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A st a t

T is t esis investi ates t e apa i ities o  i -pre ision i ita  printin  te no o ies in
t e a ri ation o  miniat ri e  omponents or e e troni s pa a in  transistor inter on-
ne ts an  mono it i a y inte rate  a -on-s in systems or iosi na  monitorin  In en-
era  t e printin  te no o ies s er rom poor reso tion ompare  to onventiona  it -
o rap i  a ri ation met o s  i  imits t e eve  o  miniat ri ation or printe  e e -
troni s omponents  evi es  an  ir its  T is ea s to t eir si ni i ant y o er per or-
man e ompare  to onventiona  e e troni s  o ever  ertain app i ation areas e ist

ere p s in  t e enve ope o  printin  te no o ies to ar s i er reso tion an  pre-
ision o  res t in t e a ition o  ne  n tiona ities

Rep a in  it o rap i  a ri ation o  i - ensity ir itries o  e e troni s pa a es it
i -reso tion e e tro y ro ynami  in et - et  printin  o  res t in i er eve s o
stomi a i ity an  re e  environmenta  impa ts  In t is t esis  t e parameters a e t-

in  - et printin  reso tion ere st ie  sin  statisti a  too s  t e res tin  re ression
mo e  app ie  or rop et iameters o  5 m to  m an  a  a oe i ient o  etermi-
nation R  o    it  a resi a  o  1 1 m  ina y  t e om ination o  - et an  in et
printin  is emonstrate  in t e a ri ation o  a i - ensity 5 5 m i t spa in  m -
ti ayer re istri tion ayer RDL  or a si i on interposer

- et printin  o  e a so se  to en an e t e inter onne t ensity  an  on omitant
per orman e o  app i ation spe i i  printe  e e troni  ir its A  i  in t em-
se ves are a rea y an en an ement o  t e e istin  app i ation spe i i  inte rate  ir its
A I  in t at t ey a o  ie  on i ra i ity o  t e pre a ri ate  o i  ir its  In t is

t esis  - et printin  as ompare  to aeroso  et A  pie oe e tri  in et an  it o-
rap i  a ri ation met o s or t e a ri ation o  A s  T o i erent inter onne t

str t res ere se  an  in ot  ases t e - et printin  ompare  avo ra y to A  an
pie oe e tri  in et printin  te no o ies

ie oe e tri  in et printin  annot e onsi ere  a tr e i -reso tion te no o y sim-
i ar to - et printin  e to its ar e rop et vo me pL vs  L  o ever  it may sti  e

se  to print sma  i e high-precision  str t res re ire  or e amp e in transistor a -
ri ation  T e i -pre ision printin  apa i ity o p e  it  a ar e rop et vo me ena-

es i er t ro p t en a ri atin  amp i iers it  mono it i a y inte rate  a tive
an  passive omponents  In t is t esis  a pie oe e tri  in et as se  or t e a ri ation
o  so r e rain D  e e tro es or transistors it  1  m anne  en t  to et er it
mono it i a y inte rate  ar e area para e  p ate apa itors an  resistors  T e res tin

ar e amp i ier optimi e  or p se ave  meas rements a  a ain o  1  n



it  a pass an  o  5  M  to   rt ermore  t e per orman e o  t e amp i ier as
eva ate  or  meas rements y amp i yin  a  si na  re or e  sin  pie oe e tri
po y viny i ene-tri oroet y ene  D -Tr  press re rom t e ra ia  artery at t e

rist an  ana y in  t e amp i ie  si na  or ini a y re evant  eat res  As a s pport-
in  st y  t e  si na  enerate  y a y printe  D -Tr  press re sensor as
eva ate  in a pre- ini a  st y it  a statisti a y si ni i ant n m er o  st y s e ts

 ini a y re evant in i es ere a ate  rom t e  si na  enerate  y t e
D -Tr  sensor an  t ese ere ompare  to on rrent meas rement it  a re -

eren e  sensor  oo  a reement et een t e  sensors o  e o n  in t e
ase o  t e sti ness in e  I  an  ra ia  a mentation in e  rAI



i

efa e

T e or  re ate  to t is t esis as one y t e rinte  e troni s Resear  ro p at Tampere
University  in an  rom 1  to 1

