  like  vessels  that  hold  the  
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slurry,  and  without  these  vessels  the  slurry  would  be    washed  away  more  quickly,  thereby  

shortening  the  contact  time  with  the  wafer.  The  asperities  within  the  micro-texture  are  the  

tallest   features,   and   the  part   of   the  pad   that  makes   contact  with   the  wafer.   They   can  

deform  as  they  receive  all  the  down  force  from  the  polisher,  which  causes  extreme  heat  

generation  in  a  very  small  area.  In  previous  research  from  our  group,  we  used  confocal  

microscopy  to  determine  the  contact  area  between  these  asperities  and  the  wafer.  This  

was  done  with  a  specialized  sample  holder  that  mimicked  a  wafer  pressing  into  the  pad  

sample.  In  general,  pad  morphology  that  makes  contact  with  the  wafer  is  on  the  order  of  

microns  for  the  pores  and  asperity  height.73    

  

In  CMP,  the  conditioning  disc  is  employed  to  essentially  roughen  the  pad  surface  micro-

texture.   The   micro-texture   is   known   to   impact   the   thermal,   kinetic   and   tribological  

characteristics   of   polishing.   Conditioning   of   the   pad   in-situ   is   an   effective   way   of  

regenerating  the  porous  pad’s  surface  micro-texture  for  enhanced  polishing  performance.  

The  discs  have  relatively  hard   (often  diamond-studded)   features  on   their  working   face  

that  are  pressed  into  the  pad.  The  disc  rotates  and  slides  from  the  center  to  the  perimeter  

of   the   pad   as   it   roughens   the   pad.   Some   conditioners   are   relatively   aggressive   and  

increase  the  contact  area  between  the  pad  and  the  wafer  (possibly  by  generating  more  

asperities).89    

  

At   steady  state,  assuming  a  constant  pad  surface  micro-texture  and  material   removal  

rate,  there  is  a  certain  amount  of  shear  force  between  these  interfaces  that  is  constant.  

Understanding   how   the   magnitude   of   shear   force   changes   with   varying   process  
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parameters  is  relevant  for  CMP  process  optimization.  To  understand  shearing,  from  an  

empirical  standpoint  mainly,  there  must  be  a  means  for  detecting  of  shearing  first.    

  

Our  research  group  obtains  shear  force  data  from  this  interface  through  a  sensor  attached  

to  our  APD-80090  polisher  (see  Ch.  11  for  details).  Four  additional  sensors  placed  at  the  

bottom   of   our   polisher  measure   the   normal   force   from   the   applied   pressure   from   the  

carrier  head’s  down  force  to  the  pad.  Though  the  sensor  is  located  as  close  as  possible  

to  the  relevant   interfaces,   it  also  detects  vibration  from  the  rest  of   the  polisher,  as   it   is  

impossible  to  isolate  the  pad  and  wafer  from  the  rest  of  the  polisher.  An  inherent  challenge  

of   using   data   from   this   sensor   is   to   differentiate   the   signal   originating   from   various  

processing  metrics   (i.e.   sliding  velocity  and  polishing  pressure)  and  consumables   (i.e.  

pad,  disc  and  retaining   ring)   from  that  of   the  polisher   itself.   Increases  or  decreases   in  

friction  due  to  pad  surface  micro-texture  are  slight  in  comparison  to  the  forces  generated  

by  other  moving  components  of  the  polisher,  because  these  components  are  orders  of  

magnitude  larger   in  their  weight  and  size.  While  the  sensor  only  “sees”  the  cumulative  

force,  it  is  presumed  that  slight  changes  in  cumulative  force  are  possibly  due  to  changes  

in  processing  parameters.  Earlier  research  established  these  correlations  using  the  Hall  

effect  and  instantaneous  changes  in  the  polisher’s  carrier  head  motor  current,  with  the  

premise   that   the  magnitude  of   the  motor  current  was  proportional   to   the  magnitude  of  

force  due  to  friction.91-93    

  

Since  this  sort  of  research  in  CMP  is  in  its  infancy,  a  first  step  is  to  correlate  the  cumulative  

shear   force  with   the  process  parameters.  Previous   research  by  our  group  shows   that  
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shear  force  FFT  spectral  fingerprinting  and  analysis  of  force  variance  from  in-situ  shear  

force  measurements  taken  during  pad  conditioning  is  effective  for  real-time  monitoring  of  

when  the  pad  becomes  sufficiently  “broken  in”.94  

  

9.3.  Research  Motivations  and  Goals  

  

Chapters  12,  13  and  14   introduce  a  new  polishing  performance  parameter:  directivity.  

Directivity,  ∆,   is   the   ratio  of   shear   force  variance   to  normal   force  variance,  and  has  a  

corollary  in  violin  design.  This  term  was  first  introduced  for  CMP  purposes  by  the  study  in  

Ch.   12.   Taking   into   account   the   directivity   parameter.   Chs.   13   and   14   are   CMP  

consumables   and   polishing   parameters   studies   which   focus   on   the   pad   conditioner,  

polishing  pressure  and  sliding  velocity.    

  

The  goal  in  each  study  was  to  determine  if  directivity  (as  determined  by  in-situ  shear  and  

normal   force  variances  detected   from   the  polisher)  correlates   to  changes   in   the  wafer  

material  removal  rate  and  various  pad  surface  micro-texture  parameters.  Through  images  

of  the  pad  surface  after  polishing  (taken  with  confocal  microscopy  in  a  previous  study  by  

our  research  group),  contact  area  between  wafer  and  pad  (CA),  density  of  pad  asperities  

(𝜌)  and  the  microhydrodynamic  lubrication  layer  thickness  (MHDLL)  are  extracted.  While  

the  impact  of  other  variables  is  significant  (i.e.  slurry  chemistry,  pad  type  and  the  like),  we  

assumed  these  to  be  constant.  That  way  we  could  focus  mainly  on  how  the  pad  surface  

micro-texture  generated   from  different  conditioning  discs  was   related   to   the  directivity.  

Two  different,  commercially  available,  CVD  diamond-coated  conditioning  discs  were  used  
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to   generate   different   pad   surface  micro-textures.   Polishing   experiments  were   done   at  

several  different  sliding  velocities  and  polishing  pressures,  and  with  the  APD-800  polisher  

(see  Ch.  11).  

  

In  addition,  force  scatter  plots  (shear  force  vs.  normal  force)  were  generated,  and  the  fast  

Fourier  transform  (FFT)  was  applied  to  all  in-situ  force  data  collected  during  the  copper  

and  tungsten  CMP  experiments  in  Chs.  13  and  14.  The  literature  on  frequency  signatures  

from  in-situ  shear  force  measurements  measurements  during  CMP  is  quite  unformulated.  

A  previous  study  from  our  research  group  concluded  that  there  were  unique  frequency  

signatures  from  shear  force  signals  and  that   they  correlated  well  with  polishing  events  

such  as  the  extent  of  pad  conditioning.  If  we  can  show  that  in-situ  force  measurements  –  

interpreted   through   directivity,   force   scatter   plots   and   FFT   of   shear   force   signals   –  

correlate  with  polishing  performance  and  pad  surface  micro-texture,  we  can  then  provide  

a   less   costly   approach   to   evaluation   of   polishing   performance.   Typical   performance  

qualifications,  through  confocal  microscopy  of  the  pad  surface  and  optical  measurements  

of   the  wafer   thickness,  are  costlier   than   in-situ   force  measurement.  For  example,  one  

could   predict   the   approximate  RR  and   pad   surface  micro-texture   during   the   polishing  

experiment  from  in-situ  force  responses.    
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Chapter  10.  CMP  Theory  
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10.1.  Tungsten  and  Copper  Removal  Mechanisms    

  

In  CMP,  much  research  effort  has  been  applied  to  understanding  how  the  slurry  impacts  

metal  removal  rates.  The  first  etching  mechanisms  for  tungsten  proposed  that  mechanical  

abrasion  occurs  when  there  is  a  relatively  soft  tungsten  oxide  (known  as  the  passivation  

layer)  that  forms  on  the  wafer  surface.95-96  Kaufman  et  al.  proposed  this  mechanism  in  

1991  where  they  postulated  that  tungsten  atoms  on  the  wafer  surface  react  with  oxidizers  

in  the  slurry  to  form  various  tungsten  oxides.  Kaufman’s  study  used  ferricyanide  as  the  

slurry  oxidant.  Equation  10.1  shows  how  tungsten  oxidizes  and  then  dissolves  into  the  

slurry  solution  as  etching  occurs.  

  

W+ 6Fe(CN)µ°u + 3HPO → WOwP° + 6Fe(CN)µ°w + 8H�                  Equation  10.1  

  

Kaufman  also  claimed  there  to  be  a  competing  reaction  going  on  where  tungsten  forms  

a  different  oxide  (the  passivation  layer),  one  that  is  softer  and  does  not  dissolve  into  the  

slurry  (see  Equation  10.2):  

  

W+ 6Fe(CN)µ°u + 3HPO → WOu + 6Fe(CN)µ°w + 6H�                    Equation  10.2  

  

This  softer  tungsten  oxide  is  removed  through  mechanical  abrasion  by  the  slurry  particles,  

and   the   process   essentially   repeats   itself   as   another   oxide   layer   forms   on   the   newly  

exposed  tungsten  atom.  Both  the  growth  rate  of  this  oxide  layer  and  the  dissolution  of  the  

oxides   into   slurry   effect   the   removal   rate   of   tungsten.98-99   However,   later   studies  
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concluded  that  mechanical  removal  via  the  softer  tungsten  oxide  may  not  be  a  significant  

factor,  because  the  oxide  growth  rate  was  orders  of  magnitude  lower  than  the  measured  

wafer  material  removal  rate.73,100  

  

From  a  mainly  chemical  point  of  view,  the  etching  mechanism  of  copper  through  CMP  is  

said  to  follow  the  same  basic  rules  as  the  Kaufman  etching  mechanism  for  tungsten.  A  

passivation  layer  in  the  form  of  an  oxide  is  generated  through  a  reaction  between  copper  

on  the  wafer  surface  and  oxidants  in  the  slurry.  The  oxide  must  be  relatively  soft,  allowing  

it  to  be  sheared  away  from  the  wafer  by  abrasive  particles  in  the  slurry.  Copper  is  reactive  

with  H2O2  in  the  slurry  and  has  been  shown  to  produce  CuO,  while  alumina  (instead  of  

H2O2)  produces  Cu2O.101-103  Cu2O   is  harder   than  CuO,  and  will  scratch   the  underlying  

copper  on  the  wafer.    

  

It  has  been  shown  for  copper  that  the  pH  of  the  slurry  solution  changes  the  mechanism  

of  etching.  One  study’s   initial  claim  was  that  only   the  protruding   features  on   the  wafer  

surface  are  mechanically  abraded,  and  even  more  so  if  they  are  composed  of  a  relatively  

soft  oxide  material.  The  regions  below  the  protruding  features  can  also  be  oxidized,  but  

they   are   shielded   from   being   mechanically   abraded.   The   study   then   proved   that   a  

relatively  soft  copper  oxide  formed  in  alkaline  solutions.  In  acidic  conditions  the  oxidation  

did   not   occur,   and   bare   copper   was   etched   chemically,   and   isotropically,   in   both  

protruding  and  lower  regions.  However,  in  other  studies,  the  chemical  etch  rate  of  copper  

has  been  found  to  be  negligible.104-105    
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There  are  at  least  two  major  differences  between  the  etching  of  these  two  metals  during  

CMP.   The   first   is   that   copper   will   not   dissolve   in   the   slurry   like   tungsten   does.103,106  

Secondly,  tungsten  is  29  times  harder  than  copper  and  will  abrade  less  easily.107-108    

  

10.2.  Mechanical  Material  Removal  Models  in  CMP  

  

Probably  the  most  common  kinetic  performance  metric  used  in  CMP  is  the  removal  rate  

(RR).   In  the  simplest  and  theoretical  sense,  RR	     is  proportional   to  the  pressure  applied  

from  the  carrier  head  through  the  wafer  onto  the  pad.  This  is  in  accordance  with  Preston’s  

equation  as  shown  below:109    

  

j¹
j#
= 𝑘[𝑝𝑣                                                                                        Equation  10.3  

  

In  Preston’s  equation,  𝑧  represents  the  thickness  of  the  material  layer  on  the  wafer,  𝑝  is  

the  applied  pressure,  𝑣  is  the  linear  velocity  of  the  wafer  relative  to  the  pad  and  𝑘[  is  a  

proportionality  constant.  RR  is  equivalent  to  the  LHS  of  the  equation  which  represents  the  

change   in   thickness   with   time.   In   practice,   this   equation   has   been   shown   to   not   be  

accurate,   in  comparison   to  RR  calculated   form  optical  measurements  of   the   thickness.  

Luo  et  al.  plotted  RR  vs.  𝑣  and  𝑝.  They  found  the  expected  linear  relationship  between  RR  

and  𝑣  and  𝑝,  but  that  RR  did  not  go  to  zero  with  𝑣,  𝑝  =  0.  They  empirically  added  additional  

terms  to  the  equation  to  fit  the  data  exactly.110-111  
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10.2.1.  Tribology    

  

The  first  law  of  friction  simply  states  that  friction  is  proportional  to  the  normal  load  applied  

to  the  surface  (see  Equation  10.4).  The  coefficient  of  friction  in  this  equation,	  µμ,  can  be  

derived  from  another  definition  of  friction  in  terms  of  the  real  contact  area,  𝐴a,  and  the  

shear   strength,	  𝑆c112   (see  Equation   10.5).   The   contact   pressure,  𝑃&,   is   defined   as   the  

applied  load  per  real  contact  area.    

