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NANOMANUFACTURING –  

LARGE SCALE MANUFACTURING  FOR NANOELECTRONICS  
 

FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for s tandard ization  compris i ng  
a l l  n ational  e l ectrotechn ical  commi ttees  ( I EC National  Comm i ttees).  The  object  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  q uestions  concern i ng  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC  publ i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  
Techn ical  Reports ,  Publ i cl y Avai l abl e  Speci fi cati ons  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC  
Publ i cation (s )” ) .  Thei r preparation  i s  en trusted  to  techn ical  comm i ttees;  any I EC  National  Commi ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non -
governmental  organ i zati ons  l i a i s i ng  wi th  the  I EC al so  parti cipate  i n  th i s  preparation .   

I EEE  Standards  documents  are  devel oped  wi th i n  I EEE  Societi es  and  Standards  Coord i nati ng  Comm i ttees  of the  
I EEE  Standards  Association  ( I EEE-SA)  S tandards  Board .  I EEE  devel ops  i ts  s tandards  through  a  consensus  
development process,  wh ich  bri ngs  together vol un teers  representi ng  varied  viewpoin ts  and  i n terests  to  ach ieve  
the  fi nal  product.  Volunteers  are  not  necessari l y  members  of I EEE  and  serve  wi thou t compensation .  Wh i l e  I EEE  
adm in i sters  the  process  and  establ i shes  ru l es  to  promote  fai rness  i n  the  consensus  devel opment process,  I EEE  
does  not  i n dependentl y eval uate,  test,  or veri fy the  accuracy of any of the  i n formation  conta ined  i n  i ts  
s tandards.  Use  of I EEE  Standards  documents  i s  whol l y vol un tary.  I EEE  documents  are  made  avai l abl e  for use  
subject  to  important  noti ces  and  l egal  d i sclaimers  (see  h ttp: //standards. i eee. org/I PR/d iscla imers. h tm l  for more  
i n formation ).  

I EC col l aborates  cl osel y wi th  I EEE  i n  accordance  wi th  cond i ti ons  determ ined  by agreement between  the  two 
organ i zati ons.   

2 )  The  formal  decis ions  of I EC on  techn ical  matters  express,  as  nearl y as  possib l e,  an  i n ternational  consensus  of 
opin ion  on  the  rel evant  subj ects  s i nce  each  techn ical  commi ttee  has  representati on  from  a l l  i n terested  I EC 
National  Commi ttees.  The  formal  d ecis ions  of I EEE  on  techn ical  matters ,  once  consensus  wi th i n  I EEE  Societies  
and  S tandards  Coord i nati ng  Commi ttees  has  been  reached ,  i s  determ ined  by a  bal anced  bal l ot  of material l y  
i n terested  parti es  who  i nd icate  i n terest  i n  reviewing  the  proposed  standard .  F i nal  approva l  of the  I EEE  
standards  document  i s  g i ven  by the  I EEE  Standards  Associati on  ( I EEE-SA)  S tandards  Board .  

3)  I EC/I EEE  Publ i cations  have  the  form  of recommendations  for i n ternati onal  use  and  are  accepted  by I EC 
National  Commi ttees/I EEE  Societies  i n  that  sense.  Wh i l e  a l l  reasonabl e  efforts  are  made  to  ensure  that  the  
techn ical  content  of I EC/I EEE  Publ i cations  i s  accurate,  I EC  or I EEE  cannot  be  hel d  responsible  for the  way i n  
wh ich  they are  used  or for any m is i n terpretation  by any end  user.  

4)  I n  order to  promote  i n ternational  u n i form i ty,  I EC National  Comm i ttees  undertake  to  app ly I EC Pub l i cations  
( i ncl ud ing  I EC/I EEE  Publ i cations)  transparen tl y to  the  maximum  exten t poss ibl e  i n  the i r national  and  reg i ona l  
publ i cations.  Any d i vergence  between  any I EC/I EEE  Publ i cation  and  the  correspond i ng  nati onal  or reg ional  
publ i cation  shal l  be  cl earl y i nd i cated  i n  the  l atter.  