T is t esis as ma e possi e y IA - U Te es n e  rominent  Te es n e  a e  Ap-
proa  an  A a emy o  in an  n e  as ar iome ani s Assessment pro e ts  I a so is
to a no e e t e T a an  r  e vo o n ation an  e troni  n ineers o n ation or t eir

enero s persona  rants an  TU Dres en or t e resear  e an e rant

As or t e non- inan ia  s pport  I o  irst an  oremost i e to e press my ratit e to my s per-
visor ro  Matti M ntysa o or is i an e an  s pport t ro o t t e t esis or  I a so is  to
t an  Dist  ro  i o To ito at t e To ito-K ma i- e ine La oratory ama ata University  apan
an  ro  Kar - ein  o  at t e Instit te o  e troni  a a in  Te no o y Instit t r A a
n  er in n ste ni  TU Dres en  ermany  or ettin  me ene it rom t eir e pertise an  in-
rastr t re  Many t an s a so o to a  t e o-  main- an  o-main-a t ors  espe ia y t e o o in
ro  i  sa a  Asso  ro  iroy i Mats i  Assist  ro  Antti e ao a  Assist  ro  Tomo ito
e ine  as e  as Mo amma  Mas aye i  D  an  Mi o e to an as  M  I a so is  to

e press my ratit e to t e rrent an  ormer o ea es at t e La oratory o  t re e troni s
espe ia y  e nam K orram e  D  Assist  ro  ianton  Li  Tiina orinen  M  Rii a Mi -
onen  M  Mi a  Mosa aei  M  Anna Rai anmaa  M  Miao Li  M  ari Kes inen  D
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 nt o u tion

T e miniat ri ation o  e e troni  evi es as een one o  t e ma or rivers e in  t e niversa
a option o  e e troni  e ipment in o r every- ay i e  T e most prominent s ess o  t is para i m
as een t e a ri ation o  rrent an - e  porta e omp ters t at ar o tper orm t e ta e-top
omp ters o   years a o  ne o  t ere ore ar e t at t e in rease  operatin  spee  o  t e

e e troni  evi es is as important as t e evi e miniat ri ation  o ever  even t e e - no n
Moore s a  is in a t a a  o  miniat ri ation instea  o  pro essin  spee  e a se it states t at
t e transistor ensity on inte rate  ir it I  ips i  o e every 1  mont s 1  T e s ess o
Moore s a  in pre i tin  t e in rease in operatin  spee  is ase  on t e miniaturization  o  transis-
tors  T is ea s to aster s it in  spee s a or in  to Dennar  s a in   an  t e a i ity to a ri-
ate omp e  ir its t ro  mono it i  inte ration o  a tive an  passive evi es on t e same sem-

i on tor ip Ki y s invention  i  ena es aster omm ni ation et een t e evi es
Anot er orm o  miniat ri ation as ta en p a e on a i er e e troni s pa a in  eve  ere more

n tiona ities ave een in orporate  in t e same pa a e  s  as in t e ase o  mono it i  inte-
ration o  mi roe e trome ani a  system M M  trans ers an  pro essin  ir its on t e same
ip  T is as re e  t e n m er o  re ire  pa a es on printe  ir it oar s  an  a so

in rease  t e operatin  spee s e to s orter si na  pat s et een evi es insi e t e pa a e 
At t e moment  t e ma ority o  e e troni  omponent a ri ation pro esses emp oy too s i  are
ase  on s tra tin  i e  et in  materia  to orm e e tri a y n tiona  eat res  T ese s tra tive
a ri ation met o s are i y a van e  an  are a e to pro e ori onta  eat res at a reso tion
o  1  nanometres 5  or e  n re  atoms  an  verti a  eat res at reso tions o  appro imate y
one nanometre  or a e  atoms  o ever  t ey a so s er rom ra a s s  as omp i ate
m ti-step pro ess o s  ar e amo nts o  aste materia s an  t e se o  a ar o s et in  em-
i a s

