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PHOTONIC  INTEGRATED CIRCUITS –  

 
Part 1 :  In troduction  and  roadmap for standardization  

 
FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for standard 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  questions  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 cations,  
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  commi ttees;  any I EC Nati onal  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 izations  l i a i s i ng  wi th  the  I EC a l so  parti ci pate  i n  th i s  preparation .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ i zation  for Standard ization  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by 
agreement between  the  two  organ i zati ons.  

2)  The  formal  decis ions  or ag reements  of I EC on  techn ical  matters  express,  as  nearl y  as  possib le,  an  i n ternati ona l  
consensus  of opi n ion  on  the  rel evant  sub jects  s i nce  each  techn ical  commi ttee  has  representati on  from  a l l  
i n terested  I EC National  Committees.   

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by I EC National  
Commi ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  content  of I EC  
Publ i cations  i s  accu rate,  I EC  cannot  be  hel d  responsi ble  for the  way i n  wh ich  they are  used  or for any 
m i s i n terpretation  by any end  u ser.  

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  
transparentl y to  the  maximum  extent  poss ible  i n  the i r national  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC Pub l i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  shal l  be  cl earl y i n d icated  i n  
the  l atter.  

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I n dependent  certi fi cati on  bod ies  provi de  conform i ty 
assessment  services  and ,  i n  some  areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsi ble  for any 
services  carri ed  ou t  by i ndependent certi fi cation  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 ts  d i rectors,  employees,  servants  or agen ts  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  comm i ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property  damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or re l i ance  upon ,  th i s  I EC Publ i cati on  or any other I EC  
Publ i cations.   

8)  Atten tion  i s  d rawn  to  the  Normative  references  ci ted  i n  th i s  publ i cation .  Use  of the  referenced  publ i cations  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  poss ib i l i ty that  some of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
paten t ri gh ts.  I EC shal l  not  be  hel d  respons ibl e  for i den ti fyi ng  any or a l l  such  patent  ri gh ts.  

The  main  task of I EC  techn ica l  comm ittees  is  to  prepare  I n ternational  Standards.  However,  a  
techn ical  committee  may propose  the  publ ication  of a  techn ica l  report  when  i t  has  col l ected  
data  of a  d i fferent ki nd  from  that wh ich  i s  normal l y publ ished  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC  TR 62072-1 ,  wh ich  i s  a  Techn ica l  Report,  has  been  prepared  by subcommittee  86C:  F ibre  
optic systems  and  active  devices,  of I EC  techn ica l  committee  86:  F ibre  optics.  

The  text of th is  Techn ical  Report i s  based  on  the  fol l owing  documents:  

Enqu i ry d raft  Report  on  voti ng  

86C/1 428/DTR 86C/1 441 /RVDTR 

 
Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  techn ica l  report can  be  found  in  the  
report on  voti ng  ind icated  i n  the  above  table.  
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Th is  document has  been  drafted  i n  accordance  wi th  the  I SO/IEC  D i recti ves,  Part 2 .  

A l i s t of a l l  parts  i n  the  I EC  63072-1  series,  publ ished  under the  general  ti t le  Photonic 
integrated circuits ,  can  be  found  on  the  I EC websi te .  

The  committee  has  decided  that the  con ten ts  of th is  document wi l l  remain  unchanged  un ti l  the  
stabi l i ty date  i nd icated  on  the  I EC  websi te  under "h ttp : //webstore. iec.ch"  i n  the  data  re lated  to  
the  speci fic document.  At  th is  date,  the  document wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  rep laced  by a  revised  ed i ti on ,  or 

•  amended .  

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

 

IMPORTANT – The  'colour inside'  logo  on  the  cover page  of th is  publ ication  ind icates  
that i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct  
understand ing  of i ts  contents.  Users  shou ld  therefore  print  th is  document using  a  
colour printer.  
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PHOTONIC  INTEGRATED CIRCUITS –  
 

Part 1 :  In troduction  and  roadmap for standardization  
 
 
 

1  Scope 

This  part  of I EC 63072,  wh ich  i s  a  Techn ica l  Report,  provides  an  in troduction  to  photon ic 
i n tegrated  ci rcu i ts  (PICs)  and  describes  a  roadmap for the  s tandard ization  of PIC  technology 
over the  next decade.   

NOTE  The  trademarks  and  trade  names  mentioned  i n  th i s  d ocument are  g i ven  for the  conven ience  of users  of th i s  
document;  th i s  does  not  consti tu te  an  endorsement by I EC of these  compan ies.  

2  Normative references  

There  are  no  normative  references  i n  th is  document.  

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.  

I SO and  I EC main ta in  term inolog ica l  databases  for use  i n  standard ization  at  the  fol l owing  
addresses:  

•  I EC  E lectroped ia:  avai lable  at  h ttp: //www.electroped ia.org /   

•  I SO  On l ine  browsing  p latform :  avai l able  at h ttp: //www. iso. org/obp   

3. 1   
photon ic  i n tegrated  ci rcu i t   
PIC  

i n tegrated  ci rcu i t  that  con tains  optical  structures  to  gu ide  and  process  optical  s ignals  

3.2   
I I I -V 
three-five  
compound  sem iconductor formed  of materia ls  from  the  th i rd  and  fi fth  column  of the  period ic 
table  

EXAMPLE  1  I nd ium  phosph ide  

EXAMPLE  2  Gal l i um  arsen ide  

3.3   
through-si l icon-via  
TSV  
metal l ised  hole  (via)  through  a  s i l i con  wafer enabl ing  e lectrica l  conductivi ty from  one  surface  
of the  s i l icon  to  the  other 

3.4  
si l i con  photon ics  
structu re  or system  of s tructu res  fabricated  i n to  a  s i l i con  wafer to  gu ide  l i gh t  and  enable  
pass ive  and  acti ve  optical  processes  to  be  carried  ou t at the  i n tegrated  ci rcu i t  l evel  

http://www.electropedia.org/
http://www.iso.org/obp
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3.5   
si l i con-on-insu lator  
SOI  
structu re  or system  of s tructu res  fabricated  i n to  a  s i l i con  wafer to  gu ide  l i gh t  and  enable  
pass ive  and  acti ve  optical  processes  to  be  carried  ou t at the  i n tegrated  ci rcu i t  l evel  

3.6   
vertical  cavi ty surface emitting  laser 
VCSEL 
sem iconductor l aser d iode  wi th  d i rection  of l aser em ission  perpend icu lar to  top  surface  

3.7   
Mach-Zehnder in terferometer 
MZI   
wavegu ide  s tructure  whereby an  i ncident optical  s i gnal  i s  spl i t  i n to  two  paths  and  a l l owed  to  
recombine  i n to  an  ou tpu t  s ignal  and  on  wh ich  the  phase  variance  between  the  two 
recombined  s i gnals  can  be  man ipu lated  to  a l l ow modu lation  of the  ou tpu t  s ignal  or swi tch ing  
between  two  or more  i nput and  outpu t s i gnals  

3.8   
ring  resonator 
closed  optical  path  i n  wh ich  the  optical  rad iation  ci rcu lates  i n  an  optica l  l oop  i n  the  same 
d i rection  

Note  1  to  en try:  Stand i ng  waves  are  possib le  to  exi st  at  parti cu lar wavel engths.  

3.9   
micro-ring  resonator 
MRR 

closed  ri ng  resonator wavegu ide  structure  on  a  PIC  

Note  1  to  en try:  When  l ocated  near a  wavegu ide,  the  MRR wi l l  sel ecti vely coupl e  ou t  of the  wavegu ide  opti cal  
rad iation  on l y at  the  wavel eng ths  λm ,  wh ich  sati sfy the  fol l owing  resonance  cond i ti on :  MRR opti cal  path  l ength  =  
2πneff  =  m  λm ,  where  neff  i s  the  effecti ve  refracti ve  i ndex of the  MRR wavegu i de  and  m  i s  a  posi ti ve  i n teger.  

3. 1 0   
resonator finesse  
F  
quanti ty describ ing  the  sharpness  of a  resonant  peak re lative  to  the  free  spectral  range  of the  
resonator,  obtained  by d i vi d ing  free  spectral  range  (FSR)  of a  resonator by fu l l  wid th  hal f 
maximum  (FWHM) of a  resonant peak  

3. 1 1   
qual i ty factor of a  ring  resonator 
resonator fi nesse  mu l tip l i ed  by the  mode  number m ,  where  m  =  2πneff/  λm  and  where  neff  i s  the  
effective  refracti ve  i ndex of the  ri ng  resonator and  λm  i s  the  resonant wavelength  

3. 1 2   
large-scale  in tegration   
LSI  

process  of i n tegrating  thousands  of transistors  onto  a  s i ng le  sem iconductor ch ip  

3. 1 3   
buried  oxide   
BOX 

si l icon  d ioxide  (S iO2)  l ayer buried  i n  s i l i con  wafers  to  form  s i l i con-on- insu lator assembl ies  

Note  1  to  en try:  BOX l ayer i s  typical l y bu ried  at  l ess  than  1 00  nm  to  severa l  m icrometers  beneath  the  wafer 
surface  depend i ng  on  appl i cati on .  BOX l ayer th i ckness  typical l y ranges  from  40  nm  to  1 00  nm .  
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3. 1 4   
grating  coupler 
GC  
period ic grati ng  structure  on  the  surface  of a  PIC,  wh ich  red i rects  l i ght propagating  i n  a  
wavegu ide  i n  the  PIC  ou t through  the  surface  of the  PIC,  typ ical l y at  a  smal l  ang le  normal  to  
the  PIC  su rface  

Note  1  to  en try:  Th i s  i s  the  preferred  method  of coupl i ng  l i gh t  i n to  and  from  a  P IC  and  typical l y uses  a  s i ng l e-
mode  fi bre  or s i ng le-mode  fi bre  array wi th  an  8°  ang l ed  i n terface.  Therefore  g rati ng  couplers  are  usual l y d esigned  
to  red i rect  l i gh t  i n to  and  ou t  of the  PIC  at  an  ang le  of 8°  normal  to  the  P IC  su rface.  

3. 1 5   
s ing le  polarization  grating  coupler  
SPGC  
grating  coupler des igned  to  couple  l i ght  of one  l i near polari zation  to  and  from  a  wavegu ide  i n  
the  PIC  

3. 1 6   
polarization  spl i tting  grating  coupler 
PSGC 
grating  coupler des igned  to  spl i t  the  l i gh t i nciden t on  the  PIC  i n to  two orthogonal  l i near 
polari zations,  wh ich  are  conveyed  along  two  separate  correspond ing  wavegu ides  i n  the  PIC  

3. 1 7   
laser induced  forward  transfer  
LIFT 
d i rect-wri ting  techn ique  a l l owing  the  deposi ti on  of ti n y amounts  of materia l  from  a  donor th in  
fi lm  through  the  action  of a  pu lsed  laser beam  

3. 1 8   
complementary metal  oxide  semiconductor 
CMOS 
technology for constructi ng  l ow power in tegrated  ci rcu i ts  typ ical l y u sed  i n  m icroprocessors,  
m icrocontrol lers ,  s tatic RAM,  and  other d i g i tal  log ic ci rcu i ts  

3. 1 9   
h igh  speed  phase  modulator 
HSPM  

device  a l lowing  the  phase  of an  optical  s ignal  to  be  rapid l y varied  

Note  1  to  en try:  One  example  of a  HSPM  i s  a  PN  j u nction  on  one  of the  wavegu ide  branches  of a  MZI  i n  a  P IC,  
wh ich  causes  a  change  i n  refracti ve  i n dex i n  response  to  the  densi ty i n  charge  carriers  passed  through  i t .  