5)  I EC and  I EEE  do  not  provide  any attestati on  of conform i ty.  I ndependent certi fi cation  bod i es  provi de  conform i ty 
assessment services  and ,  i n  some areas,  access  to  I EC marks  of conform i ty.  I EC and  I EEE  are  not  respons ibl e  
for any services  carri ed  ou t  by i ndependent  certi fi cati on  bod i es.  

6)  Al l  u sers  shou ld  ensure  that  they have  the  l atest  ed i ti on  of th i s  publ i cati on .  

7)  No  l i abi l i ty shal l  attach  to  I EC  or I EEE  or thei r d i rectors,  employees,  servants  or agen ts  i ncl ud ing  i nd ivi dual  
experts  and  members  of techn ical  commi ttees  and  I EC  National  Commi ttees,  or vo l un teers  of I EEE  Societi es  
and  the  Standards  Coord i nati ng  Commi ttees  of the  I EEE  Standards  Association  ( I EEE-SA)  Standards  Board ,  
for any personal  i n j u ry,  property damage  or other d amage  of any nature  whatsoever,  whether d i rect  or i n d i rect,  
or for costs  ( i ncl ud ing  l egal  fees)  and  expenses  ari s i ng  ou t  of the  pub l i cation ,  use  of,  or rel i ance  upon ,  th i s  
I EC/I EEE  Publ i cation  or any other I EC or I EEE  Publ i cati ons.   

8)  Atten tion  i s  d rawn  to  the  normative  references  ci ted  i n  th i s  publ i cati on .  Use  of the  referenced  publ i cati ons  i s  
i nd i spensable  for the  correct appl i cati on  of th i s  publ i cation .  

9)  Atten tion  i s  d rawn  to  the  possib i l i ty that  implementation  of th i s  I EC/I EEE  Publ i cation  may requ i re  use  of 
material  covered  by paten t ri gh ts .  By publ i cati on  of th i s  s tandard ,  no  pos i ti on  i s  taken  wi th  respect to  the  
exi stence  or val i d i ty of any paten t ri gh ts  i n  connection  therewi th .  I EC or I EEE  shal l  not  be  hel d  responsibl e  for 
i den ti fyi ng  Essential  Paten t Cl a ims  for wh ich  a  l i cense  may be  requ i red ,  for conducti ng  i n qu i ri es  i n to  the  l ega l  
va l i d i ty or scope  of Paten t Claims  or determ in ing  whether any l i censing  terms  or cond i ti ons  provided  i n  
connection  wi th  subm ission  of a  Letter of Assurance,  i f any,  or i n  any l i cens ing  agreements  are  reasonabl e  or 
non -d i scrim inatory.  Users  of th i s  s tandard  are  expressly advi sed  that  determ ination  of the  val i d i ty of any paten t  
ri gh ts,  and  the  ri sk of i n fri ngement  of such  ri gh ts,  i s  en ti re l y thei r own  respons ibi l i ty.  
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I n ternational  Standard  I EC/IEEE  62659  has  been  prepared  by I EC techn ical  comm ittee  1 1 3,  
Nanotechnology s tandard ization  for e lectrical  and  e lectron ic products  and  systems,  i n  
cooperation  wi th  the  Standards  Committee  of the  I EEE  Nanotechnology Counci l 1 ,  u nder the  
I EC/I EEE  Dual  Logo  Agreement.  

The  text of th is  s tandard  i s  based  on  the  fo l lowing  documents:  

FDIS  Report  on  voti ng  

1 1 3/271 /FDIS  1 1 3/280/RVD  

 
Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  s tandard  can  be  found  i n  the  report on  
voting  ind icated  in  the  above  table.  