T ese ra a s ave pro e  t e on- oin  para i m s i t in e e troni  a ri ation to ar s more
environmenta y rien y a itive a ri ation met o s  o o ia y no n as printe  e e troni s



T ese met o s se e tive y eposit so tion pro essa e materia s in t e re ire  areas o o e  y
s ita e post-pro essin  steps e  rin  or sinterin   T is pro ess is t en repeate  nti  t e
omp ete evi e as een i t on t e s strate  In a ition to t e o vio s materia  savin  potentia

a itive a ri ation met o s a so re e t e pro essin  temperat re  n m er o  re ire  pro ess
steps  an  simp i y t e a ri ation pro ess to ena e more e i e pro ess o s  spe ia y  i ita
printin  te no o ies e  in et an  e e tro y ro ynami  et printin  o er i y stomi a e pro-
ess o s y sin  i ita  printin  i es instea  o  p ysi a  mas s  o ever  e a se t e ma ority o

t e printe  e e troni s a ri ation too s ave een a apte  rom rap i  art pro esses e  s reen
rav re  e o rap y  an  in et printin  t ey a so s er rom t e same ra a s  T e most no-

ta e o  t ese are t eir imite  reso tion  At est  i ita  printin  too s are a e to pro e eat res
on a s a e o  a e  mi rometres  or t ree or ers o  ma nit e more t an t e a orementione  s -
tra tive met o s  It is t ere ore important to investi ate o  to in rease t e reso tion an  re e
t e riti a  eat re si e in or er to ena e t e miniat ri ation  an  i er a option  o printed e e tron-
i s evi es

 Ai  an  s o e of t e t esis

T is t esis investi ates t e apa i ities an  imitations o  t ree i -pre ision i ita  printin  te -
no o ies  t e pie oe e tri  in et  e e tro y ro ynami  in et  an  aeroso  et printin  T e term i -
pre ision is se  ere to in e ot  i  reso tion and ine eat re si es  ot  o  i  are re-

ire  to a ri ate miniat ri e  omponents an  in rease t eir operatin  spee

irst t e printin  parameters a e tin  t e reso tion o  t e e e tro y ro ynami  in et - et  printer
are st ie  T is is o o e  y omparison o  pie oe e tri  in et  aeroso  an  - et printin  a ity
espe ia y t e reso tion  or inter onne te  a ri ation or app i ation-spe i i  printe  e e troni
ir its A  an  a emonstration o  - et pie oe e tri  in et printe  i - ensity 5 5 m 

re istri tion ayers in e e troni s pa a in  app i ations  T e i -pre ision printin  apa i ity o
t e pie oe e tri  in et printer is emonstrate  in t e a ri ation o  a ar e amp i ier it  mono it -
i a y inte rate  passive omponents  t e repro i e a ri ation o  so r e rain e e tro es or or-

ani  transistors it  a en t  ess t an 1  m is emonstrate  ina y  a pie oe e tri  sensor sys-
tem it  pie oe e tri  in et printe  ottom e e tro e is emonstrate

 t u tu e of t e t esis

T is t esis is ivi e  into t ree apters an  a on sion  T e irst apter intro es t e topi  o
t e t esis o o e  y a s ort is ssion on its aims an  s ope an  on es it  t e a t ors
ontri tions to t e p i ations presente  at t e en  o  t e t esis  T e se on  apter is sses