  

𝐹 = 	  𝜇𝐿 = 	  𝐴a𝑆c                                                                              Equation  10.4  

  

𝜇 = 	   &º
Rº
                                                                                            Equation  10.5  

  

In  CMP,  as  the  applied  pressure  from  the  carrier  head  increases  so  does  the  friction  at  

the  pad-wafer  interface.  Friction  in  CMP  processes  is  characterized  mainly  through  the  

shear  force  sensor  measurements  at  the  interface  near  the  interface  of  the  pad  and  wafer.      

  

Aside  from  RR,  coefficient  of   friction  (𝐶𝑂𝐹)   is   the  most  common  polishing  performance  

metric.  𝐶𝑂𝐹   is   a   ratio   of   the   pad-slurry-wafer   shear   force   to   the   normal   force   applied  

through  the  wafer  carrier  as  per  Equation  10.6  below:    

  

𝐶𝑂𝐹 = 	   »º
»¼
                                                                                          Equation  10.6  
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While  these  forces  can  be  measured  accurately  and  precisely  in  real-time,  the  key  metric  

used  by  process  engineers  has  typically  been  the  “average”  COF  during  polishing,  which  

uses   the  average  shear  and  normal   force  over   the  course  of  polishing  which  can   last  

anywhere  from  30  seconds  to  several  minutes.  

  

In  our  research  group,  the  instantaneous  measurements  of  shear  force  and  down  force  

have  been  particularly  useful  when  analyzed  through  a  fast  Fourier  transform  to  look  for  

unique  stress  impulse  frequencies  from  the  polisher,  pad-wafer  and  pad-disc  interfaces.  

The  raw  shear  force  data  (in  time  domain)  is  separated  into  two  components:  the  mean  

shear  force  of  the  system,  F,  and  its  fluctuating  component,  f  (t),  where,  

  

𝐹 𝑡 = 	  𝐹 + 𝑓(𝑡)                                                                      Equation  10.7  

  

While   a   single   vibration   from   a   polishing   component   such   as   the   carrier   head   of   the  

conditioning  disc,  has  a  frequency  associated  with   it,   it  also  has  harmonic  frequencies  

resulting   from   the   original   vibration   that   appear   in   the   FFT   spectrum   as   well.   The  

additional  harmonic  frequencies  crowd  the  spectrum,  making  it  difficult  to  see  patterns  or  

changes  in  the  spectrum  with  variation  of  process  parameters.  To  simplify  the  spectrum,  

we  applied  order  (𝑝Dajka)  analysis  which  is  a  methodology  for  normalization  of  the  data  to  

a  known  frequency  of  a  polishing  component.113-115  For  example,  frequency,  𝑓,  can  be  

normalized  to  the  frequency  of  the  platen  (i.e.  the  platen’s  speed)  as  per  Equation  10.8:    

  

𝑝Dajka 	  = 	  
½	  ×	  µ{
¿RÀ

                                                                                Equation  10.8  
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Variance  of  shear  force  and  normal  force  with  time  can  also  be  interpreted  as  a  signature  

of   the   process   parameters   and   the   polisher.   Directivity   is   the   new   term   used   by   our  

research  group  that  captures  the  variance  of  the  shear  and  normal  force  (𝜎&,	  𝜎f)    during  

polishing  (see  Equation  10.9):  

  

∆	  = 	   (Áº)
n

(Á¼)n
                                                                                        Equation  10.9  

  

CMP  directivity  was  first  reported  by  our  group,  and  is  analogous  to  violin  directivity.  Violin  

directivity   is  a  dimensionless  parameter   that   is  equal   to   the   ratio  of  variance  of   forces  

exerted  through  the  top  plate  to  variance  in  forces  exerted  through  the  bottom  plate  of  the  

violin.  It  is  used  to  measure  directional  sound  radiation.  Values  much  greater  than  unity  

indicate  sound  travels  from  the  violin  mainly  unidirectionally.  Directivity  for  new,  vs.  old  

violins  can  be  remarkably  different.  Since  CMP  directivity  is  a  new  term,  it  is  not  clear  yet  

what  different  values  of  it  mean  as  far  as  CMP  polishing  performance  or  quality.  At  this  

point,  the  main  use  of  this  term  is  for  end-point  detection  during  polishing.  
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Chapter  11.  CMP  Experimental  and  Characterization  Tools  and  

Methods  
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11.1.  APD-800  Polisher  and  Tribometer  

  

The  shear  and  normal  force  data  that  were  analyzed  for  the  studies  detailed  in  Chs.  13  

and   14   was   collected   through   sensors   in   the   APD-800   single-platen   polisher   and  

tribometer.   The   APD-800   was   manufactured   jointly   by   Araca,   Inc.   and   Fujikoshi  

Machinery   Corporation.   The   polisher   consists   essentially   of   a   platen,   wafer   carrier  

system,  conditioner  carrier  system,  process  controls  and  data  acquisition  (see  Fig.  11.1).  

Commercial   pads,   conditioning   discs,   and  wafer   (up   to   300  mm)   are   installed   on   the  

platen,  conditioner  carrier  and  wafer  carrier  (through  retaining  ring),  respectively.  

  

 

Fig.  11.1:  APD-800  polisher  and  tribometer.  
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The   800-mm   platen   is   ceramic   and   rotates   counterclockwise   (as   well   as   the   pad)   at  

velocities  ranging  from  20  to  180  RPM.  It  has  a  built-in  heat  exchanger.  There  are  four  

load  cells  on  each  corner  of  the  base  of  the  platen  assembly.  The  signals  from  all  four  

sensors  are  given  as  a  summation  in  the  reported  normal  force  data.    

  

Besides  holding  the  wafer,  the  wafer  carrier  system  rotates  the  wafer  at  velocities  ranging  

from  15  to  200  RPM  and  exerts  a  normal  force  on  the  wafer  (and  onto  pad  when  the  wafer  

is  lowered)  that  can  range  from  0.6  to  8.0  PSI  for  a  300-mm  wafer.  This  is  accomplished  

through  an  intricate  set  of  hydraulic  pistons  and  other  hardware.  Separately,  low  vacuum  

is  also  employed  to  hold  in  place  the  polycarbonate  wafer  template,  which  consists  of  the  

retaining  ring  and  the  backing  film.  The  backing  film  is  wetted  which  allows  it  to  hold  the  

wafer  via  capillary  forces.  The  wafer  carrier  system  also  contains  the  sliding  table  which  

essentially  consists  of  a  bottom  plate  attached  to  the  polisher,  and  an  upper  sliding  plate  

that  can  move  side-to-side  in  one  direction.  There  is  a  load  cell  attached  to  the  sliding  

table.  As  vibrations  cause  the  sliding  table  to  move  ever  so  slightly,  the  load  cell  is  able  

to  capture  these  vibrations  and  measured  them  as  tiny  voltage  signals  which  are  then  

amplified,  using  the  APD-800’s  signal  processing  hardware,  and  reported.  The  same  is  

true  for  the  polisher’s  4  down  force  sensors.  

  

The  conditioner  carrier  system  holds  a  108-mm  disc  for  in-situ  or  ex-situ  pad  conditioning.  

It  has  a  hydraulic  piston  to  rotate   the  disc  carrier  anywhere  from  12  to  120  RPM.  The  

hydraulics  also  allow  the  conditioning  disc  to  be  lifted  up  and  down  and  oscillate  sideways  

with  a  stroke  length  of  320  mm.  Vacuum  allows  a  force  ranging  from  3.3  to  13.2  lbf  to  be  
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applied  normal  to  the  disc  as  the  disc  is  pressed  into  the  pad  during  conditioning.  The  

disc  can  sweep  from  0  to  500  mm/s  in  ten  independent  zones  across  the  pad.  Its  dwell  

time  can  be  controlled  independently  for  each  zone.    

  

The  slurry  is  delivered  to  the  pad  through  a  chemical  delivery  system.  Three  tanks  that  

contain  slurry  and  are  removable,  are  attached  via  chemical  lines  to  the  platen.  The  tanks  

are  mixed  with  impeller  mixers.  Peristaltic  pumps  move  the  slurry  through  the  chemical  

lines  at  flow  rates  ranging  from  10  to  450  ml/min.  Spent  slurry  from  the  platen  is  drained  

into  a  large  waste  tank  and  disposed  of  safely.  

  

There  are  various  process  controls  and  data  analysis  functions  within  the  APD-800.  For  

the  studies  in  Chs.  13  and  14,  the  sliding  velocity  of  the  platen,  rotational  rate  of  the  wafer,  

rotational   rate   of   the   disc,   the   sweep   rate   of   the   disc,   slurry   flow   rate,   the   polishing  

pressure   of   the   wafer   carrier   and   the   polishing   pressure   of   the   conditioning   disc   are  

controlled.  Recipes  with  different  polishing  parameters  can  be  created  for  autonomous  

back-to-back  polishing  runs.  The  data  acquisition  system  captures  and  analyzes  mainly  

pad   surface   temperature,   shear   force   and   normal   force   raw   data   through   a   custom  

LabView  program.  The  program  also  calculates  and  displays  COF,  FFT  of  force,  variance  

of  force  and  the  cumulative  force  in  real  time.  
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Chapter  12.  “Chemical  Mechanical  Planarization  and                                                                                

Old  Italian  Violins”  
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Abstract: Previous studies have shown that spectral analysis based on force data can elucidate
fundamental physical phenomena during chemical mechanical planarization (CMP). While it has
not been literally described elsewhere, such analysis was partly motivated by modern violinmakers
and physicists studying Old Italian violins, who were trying to discover spectral relations to sound
quality. In this paper, we draw parallels between violins and CMP as far as functionality and
spectral characteristics are concerned. Inspired by the de facto standard of violin testing via hammer
strikes on the base edge of a violin’s bridge, we introduce for the first time, a mobility plot for the
polisher by striking the wafer carrier head of a CMP polisher with a hammer. Results show three
independent peaks that can indeed be attributed to the polisher’s natural resonance. Extending our
study to an actual CMP process, similar to hammered and bowed violin tests, at lower frequencies
the hammered and polished mobility peaks are somewhat aligned. At higher frequencies, peak
alignment becomes less obvious and the peaks become more isolated and defined in the case of
the polished wafer spectrum. Lastly, we introduce another parameter from violin testing known
as directivity, D, which in our case, we define as the ratio of shear force variance to normal force
variance acquired during CMP. Results shows that under identical polishing conditions, D increases
with the polishing removal rate.

Keywords: chemical mechanical planarization (CMP); spectral analysis of sound; spectral analysis of
shear forces; force cluster plots; violin; guarneri; directivity; mobility

1. Introduction and Motivation

For the past 450 years, the one thousand or so surviving instruments made by the Cremonese
master luthiers such as Andrea Amati (1505–1577), Antonio Stradivari (1644–1737) and Bartolomeo
Guiseppe Guarneri del Gesù (1698–1749) have entertained listeners worldwide. At the same time,
they have also continued to amaze and inspire not only professional musicians, but also modern
luthiers, physicists, biologists, chemists, archeologists, optical scientists, musicologists, mechanical
engineers and material scientists, just to name a few. The German physicist, Hermann Backhaus,
was one of the first to study vibration patterns in Old Italian violins [1–3]. His work was continued
on by Saunders [4], Cremer [5], Schelleng [6], Moral [7] and Hutchins [3], culminating in further
breakthroughs in recent years thanks to works by Dunnwald [8], Jansson [9–11], Harris [12],
Buen [13,14], Morset [15], Bissinger [16,17], and Curtin and Rossing [18]. Zwicker [19] and
Stepanek [20] were two of the first musicologists to correlate spectral relations to the psychoacoustic
aspects of sound quality, while Guettler published groundbreaking work on the properties of rosin
and how they may affect stick-slip events during playing [21,22].

In this paper, we focus on the subject of chemical mechanical planarization (CMP) and how
the mechanical and kinematic aspects of the process may analytically and functionally relate to the

Micromachines 2018, 9, 37; doi:10.3390/mi9010037 www.mdpi.com/journal/micromachines
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violin. In today’s technology, all electronics incorporate integrated circuits (IC) consisting of tens of
billions of connected transistors fabricated on one square centimeter of a single-crystalline silicon wafer.
To achieve such a complex network of interconnects, there must exist multiple layers of conductors
and insulators (presently, there are more than 20 layers of each) above the transistors [23]. ICs are
fabricated “bottom-up” through sequential layering processes. Fabricating each layer causes severe
topography, which in order to achieve the needed depth for focus requirements, has to be made more
or less optically flat prior to forming any subsequent layers above it. To achieve such planarized wafer
surfaces, CMP was invented and used in manufacturing by International Business Machines (IBM) in
the mid-1980s [24]. Since then, CMP has been widely used in IC manufacturing to achieve both local
and global planarization and has become one of the main elements in enabling Moore’s Law [25].