I n ternational  Standards  are  d rafted  i n  accordance wi th  the  ru les  g iven  i n  the  I SO/I EC 
Di recti ves,  Part  2 .  

The  I EC Techn ica l  Committee  and  I EEE  Techn ical  Committee  have  decided  that the  con ten ts  
of th is  publ ication  wi l l  remain  unchanged  unti l  the  stabi l i ty date  ind icated  on  the  I EC  web s i te  
under "h ttp: //webstore. iec. ch "  i n  the  data  re lated  to  the  speci fic publ ication .  At  th is  date,  the  
publ ication  wi l l  be  

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

A b i l ingual  vers ion  of th is  publ ication  may be  i ssued  at  a  l ater date.  

 

————————— 
1  A l i s t  of I EEE  parti cipan ts  can  be  found  at  the  fol l owing  URL:  h ttp: //standards. i eee. org/down loads/62659/62659-

201 5/62659-201 5_wg-parti cipan ts . pdf 
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INTRODUCTION  

I n  order to  fu l l y benefi t  from  the  cost,  performance,  and  flexib i l i ty of new e lectron ics  products  
manufactured  on  a  l arge-scale,  i ndustries  accustomed  to  the  purchase,  use,  and  eng ineering  
of conti nuum  materia ls  need  to  grow to  embrace appropriate  new practices  at  the  nanoscale.  
The  purpose  of th is  I n ternational  Standard  i s  to  enable  the  qu ick,  l ow-risk adoption  of 
nanomateria ls  i n to  large-scale  e lectron ics  manufacturing .  I n  add i tion  a  best set of common  
practices  for use  by sem iconductor fabricators  wi l l  be  del i neated .  

The  description  of nanomateria ls  to  be  i ncorporated  i n to  the  e lectron ics  process  can  be  
described  i n  terms  of:   composi ti on  (materia l ) ,  dens i ty,  puri ty,  s i ze/d imensions,  properties  
such  as  e lectrical  characteristics  (conductive,  non-conductive,  and  sem iconductive),  
associated  med ia  (de l ivery med ium),  fabrication ,  surface  functional i zation ,  particle  s i ze  
d istribu tion ,  surface  area,  shape,  and  degree  of aggregation  and  agg lomeration ,  etc.  

These  s tandards  for the  characterization  of nanomateria ls  a lso  provide  an  opportun i ty to  help  
ensure  cons istency i n  metrics  and  measurement methods  when  speci fying  or producing  
nanomateria ls  for e lectron ics  appl ications.  Th is  i s  importan t when  mu l tiple  vendors  or 
technology partners  are  i nvolved .   

Copyright International  Electrotechnical  Commission  
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NANOMANUFACTURING –  
LARGE SCALE MANUFACTURING  FOR NANOELECTRONICS  

 
 
 

1  Scope 

This  I n ternational  Standard  provides  a  framework for in troducing  nanoelectron ics  i n to  l arge  
scale,  h igh  volume production  i n  sem iconductor manufacturing  faci l i ti es  through  the  
i ncorporation  of nanomateria ls  (e. g .  carbon  nanotubes,  g raphene,  quan tum  dots,  etc. ) .  S i nce  
sem iconductor manufacturing  faci l i ties  need  to  i ncorporate  practices  that main ta in  h igh  yie l ds ,  
there  are  very s trict  requ irements  for how manufacturing  i s  performed .  Nanomateria ls  
represent a  poten tia l  contam inant i n  sem iconductor manufacturing  faci l i t i es  and  need  to  be  
i n troduced  i n  a  s tructured  and  method ica l  way.  

Th is  I n ternational  Standard  provides  steps  employed  to  faci l i tate  the  i n troduction  of 
nanomateria ls  i n to  the  sem iconductor manufacturing  faci l i ti es .  Th is  sequence is  described  
below under the  areas  of raw materia ls  acqu is i tion ,  materia ls  process ing ,  design ,  I C  
fabrication ,  testing ,  and  end-use.  These  acti vi ties  represent the  major stages  of the  suppl y 
chain  i n  sem iconductor manufacturing  faci l i ti es.  