t e n amenta s o  i -pre ision patternin  in printe  e e troni s an  presents t e t ree main
printin  te no o ies  pie oe e tri  in et  e e tro y ro ynami  in et an  aeroso  et printin  em-
p oye  in t e p i ations  T e t ir  apter intro es t e t ree i erent printe  e e troni s app i-
ations ere i -pre ision patternin  is re ire  an  a so is sses an  e pan s pon t e re-

sear  res ts o  t e p i ations

 e aut o s ont i ution

u li ation T e a t or as t e main ontri tor  esi ne  t e e periments  a ri ate  an  meas-
re  t e test str t res  ana y e  t e ata an  rote t e man s ript   K orram e  an  A  Dastpa
e pe  to arry o t t e meas rement system ana ysis  M  M ntysa o revise  an  improve  t e man-
s ript

u li ation T e a t or as a o- ontri tor an  esi ne  t e print i es  optimi e  t e pro ess
a ri ate  t e test str t res  ana y e  t e res ts  an  rote a apter in t e man s ript re ar in
- et printin  T e apter as t en revise  an  improve  y ot er o-a t ors

u li ation T e a t or as a o- ontri tor an  esi ne  t e print i es  a ri ate  t e test
str t res an  rote a apter in t e man s ript re ar in  - et printin  T e apter as t en
revise  an  improve  y ot er o-a t ors

u li ation T e a t or as t e main ontri tor an  esi ne  a ri ate  an  meas re  t e
test str t res  ana y e  t e ata an  rote t e man s ript   K orram e  i  t e M ima in
an  ana ysis  M  M ntysa o revise  an  improve  t e man s ript

u li ation T e a t or as t e main ontri tor an  esi ne  a ri ate  an  meas re  t e test
str t res  ana y e  t e ata an  rote most parts o  t e man s ript   Mats i esi ne  t e ar e
amp i ier an  rote t e amp i ier esi n para rap  R  i a  e pe  it  t e a ri ation o  t e test
str t res  M  e to an as i  t e arteria  p se ave meas rements  ana y e  t e ata an  rote
t e respe tive para rap   er o esi ne  an  imp emente  t e er amp i ier an  K  Lo ano
Montero a ri ate  t e D -Tr  p se ave sensors  T e man s ript as revise  an  improve
y ot er o-a t ors

u li ation T e a t or s are  t e main ontri tion it  M  e to an as  e eve ope  t e
a ri ation pro ess an  esi ne  t e D -Tr  p se ave sensors  i  e a so e pe  to
a ri ate an  ara teri e  an  rote most parts o  t e man s ript  M  e to an as meas re  an
ana y e  t e arteria  p se ave si na s an  rote t e respe tive para rap s  K  Lo ano Montero
a ri ate  t e D -Tr  p se ave sensors  T  ipon os i too  t e po ari ation-e e tri  ie
ysteresis oop meas rements  T e man s ript as revise  an  improve  y ot er o-a t ors



rinte  e e troni s emp oys so vent ase  materia s i e  so tions or ispersions  enera y re-
erre  to as inks  to ma e e e tri a y n tiona  eat res i  may e eit er on tin  semi- on-

tin  or ie e tri  Usin  materia s it  t ese t ree properties  it is possi e to a ri ate on tors
 in tors 1  resistors 11  apa itors 1  transistors 1  io es 1  an  i erent types o

trans ers 1  re ire  to ma e any orm o  e e troni  e ipment  In or er to a ieve t e re ire
e e tri a  n tiona ity  t e materia  properties ave to e osen to s it t e app i ation  or e amp e
an or ani  i t emittin  io e re ires a spe i i  type o  semi- on tin  materia  i e  a ire t
an - ap semi on tor  ompare  to a simp e io e an  a pie oe e tri  sensor re ires a spe i i