During CMP, a wafer is pressed against a rotating polyurethane pad with slurry being delivered
on top of the pad surface (typically near its center). In many cases, a softer sub-pad is installed in
between the pad and the platen in order to improve global planarity across the entire 300 mm diameter
wafer. The slurry contains nano-sized abrasive silica or ceria particles and a plethora of chemicals
depending on the specific polishing process. A retaining ring is employed which securely positions
the wafer under the carrier during polishing. The retaining ring also helps to achieve uniform material
removal, especially at the periphery of the wafer, by extending the polishing surface beyond the edge
of the wafer [26,27]. The retaining ring and the wafer are held by the wafer carrier which rotates in
the same direction as the pad, but at a slightly different rotational velocity [28]. The polishing pad
incorporates grooves as well as micro-textures on its surface to aid in slurry transport to and from
the pad–wafer interface [29–31]. In many applications, a conditioner disc is employed atop the pad
surface at a given rotational rate and normal force in order to continuously scratch, and thus, help
rejuvenate surface micro-texture. When the wafer engages with the pad surface, the abrasive particles
in the slurry, along with the chemicals and pad asperities, provide the chemical and mechanical action
necessary for material removal that causes local and global surface planarization. To help improve
global surface planarization, the wafer carrier head employs a multi-zone pressure control in order to
radially adjust the applied pressure on the back of the wafer [32].

In a CMP process, much like violin playing, as the wafer, the slurry nano-particles and the pad
make physical contact with one another, multiple high-frequency stick-slip events are created that
cause vibrations within the wafer-slurry-pad-polisher system. These vibrations are manifested in the
form of fluctuations of shear and normal forces during polishing. If these forces can be accurately
and precisely measured (not many polishers used today in the industry can do this), fast fourier
transformation (FFT) may be performed to convert the force data from the time domain to the frequency
domain in order to quantify the frequency distribution and the amplitude of the measured forces.
Previous studies by our research team have shown the benefit of using such spectral analyses methods.
Sampurno et al., reported that interactions between the wafer and abnormally large abrasive particles
that were intentionally spiked in the slurry, enhanced the spectral amplitude of the shear force at
low frequencies [33]. The same study showed that when the wafer interacted with small abrasive
particles, the spectral amplitude tended to shift to higher frequencies. Another study reported that
unique and consistent spectral fingerprints were generated showing significant changes in several
fundamental peaks during the early evolution of wafer topography and subsequent layer transition to
silicon nitride during shallow trench isolation CMP [34]. During barrier CMP, unique and consistent
spectral fingerprints were again shown to be generated from shear force data showing significant
changes in several fundamental peaks before, during and after TaN clearing [35]. Han et al. employed
the same method to monitor the progression of pad break-in and the effect of various pad conditioning
schemes in real-time [36,37]. Our present study continues to explore a combination of the unique
spectral fingerprinting methods noted above, to simply demonstrate that certain well-established
violin characteristics and test methods have counterparts in CMP.
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2. Parallels in Violin Playing and Wafer Planarization

Below, we summarize some of the parallels that we believe exist between playing the violin and
polishing a patterned wafer:

• Bow-string relative velocity $ Pad-wafer relative velocity.
• Bow normal force $ Wafer normal force.
• Horse hair $ Wafer.
• Bow $ Wafer carrier head.
• Bow tip, frog and screw $ Retaining ring.
• Rosin $ Slurry.
• String $ Pad.
• Four strings $ Four platens.
• Bridge $ Sub-pad for each platen.
• Repeated post-performance application of rosin $ Ex-situ conditioning.
• Bow drift velocity (in-plane) $ Carrier head oscillation.
• Bow skewness angle (in-plane), tilt (off-plane) and inclination (off-plane) $ Multi-zone pressure

control capability of the carrier head.
• Top and bottom plates, ribs and other key components $ Polisher’s body.
• Typical hair-rosin-string coefficient of friction (COF) values ranging from 0.3 to 0.8 $ Typical

wafer-slurry-pad COF values ranging from 0.3 to 0.8.

The ultimate goal of a master violinist is to project the highest quality sound to the listener
well knowing that his or her talents will always be insufficient, as the instrument, hall acoustics,
proximity to the audience and many other factors hugely affect the overall listening experience.
When it comes to the instrument itself, certain characteristics (that are not necessarily independent of
one another) such as impact-induced mobility, bow-induced mobility, sizzle, directivity, projection and
the like have been identified and quantified to help objectively compare one violin’s performance to
another [8,12,18]. Here, we set out to demonstrate that some of these properties and test methods have
strong counterparts in CMP, especially its kinematic and mechanical aspects, which when applied to
the process, can help baseline, predict, and even improve planarization performance and improve key
wafer-level metrics.

3. Mobility Plots

The mobility plot is essentially a transfer function where one induces a vibration, and in the
case of the violin, creates a sound. The mobility plot of arguably one of the greatest surviving
violins, the “Plowden” Guarneri del Gesù (1735) is shown in Figure 1a as replotted by us using raw
data provided by Zygmuntowicz [38] and based on tests performed by Bissinger and Oliver [16].
These types of spectra are obtained through the excitation of the base edge of a violin’s bridge by
multiple sinusoidal hammer strikes as described in detail by Dünnwald [8] and others.
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Figure 1. Mobility plots of the “Plowden” del Gesù (1735) (a) and a good commercial violin (b).

The main frequency peaks previously identified as being critical to a violin’s quality and denoted
as A0, C2, C3 and C4 [8] along with the family of peaks denoted as “F” by the same researchers are
highlighted. Features distinguishing the “Plowden” from other violins may be described as follows:

• The high amplitude and isolated A0 peak at approximately 300 Hz corresponding to air flow in
and out of the f-holes.

• The high amplitude and isolated C2 peak at approximately 460 Hz representing strong motion of
the top plate.

• The high amplitude and isolated C3 peak at approximately 520 Hz corresponding to strong
2-dimensional motion of the top and bottom plates.

• The suppressed and isolated C4 peak at approximately 690 Hz along with its low-magnitude
neighboring peaks up to about 1100 Hz which ensure that the violin does not sound boxy
and nasal.

• The initially ascending, and then somewhat descending, collection of F peaks in the 1200–4000 Hz
range, where the human ear is most sensitive, giving the violin its brilliance and superior radiation
and resulting in equal overtones of all sounds and therefore allowing for a certain “evenness” [8]
at the lower playing range. According to Meinel [39], having peaks with small amplitudes above
3000 Hz is critical for ensuring “a harmonious softness, and a fine, pure response”.

Figure 1b also shows the mobility plot for a good commercial violin tested under identical
conditions to that of the Guarneri (also provided by Zygmuntowicz). Notable differences between the
two may be summarized as follows:

• The commercial violin, although having a comparable output at the sub-600 Hz range, exhibits
significant shifts in the A0, C2 and C3 peaks to lower frequencies (by approximately 30 Hz–60 Hz)
which diminishes sound quality.
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• The C4 peak is neither suppressed nor isolated causing the commercial violin to sound somewhat
boxy and nasal.

• The commercial violin is much less brilliant as evidenced by the relatively flat collections of peaks
in the 1200 Hz–4000 Hz range.

• Peak amplitudes above 3000 Hz are quite high for the commercial violin which take away its
harmonious softness and pure response.

The published work of Harris [12] takes the mobility plots one step further by comparing
impact-induced mobility plots of violins to their bow-played counterparts. The idea here is that
played violins will surely have a different (yet somewhat related) spectral fingerprint that should take
precedence over hammer-induced mobility due to the simple fact that audiences have always paid to
listen to a violin being played rather than its bridge getting struck by a small hammer. Having said
that, it is nearly impossible to establish a best-known-method (BKM) for bowing a particular string
(e.g., choices involved in the bow and the tension on the hair, string (and its tension), temperature,
rosin, normal force, sliding velocity, inclination, tilt, skewness, drift velocity, and the like) and then
repeat the method hundreds, if not thousands of times on hundreds of violins to be tested. That is
why impact-induced mobility diagrams continue to be the de facto standard. Figure 2 compares the
hammered mobility curve of a modern violin to its bowed mobility counterpart when the A3 note is
played on the G-string. One can see that, at lower frequencies, the impact and bowed mobility peaks
are more or less aligned and roughly of the same amplitude. At higher frequencies, where the human
ear is most sensitive, peak alignment becomes less and less obvious, and the amplitudes of the bowed
mobility peaks rise, giving the peaks more definition, and the violin, a greater “sizzle” [18].
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Figure 2. Hammered (a) and bowed (b) mobility plots of a violin for the A3 note averaged over
octave bands.
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Inspired by the periodic hammer strike tests conducted first by Backhaus [1,2] and Dunnwald [8],
among others, and knowing that no such tests had been previously reported in the CMP-relevant
literature, we decided to take a rather large rubber-felt hammer and strike our APD-800 polisher
(Araca, Inc., Tucson, AZ, USA) [40] at the center of the trailing edge side of the wafer carrier head.
Our polisher is equipped with force transducers suitable for acquiring real-time shear and normal
forces at high frequencies [40]. To measure the shear force, a load cell is installed in the wafer carrier
system which itself is constructed above a stainless-steel plate attached on top of the rigid frame of
the polisher. Between this plate and the rigid frame of the polisher, there are two parallel sliders
that confine plate movement to an axis that is perpendicular to the center of the pad and the center
of the wafer. A shear force load cell is then installed to restrict such movement and, at the same
time, to measure forces in that particular direction. The shear force generated between the pad and
the wafer during polishing is transferred and registered on the load cell. In addition, the body of
the polisher is set-up on top of 4 larger load cells that measure instantaneous normal force. During
measurement, the load cells convert the actual force into a voltage signal (a linear correlation exists
between the two) which is then amplified and recorded. All input and output parameters associated
with the polishing process are automated, controlled and monitored via a dedicated computer running
on a proprietary software developed specifically for our purposes. The computer also synchronizes
the friction table to the polishing process so that the real-time shear and normal force data can be
obtained at 1600 Hz acquisition frequency and reported as instantaneous shear force and normal force.
Fast fourier transformation (FFT) is then employed to convert the fluctuating force component of the
measured total unidirectional shear force (or normal force) from the time domain into the frequency
domain [33–35]. For our polisher, the maximum frequency that can be deduced is 800 Hz which is the
Nyquist frequency of sampling rate at 1600 Hz. The Nyquist frequency is the maximum frequency
that can be computed at a given sampling rate in order to be able to fully process the shear force signal
without any aliasing problems [41,42]. This method has been described in detail elsewhere [33–35].

The mobility plots (based on shear force) of the APD-800 polisher, generated from a total of seven
periodic hammer strikes, is shown in Figure 3a. We have chosen to truncate the x-axis at 150 Hz
because the spectral amplitudes larger than 150 Hz are too low for the actual CMP processes to provide
any useful information and can most likely be considered as noise [33–37]. Results show three major
peaks, denoted as A–C:

• A: 1 Hz–2 Hz with a spectral amplitude of 4.0 ⇥ 10�1,
• B: 12 Hz–14 Hz with a spectral amplitude of 5.1 ⇥ 10�1, and,
• C: 23 Hz with the highest spectral amplitude at 1.41 followed by its widened harmonic peak

averages at approximately 46 Hz and 92 Hz.
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Figure 3. Mobility plots (based on shear force) corresponding to our APD-800 polisher (Araca, Inc.,
Tucson, AZ, USA) during seven periodic hammer strikes (a) and during a typical copper chemical
mechanical planarization (CMP) process (b).

It is important to note that the baseline spectrum (i.e., one without any hammer strikes) did not
exhibit any vibrations at these 3 frequencies. As such, the peaks identified above are independent
peaks that can indeed be attributed to the polisher’s natural resonance. In some cases, the peaks are
possibly due to the fact that the polisher is more than 2500 pounds in weight and quite complex and
asymmetrical in its design with hundreds of ceramic, plastic and metallic components. Also, because
of this mechanical complexity and material variety, and the fact that our “hammer-impulse” method
was our very first attempt, we do not know which peaks are significant as there are no published
comparisons. Figure 3b shows a typical mobility plot obtained during a copper CMP process using a
blanket 300-mm copper wafer polished on an Epic® D100 concentrically grooved pad (manufactured
by Cabot Microelectronics Corporation, Aurora, IL, USA). The copper wafer was polished for 60 s with
PlanerLite 7105 slurry (manufactured by Fujimi, Kiyosu, Japan) mixed to its recommended ratio with
hydrogen peroxide. Slurry flow rate was kept constant at 250 mL/min. A 3M Trizact B5 conditioning
disc (3M Company, St. Paul, MN, USA) was used to condition the pad at a constant normal force of
27 N. The conditioning disc rotated at 95 rpm with a sweeping frequency of 10 times per minute across
the pad surface. The disc, pad and wafer rotated counter clockwise. The wafer polishing pressure and
pad-wafer sliding velocity were 2.3 psi and 1.6 m/s, respectively. The pad was initially broken in for
1 h with ultra-pure water. Ten dummy copper wafers were then polished for a total of 10 min to ensure
that a stable pad surface had been achieved prior to polishing the copper monitor wafers. Similar to
the work published by Harris [12] and shown in Figure 2, we see that polishing a wafer is much like
playing a violin with a bow in that at lower frequencies the hammered and polished mobility peaks are
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more or less aligned. On the other hand, at higher frequencies, peak alignment becomes less and less
obvious and the peaks become more isolated and defined in the case of the polished wafer spectrum.
Here, the polisher’s resonance takes on a life of its own giving the system a much greater “sizzle”.
The polished wafer spectrum shows primary peaks, denoted as D–H:

• D: 1 Hz–2 Hz with a spectral amplitude of 17. Although this peak happens to coincide with the
polisher’s natural resonance (at peak A), it is undoubtedly an independent peak caused by the
collective motion of the platen, the carrier and the conditioning disc (rotational velocities of the
3 range from 66 rpm to 95 rpm).