2  Normative references  

The fol l owing  documents ,  i n  whole  or i n  part,  are  normativel y referenced  i n  th is  document and  
are  i nd ispensable  for i ts  appl ication .  For dated  references,  on l y the  ed i ti on  ci ted  appl i es .  For 
undated  references,  the  l atest ed i ti on  of the  referenced  document ( i nclud ing  an y 
amendments)  appl i es .  

None.  

3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  fo l l owing  terms  and  defin i ti ons  apply.  

3. 1   
nanoscale  

size  range  from  approximatel y 1  nm  to  1 00  nm  

Note  1  to  en try:  Properti es  that  are  not  extrapolati ons  from  a  l arger s i ze  wi l l  typical l y,  bu t  not  exclus i vel y,  be  
exh ibi ted  i n  th i s  s i ze  range.  For such  properti es  the  s i ze  l im i ts  are  cons idered  approximate.  

Note  2  to  en try:  The  l ower l im i t  i n  th i s  defi n i ti on  (approximately 1  nm )  i s  i n troduced  to  avoi d  s i ng le  and  smal l  
g roups  of atoms  from  being  designated  as  nano-objects  or e l ements  of nanostructu res,  wh i ch  m ight  be  impl i ed  by 
the  absence  of a  l ower l im i t.  

[SOURCE:  I SO/TS  80004-1 : 201 0,  2 . 1 ]  

3.2   
nanotechnology 
appl ication  of scien ti fic knowledge to  man ipu late  and  control  matter i n  the  nanoscale  (3 . 1 )  i n  
order to  make use  of s i ze-  and  structure-dependen t properties  and  phenomena,  as  d isti nct  
from  those  associated  wi th  ind ividual  atoms  or molecu les  or wi th  bu lk  materials  

Note  1  to  en try:  Man ipu lati on  and  con tro l  i ncl udes  material  synthesis .  

[SOURCE:  I SO/TS  80004-1 : 201 0,  2 . 3]  
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3.3   
nanoelectron ics  
electron ic devices  that  i ncorporate  nanoscale  (3 . 1 )  materia ls ,  processes  and  properties  

3.4   
nanomanufacturing  
i n ten tional  syn thes is ,  generation  or control  of nanomaterials  (3 . 6) ,  or fabrication  steps  in  the 
nanoscale  (3 . 1 ) ,  for commercia l  purposes   

[SOURCE:  I SO/TS  80004-1 : 201 0,  2 . 1 1 ]  

3.4. 1   
bottom-up nanomanufacturing   
processes  that use  smal l  fundamental  un i ts  to  create  larger functional l y rich  structures  or 
assembl ies  

3.4.2   
hybrid  nanomanufacturing  
combination  of add i ti ve  and  subtracti ve  con trol l ed  process ing  to  create  an  i n tentional  
nanoscaled  structure  

3.4.3   
top-down  nanomanufacturing   

processes  that create  structures  at  the  nanoscale  from  macroscopic des igns  

3.5   
nanomanufacturing  process  
ensemble  of activi ties  to  i n ten tional l y syn thesize,  generate  or control  nanomaterials  (3 . 6) ,  or 
fabrication  steps  i n  the  nanoscale  (3 . 1 )  

[SOURCE:  I SO/TS  80004-1 : 201 0,  2 . 1 2 ]  

3.6   
nanomaterial  
materia l  wi th  any external  d imension  i n  the  nanoscale  or having  i n ternal  or surface  s tructu re  
in  the  nanoscale  (3 . 1 )  

Note  1  to  en try:  Th i s  generic  term  i s  i ncl us ive  of nano-object  and  nanostructured  materia l .  