4 Photonic integrated  circui t  (PIC)  

4.1  Overview 

A PIC i s  an  i n tegrated  ci rcu i t  on  wh ich  operations  can  be  carried  ou t  on  l i gh t conveyed  
through  i t.  One  cou ld  th ink of a  PIC  as  a  m in iatu re  optica l  train ,  i . e .  a  sequence  or col l ection  
of e lements  or s tructures,  wh ich  perform  an  operation  on  one  or more  incident  l i ght beams.  
These  operations  may i nclude  modu lation ,  wavelength  dependent and  independent swi tch ing ,  
wavelength  mu l ti p lexing/demul ti p lexing ,  power spl i tting ,  fi l teri ng ,  ampl i fication ,  l i gh t 
generation  ( l asers)  and  l i gh t detection  (detectors).  Depend ing  on  the  avai lab le  ch ip  s i ze,  
e lement s i ze  and  l ayou t efficiency of optical  e lements  and  structu res,  a  PIC  can  i ncorporate  
functions  of varying  complexi ty.  

PICs  operate  on  i n formation  s i gnals  imposed  on  optica l  wavelengths  typica l l y wi th in  the  
i n frared  850  nm  to  1  650  nm  portions  of the  e lectro-magnetic spectrum  reserved  for fi bre  optic  
communication .  
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PICs  can  accommodate  huge  bandwid th  densi ti es,  for example  h igh  data  rates  of i n formation  
conveyed  a long  ti n y channels,  wh ich  can  be  very densel y arranged  at  the  ch ip  l evel .  For th is  
reason ,  PIC products  are  primari l y deployed  i n  the  optica l  fibre  communications  market.  

Optica l  sensors,  however,  represent a  prom ising  emerg ing  appl ication  fi eld  for PICs,  in  wh ich  
they can  be  used  i n  the  med ical ,  aerospace,  energy,  au tomotive  and  defence sectors .  

PICs  are  a lso  widel y anti cipated  to  p lay a  key role  i n  the  fu ture  commercia l isation  of quan tum  
computers .  

F igure  1  shows some examples  of PICs  of varying  complexi ty and  functional i ty.  

 

a)  Wavelength -d ivision  mu l tiplexing  (WDM)  receiver consisting  of  
an  array wavegu ide  (AWG)  i n tegrated  wi th  an  8  detector d iode  

  

b)  4-channel  2  ×  2  WDM  cross-connect i n tegrating  2  AWGs  wi th  1 6  Mach-Zehnder  
i n terferometer swi tches  i n  d i l ated  configuration  (66  components  i n  total )  

 

c)  40-channel  WDM  moni tor ch ip  i n tegrating  9  AWGs and  40  detector d iodes  
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d)  8  ×  8  channel  wavel ength  router,  i n tegrating  8  wavelength  converter ci rcu i ts   
wi th  an  8  ×  8  AWG,  wi th  over 1 75  components  

 

e)  Detai l  of wavelength  converter section  

SOURCE  I nsti tu te  of Phys ics  

Figure 1  – Examples  of PICs  [1 ] 1  

4. 2  PIC  fami l i es  

4.2. 1  General  

The fabrication  techn iques  for PICs  are  s im i l ar to  those  used  in  e lectron ic  i n tegrated  ci rcu i ts ,  
i n  wh ich  photol i thography i s  used  to  pattern  sem iconductor wafers  for etch ing  and  materia l  
deposi tion .  

Un l ike  e lectron ic  i n tegration  where  s i l i con  i s  the  dom inant materia l ,  P ICs  can  be  fabricated  
from  a  variety of sem iconductor materia ls  i nclud ing  s i l i con ,  ind ium  phosph ide  ( I nP)  and  
gal l i um  arsen ide  (GaAs),  and  d i fferen t materia l  systems,  i nclud ing  electro-optic crystals  such  
as  l i th i um  n iobate,  s i l i ca-on-s i l icon  and  s i l i con-on- insu lator (SOI ) .  

D i fferen t materials  provide  d i fferent  advan tages  and  l im i tations  depend ing  on  the  functions  to  
be  carried  ou t.  

__________ 

1  F i gu res  i n  square  brackets  refer to  the  B ib l i ography.  
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4.2.2  Si l icon  photon ics  

Si l icon  PICs  enable  d i rect co- i n tegration  of the  photon ics  wi th  transistor based  e lectron ics ;  
however,  as  an  i nd i rect bandgap  materia l ,  s i l i con  PICs  wi l l  typica l l y requ i re  separate  e lements  
for l i ght  generation  and  detection .  Al though  i t  was  shown  in  2005 that s i l i con  can  be  used  to  
generate  laser l i ght via  the  Raman  effect,  such  l asers  wou ld  need  to  be  optical l y d riven  rather 
than  e lectrical l y d ri ven ,  wh ich  wou ld  requ ire  an  add i ti onal  optical  pump l aser source  [2 ] .  

4.2.3  I I I -V photon ics  

PICs  based  on  so  cal led  d i rect bandgap  materia ls,  such  as  i nd ium  phosph ide  or gal l i um  
arsen ide,  do  al l ow the  d i rect  i n tegration  of l i gh t sources  and  detectors  on  the  same i n tegrated  
ci rcu i t;  however,  the  foundry i n frastructure  i s  much  more  l im i ted  when  compared  to  s i l icon  
wafers ,  l ead ing  to  I I I -V PICs  being  typical l y restricted  to  l ow volume,  h igh  cost appl ications .  

4.2.4  Si l i ca  and  si l icon  n i tride PICs  

Si l ica  (s i l icon  d ioxide)  based  PICs  have  very desi rable  properties  for pass ive  photon ic ci rcu i ts  
such  as  arrayed  wavegu ide  grati ngs  (AWGs)  due  to  thei r comparativel y l ow l osses  and  l ow 
thermal  sens i ti vi ty.  

S i l i con  n i tri de  (Si3N 4)  based  PICs  are  a lso  becoming  a  l ead ing  materia l  cand idate  for PICs  i n  
the  datacom  space,  main l y due  to  the  l ower optical  l osses  i n troduced  and  the  i nheren t 
complementary meta l  oxide  sem iconductor (CMOS)  compatib i l i ty wi th  the  electron ics  
fabrication  processes  (see  F igure  2).  

 

SOURCE  Photo  cou rtesy of SATRAX B .V. ,  www. satrax. n l   

Figure 2  – Optical  beam  forming  network fabricated  in  TriPleX (s i l icon  n i tride)  

Currentl y,  the  two  most commercia l l y u ti l i sed  materia l  p latforms  for PICs  are  based  on  s i l i con  
and  i nd ium  phosph ide.  

IEC  
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4.3  Manufacturing  capabi l i ties  

As of 201 6,  there  were  on l y a  handfu l  of organ isations  that cou ld  d i rectl y manufacture  PICs.  
These  included  STM icroelectron ics  (France-I ta l y),  I n te l  (US),  and  AMS  (Austria) .  

G iven  the  l ong  turn-around  for PIC  wafer fabrication ,  the  concept of mu l ti  proj ect wafers  was  
i n troduced  by wh ich  a  variety of d i fferen t PIC des igns  from  d i fferen t organ isations  (usual l y 
smal l  to  med ium  enterpri ses)  cou ld  be  i ncorporated  onto  a  s i ng le  wafer,  a l lowing  a  variety of 
d i fferent des igns  to  be  fabricated  at once.  Access  to  PIC  fabrication  by smal l  to  med ium  
en terprises  has  been  made  possib le  through  so-cal l ed  mu l ti -project wafer p latforms,  i ncl ud ing  
JEPPIX (h ttp: //www. j eppix. eu/)  for I I I -V photon ics,  EPIXFAB  (h ttp: //www.epixfab.eu /)  for 
s i l icon  photon ics,  and  TRIPLEX ( "h ttp: //www. l i on ixbv. n l /tri plex- in tegrated-optics)  for s i l icon  
n i tri de  photon ics.    

4.4  G lobal  market  

As of 201 3,  North  America  was  the  leader i n  the  PIC market  wi th  49  %  market share;  however,  
i t  i s  estimated  that Asia-Paci fic (APAC)  wi l l  emerge  as  the  market l eader by 2022,  growing  at  
a  compound  annual  growth  rate  (CAGR)  of 35, 9  %  from  201 2  to  2022.  

The  PIC  market i s  expected  to  yie l d  revenue  growth  from  $1 50, 4  m i l l ion  i n  201 2  to  $1  547, 6  
m i l l i on  by 2022,  at  an  estimated  CAGR of 26 ,3  %  from  201 2  to  2022  [3 ] .  

As  of 201 5,  some of the  l ead ing  g lobal  organ isations  sel l ing  PIC  products  are  I n fi nera  
Corporation  (USA),  NeoPhoton ics  Corporation  (USA),  Luxtera  (USA),  Mel l anox ( I srael )  and  
OneCh ip  Photon ics  (Canada) .   

4.5  G lobal  government investment in  PIC  research  and  development 

4.5. 1  General  

I n  add i ti on  to  l arge  scale  research  and  development on  PIC  technolog ies ,  as  of 201 6,  there  
has  been  renewed  g lobal  government l evel  i nvestment i n to  PIC development,  wh ich  i s  seen  
as  a  key enabl i ng  technology.  

4.5.2  Un i ted  States  of America  

The importance  of developing  an  i n tegrated  photon ic eco-system  was  underscored  by the  
launch  i n  201 6  of the  American  I nsti tu te  of Manufacturing  I n tegrated  Photon ics  (AIM),  a  
publ ic-private  partnersh ip  provid ing  over $61 0m  worth  of fund ing  
(h ttp: //www.aimphoton ics .com/).  

4.5.3  Europe  

As of 201 6,  the  European  Commission  Horizon2020  framework programme has  provided  and  
was  expected  to  con ti nue  to  provide  substantia l  fund ing  towards  i n tegrated  photon ics  
technolog ies  between  201 4  and  2020  of a  s im i l ar order to  that  of the  Un i ted  States  AIM  
in i tiati ve.  

4.5.4  Japan  

Photon ics  E lectron ics  Technology Research  Association  (PETRA)  i s  an  i ncorporated  
technology research  association ,  establ ished  on  August 24,  2009.  The  organ ization  is  
approved  by METI  (M in i stry of Economy,  Trade  and  I ndustry)  under the  Japanese  Act  on  an  
I ncorporated  Research  and  Development Partnersh ip.  PETRA carries  on  national  research  
and  developments  projects  on  l ead ing -edge  photon ics  and  e lectron ics  converged  devices  and  
systems i n  the  i n formation  and  communication  technology area,  where  photon ics  technology 
and  e lectron ics  technology are  mutual l y i ncorporated .  

http://www.jeppix.eu/
http://www.epixfab.eu/
http://www.aimphotonics.com/
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5 Si l icon  photonics  

5.1  Overview 

Si l icon  photon ics  is  the  s tudy and  appl ication  of PICs,  wh ich  u se  s i l i con  as  an  optica l  med ium  
and  offers  the  prom ise  of h i gh  volume,  l ow cost PIC  fabrication  i n  the  near fu tu re ,  as  i t  
l everages  cu rrentl y avai l ab le  CMOS manufacturing  i n frastructures .  Th is  a l l ows  s i l icon  PICs  to  
be  manufactured  using  existi ng  sem iconductor fabrication  techn iques.  

The  s i l icon-on- insu lator (SOI )  configuration ,  whereby a  l ayer of s i l i con  is  bounded  by a  l ayer 
of s i l ica,  i s  the  preferred  choice  for pass ive  PIC  structu res ,  i nclud ing  mu l ti -mode i n terference  
(MMI )  s tructures,  d i rectional  couplers,  mode converters ,  i n -plane  couplers,  ou t-of-p lane  
(ang led  or vertical )  g rating  couplers,  spl i tters ,  optical  fi l ters  polarization  rotators  and  
polarization  beam  spl i tter/combiners  [4] ,  [5] .  