• E: 21 Hz–23 Hz with a high spectral amplitude of 3. The frequency is consistent with (and probably
because of) peak C in the hammered case having a pronounced harmonic peak at approximately
44 Hz.

• F, G and H: At approximately 66 Hz, 74 Hz and 86 Hz, respectively; peak G has a harmonic peak
at approximately 149 Hz. All three fundamental peaks are somehow due to the interactions of the
wafer with the pad’s micro-texture and the slurry nano-particles although no clear causes can be
attributed to them at this point.

4. Directivity

The directional characteristics of sound radiation for a violin is critical from a listener’s point
of view. Directivity, which is measured as the violin is being played, is a dimensionless parameter
representing the variance of forces exerted on the top plate of a violin divided by the variance of
forces on its bottom plate [16]. This parameter has been successfully used by many violin researchers
as a measure of directional sound radiation [16,18,43–45]. Values close to unity represent isotropic
and omnidirectional sound (e.g., suitable for listeners of a Beethoven string trio in close quarters
where the soundscape can be intense and detailed), while values higher than one indicate that the
violin’s sound can be heard over a hundred or so other instruments being played simultaneously
while unidirectionally carrying across long distances to reach listeners seated far away (e.g., suitable
for listeners of the Brahms violin concerto). Directivity has been shown to be between 0.95 and 1.15
for just about all violins (Old Italian as well as commercial violins) at low frequencies (i.e., less than
400 Hz). Beyond this, directivity for commercial violins increases rapidly and reaches 1.35 at about
900 Hz and then rises very slowly to about 1.45 at approximately 4000 Hz. On the other hand, when it
comes to Old Italian violins, past 400 Hz, directivity increases rapidly, reaching values of about 1.65 at
approximately 900 Hz and then continues to rise further to about 2.45 at 4000 Hz [16,44].

It is the presence of this asymmetry in force variances on the top and bottom plates (which
manifest themselves into uneven 3-dimensional plate vibrations), and the resulting anisotropy in sound
radiation at moderate to high frequencies that has inspired us to investigate whether a parallel metric
exists in CMP that can be beneficially exploited. From 1927 to the present day, all CMP models for
planarization rate and blanket material removal have successfully incorporated the average coefficient
of friction (i.e., the average value of shear force divided by normal force) with no consideration
whatsoever of the variance (or fluctuations) of such forces. Given the fact that our polisher is capable
of successfully measuring forces in both directions (up to 1600 times per second), below we set out to
measure this CMP-specific parameter, which here we will refer to as D, and qualitatively correlate it
with copper blanket film removal rates at selected pressures and velocities.

Figure 4 shows scatter plots of the instantaneous normal force and shear force measured during
several 1-min blanket 300-mm copper wafer polish processes on an Epic® D100 concentrically grooved
pad. At two different combinations of pressure and velocity. Wafers were polished with the PlanerLite
7105 slurry mixed to its recommended ratio with hydrogen peroxide. Slurry flow rate was kept
constant at 250 mL/min. Half of the wafers were polished with a 3 M Trizact CVD diamond-coated
conditioning disc (Disc A). A Morgan Advanced Materials CVD diamond-coated conditioner (Disc B)
was used to polish the second half of the monitor wafers. In all cases a constant normal force of
27 N was applied to the disc which rotated at 95 rpm with a sweeping frequency of 10 times per
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minute across the pad surface during in-situ conditioning. The disc, pad and wafer rotated counter
clockwise. For each force cluster shown, there are a total of 60,000 data points from which values for
shear force and normal force variances can be easily measured and their ratio calculated to give a value
for directivity, D.
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Figure 4. Shear force and normal force scatter plot for copper CMP processes resulting from Disc A
(gray) and Disc B (black). The wafer polishing pressures and pad-wafer sliding velocities are 2.1 psi–1.4
m/s (left) and 2.3 psi–1.6 m/s (right).

Table 1, shows the values for D and copper removal for the 4 cases tested. Results indicate that for
a given pressure and velocity combination, the value of D associated with a process using Disc A is
significantly higher than that using Disc B. Moreover, the corresponding values for removal rate are
also higher, thus indicating the possible presence of a qualitative, albeit loose correlation between the
two metrics. To the first order, this correlation makes sense since in CMP, material (generally in the
form of a chemically softened surface layer) is removed as a result of 3-body contact events among the
wafer, slurry nano-particles and pad asperities, and by the relative sliding action of the wafer, in the
direction of shearing. The fluctuations in shear force are due to numerous stick-slip events at high
frequencies which combine to strip away the chemically softened surface layer bit by bit.

Table 1. Directivity and removal rate data for selected polishing conditions.

Polishing
Pressure (psi)

Pad-Wafer Sliding
Velocity (m/s)

Directivity, D Removal Rate (Å/min)

Disc A Disc B Disc A Disc B

2.1 1.4 1.48 1.15 5814 4779

2.3 1.6 1.62 1.13 6902 5981

On the other hand, fluctuations in normal force are caused by tiny vertical displacements in the
collective carrier head, wafer, pad and platen assembly. Among other things, these fluctuations may be:

• Hardware related; possibly due to the gimballing action of the carrier head, or slight performance
mismatches among myriad hydraulic pistons, gears and bearings,

• Pressure control related; possibly due to the inherent feedback control mechanisms of the
numerically controlled systems, or,

• Consumables related; possibly due to density, vertical compliance and rebound differences in
various regions of the rotating pad, the irregular shapes of the nano-particles, morphology of the
film being polished, and the uneven wetting of the surfaces by the slurry.

Anyhow, such possible variations in normal force, at best, should play a lesser role (if not act
as a “loss” function that acts against our objectives) compared to shear-related events. These events
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would suggest that larger values of D, and a greater anisotropy, ought to be preferred. The authors
wish to caution that, in our studies regarding this new parameter, that we have coined as D, we have
only analyzed a very small subset of shear and normal force scatter plots that we have collected over
the past 4 or so years. Our next goal (the work has already begun) is to systematically construct
shear force and normal force scatter plots from data collected in the past 4 years for copper and
tungsten applications to extract values of directivity for each case in an attempt to correlate D with pad
micro-texture, pad-wafer contact information and removal rate data.

5. Conclusions

This study drew upon various acoustic and spectral analysis methods employed by violinmakers
and physicists who study Old Italian violins, as well as chemical mechanical planarization (CMP)
applications. Driven by a standard violin test whereby a small hammer is used to strike the base
edge of a violin’s bridge, we were able to produce mobility plots of our polisher through repeated
hammer strikes on the wafer carrier head of our CMP polisher. Fast Fourier Transformation was
performed to convert the force data from the time domain to the frequency domain. Results show three
independent major peaks (i.e., at 1 Hz–2 Hz, 12 Hz–14 Hz and 23 Hz) which could be attributed to
the polisher’s natural resonance. Some peaks were possibly due to the fact that the polisher was very
heavy and had a complex and asymmetric design containing hundreds of components. We compared
our CMP hammer study to vibrations from an actual wafer polishing process. Similar to hammered
and bowed violin tests, at lower frequencies the hammered and polished mobility peaks were more or
less aligned. The peak at 1 Hz–2 Hz coincided with the polisher’s natural resonance from the hammer
study, however, it was undoubtedly an independent peak with its high spectral amplitude caused by
the collective motion of the platen, the carrier and the conditioning disc. The peak at 21 Hz–23 Hz on
polished wafer spectrum represented the polisher’s natural resonance as evident in the “hammered”
case. At higher frequencies, peak alignment became less obvious and the peaks in the spectrum became
more isolated and defined, in the case of the polished wafer. The peaks of the polished wafer spectrum
at 66 Hz, 73 Hz and 86 Hz were fundamental peaks and believed to be generated due to interactions
among the wafer, pad and abrasive particles in the slurry. We also introduced another parameter
from the violin study called directivity, D, into CMP. As a key quality metric for the violin, directivity
is a dimensionless parameter representing the variance of forces exerted on the top plate of a violin
divided by the variance of forces on its bottom plate. The higher a violin’s directivity, the greater its
sound isotropy and radiation. Similarly, for CMP, we defined and calculated directivity as the ratio
of shear force variance to normal force variance acquired during the polishing process. Our results
showed that under the same polishing conditions (i.e., pressure and velocity), the value of directivity
increased with copper removal rate. In this study, we demonstrated that the violin’s directivity and
mobility have strong counterparts in CMP which when applied to the process, may help baseline,
predict, and even improve planarization performance.
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Real-Time Shear and Normal Force Trends in Copper Chemical
Mechanical Planarization with Different Conditioning Discs
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1Department of Chemical and Environmental Engineering, University of Arizona, Tucson, Arizona 85721, USA
2Araca Inc., Tucson, Arizona 85718, USA

The effect of two different commercially-available CVD-coated diamond conditioning discs on copper CMP was investigated
tribologically and kinetically with the intent of correlating pad surface micro-texture to polish performance. Data analyses were
particularly focused on in-situ shear and normal force measurements taken during polishing at several pressures (P) and sliding
velocities (V), including Fast Fourier Transform (FFT) analysis of the data. One of the two discs consistently resulted in greater
variances of shear force with increasing P and V indicative of increased pad-slurry-wafer stick-slip events. This trend correlated
to higher values of coefficient of friction (COF) and removal rate (RR). By dividing the shear force variance by the normal force
variance, a new parameter, termed directivity, was used to further emphasize the improved performance of the above-mentioned
disc. Lastly, the tribological and kinetic data, combined with data regarding the pad’s micro-texture and its extent of contact with
the wafer, showed that at all values of P and V, higher values of directivity correlated to more contacting pad asperities, a greater
asperity density and a thinner micro hydrodynamic lubrication layer, thus highlighting the potential importance of directivity in
future studies.
© 2018 The Electrochemical Society. [DOI: 10.1149/2.0201803jss]

Manuscript submitted January 24, 2018; revised manuscript received February 20, 2018. Published March 5, 2018.

Chemical mechanical planarization (CMP) is a material removal
process in microchip manufacturing, which makes possible the uni-
form layering of interconnects in the back end of line (BEOL). Planar
nanoscale features are required for top-down patterning of subsequent
layers. This can only be achieved through CMP.1 Due to increasingly
complex transistor designs (such as FinFETs, replacement metal gates
and the like), CMP has since become essential to front end of line
(FEOL) and middle of the line (MOL) manufacturing steps. In every
CMP process, material is removed from the wafer by some combi-
nation of particle and pad asperities abrasion, coupled with chemical
reaction with particles and other active ingredients of the slurry. The
wafer is pressed into a relatively soft pad coated with slurry with abra-
sive particles, while both wafer and pad rotate in the same direction
against one another. The pad’s role during CMP is to contact the wafer
and remove the needed material, transport the slurry to the entirety
of the wafer, mechanically remove reaction products from its surface
and transport away any reaction products.2,3 During this three-body
contact, the pad’s micro-texture gets degraded, causing a reduction in
material removal over time. The type of slurry, the magnitude of the
normal force acting on the pad and the speed of the platen all affect pad
degradation. As such, conditioning with some type of a diamond disc
is necessary to regenerate the pad’s micro-texture.4,5 This improves
polishing performance of the pad by roughening its surface. In-situ
conditioning results not only in higher removal rates, but also removal
rates that depend less on polishing time.6

Removal rate and COF are standard parameters used to evaluate
the effectiveness of conditioning discs and are determined experimen-
tally through shear and normal force measurements during polishing.
Removal rate is directly proportional to normal force and the sliding
speed of the platen according to Preston’s equation, while the COF is
the ratio of the pad-slurry-wafer shear force to normal force applied
to the wafer.7–9 Shearing between pad and wafer degrades the pad by
removing and reducing the height of the asperities. During pad condi-
tioning these parameters are initially unstable and then stabilize after
some time. Yamada et al. demonstrated that longer conditioning times
lead to lower pad wear rates and higher COFs for discs with blocky
diamond abrasives.10 They also found that this kind of a diamond
abrasive correlated to less variations in COF during conditioning. In
most cases, the reported COF results from the mean of measured
force data from a polisher or a tribometer, and, thus, the time-varying
components of the shear and normal forces are lost.

The total mechanical effect of the pad cannot be fully understood
without including the time-varying component in the analysis. By

zE-mail: razzie84@email.arizona.edu

transforming the force data from time-domain to frequency-domain
(via FFT), the various force contributions from the physical compo-
nents of the polisher can be more easily discerned. Moreover, inte-
gration of FFT shear force data represents the total energy attributed
to the various stick-slip phenomena.11–16 From a process standpoint,
such analysis exposes signatures that emerge as a direct result of vari-
ation of relevant parameters or equipment, such as rotational speed of
the platen or the type of conditioning disc.