type o  ie e tri  i e  a erroe e tri  ie e tri  ompare  to a simp e apa itor  e on y  a s ita e
in  orm ation m st e o n  e a se t e in  r eo o y e  t e vis osity an  s r a e tension  an
ot er p ysi a  properties e  t e so vent vapo r press re an  parti e si e  a e t t e a ity o  t e
eposite  i m  ort nate y  t e in  orm ation pro em as een so ve  or most materia  types so

t at t ere are severa  ommer ia y avai a e in s stomi e  or i erent printin  too s  T ir y  a
s ita e printin  too  m st e osen  T e most nota e i eren es in printin  too  ara teristi s
are re ate  to t eir reso tion an  t ro p t see Ta e 1  i e t e ire t eposition rop-on-
eman  te no o ies e  pie oe e tri  in et an  - et printin  o er a itiona  ene its o  avin
i y stomi a e pro ess o s e to t eir se o  i ita  print i es instea  o  p ysi a  print ro s

or mas s 15   A t o  t e reso tion o  t e pie oe e tri  in et is imite  to -5  m  it as a
i  rop et position a ra y o  5 m  i  ena es i  pre ision patternin  re ire  in ertain

app i ations e  transistor anne  en t s  T e - et printin  is a so s ite  or i - ensity ir its
ere a sma  ine i t  is important  To et er t ese t o printin  met o s an t ere ore e terme

i ita  i -pre ision printin  te ni es

T e motivation o  t is apter is to n erstan  t e apa i ities t ese i -pre ision i ita  printin
te no o ies ave or a ri ation o  miniat ri e  printe  e e troni s evi es is sse  in apter 

irst  t e n tionin  prin ip es o  t e printin  met o s are e p aine  o sin  on parameters i
a e t t eir i  pre ision pattern ormation e  positionin  a ra y  rop et si e et  an  o o e

 igital ig e ision inting te ni ues



5

y a omparison o  t eir ene its a vanta es  T is is o o e  y intro tion o  t e term i  pre-
ision pattern ormation  t ro  t e on epts o  reso tion an  rop et ettin  on t e s strate

s r a e  In a ition  t e parameters a e tin  t e ine i t  an  e e s r a e ro ness are e -
p aine  e a se t ey are important or reatin  ni orm eat res it o t n ante  open or s ort
ir its t at o  ea  to e e ts in i y miniat ri e  evi es

Ta e 1  omparison o  i erent printin  te no o ies  A apte  rom 

rintin  met o Line i t
m

Line t i ness
m

rintin  spee
m min

rint i e
type

ie oe e tri  in et -5 1-1 1-5 Di ita

e tro y ro ynami  in et 1 1- 1 1 Di ita

Dispensin 1 -1 5 -1 in e stro e Di ita

set 1 1-1 1 ysi a

rav re 1 -5 1-1 1 ysi a

e o 5-1 1 5 ysi a

reen -5 5-1 -15 ysi a

rav re o set 5- 1- 1-1 ysi a

Reverse o set 1-1 5-1 1 ysi a

anoimprintin - 1 1 ysi a

 ie oele t i  in et inting

Most in et printers se  in t e a itive a ri ation o  e e troni  evi es are o  t e rop-on- eman
DoD  type  T e operation o  a DoD in et printer is ase  on t e e e tion o  sin e rop ets rom a

print ea  ontainin  tens or n re s o  no es  y a rate y ontro in  t e timin  an  position
o  t e e e tion rom ea  in ivi a  no e  omp i ate  patterns an e orme  on t e s strate
T is a o s t e se o  i ita  print i es an  rapi  an es in t e printe  pattern res tin  in a i y

stomi a e a ri ation pro ess 15



T e pre ominant rop et e e tion me anism o  t e DoD printers se  in printe  e e troni s a ri-
ation is ase  on pie oe e tri  a t ation  T e pper part in i re 1 s o s t e simp i ie  str t re