F i gure  3  shows  an  example  of s i ng le-mode s i l i con  wavegu ides  fabricated  on  SOI  substrates .  

 

SOURCE  I EEE  

Key 

(a)  λ  =  1 , 31  µm  s i ng le  mode  wavegu ide  cross-section  

(b)  Top  view scann ing  e l ectron  m icroscope  image  of sem i -dense  80  nm  trenches  

Figure 3  – Typical  s i l icon  waveguides  [6]  

5. 2  In tegration  schemes  

5.2. 1  General  

I n tegration  of optica l  and  e lectron ic functional i ty on  a  PIC can  be  ach ieved  through  e i ther 
heterogeneous  i n tegration ,  where  separate  optical  and  e lectron ic ch ips  are  assembled  onto  
each  other [7] ,  or by homogenous  i n tegration  [8] ,  [9 ] ,  where  optical  and  e lectron ic  ci rcu i ts  are  
bu i l t  on  the  same ch ip  [1 0] .  
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5.2.2  Heterogeneous  in tegration  

As s i l i con  is  a lso  the  substrate  used  for most e lectron ic  i n tegrated  ci rcu i ts  (E ICs),  
heterogeneous  (or h ybrid )  i n tegration  of separate  E ICs  and  PICs  provides  a  l ower risk 
pathway to  developing  "acti ve"  PICs  that combine  complex e lectron ic  functional i ti es  such  as  
trans impedance ampl i fi ers  and  modu lators  wi th  photon ic  structures  and  e lements.  

The  main  advantage  of heterogeneous  i n tegration  is  that the  E ICs  and  PICs  are  separatel y 
fabricated  to  ach ieve  thei r respective  optim ised  performances  before  bring ing  both  e lements  
together [1 1 ] ,  wh i le  wi th  homogenous  fabrication ,  there  is  an  i nherent comprom ise  on  
fabrication  and  performance.  The  d isadvantage  of heterogeneous  i n tegration  i s ,  however,  a  
more  compl icated  packag ing  and  assembly process,  l im i ted  densi ty,  more  power d iss ipation  
and  worse  RF  performance.  An  example  of heterogeneous  (or h ybrid )  i n tegration  based  on  
fl i p-ch ip  connection  through  copper p i l l ars  i s  shown  i n  F igure  4.  

 

SOURCE  Un i vers i ty of Pavia  

Figure 4 – Heterogeneous  in tegration  by fl ip  ch ip  and  copper pi l l ars  

5.2.3  Homogenous  in tegration  

Homogenous  (or monol i th ic)  i n tegration  a l l ows  packag ing  and  assembly to  be  s impl i fied ,  as  
now e lectron ic  and  optical  ci rcu i ts  are  co-fabricated  on  the  same ch ip.  Homogenousl y 
i n tegrated  solu tions  typica l l y rel y e i ther on  SOI  wafers  [9] ,  [1 1 ] ,  [1 2 ] ,  or on  bu lk  s i l i con  [8] .  

5.3  Non-l inear behaviour 

The propagation  of l i ght  through  s i l i con  devices  i s  governed  by a  range  of non l i near optical  
phenomena  i nclud ing  the  Kerr effect,  the  Raman  effect,  two  photon  absorption ,  and  
i n teractions  between  photons  and  free  charge  carriers .  The  presence  of non l ineari ty i s  of 
fundamental  importance,  as  i t  enables  l igh t to  i n teract wi th  l i gh t,  thus  perm i tti ng  appl ications  
such  as  wavelength  convers ion  and  a l l -optical  s ignal  rou ti ng  i n  add i ti on  to  the  pass ive  
transm ission  of l i ght.  

6 I I I -V photonics  

6.1  Ind ium  phosphide ( InP)  photonics  

Un l ike  s i l i con ,  i nd ium  phosph ide  ( I nP)  i s  a  d i rect  bandgap  material  and  thus  a l lows  for the  co-
in tegration  of various  optical l y acti ve  and  pass ive  functions  on  the  same ch ip ,  i nclud ing  
optical  sources,  ampl i fi ers  (gain  e lements),  wavegu ides,  modu lators ,  and  receivers.  

Earl y examples  of I nP  PICs  were  d istributed  Bragg  reflector (DBR)  l asers,  cons isting  of two 
i ndependentl y con trol l ed  e lemen ts,  namely a  ga in  ch ip  and  a  DBR m irror section .   
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Most modern  monol i th ic tuneable  l asers,  external l y modu lated  l asers  (EMLs),  and  i n tegrated  
receivers  are  based  on  I nP  PICs.  

The  most notable  g lobal  academ ic centres  of excel l ence  for I nP  PIC  research  are  the  
Un ivers i ty of Cal i forn ia  at  Santa  Barbara,  USA,  and  the  Technology Un iversi ty of E indhoven  i n  
the  Netherlands.  

Al though  I I I -V based  photon ics  i s  wide l y accepted  as  the  most mature  i n tegration  technology 
due  to  i ts  capabi l i ty to  del i ver h igh -performance  active  devices,  i t  s ti l l  remains  i nherentl y a  l ow 
volume,  h i gh  marg in  technology due  to  the  relati vel y l ow avai labi l i ty I I I -V wafer foundries  
when  compared  to  CMOS i n frastructures  and  processes.  

F igure  5  and  F igure  6  are  examples  of i nd ium  phosph ide  PICs.  

 

SOURCE  Hein ri ch  Hertz I nsti tu te  

Figure  5  – Ind ium  phosphide PIC  with  many structures,  including  AWG  

IEC  
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SOURCE  Photo  cou rtesy of SATRAX B .V. ,  www. satrax. n l  

Figure 6  – Combined  InP  and  TriPleX m icrowave photon ic beam-forming  network 

7 PIC  transceiver – A simple example  

7. 1  Overview 

One of the  s implest PIC  functions  i s  a  transceiver PIC,  wh ich ,  on  the  transm itter section  of the  
PIC,  takes  continuous  wave  l i ght  from  an  opti cal  source  (e i ther monol i th ical l y i n tegrated ,  
heterogeneousl y assembled  or external )  and  passes  i t  a l ong  a  wavegu ide  to  a  modu lator,  
wh ich  is  typica l l y d riven  by an  electron ic s ignal  th rough  a  variety of poss ib le  modu lation  
mechan isms  described  be low.  The  modu lated  l i gh t i s  then  further conveyed  a long  an  
i n tegrated  wavegu ide  to  an  external  coupler,  wh ich  couples  the  l ight  ou t  of the  PIC,  typ ical l y 
to  a  s i ng le-mode  optical  fibre.  On  the  receiver section  of the  transceiver PIC,  modu lated  l i gh t 
received  by the  PIC,  through  an  external  coupler,  i s  conveyed  to  a  detector (ei ther 
monol i th ica l l y i n tegrated ,  heterogeneousl y assembled  or external ) ,  wh ich ,  th rough  appropriate  
ci rcu i try ( typica l l y a  trans-impedance ampl i fier and  l im i ti ng  ampl i fier) ,  converts  the  ou tpu t of 
the  detector i n to  a  correspond ing  e lectron ic  s ignal .  

F i gure  7  shows a  schematic view of a  four channel  P IC  transceiver,  wh ich  operates  as  
described  in  7. 2  and  7 . 3.  

7.2  Transmitter section  

First,  a  l aser d iode  i s  powered  to  provide  a  source  of con tinuous  wave l i ght.  I n  th is  example,  
the  laser is  a  separate  device,  wh ich  i s  attached  to  the  PIC,  though  often  the  laser source  is  
l ocated  remotel y and  conveys  conti nuous  wave (CW)  l igh t  to  the  PIC via  a  fi bre.  

The  CW laser l i gh t i s  coupled  i n to  the  PIC  through  a  s ing le  polari zation  grating  coupler 
(SPGC)  and  the  power is  spl i t  equal l y across  four wavegu ides.  I n  each  of the  four wavegu ides,  
the  CW  l i gh t  i s  conveyed  through  a  Mach-Zehnder i n terferometer (MZI )  wi th  h i gh  speed  phase  
modu lators  (HSPM)  devices  arranged  in  a  "push -pu l l "  configuration  on  each  MZI  wavegu ide  
branch.  The  HSPM  pai r i s  d riven  by a  d i fferen tia l  e lectrical  s ignal l i ng  vol tage  conveyed  via  the  
smal l  form  factor p luggable  (SFP)  compl ian t h igh  speed  e lectrical  i n terface.  The  appl ication  of 
vo l tage  d i fference  on  each  HSPM  g ives  rise  to  a  correspond ing  change  i n  refractive  i ndex 
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a long  the  section  of the  MZI  wavegu ide  branch  over wh ich  the  HSPM  operates.  Th is  i n  tu rn  
causes  opposi te  sh i fts  i n  the  phases  of CW l i gh t passing  i n  each  wavegu ide  branch .  Upon  
merg ing  of the  MZI  wavegu ide  branches,  the  two l i gh t s ignals  recombine  to  e i ther i n terfere  
constructivel y,  whereby the  CW  l ight  l eaves  the  MZI ,  or destructi ve l y whereby no  l i ght  l eaves  
the  MZI .  Th is  effectivel y g ives  rise  to  a  modu lated  optical  ou tpu t d ri ven  by the  d i fferen tia l  
e lectrical  s ignal .  

The  wavegu ide  l eaving  the  MZI  l eads  to  a  s i ng le  polari zation  g rating  coupler (SPGC),  wh ich  
deflects  the  s ing le  polarization  of l i ght ou t of the  wavegu ide  and  typical l y i n to  an  external  
s ing le-mode fi bre.  

A smal l  fraction  of the  l i gh t l eaving  the  MZI  i s  coupled  in to  a  tap  wavegu ide,  wh ich  is  then  
conveyed  to  a  mon i tor photod iode  (PD).  Th is  i s  conveyed  across  an  analogue-to-d ig i ta l  
converter ci rcu i t  to  a  ca l ibration  ci rcu i t  on  the  MZI .  The  cal ibration  ci rcu i t con trols  the  current 
pass ing  across  two  PIN  j unctions  subtend ing  a  section  of each  MZI  wavegu ide  branch .  Each  
PIN  j unction  can  be  used  to  change  the  refracti ve  i ndex of the  wavegu ide  section  i t  subtends  
by a l tering  the  charge  dens i ty across  i t,  thus  i t  provides  an  add i ti onal  means  of tun ing  the  
phase  of l ight  i n  each  branch  and  i s  used  to  cal i brate  the  MZI .  

7.3  Receiver section  

Modu lated  l i ght i s  conveyed  from  an  external  condu i t,  typica l l y a  s ing le-mode optical  fi bre,  
i n to  a  polarization  sp l i tti ng  grati ng  coupler (PSGC),  wh ich  decomposes  the  i ncident l i ght i n to  
two  orthogonal  polarizations  and  conveys  each  polari zation  componen t a long  a  separate  
wavegu ide.  PIC wavegu ides  are  polari zation  sensi ti ve,  bu t the  use  of the  PSGC means  that 
the  i ncident  fi bre  need  not  be  arranged  so  that a l l  l i gh t i s  conveyed  in  one  polari zation  axis  
and  the  i nciden t fi bre  need  not be  ad j usted  so  that sa id  polari zation  axis  matches  the  
correspond ing  polari zation  axis  of the  PIC  wavegu ide,  wh ich  wou ld  be  proh ibi ti ve  i n  practise.  