Theories that arise from FFT force data generally agree well with
those arising from pad surface micro-texture image analysis. Earlier
work focused on finding a correlation between tribological parameters
and pad-wafer contact area during CMP, where various measurement
techniques and theories were developed to characterize this contact
area. In one study, the abruptness of asperity heights (λ) was intro-
duced and derived through either pad mechanical compression data
(via incremental loading) or optical imaging of the pad surface (via
high-resolution white-light interferometry). λ was found to be simi-
lar regardless of whether it was derived from mechanical or optical
measurements; however, the accuracy of this value was questionable
due to the fact that high-resolution interferometry images were taken
without a load being applied to the pad.17 Recently, by using a custom
sapphire sample holder for laser confocal microscopy (CM), high-
resolution 3-D images of the pad areas that contact the wafer while
a load is applied have been produced.18 Imaging of the pad surface
(using confocal microscopy for purposes of determining key metrics
such as probability distribution of asperity heights (PDOAH), micro-
hydrodynamic lubrication layer thickness (MHDLL), asperity density
(ρ), pad-wafer contact area (CA) and contact density (CD)) requires
cutting into the pad to retrieve a sample.19 This makes the pad unusable
afterwards, which is highly undesirable since pads are expensive and
certainly not meant to be discarded for the sake of getting one-time
information regarding their micro-texture and contact characteristics.

In a recent copper CMP study, a strong correlation was found
between tribological and optical data when comparing the effect of
two different diamond disc conditioners, such that the more aggres-
sive conditioner had a high RR, a low CA along with a low asperity
density.20 Our current study delves deeper into copper CMP with two
different CVD-coated diamond conditioners and seeks to find corre-
lations between previously reported tribological and kinetic metrics,
optical information and shear force data.

In an ideal case, if micro-texture images could be shown to cor-
relate well to tribological (and kinetic) data, then it would be more
reasonable to perform only in-situ tribological analysis. That way, one
could save the pad from being destroyed for the sake of carrying out
CM imaging. This would also avoid additional costs by not having to
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Table I. Sliding velocity (V) and wafer pressure (P) combinations
for wafer polish tests.

Condition Sliding Velocity (m/s) Wafer Pressure (PSI)

1 1.0 1.5
2 1.4 2.1
3 1.6 2.3
4 1.8 2.4
5 2.0 2.5

polish any wafers, which can take a long time and cost appreciably
due to the expense associated with wafers and other consumables. In
short, performing in-situ tribological tests only would still provide
valuable (albeit qualitative) information regarding the kinetic and pad
micro-textural attributes of the process.

Experimental

An Araca APD-800 polisher and tribometer was used for all con-
ditioning and polishing, as well as real-time measurements of shear
and normal forces during polishing at 1000 Hz.20 An Advanced In-
struments Technology CMT-SR5000 4-point probe acquired copper
film thickness measurements before and after polishing, and RR was
calculated from these measurements.

Before polishing any test wafers, for each disc, a new pad was
installed and conditioned for a sufficient period of time with UPW at
a normal force of 6 lb. Then, ten 300-mm dummy copper wafers were
polished for 10 minutes each to ensure that stable polishing would
take place with subsequent test wafers. Each 300-mm copper test
wafer was polished for 1 minute with a slurry solution of PlanerLite
7105 from Fujimi Corp. and hydrogen peroxide (mixed as per the
manufacturer’s specifications) at a flow rate of 250 ml/min on an
Epic D100 concentrically grooved pad from Cabot Microelectronics
Corp. Test wafers were polished with in-situ conditioning where the
pad, wafer, and conditioner disc were rotating counter-clockwise. The
relative sliding velocity and applied pressure combinations used for
each 1-min wafer polishing are listed in Table I. Between each polish,
the pad was rinsed with ultra-pure water to cool the pad and to remove
slurry residues from its land areas and inside its grooves.

Polishing experiments at these conditions were repeated for
two very different, commercially-available CVD-coated condition-
ing discs. Disc A was manufactured by 3M Trizact (B5) while Disc B
was manufactured by Morgan Advanced Materials (model 4S845F5).
High-resolution images of both discs may be found elsewhere.21 Both
discs had the same overall diameter. Disc A had five diamond-studded
hexagonal elements (in mm scale) arranged radially and equidistant
from one another, with the rest of its surface being ceramic and not
containing any diamonds. The elements were identical and had a sur-
face morphology containing pyramidal micro-replicated CVD-coated
protrusions in the order of microns. In contrast, the entire surface of
Disc B was CVD-coated. The prominent feature of this disc was the
8 protruding (mm-wide) CVD-coated elements arranged in a spiral
pattern radiating from the center of the disc. The surface morphology
of each of these elements was highly random with their radii also
being in the order of microns. Regardless of the type, during pad con-
ditioning, the disc rotated at 95 RPM with a sweeping frequency of
10 times per minute and a normal force of 27 N.

In a previous study pad surface topography was imaged with CM
through a custom sapphire sample holder.18,21 A sample was cut from
the pad after polishing all of the test wafers. Images of 10 side-by-side
regions in between a pair of grooves on the pad were taken with a Zeiss
LSM 510 Meta NLO laser confocal microscope. The sample was held
at 2 PSI during imaging. Each area was 450 × 450 µm2. From the
image data pad-wafer CA, ρ, and PDOAH were derived. This data
analysis technique has been previously reported and explained by our
research group elsewhere.17,19,22

Table II. Polishing performance data.

Polishing Pressure Average Average
(PSI); Sliding COF RR (Å/min.)

Velocity (m/s) Disc A Disc B Disc A Disc B

1.5; 1.0 0.624 0.319 3174 3276
2.1; 1.4 0.543 0.364 5814 4779
2.3; 1.6 0.550 0.354 6902 5981
2.4; 1.8 0.538 0.405 7814 7003
2.5; 2.0 0.562 0.433 8529 8237

Previous Tribological Results

Table II summarizes the previously reported average COF and RR
from polishing experiments with either Disc A or B at various values
of P and V.21 The average of all shear and normal forces taken in real-
time for the duration of one polishing experiment are used to calculate
average COF. The RR is an average of film thickness measurements
across the wafer. Average RR increases with increasing P and V
regardless of the conditioning disc used. Average RR for Disc A is on
average 13% higher than that of Disc B for four of the five P and V
combinations. Average COF values are also 49% higher with Disc A.
They increase linearly by 14% and 36% for Disc A and B respectively.
In all cases tested, the tribological mechanism remains in boundary
lubrication, rather than hydrodynamic lubrication, because the COF
values are large (i.e. in the order of 0.3 to 0.6). For Cu CMP, it has
been reported that COF values in this range occur with direct contact
between the pad and wafer.23 While average RR and COF values for
Disc A are higher than those of Disc B, the latter depends more on P
and V conditions. The rate of increase in RR decreases with P and V
for Disc A, while the same rate for Disc B remains relatively constant.

Fig. 1 reports average RR in terms of an approximation of me-
chanical power, namely COF × P × V.21 To achieve the same average
RR, Disc A would require 1.4 times the mechanical power, which is
evident from the higher average COF for Disc A.

New Tribological Results

To better understand any correlation between the conditioning disc
and shear force, an FFT was applied to the measured shear force vs.
time data from each polishing experiment. FFT of the shear force
measurements over the course of an experiment illuminates the ef-
fects emanating from the motion of the physical components of the
polishing system such as the platen, the disc and the wafer carrier. A
single component with periodic vibrations may be hardly distinguish-
able from various other vibrating components in a shear force vs. time

Figure 1. Average RR vs. average COF × P × V.
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Figure 2. Disc A FFT shear force vs. frequency: a) 1.5 PSI, 1.0 m/s; b) 2.1
PSI, 1.4 m/s; c) 2.3 PSI, 1.6 m/s; d) 2.4 PSI, 1.8 m/s; e) 2.5 PSI, 2.0 m/s.

plot, but in an FFT shear force vs. frequency plot it will have a unique
peak location and amplitude.

Fig. 2 shows the FFT of the shear force measured during
each polishing experiment with Disc A, varying only by P and V
(Table I). The most dominant peaks in each of these spectra corre-
spond to the frequency of either the wafer carrier or the platen as they
rotate. The wafer carrier and platen rotate clockwise at speeds that
are only 1 RPM apart (this difference is negligible in the range of
frequencies observed). Table III lists the platen rotational speeds and
their corresponding frequencies for each of the five P and V condi-
tions (the aforementioned sliding velocities directly correlate to these
platen rotational speeds). In theory, there should be a peak at 1.6 Hz
in Figs. 2a–2e due to the rotation of the disc (95 RPM), but it may be
obscured by peaks corresponding to the larger polisher components
which may have a greater impact on shear force. For Disc A and B,
there is a single peak from 25 to 30 Hz in all spectra, which does not
appear to correlate with P and V. This is likely caused by the polisher
itself.

Between the discs, there are quite a few differences. There are a
pair of peaks from 18 to 26 Hz in Disc A spectra that grow in amplitude
with P and V (Figs. 2a–2e). These peaks do not appear in Disc B’s
spectra. (Figs. 3a–3e) However, in this region, all the peaks in Disc B
spectra are lower in amplitude compared to those in Disc A spectra.
The amplitudes in this region of the spectra differ more between

Table III. Frequencies of the polisher’s rotating shaft.

Sliding Platen Rotational Corresponding
Velocity (m/s) Speed (RPM) Frequency (Hz)

1.0 42 0.7
1.4 59 1.0
1.6 67 1.1
1.8 76 1.3
2.0 84 1.4

Figure 3. Disc B FFT shear force vs. frequency: a) 1.5 PSI, 1.0 m/s; b) 2.1
PSI, 1.4 m/s; c) 2.3 PSI, 1.6 m/s; d) 2.4 PSI, 1.8 m/s; e) 2.5 PSI, 2.0 m/s.

the discs than any other amplitudes, with approximately an order of
magnitude difference in their amplitudes. Since the only experimental
difference is the conditioning disc used, we suspect these peaks are a
result of differences in disc texture.

At frequencies above 40 Hz it is more difficult to interpret trends
because of the presence of harmonic peaks that depend on P and V.
To simplify, first, these data were normalized to the platen’s rotational
speed through order analysis. Order analysis normalizes the frequency
response to a dominant frequency of a vibration, and is often used to
differentiate harmonics.24–27 We know that the platen is rotating at the
frequencies given in Table III for each P and V condition. With the
following equation, frequency becomes order (p).28–30 The order is
then the number of events or vibrations per revolution. Since we are
normalizing to the speed of the platen, an order of one corresponds
to the frequency from the platen. Table IV lists select frequencies
converted to order for all five platen speeds (RPM).

p = f∗60
RPM

[1]

There are six orders between 40 and 90 that are common be-
tween all five P and V conditions, as are indicated by dotted lines in
Fig. 4 for Disc A. Table V lists these orders (approximate ranges) and
the frequencies that they correspond to for each platen speed. The
range of frequency is held constant at 150 Hz, because we determined
experimentally that peaks after 150 Hz are so low in amplitude that

Table IV. Frequency to order conversion for all platen speeds.

p p p p p
Frequency (42 RPM) (59 RPM) (67 RPM) (76 RPM) (84 RPM)

10 14 10 9 8 7
50 71 51 45 39 36

100 143 102 90 79 71
150 214 153 134 118 107
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Figure 4. Disc A FFT of shear force vs. order (p) spectra: a) 1.5 PSI, 1.0 m/s,
b) 2.1 PSI, 1.4 m/s, c) 2.3 PSI, 1.6 m/s, d) 2.4 PSI, 1.8 m/s, e) 2.5 PSI, 2.0 m/s.

they may be noise. From low to high P and V spectra in Fig. 4, the
data is compressed, but these six peaks line up almost exactly. Fig. 5
shows the order analysis of Disc B. There are not only the six com-
mon peaks between the various polishing pressure and sliding velocity
conditions, but the peak positions and amplitudes are approximately
the same between discs as well. There is no significant difference
between the discs in this region of the FFT force response. Through
order analysis, we can say that these peaks shift in frequency because
of the platen speed, and that they are harmonics of some vibration
caused by the rotating platen.

While the FFT of shear force reveals few differences between
these polishing experiments with different discs, we checked variance
of in-situ shear force and found a noticeable difference between these
discs. In Fig. 6, we show, first, that variance in shear force increases
with mechanical power (approximated by COF × P × V) for both
discs. At low mechanical powers the discs produce nearly the same
variance in shear force. Remarkably, at the highest polishing pressure
and sliding velocity (Fig. 6e) Disc A’s shear force variance is more
than twice that for Disc B. With Disc B, the variance approaches a
constant value with increasing mechanical power.

While it is amply clear, through variance of shear force data alone,
that changing the conditioning discs does indeed matter, to provide
a greater insight, we chose to look at in-situ force data through both
shear and normal forces. For the first time, we present a force scatter
plot of shear vs. normal force. Fig. 7 shows these plots for each of the
five polishing pressures and velocities. Each scatter plot represents
60,000 data points. As expected, both forces increase with P and V.
The effect of increasing pressure is that the wafer is pushed further
down into the pad, thus causing an increase in the normal force. Nearly
100 lbf in shear and normal forces each are gained from minimum

Figure 5. Disc B FFT of shear force vs. order (p) spectra: a) 1.5 PSI, 1.0 m/s,
b) 2.1 PSI, 1.4 m/s, c) 2.3 PSI, 1.6 m/s, d) 2.4 PSI, 1.8 m/s, e) 2.5 PSI, 2.0 m/s.

to maximum polishing pressure and sliding velocity. Although, in all
experiments, the average shear force of Disc B is lower than that of
Disc A. In each experiment, it is evident that there are wide ranges of
shear and normal forces. For Disc A, at 1.5 PSI and 1.0 m/s (Fig. 7a),
shear and normal forces span – from minimum to maximum measured
forces – approximately 35 lbf and 77 lbf, respectively. At 2.5 PSI and
2.0 m/s (Fig. 7e), they span 77 lbf and 50 lbf, respectively. For Disc
B, at 1.5 PSI and 1.0 m/s (Fig. 7a), shear and normal forces both span
approximately 30 lbf each. And, at 2.5 PSI and 2.0 m/s (Fig. 7e), these
forces both span approximately 50 lbf each. Overall, the range of shear
forces detected increases 132%, on average, from low to high P and
V with either disc, but the range of shear forces at 2.5 PSI/2.0 m/s is
154% larger with Disc A (77 lbf vs. 50 lbf).