o  a sin e pie oe e tri a y a t ate  no e  i e t e o er part s o s t e time series ea in  to
rop et ormation  T e in  is e  into t e in  am er rom t e in  s pp y anne  via a onne tin
anne  T e pie oe e tri  e ement  ommon y ma e o  ea  ir onate titanate T  is sit ate

ne t to t e in  am er e in  a e i e a  an  t e in  am er is onne te  to t e environment
via a no e sit ate  opposite t e onne tin  anne  D rin  rop et ormation  a vo ta e si na  is
e  to t e pie oe e tri  e ement a sin  it to en  en t e en in  motion is to ar s t e in

am er  t e am er vo me ontra ts an  a positive press re ave moves to ar s t e no e  I
t e ener y imparte  y t e press re ave on t e in  menis s on t e no e is ar e eno  t e
menis s starts to e on ate nti  t e e on ate  in  i ament is t in eno  or t e s r a e tension o
t e in  pin  o  T e e tover i ament ontra ts to ar s t e main rop et rin  t e rop et i t
rom t e no e to t e s strate  Depen in  on t e ve o ity o  t e e e te  rop et an  t e in  param-

eters e  s r a e tension an  vis osity  t e i ament may not e a e to ontra t y e ore a
se on ary pin  o  o rs an  enerates a se on ary or sate ite  rop et i  is sma er t an t e
main rop et  T is o ten orms a print e e t e a se t e position o  t e sate ite rop et i  e
some at o set rom t e inten e  position o  t e main rop et on t e s strate  t s a sin  an
in rease in t e e e ro ness o  t e printe  ine 15

i re 1  peration prin ip e o  a pie oe e tri  in et printer  A apte  rom 15



T e rop et si e o  t e DoD printers ti i in  t e pie oe e tri  a t ation me anism is main y e ine
y t e iameter o  t e no e  i e t e vo ta e si na  p se ave orm an  amp it e may ave a

sma  e e t as e  T e sprea in  o  t e rop et on t e s strate is a e te  y t e s strate s r a e
ener y  in  s r a e tension an  rop et vo me is sse  more t oro y in apter  or
e amp e  t e print ea s ompati e it  t e DM -  ti i e  in t is t esis see i re  are
o ere  in 1 pL or 1  pL si es  i  res t in a minim m o   a -5  m ine i t  on t e s strate
on e t e s strate s r a e ener y as een optimi e  15

T e rop et positionin  a ra y o  t e DoD in et printer is system spe i i  an  errors may e
a se  y an error in t e movement o  t e print ea  an  t e print sta e an  errors in t e rop et

e e tion ire tion  i  is a so proportiona  to t e print ei t 1  or most ommer ia  in et in s
t e in  orm ation is optimi e  so t at t e rop et-to- rop et variation in t e e e tion ire tion is
minima  or t e DM -  t e rop et positionin  a ra y is - 5 m in in  ot  t e print ea
movement an  sta e movement errors  rom t e i  pre ision printin  point o  vie  t is means
t at t e sma est eat re si es i  an e printe  sin  t e DM -  are in t e or er 1  m an
are t ere ore si ni i ant y sma er t an its minim m ine i t  o  -5  m  T is type o  ine eat re
printin  an e ti i e  in app i ations s  as i - ensity ir itry ere t e 1  m spa in  e-
t een a a ent on tors in reases t e on tor pa in  ensity i e  a ma im m pa in  en-
sity o  1  m  en ompare  to s reen printe  str t res  or e amp e  ere t e reso tion
in i ates ot  t e ine i t  an  spa in  i e  a ma im m pa in  ensity o   m  An-
ot er important app i ation o  t e ine eat re patternin  apa i ity an e o n  in ie  e e t tran-
sistors  ere t e s it in  spee  epen s on t e materia  parameters e  semi on tor mo i ity
ate ie e tri  apa itan e  an  t eir anne  en t  i e  t e ap et een t e so r e an  rain