The  optical  path  lengths  of the  two  wavegu ides  are  matched  and  they converge  on  a  
photod iode,  wh ich  in  tu rn  converts  the  received  l i gh t i n to  a  correspond ing  e lectrical  current.  
The  current i s  passed  through  a  receiver ci rcu i t,  typical l y compris ing  a  trans- impedance 
ampl i fi er,  wh ich  converts  the  current i n to  a  d i fferentia l  vol tage.  The  d i fferentia l  vo l tage  is  then  
passed  out through  an  e lectrical  h igh  speed  s ignal l ing  i n terface.  

 

SOURCE:  I EEE  

Figure 7  – Schematic  of four channel  PIC  transceiver by Luxtera  [6]  
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8 Optical  sources  

8. 1  Overview 

Whatever the  function  of the  PIC,  optical  sources  (monol i th ical l y i n tegrated ,  heterogeneousl y 
assembled  or external )  are  a  prerequ isi te  to  operation ,  and  thus  the  optical  communications  
i ndustry has  p laced  great importance  i n  the  fabrication  and  assembly of sources.  

8.2  Advances  i n  I I I -V in tegration  onto  s i l icon  PICs  

I n tegrated  l aser sources  re l y a lmost exclus ive l y on  I I I -V materia ls  ( I nP,  GaAs)  i n  thei r acti ve  
reg ion ,  wh i le  s i l i con ,  as  an  i nd i rect  bandgap  material ,  cannot serve  as  a  practica l  l aser source.  
Thus  the  preferred  means  of conveying  l i ght  on to  s i l i con  PICs  i s  th rough  the  use  of separate  
I I I -V sources,  wh ich  are  e i ther used  as  d iscrete  external  sources,  from  wh ich  l i ght i s  conveyed  
through  a  pass ive  optical  coupl i ng  e lement on  to  the  s i l icon  PIC,  or through  heterogeneous  
assembly of I I I -V sources  onto  the  s i l icon  PIC  ch ip.  

The  epi taxial  g rowth  of I I I -V materia l  onto  s i l i con  i s ,  however,  made  chal l eng ing  by the  
i nheren t m ismatch  i n  l attice  and  thermal  coefficients  between  the  I I I -V and  the  s i l i con  
materia ls ,  wh ich  has  l ed  to  poor performance and  re l i abi l i ty i n  earl y attempts  at 
heterogeneous  in tegration  [1 3 ] .  

However,  a  number of more  viab le  approaches  to  bond ing  I I I -V materia ls  on to  s i l icon  wafers  
have  emerged ,  i nclud ing  heterogeneous  d ie-to-wafer bond ing  [1 4 ]  th rough  the  use  of 
adhes ives  such  as  BCB,  molecu lar bond ing  processes,  thermo-compress ion  bond ing  [1 5] ,  or 
h ybrid  S i  evanescent  devices  [1 6] .  

Adhesive  bond ing  materia ls  such  as  BCB  are  poor thermal  conductors,  so  devices  based  on  
adhes ive  bond ing  wou ld  typ ica l l y need  costl y and  power consumptive  thermo-electric cool i ng  
(TEC)  devices,  such  as  Pel tier coolers ,  to  main ta in  cri tical  thermal  s tabi l i ty.  

The  Un ivers i ty of Cal i forn ia  at  San ta  Barbara  (UCSB)  successfu l l y demonstrated  
heterogeneous  i n tegration  of I nAlGaAs  quan tum  wel l  structured  sources  onto  s i l icon  
wavegu ides  using  molecu lar bond ing  [1 7] ,  [1 8] .  

H ybrid  i n tegration  i s  a  powerfu l  approach  that avoids  many of the  d isadvantages  of 
heterogeneous  i n tegration .  Advances  i n  the  precision  of p ick and  p lace  assembly tools  al l ows  
photon ic ch ips  to  be  posi ti oned  and  bonded  very rapid l y on  one  another [1 9]  (for example:  
accuracy ±  0 , 5  µm  at 3  s ,  cycle-time <  1 5  s  for the  AMIRCA AFC Plus) .  Coupl ing  efficiencies  
between  the  I I I -V wavegu ide  and  the  wavegu ide  on  the  s i l icon  ch ip  are  l ess  than  that atta ined  
wi th  heterogeneous  i n tegration ,  bu t values  in  excess  of 50  %  are  possib le.  Advantages  l ie  i n  
the  possib i l i ty to  optim ize  the  I I I -V ch ip  for s tand -alone  operation ,  i . e .  wi thou t the  constrain ts  
of evanescen t coupl i ng ,  the  h i gh l y efficient use  of the  costl y I I I -V materia l .  W i th  su i table  
substrate  preparation ,  the  I I I -V ch ip  can  be  pu t  i n  d i rect thermal  con tact wi th  the  s i l icon .  

F i gure  8  shows an  example  of a  h ybrid  3D  assembly for a  quad  optical  transceiver whereby a  
separate  l aser source  i s  g l ued  onto  the  PIC  and  an  e lectron ic i n tegrated  ci rcu i t (E IC)  i s  
attached  to  the  PIC  us ing  copper p i l l ars.  
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Figure 8  – Schematic  view of 3D  assembly of PIC  +  EIC  electro-optical  assembly [6]  

8. 3  Vertical  cavi ty surface emitting  lasers  (VCSELs)  

The most popu lar choice  of l aser source  from  a  cost  and  power consumption  perspective  i s  
the  vertica l  cavi ty surface  em i tti ng  l aser (VCSEL).  

Un l ike  trad i tional  edge-em i tti ng  sem iconductor l asers,  wh ich  em i t  paral le l  to  the  p lane  of the  
ch ip,  VCSELs  em i t perpend icu lar to  the  top  surface,  wh ich  a l lows  i n -wafer testing  prior to  
cl eaving .  VCSELs  are  today the  most  cost and  power efficient  and  most wide l y used  l aser 
source  for i n terconnects ,  due  to  thei r l ow threshold  curren t,  smal l  s i ze,  d i rect modu lation  
capabi l i ties  and  thei r ab i l i ty to  be  i n tegrated  i n  mu l ti -component arrays.  VCSELs  are  the  
dom inan t source  for short  reach  optical  commun ications  based  on  850  nm  mu l timode 
transm ission  [20] ,  [21 ] .  However,  VCSELs  have  a lso  been  produced  for long-range s i ng le-
mode  in terconnects  i n  the  1  300  nm  and  1  550  nm  wavelength  reg ions  [22]  by organ isations  
such  as  Verti l as  and  V-I  Systems  in  Germany,  and  RayCan  i n  Korea.  H igh-speed ,  l ong-
wavelength  VCSELs  at  1  550  nm  have  been  reported  wi th  data  rates  up  to  35  Gb/s  [23]  or 
h igher by us ing  advanced  modu lation  formats  [24] .  

9  Optical  receivers  

Natura l l y,  as  wi th  optical  sources,  optical  receivers  are  ind ispensable  i n  most PIC  
technolog ies.  

As  wi th  other d i rect bang-gap  devices,  the  materia ls  that form  optical  detectors  are  inheren tl y 
h igh l y absorpti ve  and  cannot be  used  to  form  the  wavegu ides  lead ing  to  the  detector.  
Therefore,  h igh  speed  PIC  detector technology has  gravi tated  towards  the  use  of I I I -V or 
German ium  ( IV)  detectors  bonded  on to  s i l icon  wavegu i des,  e i ther th rough  epi taxia l  g rowth  or 
molecu lar bond ing  processes.  

I I I -V materia ls  such  as  GaAs are  em inentl y su i table  as  optica l  detectors  due  to  be ing  d i rect 
bandgap  materia ls ;  however,  as  described  above,  the  i n tegration  of such  devices  onto  s i l i con  
PICs  i s  compl icated ,  predom inantl y by the  l arge  l attice  m ismatch  between  the  I I I -V and  s i l icon  
materia l  matrices,  wh ich  becomes proh ib i ti vel y expensive  for h igh  volume manufacturing  and  
packag ing  appl ications.  
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German ium  (Ge) ,  however,  i s  a  group  I V materia l  and ,  from  an  in tegration  stand  poin t,  cou ld  
be  a  more  su i table  al ternative  for l i gh t detection  i n  the  C-band ,  i f i t  can  be  i n tegrated  
monol i th ical l y onto  s i l i con  [25] .  Al though  Ge,  l i ke  s i l icon ,  i s  an  i nd i rect bandgap material ,  i t  
has  a  d i rect bandgap energy of 0 , 8  eV,  correspond ing  to  a  wavelength  range  from  1  1 00  nm  
to  1  600  nm .  Under appl i cation  of tensi le  stra in ,  th is  bandgap  energy can  be  further reduced  
to  cover most of the  C-band  [26] .  Several  d iscrete  Ge-on-Si  photodetectors  have  been  
reported  [27] .  

The  most  recen t advances  i nclude  several  d iscrete  Ge-on-Si  photodetectors  [28]  and  the  
successfu l  i n tegration  of h igh  speed  s i l i con  PIC  modu lators  wi th  Ge  photodetectors  on  a  
s i ng le  SOI  p latform  [29] .  

F igure  9  shows an  example  of a  Ge-on-Si  photodetector formed  by german ium  selecti ve  
epi taxy.  

  

a)  TEM  cross-section  of German ium   
h igh  speed  photodetector 

b)  Top  view of German ium   
h igh  speed  photodetector 
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Figure 9  – Example of Ge-on-Si  photodetector formed   
by german ium  selective  epi taxy  [6]  

1 0  Modulators  

1 0. 1  Overview 

Modu lators  are  i n tegrated  e lements  that a l l ow e lectron ic or optical  s i gnals  to  vary the  
ampl i tude  of conti nuous  wave  l i ght  conveyed  from  an  "upstream"  source,  such  as  a  
heterogeneousl y assembled  laser or a  coupl ing  port to  an  external  optical  fi bre.  

Such  "external l y modu lated  systems"  provide  a  h igher performance a l ternative  to  d i rectl y 
modu lated  systems  in  wh ich  the  optica l  sources  themselves,  typica l l y sem iconductor d iode  
l asers ,  such  as  VCSELs,  are  d i rectl y d ri ven  by a  varying  e lectrica l  curren t.  As  of 201 5,  
transceivers  based  on  d i rectl y modu lated  VCSELs  were  general l y l ess  expensive  and  more  
energy efficien t than  PIC  transceivers  for on-off-keying  modu lation  schemes  up  to  25  Gb/s .  

However,  wi th  data  communication  protocols  push ing  the  requ i rement for data  rates  beyond  
50  Gb/s  wi th  l ow vol tage,  power consumption  and  footprin t  requ i rements  before  2020,  
external  modu lation  becomes  a  preferable  option ,  especia l l y when  requ i red  for advanced  
modu lation  schemes  such  as  1 6-QAM.  

1 0.2  Common  modulator structures  

I n  a  Mach–Zehnder i n terferometer (MZI ),  the  phase  of l ight i n  the  two  arms  is  con trol l ed  e i ther 
e lectro-optica l l y (us ing  the  p lasma d ispersion  effect)  or thermo-optical l y (us ing  the  thermos-
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optic effect) .  By i nducing  the  appropriate  re lati ve  phase  change between  l ig ht  propagating  
a long  the  two  arms,  MZI s  can  be  designed  to  fu l l y modu late  the  l i ght  th rough  destructi ve  
i n terference.  

Symmetric MZI s  on  wh ich  the  l eng th  of both  arms  i s  the  same resu l t  i n  wavelength  and  
thermal l y i nsens i ti ve  operation .  