It is critical to note that the particular shape of the cluster of data
points is maintained with P and V for Disc B, but this shape evolves for
Disc A. At the highest values of P and V the shape is more elongated,
because there is a wider range of shear forces detected (Fig. 7e).
A normal force of 260 lbf corresponds to about 100 to 200 lbf of
shear force for Disc A, versus 75 to 126 lbf for Disc B. This agrees
qualitatively with the much higher variance in shear force observed in
Fig. 6e.

While range is a crude measure of the variability in these forces,
variance is a measure of the average squared deviation from mean
of such forces. This would not be apparent in a shear force average
representation (as is the more general way to calculate and report
COF). We build on the data from Figs. 6 and 7 with Table VI that
lists values for shear and normal force variances at various polishing
pressures and sliding velocities. From these values, average shear and
normal force variances for Disc A are 56 lbf

2 and 26 lbf
2, respectively.

Table V. Common orders and corresponding frequencies.

Order Range (p) f (42 RPM) f (59 RPM) f (67 RPM) f (76 RPM) f (84 RPM)

39.3–40.0 27.5–28.0 38.6–39.3 43.9–44.7 49.8–50.7 55.0–56.0
47.8–48.6 33.5–34.0 47.0–47.8 53.4–54.3 60.5–61.6 66.9–68.0
58.6–59.3 41.0–41.5 57.6–58.3 65.4–66.2 74.2–75.1 82.0–83.0
65.4–66.1 45.8–46.3 64.3–65.0 73.0–73.8 82.8–83.7 91.6–92.5
77.0–77.4 53.9–54.2 75.7–76.1 86.0–86.4 97.5–98.0 108
86.4–87.5 60.5–61.3 85.0–86.0 96.5–97.7 109–111 121–123

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 150.135.239.99Downloaded on 2018-04-05 to IP 



 151  

  

ECS Journal of Solid State Science and Technology, 7 (3) P125-P131 (2018) P129

Figure 7. Disc A and B force scatter plots for each P and V condition: a) 1.5 PSI, 1.0 m/s, b) 2.1 PSI, 1.4 m/s, c) 2.3 PSI, 1.6 m/s, d) 2.4 PSI, 1.8 m/s, e) 2.5 PSI,
2.0 m/s.

For Disc B, average shear and normal force variances are 39 lbf
2 and

36 lbf
2.

Table VI also reports on a new parameter called directivity (or !)
which we believe to be a compliment to the more conventional ways
of discerning the differences in polishing performance. Directivity, a
dimensionless parameter calculated by dividing the variance of shear
force to that of normal force, has its pedigree in violin analysis.31 How
sound radiates from a violin is a key factor in the overall listening
experience. The direction of the sound follows the direction of the
vibrations in the body of the violin. As the violin is played, both its
top plate and bottom plate vibrate. Directivity, in this sense, is the ratio

Table VI. Variance of shear and normal force measurements.

Polishing Pressure Shear Force Normal Force Directivity
(PSI); Sliding Variance (lbf

2) Variance (lbf
2) (!)

Velocity (m/s) Disc A Disc B Disc A Disc B Disc A Disc B

1.5; 1.0 41.1 25.4 9.80 8.75 4.19 2.90
2.1; 1.4 31.5 36.9 21.3 32.1 1.48 1.15
2.3; 1.6 52.9 51.8 32.7 46.0 1.62 1.13
2.4; 1.8 49.0 43.1 33.2 46.0 1.48 0.94
2.5; 2.0 107 39.4 31.9 45.6 3.35 0.86

of the variance of forces applied to the top plate – which is oriented
toward the listener and has two f-holes for the air to exit – to the
variance in forces applied to the bottom plate. If the violin’s directivity
is close to unity sound emanates in an isotropic and omnidirectional
way. If its directivity is higher than unity the sound of the violin
travels more toward the listener and further overcomes the sound of
other instruments playing around it. This anisotropy is analogous to
CMP’s asymmetry in shear and normal force variances, and, as such,
directivity can be used as a metric for polishing performance. So far,
CMP models describing material removal have used average COF, but
this ignores entirely variance in shear and normal forces. Given the fact
that our polisher can measure these forces, we can easily calculate !.
Table VI also shows that, for all pressure and velocity combinations,
the directivity associated with Disc A is greater than Disc B. Moreover,
the corresponding values for RR are also higher, thus indicating the
possible presence of a qualitative, albeit loose, correlation between the
two metrics. To the first order, this correlation makes sense, because, in
CMP, material (generally in the form of a chemically softened surface
layer) is removed as a result of 3-body contact events among the wafer,
slurry nano-particles and pad asperities, and by the relative sliding
action of the wafer, in the direction of shearing. The fluctuations in
shear force are due to numerous stick-slip events at high frequencies,
which combine to strip away the chemically softened surface layer bit
by bit. In other words, the removal of material occurs through stick-
slip events, also described as variance of shear force. Since shearing
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Figure 6. Shear force variance vs. COF × P × V for each P and V condition:
a) 1.5 PSI, 1.0 m/s, b) 2.1 PSI, 1.4 m/s, c) 2.3 PSI, 1.6 m/s, d) 2.4 PSI, 1.8 m/s,
e) 2.5 PSI, 2.0 m/s.

occurs at the pad-slurry-wafer interface, the conditioner discs must
be changing the quality of this interface in different ways. Except for
the first P and V condition in Table VI, the shear force variance with
Disc A is always greater than with Disc B, whereas the normal force
variance with Disc B is always greater than with Disc A. Perhaps,
Disc A creates a more uniform pad surface micro-texture that ends up
contacting the wafer more, sticking and digging into to it better. And,
then, in response, the pad slips more aggressively as material is ripped
away from the wafer. Here, the normal force would vary less because
a more uniform contact with the wafer allows for a more uniform
application of pressure as the pad rotates. Conversely, Disc B creates
a pad surface micro-texture that makes less and uneven contact with
the wafer, not grabbing it as well. Consequently, slip response by the
pad is less aggressive, meaning shear force varies less. However, due
to less uniformity in micro-texture, normal forces detected vary as the
pad rotates. Explanations for these differences are only preliminary
at this point, but there should be no doubt that correlations are strong
between RR and directivity.

It should be noted that there is a correlation between RR and
temperature, because they both increase with P and V when condi-
tioning with either disc during polishing. From low to high P and
V conditions, the pad temperature increases approximately 10◦C. At
higher temperatures, the reaction rate increases between copper and
the slurry. Since the temperature changes observed when using Disc
A or B are identical, the differences between the RR for these discs
cannot be attributed to reaction rate alone.

While the main action at the pad-slurry-wafer interface is removal
of material, and we do expect directivity to be greater than unity if ma-
terial is being removed, we should explain further the less significant
variance in normal force and the difference in normal force between
the discs (Figs. 7a–7e). Normal force through the polisher changes
with any vertical displacement within the polisher assembly (platen,
carrier head, wafer, and pad). What causes displacement is difficult to
pinpoint though. Hardware-related causes include gimballing of the
carrier head and mismatching between pistons, gears, and bearings.
Otherwise, applied pressure to a pad surface with uneven wetting of
slurry or non-uniform morphology, or slurry with a wide distribution
of particle size could result in detection of normal forces with different
magnitudes as the pad rotates.

Table VII. Summary of polishing and pad surface micro-texture
parameters (values are averages across all P and V conditions).

Tribological Parameters
Disc A Disc B

Average RR (Å/min)21 6.45E03 5.86E03
Average COF21 0.563 0.375
Average FFT Shear Force Integral 48.2 33.4
Average FFT Normal Force Integral 23.8 33.1
Average Directivity (!) 2.18 1.10

Pad Surface Micro-Texture Parameters
Disc A Disc B

CA (%)21 2.40E-02 6.80E-04
Contact Density, CD21 (#/mm2) 1.44E03 200
CA-to-CD ratio21 (%-mm2/#) 1.70E-05 3.40E-06
MHDLL Thickness (µm) 22 28

Correlating Pad Polishing Performance to Pad Surface
Micro-Texture

For all tests, polishing data were compared to previously reported
pad surface micro-texture data as summarized in Table VII. Compared
to Disc B, Disc A correlates to relatively high values of average RR,
FFT shear force integral, directivity, CA, and CD; as well as low values
of MHDLL. We rationalize, first, the correlation between average RR
and FFT shear force integral. More shearing between the pad and
wafer causes more material to be torn away from the wafer. From
shear force measurements, that is apparently the case with Disc A
more so than with Disc B. If the wafer and pad are in greater contact
with one another (as with Disc A), this would also increase the shearing
between them.

It is also expected for Disc A to result in greater pad-wafer shearing,
because the pad is less lubricated.19 Disc A has a higher CD and
thinner MHDLL. Because CD is seven times greater than that of
Disc B, Disc A causes the formation of more asperities on the pad
surface. Pad asperities may contribute to holding the slurry on the pad
surface, and the height of asperities correlates to the slurry lubrication
layer thickness. A lower MHDLL value (22 micron) is interpreted
as a thinner layer of slurry on the pad. We calculated the MHDLL
thickness from a graph of probability density function (PDF) of the
peak height of pad asperities vs. peak height of asperities. This comes
from confocal microscopy data when used in non-contact mode. The
PDF is normalized such that the area under the curve equals unity. For
some range of peak heights, the area under the curve is the probability
of finding a point on the surface in that height range. We assume a
PDF value of 10E-3 for the MHDLL. The MHDLL thickness value
is the x value on that graph at PDF = 10E-3. More important is the
value of the MHDLL thickness relative to another MHDLL thickness
value, and not its absolute value. Further explanation of the PDF can
be found in various previous publications from our group.19

Conclusions

Cu wafers were polished with in-situ conditioning using one of two
discs (Disc A or B). We analyzed in-situ shear and normal force mea-
surements extensively and compared to previously reported COF, RR,
and various pad surface micro-texture parameters (CA, CD, MHDLL)
to investigate trends between tribology and pad surface micro tex-
ture. FFT of in-situ shear force data revealed a signature correspond-
ing to the polisher and harmonic signatures due to rotation of the
platen. FFT results also revealed minor qualitative differences be-
tween disc spectra from 18 to 26 Hz. We further investigated shear
force and discovered that the variance of shear forces during polish-
ing experiments was significantly higher with Disc A. Also, variance
in normal forces was significantly less with Disc A. To summarize
these remarkable differences between force variances, we employed
the new parameter – directivity – and then compared it to both tri-
bological and pad surface micro-texture parameters. We found that
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high average directivity correlated with previously reported high av-
erage RR, CA, CD, and MHDLL. These results are a promising first
step at developing a method for predicting pad surface micro tex-
ture that does not involve the costly destruction of the pad for image
analysis.
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Real-Time Shear and Normal Force Trends in Tungsten Chemical
Mechanical Planarization with Different Conditioning Discs
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In-situ conditioning is known to increase material removal rate (RR) during chemical mechanical planarization (CMP), because it
roughens the pad surface that is in contact with the wafer. Previous studies have shown that the conditioning disc changes the pad
surface micro-texture and affects the thermal, kinetic and tribological attributes of the CMP process. This study focuses on two
different diamond discs for in-situ conditioning during tungsten CMP, and shows how real-time force data improves our understanding
of the effects from using one disc versus the other. Shear and normal forces were analyzed through spectral analysis, variance and
force scatter plots. Frequency signatures that appear regardless of the type of disc used were likely attributed to vibrations of the
polisher and the harmonics of these vibrations. A new parameter, directivity (!), was employed, which highlighted the significant
differences in shear force variance between the two discs. Above all, this study confirmed that high ! correlated with high RR.
Compared to a related study on copper CMP with these discs, the trends between ! and RR seemed to continue to hold.
© 2018 The Electrochemical Society. [DOI: 10.1149/2.0031805jss]
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The manufacture of microchips requires a process called chemi-
cal mechanical planarization (CMP). CMP has its beginnings in this
industry starting in 1983 with Klaus Beyer at IBM, who discovered
a method of reducing micro-scratches on silicon wafers by polishing
them away using a particular slurry combined with megasonics ac-
tion. Immediately following this work, Beyer used the same method
to remove surface mounds left behind after shallow trench fill.1–3

Eventually, CMP was tried with interlayer dielectric (ILD) deposi-
tion and found to be crucial in achieving the depth of focus neces-
sary for depositing metal interconnects. Today’s microchips are far
more complex due to the consequences of needing to follow Moore’s
law, including transistors that have 3D architectures (FinFETs) and
an increasing number of metal interconnect layers. Microchips now
contains 20 to 30 steps that require CMP, from the front end of the
line (FEOL) through the back end of line (BEOL).4 The materials in
these layers are also more varied, with each requiring a unique CMP
process.