[SOURCE:  I SO/TS  80004-1 : 201 0,  2 . 4 ]   

3.7   
nano-object  
materia l  wi th  one,  two  or th ree  external  d imensions  i n  the  nanoscale  (3 . 1 )  

Note  1  to  en try:  Generic  term  for a l l  d i screte  nanoscale  objects .  

[SOURCE:  I SO/TS  80004-1 : 201 0,  2 . 5]   

3.8   
nanostructure  
composi ti on  of i n ter-related  consti tuen t parts,  i n  wh ich  one  or more  of those  parts  i s  a  
nanoscale  (3 . 1 )  reg ion  

Note  1  to  en try:  A reg i on  i s  d efi ned  by a  boundary representi ng  a  d i sconti nu i ty i n  properti es.   

[SOURCE:  I SO/TS  80004-1 : 201 0,  2 . 6 ]  
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3.9   
nanofibre  
nano-object  (3 . 7)  wi th  two s im i l ar external  d imensions  i n  the  nanoscale  (3 . 1 )  and  the  th i rd  

d imension  s ign i fican tl y l arger  

Note  1  to  en try:  A nanofi bre  can  be  fl exibl e  or ri g i d .  

Note  2  to  en try:  The  two s im i l ar external  d imensions  are  considered  to  d i ffer i n  s i ze  by l ess  than  three  times  and  
the  s i gn i fi cantl y l arger externa l  d imension  i s  considered  to  d i ffer from  the  other two  by more  than  th ree  times.  

Note  3  to  en try:  The  l argest  external  d imension  i s  not  necessari l y i n  the  nanoscale.  

[SOURCE:  I SO/TS  27687: 2008,  4 . 3]  

3. 1 0   
nanoparticle  
nano-object  (3 . 7)  wi th  a l l  three  external  d imensions  i n  the  nanoscale  (3 . 1 )  

Note  1  to  en try:  I f the  l engths  of the  l ongest to  the  shortest  axes  of the  nano-ob ject  d i ffer s i gn i fi cantl y (typical l y by 
more  than  th ree  times),  the  terms nanofibre  or nanopl ate  are  i n tended  to  be  used  i nstead  of the  term  nanoparti cl e.  

[SOURCE:  I SO/TS  27687: 2008,  4 . 1 ]  

3. 1 1   
nanowire  
electrical l y conducting  or sem i -conducting  nanofibre  (3 . 9)  

[SOURCE:  I SO/TS  27687: 2008,  4 . 6]  

3. 1 2   
nanosheet  
freestand ing  nanofi lm  

3. 1 3   
graphene  
sing le  l ayer of carbon  atoms wi th  each  atom  bound  to  three  neighbours  in  a  honeycomb 
structu re  

Note  1  to  en try:  I t  i s  an  importan t bu i l d i ng  b l ock of many carbon  nano-obj ects.  

[SOURCE:  I SO/TS  80004-3: 201 0,  2 . 1 1 ]  

3. 1 4  
nanotube  
hol l ow nanofibre  (3 . 9)  

[SOURCE:  I SO/TS  27687-2008,  4 . 4 ]  

3. 1 5   
nanorod  
sol i d  nanofibre  (3 . 9)  

[SOURCE:  I SO/TS  27687-2008,  4 . 5]  

4 Abbreviations  

The fol l owing  abbreviations  are  used  i n  th is  s tandard :  

CNT – Carbon  nanotube  
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HDL – Hardware  description  language  

ATE  – Au tomatic  test  equ ipment  

5 Nanomaterials  incorporation  into electronics  fabrication  

5.1  General  

Nanomanufacturing  processes  fol low three  general  methods  of production :  bottom -up  
nanomanufacturing ,  top-down  manufacturing  and  a  hybrid  vers ion  of these  two methods,  each  
based  on  the  l ocation  of the  in i tiating  materia l .  See  F igure  1 .  