e e tro es  1  in e t e materia  parameters are in most ases i e  minimi in  t e anne
en t  o ers a nat ra  ay to in rease transistor per orman e  T e ine patternin  apa i ity o  t e
DM -  is ti i e  in u li ation to a ri ate so r e an  rain e e tro es or or ani  semi on-

tor transistors it  anne  en t s o  appro imate y 1  m



i re  T e DM -  pie oe e tri  in et printer se  in t is t esis  

T e t ro p t o  a pie oe e tri  in et printer is etermine  y t e n m er o  a tive no es to-
et er it  t e reso tion o  t e print i e an  t e rop et e e tion re en y  T e reso tion o  t e

print i e an  t e ma im m rop et e e tion re en y etermine t e ma im m movement spee  o
t e print ea  so t at en t e print i e reso tion is in rease  t e printin  spee  is e rease
T is an e om ate  y in reasin  t e n m er o  a tive no es  or e amp e  in stria  s a e
printers an e itte  it  print ea s it  m tip e t o san s o  no es e  t e  no e

am a L  print ea  1  i  ena e ompara e t ro p t to o set type ro -to-ro  an  s reen
printin  met o s  rt ermore  e a se pie oe e tri  in et printers se i ita  print i es  t e
e an e-o - ie times are very s ort  T is ea s to si ni i ant y aster prototypin  an  sma - at
a ri ation en ompare  to ro -to-ro s reen printin  te no o ies ti i in  p ysi a  print mas s

en ompare  to t e i er reso tion - et te no o y is sse  more t oro y in t e ne t
apter  t e t ro p t o  t e pie oe e tri  in et printer ompares avo ra y e to t e o er ma -

im m rop et e e tion re en y an  sma er rop et si e o  t e - et printers  T is e omes espe-
ia y apparent en t e print i e in es ot  ar e and ine eat res  s  as t e one s are

mi imeter para e  p ate apa itor e e tro es an  s ort anne  transistors emonstrate  in u li
ation 

 le t o o na i  in et et  inting

Un i e most printe  e e troni s a ri ation too s  t e e e tro y ro ynami  in et - et  printer as
erive  rom e e trospray evi es se  or atomi ation o  i i s instea  o  e ipment se  in
rap i  printin  T e main ene it o  t is te no o y is t e eneration o  very sma  vo me rop ets

i  are a e to in rease t e reso tion  to 5 - o  ompare  to pie oe e tri  in et printers  i e
sti  sin  i ita  print i es to a ieve a i y stomi a e pro ess  revio s y  - et te no o y



as een se  or e amp e  in t e a ri ation o  i -reso tion D onta ts or transistors 1  D
mi rostr t res it  p ase an e in s  an  transparent A -nano ire e e tro es 1  

T e operatin  prin ip e o  t e - et printer is s o n in t e pper part o  i re  an  t e rop et
e e tion me anism in t e o er part  D rin  operation t e in   insi e t e in  am er 1  is

ar e  sin  a ar in  e e tro e  i  is ontro e  y omp ter 5  via a ave orm ener-
ator  an  i  vo ta e amp i ier  T e rop et e e tion me anism is ase  on t e or e a an e
et een t e y rostati  or e i  s pp ies in  to t e menis s  t e s r a e tension i  eeps

t e menis s atta e  to t e no e an  an e e trostati  or e i  p s t e menis s o n ar s
 en t e e e tri  ie  et een t e menis s an  t e print sta e  e ee s a t res o  va e

t is or e a an e is isr pte  an  rop et e e tion o rs  T e main ene it o  t is type o  rop et
e e tion me anism is t at it is a e to enerate rop ets it  a sma er iameter t an t e no e an
t at t e rop et vo me an e varie  to a i er e tent ompare  to t e press re- ave- ase  e e -
tion me anism o  pie oe e tri  in et printers  o ever  t ere are m tip e parameters a e tin  t e
vo me o  t e e e te  rop ets an  n erstan in  t ese is important or repeata e an  repro i e
i -reso tion patternin  it  - et printer

i re  T e operatin  prin ip e o  an - et printer pper part   an  t e time series ea in  to
rop et e e tion o er part