Asymmetric MZI s  on  wh ich  the  l eng th  of both  arms  is  d i fferen t are  wavelength  se lective  and  
thermal l y sens i ti ve,  wi th  the  operational  wavelength  and  temperature  being  determ ined  by the  
d i fference  in  effecti ve  path  l eng th  between  the  two  arms  

I n  a  m icro-ring  resonator (MRR),  l i gh t propagating  a long  a  wavegu ide  can  be  coupled  to  a  
smal l  wavegu ide  ri ng  that i s  close  enough  to  the  wavegu ide  to  support  evanescen t coupl ing .  
Complete  coupl i ng  of l i ght from  the  wavegu ide  i n to  the  MRR can  on l y be  ach ieved  when  the  
resonance cond i tion  is  met,  whereby the  effective  path  l eng th  around  the  MRR is  an  i n teger 
mu l tip le  of the  wavelength ,  as  wel l  as  cri tica l  design  parameters  such  as  the  gap  between  
wavegu ide  and  MRR.  The  effecti ve  path  l ength  can  be  changed  s l ightl y by varying  the  
refracti ve  i ndex on  a l l  or part of the  MRR,  so  l i ght  can  be  modu lated  by moving  the  MRR in to  
and  out of a  resonance  cond i ti on .  MRRs  have  a  much  smal l er footprin t than  MZIs  and  a  
h igher Q  factor [30] ,  [31 ] ;  however,  they are  more  thermal l y sens i ti ve  than  MZIs .  

1 0.3  Plasma d ispersion  effect  

State-of-the  art  s i l icon  photon ic modu lators  main l y re l y on  p lasma d ispers ion  effects  on  doped  
s i l icon  or I I I /V-on-SOI .  

P lasma d ispers ion  modu lation  is  derived  from  the  change in  refractive  i ndex i nduced  by 
changes  i n  space  charge  carrier dens i ty i n  posi ti ve  i n trins ic  negative  (PIN )  d iode  or PN  d iode  
j unctions  and  i s  a  preferred  modu lation  mechan ism  in  s i l icon  PICs,  as  i t  requ i res  on l y two  
standard  processes,  doping  and  etch ing .  

The  two  main  approaches  are:  1 )  charge  i n jection ,  whereby space  charges  are  added  to  the  
j unction ,  through  forward  b ias ing  across  the  j unction ;  or 2)  charge  depletion ,  whereby space  
charge  i s  removed ,  through  a  reverse  b ias  of the  j unction ,  i n  order to  i nduce  the  requ ired  
refractive  i ndex change.  

F igure  1 0  shows  a  cross-section  of a  h igh  speed  phase  modu lator (HSPM)  based  on  a  PN  
j unction .  

 
SOURCE  I EEE  

Figure 1 0  – H igh  speed  PN  modu lator [6]  
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Notable  advances  i n  p l asma d ispers ion  based  modu lation  are  reported  i n  [32 ] ,  [33] ,  [34] ,  [35] ,  
[36] ,  [37] ,  [38] ,  [39] .  More  complex j unction  s tructures,  such  as  PI PIN  j unctions,  have  a lso  
been  demonstrated  wi th  modu lation  speeds  of 40  Gb/s  [40] .  

As  of 201 5,  MZI s  have  emerged  as  the  more  practical  choice  of p l asma d ispers ion  modu lator,  
as  they offer h igh  thermal  i nsensi ti vi ty,  robustness  against  fabrication  variations ,  and  
modu lation  format support.  F igure  1 1  shows  the  modu lation  scheme of a  s i l i con  PIC  
transceiver from  the  Photon ics  E lectron ics  Technology Research  Association  (PETRA),  wh ich  
is  based  on  a  MZI  wi th  d istribu ted  MOSFET transistors  a long  each  arm  provid ing  an  energy 
efficient  push-pu l l  modu lation  scheme.  

 

Figure  1 1  – PETRA optical  I /O  core  ch ip  modu lation  scheme 

However,  these  structures  typica l l y need  to  be  of the  order of m i l l imetres  i n  s i ze  i n  order to  
ach ieve  the  re lati ve  phase  change requ ired  for OOK modu lation .  

The  s ize  of modu lation  s tructures  can ,  however,  be  reduced  by deploying  l ow d ispersion  s low 
l igh t s tructu res  such  as  photon ic  crysta l  wavegu ides  [41 ] .  

1 0.4  Plasmonics  

Plasmonic effects  have  been  the  subj ect of research  i n  Europe to  explo i t  the  presence of 
metal l ic  traces  for optical  propagation  and  processing  on  PICs  [42] ,  [43] .  P lasmon ics  re lates  
to  the  propagation  of col l ecti ve  e lectron  osci l lations  across  metal l ic  traces,  wh ich  i s  s timu lated  
by l ight  a t a  certa in  resonant frequency [44] .  Therefore,  metal l ic ci rcu i try can  also  serve  as  
p lasmon ic  wavegu ides.  

1 0.5  Si l icon  organ ic  hybrid  

The barrier of 1 00  GHz modu lation  frequency has  been  recentl y ach ieved  by us ing  s i l icon  
organ ic hybrid  (SOH)  technology [45] .  SOH  modu lators  exploi t  the  u l trafast Pockels  effect  of 
h igh  speed  pol ymer materia ls  deposi ted  wi th in  a  s i l i con  photon ic  s l ot  wavegu ide.  An  
unprecedented  3  dB  bandwid th  of 1 00  GHz was  ach ieved  by employing  a  phase  sh i fter of 
500  μm  length  and  2  dB  i nsertion  l osses,  h i gh l i ghti ng  the  impact of narrow s lot  wavegu ide  
configurations  [46] .  However,  the  overal l  performance  of the  SOH  MZI  modu lator i s  degraded  
by the  add i ti onal  9  dB  losses  due  to  the  s trip-to-slot  and  s lot-to-strip  tapering  mode converters,  
wh ich  a lso  resu l t i n  the  l eng th  of 2 , 6  mm.  

Figu re  1 2  i s  an  i l l ustration  of s i l icon  organ ic h ybrid  technology.  

IEC  

Segmented  MOS  d i fferential  d ri vi ng  

MZI  

TGV  Glass  

Optical  coupl i ng  pi n  

8°  t i l t  ø35  µm  

Dri ver  

LD  

Grati ng  coupler  Modu l ator  

SSC  

Si photonics platform  

Cross  section  and  photog raph  
of the  TX opti cal  I /O  core  

Dri ver I C  

SSC-LD  

TGV  

Opti cal  coupl i ng  p i ns  

Decoupl i ng  
capaci tors  

5  mm  

5  mm  



 – 24  – I EC TR 63072-1 : 201 7    I EC  201 7  

 

SOURCE  Karl sruhe  I nsti tu te  of Technology 

Figure 1 2  – S i l icon  organic  hybrid   

I t  has  been  forecast  that  p l asmon ics  cou ld  overcome those  trade-offs  [47] .  Recentl y,  a  group  
from  ETHZ in  Swi tzerland  has  in troduced  p lasmon ic organ ic h ybrid  (POH)  devices  and  was  
able  to  demonstrate  a  40  Gbi t/s  p lasmon ic phase  modu lator of 29  μm  leng th  [48]  and  Mach-
Zehnder modu lators  (MZMs)  operati ng  at  speed  beyond  54  Gbi t/s  wi th  a  l eng th  of on l y 1 0  μm  
[49] .  

1 1  Switches  

1 1 . 1  Overview 

Swi tches  are  i n tegrated  e lements  that  use  phase  sh i fti ng  and  i n terference  processes  to  swi tch  
l igh t from  one  or more  i npu t  channels  between  mu l tiple  ou tpu t channels.  These  processes  are  
typical l y based  on  the  same refracti ve  i ndex-chang ing  mechan isms  used  for modu lation  as  
described  above.  

1 1 .2  Mach-Zehnder in terferometers  (MZI)  

The  MZI  i s  general l y considered  the  preferred  modu lator s tructure  compared  to  a  MRR-based  
modu lator,  due  to  i ts  thermal  i nsensi ti vi ty,  robustness  to  fabrication  variations ,  and  larger 
bandwid th .  

Thermo-optic  phase  sh i fters  for s i l icon  on  i nsu lator swi tches  have  been  employed  
successfu l l y i n  8  x  8  swi tch  layou ts  wi th  smal l  footprin ts  of 3 , 5  mm 2  x  2 , 4  mm2  and  a lso  to  
l arger ci rcu i ts  wi th  up  to  32  x  32  swi tch ing  capabi l i ties .  The  main  d rawback of thermo-optic  
actuation  l i es  i n  i ts  re lativel y l ow response  time  (~  30  μs) ,  wh ich  is  not su fficien t for fast 
packet-based  traffic [50] .  

E lectro-optical  phase  sh i fters  exploi ti ng  the  p lasma-d ispers ion  effect enable  nanosecond  
response times.  The  main  chal lenge  when  us ing  free-carrier i n j ection  phase sh i fters  i s  
associated  wi th  thei r in tri nsic  l osses,  wh ich  set a  bound  to  the  m in imum  i nsertion  loss  and  
optical  crosstalk  that can  be  ach ieved  from  an  e lementary swi tch ing  cel l .  8  x  8  [51 ]  and  4  x  4  
(4  ns  response)  [52]  swi tch  l ayou ts  employing  the  carrier i n j ection  swi tch  mechan ism  have  
been  demonstrated .  

1 1 .3  M icro-ring  resonator (MRR)  

I n  contrast to  a  symmetric  MZI  swi tch ,  the  MRR swi tch  l ike  the  MRR modu lator i s  wavelength  
se lective,  the  wavelength  being  determ ined  by the  resonance cond i tions  of the  MRR.  
Compared  to  MZI s ,  MRR-based  swi tches  are  wel l -su i ted  for ch ip-scale  appl ications  that  
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requ i re  very h igh  bandwid th  densi ti es,  bu t  MRRs  are  dogged  by h i gher sens i ti vi ty to  
temperature  and  fabrication  to lerances.  Th is  can  be  m i ti gated  to  some degree  by thermal  
stabi l i zation  and  feed-back ci rcu i try,  bu t th is  i ncreases  cost and  power consumption  to  the  
system .  

1 1 .4  Double-ring  assisted  MZI  (DR-MZI )   

The double-ring  ass isted  MZI  (DR-MZI )  reported  in  [53]  combines  the  meri ts  of resonance  
enhancement i n  MRRs and  the  coherent  i n terference  in  MZI s  (see  F igure  1 3) .  

   

a)  View of the  packaged  device  b)  Magn i fied  view of the  device  

SOURCE  AMS,  Ari stotl e  U n ivers i ty of Thessalon iki  

Figure 1 3  – 4  x 4  swi tch ing  matrix PIC  attached  to  PCB  wi th  wi re  bonds  on   
the  EU  FP7  PhoxTroT project  

1 2  3D integration  

1 2. 1  Optochip  

The term  "optoch ip"  has  emerged  over the  past few years  to  h i gh l i gh t the  fact that photon ic 
technology i s  s lowl y crossing  the  boundaries  of a  ch ip-set so  far dom inated  by e lectron ics .  
The  i dea  beh ind  th is  vis ion  is  to  e i ther deploy photon ics  as  the  swi tch ing  fabric,  vertical l y 
con trol led  by e lectron ics  and  h igher layer routi ng  functional i ties  i n  h igh  throughpu t rou ters ,  or 
i n tegrate  optical  transceivers  wi th  supporting  e lectron ics  and  CMOS  processors  i n  next 
generation  i n tra-ch ip  in terconnections,  or both .  Substan tia l  advances  i n  th is  area  have  been  
made by s imu l taneously progress ing  vertical  i n tegration  techn iques  i n  the  form  of 3D  
i n tegration  (monol i th ic  i n tegration)  and  3D  stacking  (hybrid  i n tegration) ,  towards  the  vis ion  of 
del i vering  mu l ti - l ayer ch ip-sets  accommodating  both  optics  and  e lectron ics  on  the  same 
socket [54] .  