 

Figure 1  – Relationship  between  bottom-up,  top-down  and  hybrid  device  
fabrication  processes  for nanoelectronics  over l ength  scales  

Tables  1  and  2  describe  representati ve  workflows  for the  creation  of nanoelectron ics  wi th in  
the  two most common  manufacturing  processes.  I ncorporation  of nanomateria ls  i n to  
e lectron ics  fabrication  may u ti l i ze  a  hybrid  process  i n  wh ich  creation  of nanoelectron ics  
employs  a  combination  of e lemen ts  of both  of these  workflows.  

Table  1  – Bottom-up  process  for nanoelectron ics  

Workflow Processing  

Desi red  pattern  
defi ned  us i ng  
l i thog raph ic  
techn ique  

Desi red  pattern  developed  i n  seed  pl an ti ng  
software  tool  to  produce  the  seed  posi ti ons  

Functional i zed  
surface  

Seed  l ayer i s  produced  on  substrate  l ayer 

Functional  su rface  
generation  and  
g rowth  

The  desi red  pattern  descri bed  by functional  
surface  a l l ows  seeds  to  g row and  assemble.  
Add i ti ve  raw materi al  g rown  from  
functional i zed  su rface  

Completed  pattern  F i n i shed  device  

 

Table  2  – Top-down  process  for nanoelectron ics  

Workflow Acti vi ty 

Raw materi a l  
coati ng  of substrate  

Materi a l  added  to  substrate  

Desi red  pattern  
defi ned  us i ng  
l i thog raph ic 
techn ique  

Desi red  pattern  developed   

Pattern  etched  The  desi red  pattern  descri bed  by l i thog raph ic 
process  and  excess  materia l  selecti vel y 
removed ;  pattern i ng  and  etch ing  repeated  as  
necessary 

Completed  pattern  F i n i shed  device  

IEC 

0, 1  nm  1  nm  1 0  nm  1 00  nm  1  µm  1 0  µm  1 00  µm  1  mm  

Bottom-up  Top-down  

Hybrid  

Copyright International  Electrotechnical  Commission  



 – 1 0  – I EC/I EEE 62659: 201 5  

    I EC/IEEE  201 5  

A workflow for nanomateria ls  i ncorporation  i n to  e lectron ics  fabrication  is  h i gh l i gh ted  i n   
Table  3 ,  comparing  a  CNT electron ics  workflow to  that  of a  CMOS workflow.  

Table  3  – Comparison  of CMOS processes  wi th  exemplary CNT electronics  process  

Workflow CNT el ectron ics  Si  CMOS electron ics  

Raw materi al s  
acqu is i ti on  

CNT i n  g rams Wol fram i te/Sheel i te  
(Tungsten  ore)  i n  metri c  
tonnes  

Materi al s  
processing  

CNT i n  1  L  or 4  L  aqueous  
sol u ti ons  

1 50  mm ,  200  mm  or 
300  mm  W targets  for 
spu tter d eposi ti on  

Des ign  Fu l l  custom  l ayou t;  Mu l ti -core  m icroprocessor 
synthesi zed  from  HDL;  

I C  fabrication  0 , 1 5  μm  CMOS  l i ne  45  nm ,  200  mm  wafer S i  
CMOS  foundry 

Testi ng  Sem i -au tomatic  wafer 
probe  s tations  

H igh  throughput  ATE  

End-use  Sol i d -state  data  recorder 
modu le  

Mai nboard  wi th  ch i pset 
for notebook computers  

 

The  primary areas  for e lucidation  to  move  from  start to  product incl ude:  raw materia ls,  
processed  materia ls,  IC  fabrication  processes,  des ign  and  test and  end -user systems.  Each  
area  has  speci fic requ irements  and  function  wh ich  has  dependencies  based  upon  the  end-
user system  requ i rements.  Th is  document wi l l  provide  a  framework for the  e lucidation  of 
generic approaches  to  describe  these  systems  wi th  the  goal  to  coalesce  wi th  other s tandards  
acti vi ties  wherever a  common  thread  or shared  methodology can  be  exploi ted .  