The most common kinetic and tribological performance metrics in
CMP are the RR and the coefficient of friction (COF), respectively.
Both depend on the applied normal force from the wafer carrier onto
the pad, and the shear force between the wafer, slurry and the pad.
In most cases, RR is proportional to the normal force according to
Preston’s equation5 and is calculated via optical measurements of the
wafer film thickness before and after polishing. COF is a ratio of the
pad-slurry-wafer shear force to the normal force applied through the
wafer carrier.

The shear force measurement is the best way to infer friction oc-
curring at the interface between the pad and wafer. In the last twenty
years or so, shear force during polishing has been detected and ana-
lyzed a few different ways. Carrier head motor current measurements,
sometimes combined with the Hall Effect, correspond to instanta-
neous changes in friction at the interface.6 Another method relies on a
displacement sensor attached to the shaft that rotates the wafer carrier.
One study found a principal vibration mode of their polisher, and that
the RR of oxide correlated to shear force intensity without significant
change in COF.7 X and Y load cells attached to wafer retaining ring
during copper CMP were used for observing shear force correlating
to RR, as well as linearly correlating to normal force.8 Eventually,
a Fast Fourier transform (FFT) of all shear force data from a full
polishing experiment was employed to convert from the time to the
frequency domain to discern equipment or events that occur with a
certain frequency.9 One study used FFT with a platen on a sliding
table to show how pad grooves increase or decrease shear force at
the interface, instead of lowering normal force or increasing flow rate

zE-mail: razzie84@email.arizona.edu

to reduce defects caused by excessive shear force.10 Han et al. found
through a load cell on a wafer carrier sliding table and FFT analysis
of the shear force that there are unique shear force spectral signatures
at each stage of pad break-in.11

It is important to note that while shear force can be detected ac-
curately and precisely in real-time, the key metric used by process
engineers has typically been the average shear force to produce av-
erage COF, representing one polishing experiment, which does not
shed light on the presence of force fluctuations during an experiment.
Variance of the shear force over the course of a polishing experiment
is also a useful metric for polishing performance. Also using a platen
sliding table, Sampurno et al. produced shear force spectral signatures
from polishing experiments with contaminated slurries and observed
an increase in shear force variance and COF, as compared to pure
slurry.12 Similarly, variance of shear force also correlates with the
type of pad and with the RR.11,13

Recently, our research team has reported on the significance of
the variance of shear and normal forces through a new parameter,
directivity (!), defined as the ratio of shear force variance to normal
force variance. Directivity for a CMP tool is akin to that of a bowed
violin, and represents the ratio of the variance of the forces exerted
on the top plate of a violin to those exerted on its bottom plate.
In both cases, ! can be thought of as a measure of performance.
In a chamber setting, violins having directivities closer to unity are
preferred as omnidirectional sounds results in intimate yet complex
soundscapes. On the other hand, in large concert halls, higher values
of directivity cause the sound of a violin to rise over a hundred or so
other instruments being played simultaneously and reach the audience
seated far away.14 For copper CMP, our research group has so far
shown that higher values of RR correlate with higher values of !.15

In CMP, it is known that extent of shear forces depends on the
conditioning disc and the pad surface micro-texture. Yamada et al.
determined from an in-situ shear force sensor that the break-in COF,
conditioning time, pad wear rate and variation in the tungsten RR all
depended on the type of diamond abrasive on the conditioning disc.
From this, they supposed the abrasive was changing the tribological
behavior of the process, and found that the contact area between disc
and pad were remarkably different for the two different diamond discs.
While they chose to focus on the disc surface, it is important to note
that the pad’s surface after conditioning is a more useful place to look
to understand the effect of the disc as the pad touches the wafer during
polishing while the disc does not. Pad surface micro texture has been
shown to correlate with RR.17 The micro-texture of the pad can be
seen with confocal microscopy (CM), and the contact area can be
back-calculated from CM image data.18 CM that allows measurement
of contact area is less than ideal though, as it requires the destruction
of the pad after completing polishing experiments. We often use CM
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to compare the pad surface micro textures between different polishing
experiments. To image the pad this way, a piece (approx. 1” × 1”)
of the pad has to be cut from the pad at the center of the wafer
track (leaving basically a hole in the pad), which renders the pad
unsuitable for further use in high volume manufacturing environment.
Fortunately, and possibly to reduce the need for as much CM, our work
has shown that shear force at pad-slurry-wafer interface positively
correlates with the percent contact area (CA) of the asperities on the
pad.15,19

From our earlier study, we observed that peak positions in force
spectra do not vary with the conditioning disc used for copper CMP.15

In the same study, we also observed signature low frequency spectral
peaks that did not change with variation in polishing pressure (P)
and sliding velocity (V) either, as well as harmonic peaks that tended
to shift with increasing P and V. Force peaks at low frequencies
(< 150 Hz) would come from macroscopic components, likely from
the polisher itself. However, spectral peak amplitudes were found to
be dependent on the conditioning disc, as well as the magnitude and
variance of forces detected. So far, this early work on determining
the effect of the conditioning disc on the frequency response assumed
that the disc does indeed affect the vibration of the polisher – which
vibrates at relatively low frequencies – because pad features are too
small for our equipment to detect their relatively high vibrational
frequencies during polishing.20

This study focuses on the tribological and kinetic aspects of the
CMP of tungsten, and aims to find out whether the conditioning
disc’s effect on RR and pad surface micro-texture can be correlated to
in-situ force (both shear and normal) measurements through both the
frequency response and the variance (as understood through force
scatter plots and !). If such correlations existed, then valuable time
would be saved on polishing experiments with low or unknown RR.
Costly pad surface analysis could also be minimized, or avoided al-
together. For example, instead of having to determine the RR after
the polishing experiment through wafer thickness measurements, one
could predict RR during the polishing experiment from in-situ force
responses. The previously mentioned study on copper CMP showed
that RR and pad surface micro-texture correlated quite well to !.15

Experimental

For all polishing and conditioning experiments, an Araca APD-800
polisher and tribometer was used. The tribometer captured real-time
shear and normal forces up to 1000 Hz.21 A 4-point probe (Advanced
Instruments Technology CMT-SR5000) was used to take measure-
ments of the film thickness of CVD-deposited tungsten wafers after
polishing, which were then used to calculate RR.

Test wafers were polished after installing and conditioning a new
pad (Cabot Microelectronics Corporation, Epic D100 concentrically
grooved pad) with UPW and an applied normal force of 6 lb. Ten
dummy tungsten wafers (300 mm in diameter) were polished for
10 minutes to test the stability of polishing before polishing any test
wafer. The test wafers were polished for 45 seconds with a solution of
SS W2000 (Cabot Microelectronics Corporation) slurry and hydro-
gen peroxide added per the manufacturer’s recommendation, at a flow
rate of 250 ml/min. During polishing of test wafers, the pad was con-
ditioned in-situ with a conditioning disc rotating counter-clockwise.
Table I lists the sliding velocities of the pad and the applied pressures
from the wafer carrier normal to the pad surface. In between polishes,
the pad was rinsed in UPW to cool the pad to room temperature and
to remove pad shavings, slurry and reaction by-products from its land
areas and grooves.

There were two diamond conditioning discs used throughout this
study, originally for producing different pad surface micro-textures.22

These discs will be referred to as Disc A and Disc B. Disc A was a
3M Trizact (B5) conditioning disc while Disc B was manufactured by
Morgan Advanced Materials (4S845F5). The high-resolution images
of these discs and SEM micrographs of their texture is shown in
Figure 1.15,19,22 With either Disc A or B, during conditioning, the
disc rotated counter-clockwise (along with the pad and the wafer) at

Table I. Sliding velocity (V) and wafer pressure (P) combinations
for wafer polish tests.

Sliding Wafer Wafer
Condition Velocity (m/s) Pressure (PSI) Pressure (Pa)

1 1.0 1.5 6.90E+3
2 1.4 2.1 14.5E+3
3 1.6 2.3 15.9E+3
4 1.8 2.4 16.5E+3
5 2.0 2.5 17.2E+3

95 RPM with a sweeping frequency of 10 times per minute under an
applied normal force of 27 N.

Previous work from our research group showed the pad surface
micro-texture after conditioning with Disc A and Disc B during tung-
sten CMP experiments.20 These images were taken via confocal mi-
croscopy (CM) with a custom sapphire sample holder and a 2 PSI
pressure applied on the sample.23 After polishing, samples were cut
out of the pad and with a Zeiss LSM 510 Meta NLO laser CM, pad
images were taken of 10 side-by-side regions (450 × 450 µm2) in
between a pair of pad grooves. The pad-wafer CA, contact density
(CD), and micro hydrodynamic lubrication layer (MHDLL) thickness
were derived from imaging data.18

Previous tribological and kinetic results.—In a previous study
from our research group, RR and COF were reported for various slid-
ing velocities and polishing pressures (P and V) for tungsten CMP.22

These values are summarized for both discs in Table II. Since RR
is proportional to polishing pressure (i.e. the applied normal force
through the wafer carrier) and sliding velocity, it is expected for RR to
increase with P and V. This is true for polishing tests using either disc.
At the lowest pressure (1.0 PSI), experiments with either disc result
in approximately the same RR, but at 1.4, 1.6, 1.8, or 2.0 PSI the RR
with Disc A is, on average, 1.7 times that of Disc B. These higher
RRs correlate with a 2X higher COF seen with Disc A. The COF
values hardly vary with P and V as they all fall within a small range
indicative of boundary lubrication.24 This slight variation with P and
V somewhat negates Coulomb friction, which is the basic mechanism
behind contact-mode CMP-like polishing (i.e. COF > 0.1).25 Another
view of these data is through mechanical power (P × V) and friction
(COF); that being COF × P × V as shown in Fig. 2. Because the
higher RRs achieved with Disc A correlate to higher COFs, the slope
of data points for Disc A in Fig. 2 is slightly less than that of Disc B.
As such, more frictional heat comes with increased mechanical power
with Disc A to achieve the same RR as that of Disc B. This corre-
sponds to an increase in the pad surface temperature, which increases
the reaction rate between the slurry and tungsten film.22 The temper-
ature changes observed when using either disc are identical, and the
differences between the RR for these discs cannot be attributed to
reaction rate alone.

Figure 1. Top-down photographs of “Disc A” (left) and “Disc B”.19,22
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Table II. Polishing performance data.

Polishing Pressure (PSI); Average COF Average RR (Å/min)

Sliding Velocity (m/s) Disc A Disc B Disc A Disc B

1.5; 1.0 0.408 0.233 388.0 357.0
2.1; 1.4 0.362 0.172 1284 668.0
2.3; 1.6 0.392 0.182 1498 903.0
2.4; 1.8 0.535 0.223 1972 1269
2.5; 2.0 0.536 0.261 2425 1475

New tribological results.—A Fast Fourier Transform (FFT) was
applied to in-situ shear force data to look for effects of pad surface
micro-texture (due to differences in roughening from either disc). We
initially focused on shear force more so than normal force data be-
cause we expected interfacial friction to change with pad surface
micro-texture. Through spectral analysis, we can see magnitudes
of shear force that occur repeatedly with certain frequencies, and
compare them across different P and V conditions. Although the
low-frequency spectral shear force magnitudes that our tribometer
can detect do not directly correlate to features on top of the pad,
they may relate indirectly to differences in micro-texture through vi-
brational effects of the disc onto the polisher. Pad surface features
are on a size scale that would produce signals too high in frequency
and too low magnitude for our tribometer to detect. Pad grooves
produce a stress impulse starting around 1,000 Hz. Micron-size pad
pores produce stress impulses starting around 100,000 Hz.20 Causal
explanations of the micro-texture’s effect on the vibration of the
low-frequency spectral signatures from the polisher are not easily
proven. This is not to diminish the value of empirically correlating the
conditioning disc to polish performance (i.e. RR and COF) through in-
situ shear force measurements and pad surface micro-texture imaging
data (i.e. CA, CD and MHDLL).

Fig. 3 shows the shear force spectrum during tungsten CMP with
either conditioning disc for five different polishing conditions. While
it is possible to detect forces with frequencies up to 1,000 Hz, after
100 Hz the forces that are detected are of negligible amplitude. There
is one peak in all five spectra that occurs at the same frequency of
about 2 Hz which increases in amplitude with increasing P and V.
In a previous work from our group on copper CMP, we observed the
same peak15 and attributed it to vibrations caused by the rotation of
the conditioning disc (i.e. 95 RPM which converts to a frequency of
1.6 Hz). In a subsequent work from our group we determined that there
were various components of the polisher system, such as the platen, the
conditioning disc and the wafer carrier, that had frequencies of about

Figure 2. Average RR vs. average COF × P × V with Disc A (open circles)
and Disc B (closed circles).