1 2.2  Through-si l i con-vias  (TSVs)  

Through-s i l icon-vias  (TSV)  may be  used  as  "3D  i n terconnects" ,  l everag ing  al l  the  advan tages  
of heterogeneous  i n tegration ,  bu t  on  a  common  i n tegration  p latform  [55] .  As  previousl y 
described ,  e l ectron ics  structures  that reach  down  to  the  trans istor pol ysi l icon  l ayer have  been  
combined  wi th  optical  wavegu ides  to  demonstrate  active  on-ch ip  optical  functional i ties ,  such  
as  modu lation  and  swi tch ing  [8] ,  [9 ] .  The  3D  stacking  approach  enables  heterogeneous  
i n tegration  of d i fferen t technolog ies  i n  order to  combine  mu l ti p le  e lectron ic and  optical  
functions  on  a  s i ng le  ch ip  [56] .  3D  stacking  photon ic-e lectron ic  i n tegration  can  be  exploi ted  
wi th  cu rrent  state-of-the-art i n  I I I -V and  SOI  technolog ies  i n  order to  provide  h i gh  performance  
optoch ips.  
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1 2 .3  Hybrid  in tegration  process  example  

TSVs  and  h ybrid  i n tegration  have  been  combined  a lso  to  embed  the  photon ic l ayer i n to  the  
l ast  l evels  of metal l i zation  above the  CMOS  layer [57] .  The  process  is  described  as  fol lows:  

•  the  CMOS  wafer is  processed  up  to  the  l ast  metal  l ayer,  and  the  backside  is  th i nned  and  
fine  pol ished  to  prime wafer su rface  qual i ty;  

•  the  photon ic l ayer i s  then  added  through  a  l ow temperature  wafer-to-wafer bond ing  
process;  

•  i n  order to  fabricate  the  TSVs form ing  the  e lectrical  connections  between  the  CMOS  l ayer 
and  the  photon ic l ayers ,  deep s i l i con  etch ing  is  performed  down  to  the  metal  layer of the  
photon ic l ayers;  

•  the  TSV isolation  and  metal l i sation  structures  are  deposi ted ;  

•  the  top  metal  l ayer,  wh ich  connects  the  TSV wi th  the  IC  and  the  passivation  i s  depos i ted  
and  structured ;  

•  fi na l l y,  the  substrate  wafer is  removed  in  order to  expose the  photon ic  structures.  

The  key advantage  of th is  approach  i s  that  the  I C  and  the  photon ic process ing  s teps  are  
i ndependent and  can  thus  be  separatel y optim ised ,  and  the  packag ing  of such  double-s ided  
ch ips  may be  developed  for other appl ications.  

Optical  TSVs  in  s i l i con  [58] ,  [59]  and  g lass-based  [60]  i n terposers  have  a lso  been  
demonstrated ,  whereby both  optical  and  e lectron ic  s i gnals  can  pass  through  the  TSV.  

Active  photon ic componen ts  have  been  i n tegrated  in  a  more  complex ch ip  i n  [55]  wi th  a  
VCSEL and  a  PD  fl i p  ch ip  bonded  on  a  3D  ci rcu i t.  

F igure  1 4  shows  a  schematic  view of the  PhoxTroT 3D  optoch ip  concept,  wh ich  i s  based  on  
the  assembly of d iscrete  long  waveleng th  s ing le-mode  VCSELs,  photod iodes  and  h i gh  speed  
e lectron ic  d ri vers  and  receiver ch ips  on to  a  s i l icon  p latform  wi th  i n tegrated  wavegu ides,  
grating  couplers  and  TSVs.  

 

Figure 1 4 – EU  FP7  project  PhoxTroT 3D  in tegrated  optochip  concept 

1 2 .4  Fl ip-ch ip  bonding  

Another method  for optoelectron ic  assembly and  vertical  i n tegration  i s  fl i p-ch ip  bond ing ,  
whereby contact bumps  are  requ ired  i n  order to  connect the  optoelectron ic components  wi th  
the  substrate  e lectrical l y,  mechan ical l y,  and  thermal l y.  So  far,  two methods  for fl i p-ch ip  
bond ing  of optica l  componen ts  on  SOI  substrates  have  been  reported :  soldering  [61 ] ,  [62]  and  
thermo-compress ion  bond ing  [63] ,  [64] .  Al though  th is  method  imposes  s i gn i ficant  l im i tations  in  
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terms  of a l i gnment accuracy,  process  complexi ty and  mass  production  capabi l i ti es,  i t  remains  
a  prom ising  assembly method  for research  purposes  or smal l  sca le  custom ized  solu tions.  

More  accurate  methods  of fl i p-ch ip  assembly have  been  reported  based  on  m icro-bumps,  
wh ich  are  defined  through  l aser i nduced  forward  transfer (LIFT)  of metal  i nks  [65]  to  [67] .  The  
princip le  of L I FT is  schematica l l y depicted  in  F igu re  1 5.  

  

a)  LIFT principle  (top)  wi th  optical  
m icrograph  of LIFTed  AgNP  i nk 

m icrobumps  (bottom)  

b)  VCSEL array after fl ip-ch ip  bonding  
to  m icrobumped  substrate  

SOURCE  I NTEC and  Ghent  Un i vers i ty  

Figure  1 5  – LIFT principle  

1 2 .5  State  of the  art  in  3D  research  and  development 

I BM  has  dom inated  optoch ip  research  and  development wi th  the  demonstration  of two  
generations  of the  optobus  program ,  ach ieving  i n i tia l l y a  tota l  throughpu t of 1 60  Gbps  
(1 6  x 1 0  Gb/s)  [68]  and ,  more  recentl y,  300  Gb/s  (24  x  1 2 , 5  Gb/s)  [69] ,  consum ing  
8, 2  mW/Gb/s.  A newer approach  was  presen ted  i n  [70] ,  where  4  x  1 0  Gb/s  transceivers  were  
fl i p-ch ip  bonded  on  a  g l ass-formed  PCB wi th  592  mW power consumption .  Straight  paral l e l  
pol ymer wavegu ides  were  fabricated  wi th  "wavegu ide- in-copper"  technology i n  [71 ]  wi th  
4  x  1 0  Gbps  transceivers  fl ip  ch ip  bonded  wi th  ceram ic bal l  g ri d  arrays  on  the  PCB  as  wel l .  
Optoch ips  that  operate  wi th  VCSEL i n  the  1  300  nm  reg ion  for easier coupl i ng  to  the  
wavegu ides  due  to  smal ler beam  d ivergence were  demonstrated  i n  [72] ,  wi th  4  x  1 0  Gb/s  
channels  transm i tted  error free  to  the  correspond ing  receivers.  Al l  these  optoch ip  
developments  have,  however,  targeted  sole l y transm iss ion /reception  functional i ti es  wi thout 
encompassing  any rou ting  capabi l i ties .  

1 3  Commercial  state  of the art  

1 3. 1  Overview 

As  of 201 6,  a  number of PIC  transceiver technolog ies ,  based  on  CMOS  p latforms have  
en tered  the  market,  targeti ng  optical  i n terconnects  for i n tra-data  cen tre  communication .  

1 3.2  Luxtera  

I n  2007,  Luxtera  demonstrated  a  fu l l y i n tegrated ,  four channel ,  DWDM  transceiver using  
i n terleaved  optical  mu l tip lexers/demul ti p lexers ,  ach ieving  an  aggregate  data  rate  of 40  Gb/s  
over a  s i ng le  fibre  at a  b i t  error ratio  (BER)  <  1 0 -1 2  [73] .  
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I n  2008,  the  fi rst  ever demonstration  of a  fu l l y i n tegrated  and  programmable  40  Gb/s  optical  
data  communication  system  on  a  s i ng le  SOI  ch ip  [74]  was  reported .  The  d ie  i ncl uded  h i gh  
speed  MZI  modu lators,  l ow-loss  wavegu ides,  h i gh  efficiency grati ng  couplers,  tuneable  WDM  
mu l tip lexers  and  demu l ti plexers,  and  monol i th ical l y i n tegrated  Ge-PIN  wavegu ide  
photodetectors.  The  e lectron ic receiver ci rcu i try a lso  i ncludes  h igh -speed  trans impedance 
ampl i fiers  and  l im i ting  ampl i fi ers .  

I n  September 201 2 ,  Luxtera  reported  [75]  a  4  x  28  Gb/s  transceiver modu le  based  on  the  
same technology platform ,  wh ich  i n troduced  several  optim izations  to  reduce  the  transm i tter 
footprin t,  wi th  very good  performance.  I t  has  to  be  noted  that a l l  process  steps  were  
performed  wi th  standard  sem iconductor fabrication  manufacturing  tools.  The  process  
development fo l l owed  a  methodology to  ensure  a  capable  process  wi th  proper assurances  for 
process  l ati tude  and  process  mon i toring .  Wi th in  th is  process,  particu lar emphasis  was  pu t on  
the  development of a  photon ic  device  l ibrary i nclud ing  wavegu ides,  optical  I /Os,  modu lators  
and  detectors.  These  elements  were  des igned  and  optim ized  for m in imum  coupl ing  l oss  to  
standard  SM  fibre  of l ess  than  0 , 8  dB  [76] .  

The  optical  i n terface  was  a  vertical  grating  coupler,  wh ich  has  the  benefi t of a l l owing  the  
optical  i n terface  to  be  effecti ve l y be  p laced  anywhere  on  the  ch ip  surface,  thus  a l lowing  an  
i ncreased  densi ty of optical  i n terfaces  and  free ing  the  ch ip  edge,  wh ich  can  be  used  for 
e lectrica l  s i gnal  pads .   Surface  coupl ing  a lso  enables  wafer scale  testi ng ,  provid ing  va luable  
i n formation  that perm i ts  removal  of non-functional  d ies  before  costl y packag ing  processes.  
Another major cost  advantage  is  the  e l im ination  of end  face  pol ish ing .  

1 3.3  In tel  

I n te l  i s  a lso  activel y engaged  i n  the  development of P ICs  for optical  i n terconnects.  I n  J u l y 
201 0,  I n te l  announced  an  i n tegrated  s i l icon  photon ic transm i tter capable  of send ing  data  at 
50  Gb/s  across  an  optical  fi bre  to  an  i n tegrated  s i l i con  photon ic  receiver ch ip,  wh ich  converts  
the  optical  data  back i n to  electrical  s ignals.  The  prototype  incorporated  several  d iscrete  
technolog ies  that I n te l  i nven ted  and  combined  i n to  one  package.  These  included  a  hybrid  
si l icon/i nd ium  phosph ide  l aser,  a  s i l icon  modu lator operating  at 40  Gb/s,  and  a  german ium  
detector,  a lso  operating  at  40  Gb/s.  These  e lements  were  brought together i n to  a  four-channel  
WDM  l i nk (1  351  nm ,  1  331  nm ,  1  31 1  nm  and  1  291  nm),  wi th  each  channel  operati ng  at   
1 2 , 5  Gb/s,  for a  tota l  bandwid th  of 50  Gb/s.  A mu l tip lexer was  then  used  to  combine  the  
optical  channels  and  l aunch  them  i n to  a  fi bre  via  an  on-ch ip  fibre  coupler.  A l ow-loss  
polari zation- i ndependen t mode  converter for coupl i ng  standard  s i ng le-mode  fi bre  to  the  s i l i con  
was  used .  For a  m icrometre-s ized  s i l icon  wavegu ide,  a  coupl ing  loss  of 1  dB  to  1 , 5  dB/facet 
has  been  measured  as  reported  by Barkai  [77] .  

On  the  receiver ch ip,  optical  s ignals  received  and  separated  by a  4-channel  demu l tip lexer 
were  then  d i rected  i n to  four i n tegrated  german ium  photodetectors .  I n  J anuary 201 3,  I n tel  and  
Facebook began  col l aboration  on  a  new d isaggregated ,  rack-scale  server arch i tecture  based  
on  the  technology d iscussed  above as  part  of the  OpenCompute  project [78] .   