5.2  Raw materials  acqu is i tion  

Raw materia ls  use  for nanoelectron ics  at the  l arge  scale  fa l l s  i n to  four primary categories:   
nanoparticles ,  nanowires,  nanotubes  and  nanosheets,  wh ich  may i nclude  zero-d imensional  
nanomateria ls,  one-d imensional  nanomateria ls,  two-d imensional  nanomateria ls  or three-
d imensional  nanomateria ls ,  e i ther separatel y or i n  combination  or as  a  m ixture.  Nanotubes  
are  d is ti nct from  nanowires  because  of the  hol low nature  of a  tubu lar structural  moti f versus  
the  sol i d  form  of a  wi re.  Several  I EC and  I EEE efforts,  for example  I EC 62624/IEEE  Std  1 650  
and  I EC PAS  62565-2-1 ,  have  focused  on  del i neation  of various  aspects  of nanotube  
generation  and  description .  Those  efforts  wi l l  be  i ncorporated  as  references  for th is  effort.  

Some of the  key features  of raw carbon  nanotube  materia ls  exam ination  i nclude  sourcing ,  
growth  cond i ti ons  includ ing  gas  control ,  temperature  con trol ,  substrate  choice  and  con trol ,  
d iameter (and  ch i ra l i ty)  con trol ,  l ength  con trol ,  surface  functional i zation ,  con tam ination  
measurement from  catal ysts  i n  the  case  of nanotubes  and  add i ti onal  carbon  contam ination  as  
wel l .  These  are  detai led  i n  I EC  PAS  62565-2-1 .  

I n  the  case  of nanoparticles  the  syn thesis  methodolog ies  are  qu i te  d iverse  and  the  focus  wi l l  
be  on  monod ispers i ty,  composi ti on  control ,  surface  functional ization  and  con tam ination .  

I n  the  case  of nanowires,  the  syn thes is  wi l l  focus  on  methods  wh ich  speci fy gas  
concentrations,  temperature  control ,  substrate  choices,  d iameter control ,  l eng th  con trol ,  
surface  functional i zation  and  con tam ination .  Al l  of these  raw materia ls  generation  
methodolog ies  requ ire  close  exam ination  of safety cond i ti ons  during  growth ,  harvesting  safety 
and  waste  s tream  hand l ing  and  mon i toring .  I EC PAS 62565-1  sha l l  be  the  model  for the  fu ture  
nanowire  b lank detai l  speci fication .  

I n  the  case  of nanosheets,  the  syn thes is  wi l l  focus  on  provid ing  monatom ical l y l ayered  carbon  
atoms  wi th  a  speci fied  stacking  of one  or more  layers.  Con trol led  g rowth  wi l l  focus  on  
methods  wh ich  speci fy gas  concentrations,  temperature  control ,  substrate  choices,  and  
con tam ination .  
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5.3  Materials  processing  

The concept of processing  nanomateria ls  for use  in  CMOS is  re lativel y new.  I ndeed  
nanomateria ls  can  be  g rown  or sel f-assembled  d i rectl y on  substrates  wi thout s ign i ficant  
puri fication .  I n  the  case  that  d i rect growth  i s  not  preferable ,  so lu tions  of nanomateria ls  are  
necessary and  must be  prepared  in  a  proper manner for use  in  CMOS.  Dens i ty/d istribution  of 
nanotubes  i n  solu tion  i s  a  factor relati ng  to  metrics,  puri ty and  performance.  Particu lar 
atten tion  must be  pa id  to  the  areas  of removal  of con tam inan ts  especia l l y metals  such  as  i ron ,  
n ickel  and  cobal t.  Type  sourcing  of nanomateria ls ,  e i ther by d iameter i n  the  case  of 
nanotubes  or nanowires  or via  monod ispers i ty i n  the  case  of nanoparticles ,  i s  l ikel y a  
necessary cond i tion  for work to  proceed  i n  a  fabrication  environment.  Speci fic i ssues  to  be  
addressed  regard ing  waste  s treams  includ ing  waste  from  puri fications,  solven ts  and  clean ing  
protocols  are  importan t.  Processes  shal l  comply wi th  appl icable  environmental  regu lations.  