1 Hz where an occurrence at 2 Hz would simply be a harmonic of some
of these vibrations.14 Upon closer examination, with a linear rather
than a log plot, a doublet around 20 Hz is observed for all conditions,
which increases in amplitude with P and V for Disc A only (see
Fig. 4, left-hand spectra). Between the two peaks of the doublet, the
amplitude increases 11 times from the lowest to the highest P and V
conditions. If this were due to some rotating mechanical component of
the polisher, it would correspond to a physically unlikely 1,200 RPM.
For Disc B (Fig. 4, right-hand spectra), the doublet at 20 Hz is present,
but it is lower in magnitude and does not increase with P and V, as is
the case with Disc A. This may be a result of the rotation of Disc A
(due to its unusual facial design) causing more vibrations than Disc B
in some component of the polisher; and increasing P and V amplifies
this. It is unlikely that whatever event or equipment component this
peak corresponds to is directly related to the sliding velocity, because
the frequency does not change.

To sort out the remaining major, and unidentified, peaks in the
spectra up to 100 Hz, we applied order analysis under the hypothesis
that some of these peaks are harmonics of the vibration caused by the
rotation of the platen. Table III lists the sliding velocities that we used
in our polishing experiments and the corresponding platen speeds and
their frequencies. Eq. 1 shows how the frequency is normalized to the
rotational speed of the platen.26–28

p = f × 60
RPM

[1]

Because we normalize to the speed of the platen, p = 1 refers to
the vibrational frequency of the rotating platen. Table IV lists various
frequencies and their corresponding orders according to Eq. 1 and

Figure 3. Disc A (left) and Disc B (right) amplitude vs. frequency spectrum
based on shear force data (log plot); a) 1.5 PSI, 1.0 m/s; b) 2.1 PSI, 1.4 m/s; c)
2.3 PSI, 1.6 m/s; d) 2.4 PSI, 1.8 m/s; e) 2.5 PSI, 2.0 m/s.
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Figure 4. Disc A (left) and Disc B (right) amplitude vs. frequency spectrum
based on shear force data (linear plot); a) 1.5 PSI, 1.0 m/s; b) 2.1 PSI, 1.4 m/s;
c) 2.3 PSI, 1.6 m/s; d) 2.4 PSI, 1.8 m/s; e) 2.5 PSI, 2.0 m/s.

the five different rotational speeds of the platen. The spectral shear
force response in terms of orders for Disc A and B is mainly a set of
common peak locations, with nearly identical peak amplitudes, near
these orders: 8, 17, 26, 34, 42, 52, 60, 70 (see Figs. 5 and 6). At
these approximate orders, the frequencies at each platen speed were
back-calculated (see Table V). For the platen speed of 42 RPM, the
corresponding frequency values match the first eight harmonics of
6 Hz. Similarly, for the remaining platen speeds (i.e. 59 RPM, 67
RPM, 76 RPM and 84 RPM), their corresponding frequency values
listed in Table V match to the same 8 harmonics of 8.4 Hz (54 RPM),
9.5 Hz (67 RPM), 10.8 Hz (76 RPM) and 11.9 Hz (84 RPM). Between
Tables III and V, the first harmonic peak is always approximately
8 times that of the frequency of the corresponding platen speed. One
explanation is that there is a pad or wafer eccentricity that vibrates
(due to the rotational vibration of the platen) 8 times more frequently.

While there are hardly any noticeable differences in the spectral
shear force responses when using Disc A vs. B, we further investi-
gated possible effects from the disc through variance of shear force
analysis. The magnitude of shear forces varies more during polish-

Table III. Frequencies of the polisher’s rotating shaft.

Sliding Velocity Platen Rotational Corresponding
(m/s) Speed (RPM) Frequency (Hz)

1.0 42 0.7
1.4 59 1.0
1.6 67 1.1
1.8 76 1.3
2.0 84 1.4

Table IV. Frequency to order conversion for all platen speeds.

p p p p p
Frequency (42 RPM) (59 RPM) (67 RPM) (76 RPM) (84 RPM)

10 14.0 10.0 9.00 8.00 7.00
50 71.0 51.0 45.0 39.0 36.0
100 143 102 90.0 79.0 71.0

Figure 5. Disc A amplitude vs. order spectrum based on shear force data; a)
1.5 PSI, 1.0 m/s, b) 2.1 PSI, 1.4 m/s, c) 2.3 PSI, 1.6 m/s, d) 2.4 PSI, 1.8 m/s,
e) 2.5 PSI, 2.0 m/s.

Figure 6. Disc B amplitude vs. order spectrum based on shear force data; a)
1.5 PSI, 1.0 m/s, b) 2.1 PSI, 1.4 m/s, c) 2.3 PSI, 1.6 m/s, d) 2.4 PSI, 1.8 m/s,
e) 2.5 PSI, 2.0 m/s.

Table V. Common orders and corresponding frequencies.

Order f f f f f
Range (p) (42 RPM) (59 RPM) (67 RPM) (76 RPM) (84 RPM)

8.00 5.60 7.90 8.90 10.1 11.2
17.0 11.9 16.7 19.0 21.5 23.8
26.0 18.2 25.6 29.0 32.9 36.4
34.0 23.8 33.4 38.0 43.1 47.6
42.0 29.4 41.3 46.9 53.2 58.8
52.0 36.4 51.1 58.1 65.9 72.8
60.0 42.0 59.0 67.0 76.0 84.0
68.0 47.6 66.9 75.9 86.1 95.2
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Figure 7. Shear force variance vs. COF × P × V with Disc A (open circles)
and Disc B (closed circles) for each P and V condition: a) 1.5 PSI, 1.0 m/s, b)
2.1 PSI, 1.4 m/s, c) 2.3 PSI, 1.6 m/s, d) 2.4 PSI, 1.8 m/s, e) 2.5 PSI, 2.0 m/s.

ing when Disc A is used (see Fig. 7). With more mechanical power
(P × V), the variance reaches around 2,000 lbf

2 (a value that is one or-
der of magnitude higher than at the lowest mechanical power). When

using Disc B, the trend is not the same, with variance initially drop-
ping by 2X as mechanical power increases, and ultimately increasing
to a maximum that is nearly 4X less than the maximum variance ob-
served using Disc A. For the sake of comparison, this trend of Disc A
resulting in more shear force variance than Disc B has been observed
before during copper polishing, with the remarkable exception that
the magnitude of shear force variance is significantly higher during
tungsten polishing with these discs than with copper.15 The only ex-
perimental differences between these studies is the wafer material and
the slurry. The maximum shear force variance observed during tung-
sten polishing is 30 times the maximum shear force variance observed
during copper polishing.

The high variance of in-situ shear force measurements can be ob-
served qualitatively through force scatter plots. With a scatter plot, we
introduce the in-situ normal force measurements and compare the two
types of forces. There are roughly 60,000 in-situ force measurements
(shear and normal force each) captured during each polishing exper-
iment at a specific P and V (see Figs. 8a–8e). As expected, pressure
applied through the wafer carrier onto the pad, results in an increase in
normal forces. As pressure doubles from 1.5 PSI to 2.5 PSI the normal
force increases from approximately 150 lbf to 250 lbf, regardless of
the conditioning disc used. During a single polishing experiment, the
normal force values can vary by up to 40 lbf from minimum mea-
sured value to the maximum. The difference between the min. and
max. in-situ shear force for a single polishing experiment is nearly
200 lbf though when conditioning with Disc A. The wide spread in
shear force values agrees with the aforementioned trend in variance
of shear force, as it should.

Directivity (!) conveniently captures all the differences in in-situ
force variances, where the effect of the conditioning disc is particu-
larly evident. For the purposes of calculating this parameter, the force
variances are listed in Table VI. A ! value of unity has equal variance

Figure 8. Disc A (gray) and Disc B (black) force scatter plots for each P and V condition: a) 1.5 PSI, 1.0 m/s, b) 2.1 PSI, 1.4 m/s, c) 2.3 PSI, 1.6 m/s, d) 2.4 PSI,
1.8 m/s, e) 2.5 PSI, 2.0 m/s.
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Table VI. Variance of shear and normal force measurements.

Polishing Pressure (PSI); Shear Force Variance (lbf
2) Normal Force Variance (lbf

2) Directivity (!)

Sliding Velocity (m/s) Disc A Disc B Disc A Disc B Disc A Disc B

1.5; 1.0 149.0 72.60 24.80 7.160 6.010 10.14
2.1; 1.4 959.0 45.60 27.70 32.40 34.62 1.410
2.3; 1.6 1992 42.00 42.60 36.40 47.76 1.150
2.4; 1.8 3117 243.0 45.20 40.90 68.96 5.940
2.5; 2.0 1591 552.0 22.00 16.90 72.32 32.66

in shear and normal force. Because of the significantly higher shear
force variance compared to normal force variance, the directivities
for all polishing experiments in this study are greater than unity. On
average, across all P and V, the values of ! with Disc A are 16 times
higher than ! with Disc B. As P and V increase, ! for Disc A grad-
ually increases to a value of 72.32, while ! with Disc B remains a
weak function of P and V.

Correlating pad polishing performance to pad surface micro-
texture.—The previously reported parameters, as well as new tri-
bological parameters, are summarized and compared in Table VII.
The correlations we found here are identical to those found in our
previous study with copper CMP.15 All kinetic, tribological and pad
surface micro-texture parameters correlate with the conditioning disc
used during polishing. A higher RR, COF and ! correlate with a
higher CA and CD. Comparing the two discs, Disc A’s RR, COF, !,
CA, and CD area always higher than the same parameter for Disc
B. Another correlation was found between these parameters and the
MHDLL. The MHDLL thickness is low when these parameters are
high (Disc A), and high when these parameters are low (Disc B). We
know from the higher CD that Disc A conditioning results in more
asperities on the pad surface, which allows more slurry to be held on
the surface. The MHDLL thickness is the quantification of this phe-
nomenon. This value comes from a graph of probability distribution
function of the peak height of pad asperities vs. peak height of asperi-
ties, which is derived from CM data in non-contact mode. The details
of how MHDLL thickness value is extracted from the PDF graph are
explained in detail in our previous work.15

One explanation for the correlation between RR and ! is that
fluctuations in magnitude of shear force are stick-slip events at the
three-body contact. Sticking causes a relatively high shear force as
asperities and slurry abrasives on the pad are in contact with the
wafer, and slipping then causes a relatively low shear force when
they lose contact as wafer material is removed away by abrasion.
Furthermore, the normal force increases with applied pressure, which
then increases the number of pad asperities contacting the wafer and
the contact area of each asperity. This is captured through pad surface
micro-texture parameters CA and CD. Since friction depends on the
real area of contact between two surfaces, naturally, in-situ shear force

Table VII. Summary of polishing and pad surface micro-texture
parameters (values are averages across all P and V conditions).

Tribological and Kinetic Parameters
Disc A Disc B

Average RR (Å/min) 1.51E03 9.34E02
Average COF 0.448 0.215

Average Directivity (!) 48.1 7.14

Pad Surface Micro-Texture Parameters
Disc A Disc B

CA (%) 7.50E-02 2.80E-02
Contact Density, CD20 (#/mm2) 2.56E03 1.67E03

CA-to-CD ratio (%-mm2/#) 2.93E-05 1.67E-05
MHDLL Thickness (µm) 12 23

should also increase with applied pressure through the wafer carrier.20

The variation in normal force is significantly less than the variation
in shear force, and is relatively constant even with P and V changing.
These variations are likely not related to the disc, and are normal
occurrences with the polisher. Slight vertical displacements within
the polisher assembly (platen, carrier head, wafer, pad) may come
from gimbaling of the carrier head or mismatching between pistons,
gears and bearings.

The differences between polishing with these conditioner discs
are evident through all parameters, including the low-frequency shear
force spectra, but the causes for the differences are not clear at this
point. It is reasonable to presume that the diamond morphology and
macro texture of the disc’s surface result in unique pad surface micro-
textures, and that the wafer material removal mechanism is a function
of the pad surface micro-texture. Disc A has an arrangement of five
hexagonally shaped pads around its circumferences, with micron-size
ordered diamond pyramids. Disc B’s has eight fins that spiral from the
edge to the center of the disc, with each fin covered with micron-size
random diamond particles. The resulting pad surface micro-texture
after conditioning with Disc A is rougher than the surface condi-
tioned with Disc B (see the SEM images published in our previous
work.22) Looking at the new data presented here, we know that our
low-frequency shear force signals (Figs. 3 and 4) are not from pad
surface features, and that harmonics of the platen’s rotation comprise
most of that data. The minor differences (around 20 Hz) in those
spectra are likely due to the disc itself vibrating some component of
the polisher. We confirmed that low-frequency shear force spectral
data is not a sufficient means to discerning disc effects. However,
the pad surface features that cause high-frequency shear force signals
do contribute to the over-all shear force and shear force variance. A
reasonable explanation for the correlation between the disc used and
the shear force variance is that the total shear force and its variance
depend on the nature of the pad surface micro texture. In this study,
we were not able to rule out this possibility.

Conclusions

While it was understood before this study that polishing perfor-
mance correlated to the type of conditioning disc used through pad
surface micro-texture (RR, COF, CA, and CD), we suspected there
was more information to be gathered from real-time measurements,
in order to predict, with even more certainty, the effect from the con-
ditioning disc. Directivity and force scatter plots revealed that Disc A
caused significant increases in the shear force and variance of shear
force at the three-body pad-slurry-wafer contact. These scatter plots
paint a more detailed picture of all the effects of using these discs,
and may prove in some cases to be more useful than average COF
alone in judging the polishing performance resulting from these discs.
While the low frequency shear force spectra proved that there are
few, if any, signatures associated with the disc, it did reveal signatures
that are likely due to the polisher, as well as a plethora of harmonic
signatures.
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