1 3.4  Mel lanox 

Kotura,  a  PIC  des ign  and  development house,  acqu i red  by Mel l anox Technolog ies  in  the  
second  hal f of 201 3,  i s  another key p layer i n  PIC-based  transceiver fabrication .  The  PIC  
transceiver developed  by Kotura  comprises  a  separate  transm i tter PIC and  receiver PIC  as  i t  
i s  eas ier to  package  each  as  a  transm itter optical  sub-assembly (TOSA)  and  receiver optica l  
sub-assembly (ROSA).  The  s i l icon  PIC  transm itter ch ip  i ncludes  an  I nP  p latform  i ncorporating  
an  array of four l asers,  wh ich  is  fl i p-ch ipped  on to  the  s i l i con  PIC.  Each  l aser comprises  an  I nP  
ga in  ch ip  connected  to  a  resonan t cavi ty,  one  end  of wh ich  is  l ocated  wi th in  the  I nP  ch ip  and  
the  other end  of wh ich  in  the  s i l i con  PIC.  The  transm i tter a lso  i ncludes  a  g rati ng  coupler tuned  
to  each  l aser's  wavelength ,  four modu lators,  and  a  WDM  mu l tip lexer to  combine  the  four 
wavelengths  before  transm ission  ou t on  the  fi bre.  The  receiver s i l i con  PIC i ncorporates  a  
four-channel  demu l ti p lexer wi th  each  demu l tip lexed  channel  passed  to  a  Ge-PD.  The  device  
is  s im i lar to  Luxtera's  1 00  Gb/s  QSFP,  wh ich  i s  described  i n  F igure  7  and  targets  the  same 
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swi tch  appl ications  i n  the  data  centre,  bu t wi th  the  d i fference  that Kotura  i s  ab le  to  do  
wavelength-d ivis ion  mu l tip lexing  (WDM)  on  ch ip.  

1 3.5  Oracle  

Oracle  developed  and  demonstrated  a  fu l l y i n tegrated  s i l i con  PIC  transceiver i n  J une  201 2  
[79] ,  wh ich  used  MRR modu lators,  operating  at data  rates  of 25  Gb/s  wi th  a  b i t  error rate  of 
1 0 -1 2 .  I n  add i tion  to  packaged  modu les,  there  have  been  efforts  to  produce  h igh l y i n tegrated  
ch ip- l ike,  mu l ti -Gb/s/channel  optical  transm itters  and  receivers  [80] .  

1 3.6  IBM  

I n  201 2,  I BM  reported  a  24  TX +  24  RX transceiver underpinned  by a  "holey"  CMOS IC.  The  
key componen t was  the  "holey"  optoch ip,  a  s i ng le-ch ip  CMOS  IC  fabricated  i n  I BM  90-nm  
technology wi th  24  transm i tter ci rcu i ts  p lus  24  receiver ci rcu i ts  and  i ncorporating  2  x  1 2  
VCSEL and  photod iode  arrays.  The  optoch ip  is  then  fl i p-ch ip  soldered  to  a  h i gh-speed ,  h i gh-
dens i ty organ ic carrier,  wh ich  is  further soldered  to  a  p luggable  pi n  gri d  array (PGA)  
connector.  The  novel  feature  i s  the  i ncorporation  of 48  optical  vias  (holes)  in  the  IC  to  enable  
optical  access  us ing  i ndustry-standard  850-nm  optoelectron ic  arrays.  Al l  channels  operated  at  
20  Gb/s  (BER <  1 0 -1 2 ,  7 , 3  pJ /b i t) ,  ach ieving  aggregate  b id i rectional  bandwid th  for para l le l  
transceivers  of 0 , 48  Tb/s  [81 ] .  

1 3.7  Photon ics  Electron ics  Technology Research  Association  (PETRA)  

PETRA is  an  incorporated  technology research  association  i n  J apan ,  establ ished  on  August  
24,  2009.  The  organ ization  is  approved  by METI  (M in istry of Economy,  Trade  and  I ndustry)  
under J apanese  Act  on  an  I ncorporated  Research  and  Development Partnersh ip.  

I n  201 5,  PETRA developed  a  ch ip  scale  para l le l  optical  transceiver capable  of supporting  data  
rates  of 25  Gb/s  per channel  wi th  a  power consumption  of 5  mW/Gbps.  The  PETRA s i l i con  
PIC  "optical  I /O  core"  transceiver was  developed  to  target h i gh  volume,  l ow-cost,  short  reach  
next-generation  i n terconnections  for I T  systems and  h igh-performance  computers .  The  fi rst  
variant of the  optical  I /O  core  con ta ins  a  mu l timode optical  i n terface,  though  variants  wi th  
s i ng lemode  i n terfaces  are  p lanned .  PETRA demonstrated  25-Gb/s  per channel  error-free  
operation  over a  300-m  MMF  l i nk i n  the  O  band  as  shown  i n  F igure  1 6  [82]  to  [84] .  

 

Figure 1 6  – PETRA optical  I /O  core  performance at 25 Gb/s  
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1 4 PIC  coupl ing  interfaces  

1 4. 1  Overview 

I n  order to  maxim ize  the  bandwid th  dens i ty and  des ign  fl exibi l i ty of PICs,  vertical  in tegration  
of e lectron ic l ayers  and  photon ics  l ayers  i s  strong l y preferred .  Numerous  stud ies  on  optica l  
i n terfaces  have  shown  that optical  s i gnals  can  be  coupled  efficientl y between  PIC  embedded  
optica l  wavegu ides  on  l arge-scale  i n tegration  (LSI )  ch ips  and  optical  components  ou ts ide  a  
ch ip,  such  as  optical  fi bres  [85] .   

1 4.2  Grating  coupler 

Grating  couplers  were  i nven ted  i n  the  1 970 ’s  as  a  method  of coupl ing  free  space laser l igh t 
i n to  g l ass  fi lms  [86] .  G rati ng  couplers  that can  d i rect  l i gh t  waves  i rrad iated  perpend icu lar or 
nearl y perpend icu lar to  the  su rface  of PICs  have  been  widel y s tud ied  [87]  to  [89] .  The  g rating  
coupler i s  essen tia l l y a  Bragg  grati ng  optim ized  to  d i ffract l i ght  from  a  free  space  source  i n to  
a  d ie lectric  wavegu ide.  The  coupl ing  efficiency i s  determ ined  by two  factors :   

•  the  d i rectional i ty (D)  defined  as  the  ratio  of the  optical  power d i ffracted  toward  the  optical  
fibre  to  the  total  d i ffracted  power;   

•  the  m ismatch  between  the  d i ffracted  fi e ld  profi l e  and  the  Gauss ian  mode  of the  optica l  
fibre,  wh ich  resu l ts  i n  add i ti onal  l oss.   

The  d i ffracted  fi led  profi l e  ori g inating  from  a  un i form  grati ng  can  be  cons idered  to  be  
exponen tia l .  Thus,  for a  fie ld  mode d iameter of 1 0, 4  µm  (va lue  of SMF at 1 , 55  µm),  the  
excess  loss  due  to  mode profi le  m ismatch  i s  1  dB.  

F i gure  1 7  shows  two common  types  of vertica l  grating  coupler.  F i gure  1 7a)  shows  a  s ing le  
polari zation  g rating  coupler (SPGC)  designed  to  couple  l i gh t of one  l i near polari zation  to  and  
from  a  wavegu ide  i n  the  PIC.  SPGCs  are  typical l y used  to  transm i t  l i gh t  from  the  PIC  i n to  an  
external  s ing le  mode  optical  fi bre  i n  phys ical  con tact  wi th  the  PIC  surface.  F igure  1 7b)  shows  
a  polarization  spl i tti ng  grati ng  coupler (PSGC)  designed  to  spl i t  the  l i gh t i ncident on  the  PIC  
in to  two  orthogonal  l i near polari zations,  wh ich  are  conveyed  a long  two  separate  
correspond ing  wavegu ides  i n  the  PIC.  PSGCs  remove  any requ i rement on  the  i npu t fi bre  to  
confine  a l l  l i ght  to  one  l i near polari zation  and  subsequentl y to  orient the  fibre  to  a l i gn  the  
polari zation  axes  of fi bre  and  PIC  wavegu ide.  PSGCs are  typical l y u sed  to  receive  l ight  from  a  
si ng le  mode  fi bre  and  pass  i t  to  a  photodetector on  the  PIC.  
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a)  S ing le  polari zation  grating  coupler b)  Polarization  spl i tti ng  grating  coupler 

SOURCE  I EEE  

Figure 1 7  – Examples  of vertical  g rating  couplers  [6]  

Since  the  coupl ing  efficiency rel i es  on  d i ffraction  properties  of the  g rati ng  s tructure  used  to  
couple  l i ght  between  an  optica l  fi bre  and  the  s i l icon  WG  ci rcu i t,  the  coupl i ng  efficiency i s  
i nheren tl y wavelength  dependent,  and  the  optical  bandwid th ,  that i s  the  wavelength  range  
over wh ich  l i gh t can  be  coupled  wi th in  a  marg in  of 1  dB ,  i s  typical l y of the  order of 35  nm  [90] .  

Advanced  CMOS technolog ies  usual l y requ i re  bu lk  substrates  or SOI  substrates  wi th  th i n  SOI  
and  bu ried  oxide  (BOX)  [7 ] .  The  BOX th ickness  shal l  be  optim ized  i n  order to  m in im ize  the  
i nsertion  l oss  of grating  coupler,  used  to  couple  the  l ight  i n  and  out of optical  fi bres,  i n  the  
targeted  wavelength  ranges ,  wh i le  ensuring  a  proper l i gh t confinement for l ow-loss  
propagation  i n  wavegu ides.  State-of-the-art  coupl i ng  efficiencies  are  obtained  for grati ng  
couplers,  wh ich  are  cri ti cal  devices  for s i l icon  photon ics  s ince  they a l l ow the  i n  and  ou t 
coupl ing  of external  s i gnal  in to  the  PIC.  Med ian  values  of 2 , 1 5  dB  (1  31 0  nm  des ign) ,  1 , 5  dB  
(1  490  nm  des ign)  and  1 , 9  dB  (1  550  nm  des ign)  for SPGC i nsertion  l oss  are  measured  
through  the  d ielectric  stack used  for i n terconnect l evel  [7 ] .  More  recen tl y,  an  improved  design  
of the  grating  couplers  has  shown  that the  efficiency of the  fabricated  coupler can  be  
enhanced   by a  backside   metal  m irror and  reaches  –2 ,4  dB  for both  polari zations  at 1  552  nm  
wi th  an  exti ncti on  ratio  >  25  dB  in  a  wide  wavelength  range  [91 ] .  

F i gu re  1 8  shows the  coupl ing  efficiency of a  s i ng le  polari zation  grating  coupler (SPGC)  at 
1  31 0  nm  and  1  490  nm .  
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Figure 1 8  – Coupl ing  efficiency of single  polarization  g rating  coupler (SPGC)   
at  1  31 0  nm  and  1  490  nm  [91 ]  

I n  201 6,  PETRA developed  the  fi rst  prototypes  of a  s i l i con  PIC  transceiver ca l led  the  "optica l  
I /O  core  ch ip",  wh ich  used  two  kinds  of vertical  coupl ing  i n terface  for i ts  transm i tter and  
receiver sections  (see  F igure  1 9).  A g lass  p late  was  mounted  on  the  PIC,  wh ich  provided  both  
a  protecti ve  barrier and  a  versati l e  optical  coupl ing  i n terface.  On  i ts  transm i tter section ,  a  
vertical  grating  coupler was  used  to  d i rect l igh t  ou t of the  s i l i con  PIC through  a  specia l  
cyl i ndrical  through  g lass  via  (TGV)  up  to  the  top  surface  of the  g lass  p late,  wh ich  comprised  
the  optical  coupl i ng  i n terface.  On  the  receive  section ,  l i ght was  conveyed  from  the  optical  
coupl ing  i n terface  through  a  TGV d i rectl y to  a  photod iode  i n  the  PIC.  