5.4  Design  

Standard  design  such  as  those  for i n tegrated  ci rcu i ts  i s  appropriate  whenever poss ible  us ing  
nanomateria ls.  Des ign  of nanoscale  devices  that exploi t q uan tum  effects  i s  sti l l  be ing  
developed  as  theoretica l  and  empirical  advances  generate  more  detai led  understand ing  of 
these  properties.  

5.5  Fabrication  

Fabrication  processes  using  nanomateria ls  are  evolving .  I n  order to  fabricate  devices  even  
wi th  puri fied  or processed  nanomateria ls,  care  must be  taken  to  comply wi th  standard  
gu idel ines,  protocols  and  procedures  common  to  the  sem iconductor industry.  Specia l  
atten tion  to  clean l i ness,  waste  d isposal  and  subsequent process ing  and  compl iance  wi th  
establ ished  i ndustry s tandards  and  practices ,  i ncl ud ing  those  described  i n  the  I SO 1 4644  and  
ISO  1 4698  series  of cl eanroom  standards,  are  cri tical .   

For example,  hand l i ng  of wafers  wi th  modern  robotics  i s  a  necess i ty and  can  on l y be  
accompl ished  by ensuring  that substrates  are  cleaned  to  the  degree  necessary not to  
con tam inate  modern  robotics  hand lers .  Other fabrication  processes  such  as  deposi tion ,  
pattern ing ,  and  etch ing  need  to  conform  to  s tandard  processes.  Care  must be  taken  to  
guaran tee  that  the  nanomateria ls  are  nei ther destroyed  nor act as  con tam inan ts .   

5.6  Test  

Test methods  such  as  those  for i n tegrated  ci rcu i ts  are  appropriate  whenever poss ible  us ing  
nanomateria ls.  I n  many cases  function-based  testing  of devices  and  nanostructures  is  
ach ievable  us ing  existi ng  techn iques.  Test of nanoscale  devices  that exploi t quan tum  effects  
are  sti l l  be ing  developed  as  theoretical  and  empirical  advances  generate  more  deta i l ed  
understand ing  of these  properties .  Nanoscale  metrology capabi l i ties  are  curren tl y being  
developed  a long  wi th  nanoscale  l i thography,  and  i n  many cases  these  wi l l  be  appropriate  for 
other nanostructures.  

5.7  End-use  

I t  i s  necessary for i nputs  and  ou tpu ts  from  nanoelectron ics  to  conform  to  standard  ranges  
typical  in  the  e lectron ics  i ndustry.  Various  protocols  and  s tandards  are  a l ready i n  p l ace  wh ich  
shou ld  be  u ti l i zed  in  thei r en ti rety.  Waste  streams and  end  of l i fe  practices  shou ld  be  adhered  
to  as  is  the  case  for s tandard  i n tegrated  ci rcu i ts .  

6 Safety and  environmental  issues  

Safety and  safe  hand l ing  of nanomaterials  certa in l y perta ins  to  th is  emerg ing  technology,  j ust 
as  safe  hand l i ng  and  processing/d isposal  of hazardous  materia ls  are  cons iderations  i n  the  
curren t sem iconductor process.  Standards  and  regu lations  are  currentl y evolving  and  i n  some 
cases  may not yet be  i den ti fied .  Precautionary safety practices  shou ld  a lways  be  the  gu ide  
un ti l  speci fic s tandards  can  be  developed .  
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