 

 

SOURCE  PETRA 

Figure 1 9  – Composite  coupl ing  in terfaces  on  PETRA optical  I /O  core  
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I n  201 5,  Un ivers i ty of Bri tish  Columbia  demonstrated  the  in tegration  of VCSELs  onto  a  s i l icon  
photon ics  ch ip  us ing  fl ip-ch ip  bond ing  techn ique,  wi th  a  b i d i rectional  vertical  coupled  coupler 
[92] .  

1 4.3  Ad iabatic  coupl ing  

I n  201 3,  I BM  proposed  an  evanescent photon ic ch ip  optical  coupl i ng  method  based  on  fl i p-
ch ip  bond ing  on  pol ymer wavegu ides  [93] ,  [94]  to  ach ieve  l ow profi l e  and  p luggable  coupl ing  
of a  s i l icon  photon ics  PIC.  Th is  concept re l ies  on  

•  evanescent or ad iabatic coupl ing  from  si l icon  wavegu ide  to  a  pol ymer wavegu ide,  

•  pass ive  pos i ti on ing  of both  types  of wavegu ide,  us ing  sel f-al i gnment,  and  

•  pass ive  pos i ti on ing  of the  pol ymer wavegu ide  in to  a  MT-l ike  ferru le.  

Th is  scheme uses  the  trans i tion  from  a  S i  tapered  wavegu ide  to  the  pol ymer wavegu ide  and  
requ i red  ~1 , 5  mm  long  tapers  for a  l ow l oss  coupl i ng  to  occur from  the  S i  to  the  pol ymer.  Th is  
means  that a  l arge  proportion  of the  PIC  wi l l  be  ded icated  to  the  coupl ing  reg ion .  

F i gure  20  shows  the  assembly of a  s i l icon  photon ics  ch ip  and  a  p l anar polymer wavegu ide  in  
an  ad iabatic  coupl ing  configuration .  

  

a)  Local l y tapered  and  un -cl added  SOI  wavegu ide  on   
S i  ch ip  brought i n to  physical  contact wi th  local l y  
un-cladded  SM  polymer wavegu ide  on  carrier or 

i n terposer 

b)  S i tuation  after assembl y 

SOURCE  I BM  Research  – Zuerich  [95]  

Figure 20  – Assembly for ad iabatic optical  coupl ing  between   
Si  photon ics  ch ip  and  SM  polymer waveguide  

Figure  21  shows  a  schematic view of an  ad iabatic coupl i ng  scheme.  

IEC  IEC  
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SOURCE  I BM  Research  – Zuerich  [95]  

Figure 21  – F l ip-ch ipped  s i l icon  photonic ch ip  onto  polymer  
waveguide  substrate  using  ad iabatic coupl ing  

Th is  approach  has  several  advantages,  among  wh ich  are  enabl i ng  attachment wi th  mu l ti  fi bre-
channels  and  l ow profi l e  and  compatib i l i ty wi th  on  board  packag ing  and  mass  assembly.   

B id i rectional  optica l  coupl i ng  between  SOI  wavegu ides  and  s ing le  pol ymer wavegu ides  has  
been  ach ieved  by pos i ti on ing  the  cores  of SOI  and  pol ymer wavegu ides  in  cl ose  proxim i ty and  
tapering  down  the  SOI  wavegu ide  gradual l y,  so  that  the  e igenmodes  of the  coupled  system  
evolve  ad iabatical l y a long  the  coupler (see  F igure  22).  
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a)  SOI  and  SM  pol ymer wavegu ide  l ayout  b)  S I  photon ics  ch ip  fl i p-ch ip-
bonded  to  an  array of un-cladded  

SM  pol ymer wavegu ides  

SOURCE  I BM  Research  – Zuerich  [95]  

NOTE  1  The  schematic  i n  Fi gu re  22a)  proves  the  concept of ad iabati c  opti cal  coupl i ng .  To  characteri ze  the  
coupler performance,  the  opti cal  transm ission  of the  i npu t-to-cross,  i npu t-to-bar,  and  reference  path  had  to  be  
measured .  

NOTE  2  F i gure  22b)  i s  a  m icroscopic  top-vi ew [95] .  

Figure 22  – Bid i rectional  optical  coupl ing  between   
SOI  waveguides  and  single  polymer waveguides   

Adiabatic  coupl ing  i n terfaces  between  pol ymer core  and  s i l i con  wavegu ide  have  been  
demonstrated ,  wh ich  show coupl i ng  l osses  of the  order of 1  dB  for ±  1  µm  m isal i gnment ( i n -
plane,  transversal  to  opti cal  axis) ,  and  no  s i gn i fican t coupl ing  l oss  due  to  temperature  change  
was  observable.  S ing le-mode pol ymer wavegu ides  were  fabricated  us ing  a  l ow cost maskless  
and  etch less  process.  The  optical  characterization  showed  a  coupl i ng  l oss  of 0 , 8  dB  to  1 , 1  dB  
and  0 , 8  dB  to  1 , 3  dB  i n  the  1  530  nm  to  1  570  nm  range  for TE  and  TM  polari zations,  
respective l y.  

1 4.4  Butt  coupl ing  

Fibre  p ig ta i l i ng  ought to  implement a  rel i able  j o i n t  between  a  photon ic device  and  a  s i ng le  
fibre  or a  set/array of s i ng le-mode  fi bres.  P ig ta i l i ng  is  a  fundamenta l  prerequ is i te  for testi ng  
and  appl ication  of photon ic devices  and  i s  a lso  the  fi rst  step  of packaged  devices.  Keeping  i n  
m ind  appl ications  i n  te lecom,  a  fi bre-device  j o in t shou ld  i n troduce as  l i ttle  as  poss ib le  
add i ti onal  l oss ,  l ow back-reflection ,  and  l ow polari zation  dependence.  Fol l owing  the  s tudy of 
fibre  couplers  i n  previous  clauses,  we  may d i sti ngu ish  between  two  kinds  of pi g ta i l i ng  
presentl y used  i n  s i l icon  photon ics:  

a)  p ig ta i l s  us ing  lensed /tapered/h igh-NA fibres,  typica l  spot d iameter ∼3  μm ,  horizon tal  
coupl ing  (example:  I n finera);  

b)  p ig ta i l s  us ing  standard  bu tt-fibres,  spot d iameter ∼1 0  μm ,  hori zon ta l  and  vertica l  coupl ing  
(examples:  Kotura,  Luxtera).  

1 4.5  Orthogonal  ch ip-to-fibre coupl ing  

More  recen tl y,  opto-e lectron ic  assembly processes  have  been  developed  by Un ivers i ty of 
Ghent a l lowing  embedded  optical  ch ips  to  be  coupled  orthogonal l y to  wavegu ides  or fi bres  
[96] ,  wh ich  offers  a  means  of us ing  robust surface  grati ng  couplers  i n  low profi l e  packages.  
F igure  23  shows  d i fferent coupl ing  scenarios  based  on  embedd ing  u l tra-th in  VCSEL and  
photod iode  ch ips  i n to  th in  pol ymer l ayers  and  coupl ing  d i rectl y to  p lanar pol ymer wavegu ides.  
F i gure  24  shows  an  image of a  m i rror p lug  assembly,  wh ich  a lso  i ncorporates  an  optical  fi bre.  
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a)  Orthogonal  coupl ing  b)  P lanar coupl ing  wi th  wavegu ide  foi l  

  

c)  P lanar coupl ing  wi th  opti cal  g lass  fibre  d )  P lanar coupl ing  wi th  a  planar wavegu ide  

 

Key 

1  wi th  i n teg rated  s i l i ca  fi bre   

2  wi th  pol i shed  45  degree  end  facet 

3  and  5  together wi th  a  cross-section  of the  UV-adhesi ve  moun ted  m i rror p l ug  on  top  of embedded  VCSEL ch ip  

4  embedded  VCSEL ch ip   

Figure  23  – Design  of the  mi rror plug  assembly 

1 5  Electrical  interface  

The  e lectrica l  in terface  i s  responsib le  for the  biasing  and  dri ving  of the  photon ic  components  
and  thei r communication  wi th  the  e lectrica l  envi ronment i n  wh ich  the  s i l icon  photon ics  modu le  
operates.  A typica l  framework is  depicted  i n  F igure  24 .  E lectron ic ci rcu i ts  are  requ ired  to  
d i rectl y b ias  and  d ri ve  the  photon ic  components  as  an  i n terface  between  the  e lectrical  and  the  
optical  domains.  Moreover,  several  e l ectrica l  functions  are  necessary to  ensure  proper 
communication  of the  s i l i con-photon ics  modu le  wi th  the  host.  Speci fical l y,  the  e lectro-optical  
transm i tter requ ires  a  ded icated  e lectrical  receiver to  correctl y receive  the  i ncom ing  data  from  
the  host,  and  the  e lectro-optica l  receiver requ i res  a  ded icated  e lectrical  transm i tter to  send  
the  data  to  the  host.  The  E  RX and  E  TX have  to  compensate  the  detrimental  effect  of the  
l im i ted  bandwid th  of the  e lectrical  channel  by implementing  equal i zation .  
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SOURCE  Un i vers i ty of Pavia  

Figure  24 – Typical  operative  framework of s i l icon-photonics  modu les   

1 6  Packaging  

Packag ing  of photon ic  devices  has  i n  general  been  a  chal lenge  over the  years.  A package  
assembly needs  to  fu l fi l  a  number of functions:   

a)  provide  e lectrica l  and  optical  in terfaces;   

b)  provide  thermal  i n terfaces;   

c)  protect  i n ternal  devices  from  external  i n fl uences  such  as  hum id i ty,  effects  from  thermal  
excurs ions,  con tam ination  and  mechan ica l  forces  [97] .   

Both  assembly processes  for photon ic assembl ies  are  important s i nce  they affect 
performance,  re l iabi l i ty and  cost.  

I t  i s  important to  develop  s tandard ized  packag ing  p latforms to  accelerate  PIC  development 
and  technology commercial isation .  

1 7  Standardization  roadmap 

PICs  are  an  emerg ing  technology,  wh ich ,  as  of 201 5,  had  begun  to  be  i ncorporated  in to  
commercia l  optical  communication  products .  However,  g iven  i ts  huge  potentia l ,  PIC  
technology i s  expected  to  be  subject to  extens ive  research  and  development for many years  
to  come.  

As  a lways,  though  standard ization  need  not  be  a  prerequ is i te  to  commercial  deployment,  i f 
properl y exercised ,  i t  wi l l  serve  as  a  ground ing  and  pos i ti ve  gu id ing  force  for emerg ing  
technolog ies.  

I t  i s ,  therefore,  crucia l  that  any PIC s tandard ization  acti vi ti es  proceed  in  a  manner that  does  
not i n  any way impede  or constra in  ongoing  i nnovation .  
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The  main  purpose  of earl y s tandard ization  shou ld  be  to  a id  commercia l isation  of the  
technology by fi rst creating  competi ti ve  performance benchmarks,  wh ich  provide  rea l istic  
goals  to  those  areas  of mature  PIC  research  hoping  to  commercia l ise  the  technolog ies.  

The  proposed  standard ization  roadmap  for PIC  is  shown  i n  F igure  25.  

 

Figure 25 – PIC  standardization  roadmap 
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