1

i re  T e - et printer se  in t is t esis e t  an  t e vo ta e ave orm or rop et e e tion se  in
u li ations     ri t  

In u li ation a statisti a  ana ysis o  t e print parameter e e ts on t e rop et vo me as arrie
o t or a ommer ia  - et printer  t e per In et i re  a  In t is st y  a esi n o  e periments
Do  met o o o y as se  it  an ana ysis o  varian e A A  to re ate o r print parameters
no e-to-s strate ei t  ias vo ta e  amp it e an  re en y  to t e eposite  rop et i t

In t is st y  a ommer ia  on tive in et in  onsistin  o  A -nanoparti es isperse  in triet y-
ene y o  monoet y  et er so vent at a ei t per ent o  - 5  D  T -  y A van e
ano ro ts  as se  to et er it  a si i on a er s strate oate  it  on tive titani m-

t n sten Ti  An e e tri a  onne tion et een t e Ti  s r a e an  ro n e  print sta e as
ma e in or er to rt er ens re t at t ere as no ar e a m ation on t e s strate rin  print-
in  nvironmenta  parameters s  as t e mi ity an  temperat re ere ontro e  rin  t e
e periments

A Do  ti isin  response s r a e esi n as osen to in e possi e a rati  e e ts in t e
mo e  A response s r a e re ression mo e  ase  on t e A A res ts as app ie  or rop et
iameters et een 5 to 1 m it  an R-s are  va e o    an  a resi a  o  1 1 m  i
emonstrate  t e repeata e i -reso tion patternin  apa i ity o  t e - et printer

T e test res ts in i ate  t at t e amp it e o  t e e e tri  ie  as t e stron est e e t  o o e  y
t e no e-to-s strate print ei t  ias vo ta e an  re en y  It m st e note  o ever  t at in
t e ase o  ie e tri  s strates  t e e e t o  no e-to-s strate print ei t e omes more omp e
e a se t e e e tri  ie  eneratin  t e rop ets i  e et een t e print sta e an  t e no e an

t e ie e tri  s strate permittivity  an  t i ness  i  t ere ore a e t t e vo me o  t e e e te
rop et  It as a so o n  t at t e no e-to-s strate ei t an  re en y ave inverse re ations
it  t e print reso tion  ereas t e ias vo ta e an  amp it e ave a positive re ation  T s

in reasin  t e no e-to-s strate ei t ea s to a o er e e tri  ie  stren t  an  i er print res-
o tion  A itiona y  t e same e e t an e a ieve  y o erin  t e ias vo ta e or amp it e
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o ever  it as a so o n  t at t e i er no e-to-s strate istan e in reases t e e e ro -
ness o  t e eposite  rop ets  T is in i ates t at varyin  t e vo ta e ias or amp it e is t e pre-
erre  ay to a ieve i -reso tion printin  Anot er possi e ay to a ieve i -reso tion print-
in  is to in rease t e re en y e a se t is re es t e vo ta e p se i t  i  as an inverse
proportion to t e e e te  rop et vo me 5  A rap i a  interpretation o  t ese res ts is s o n in

i re 5

i re 5  T e e e t o  print parameters on t e eposite  rop et iameter rom u li ation   1
I  ien e



1

rt ermore  t e repro i i ity o  t e print pro ess as eva ate  y printin  on irmation r ns it
t ree a itiona  no es at t o i erent print ei ts 5  m an   m  A o er no e-to-s strate
istan e yie e  more repro i e res ts in i  a  t e rop ets or t o no es ere it in t e

mo e s 5  on i en e interva s

T s  en ti i in  an - et instea  o  a pie oe e tri  in et printer  t e print reso tion o  e
in rease  1 - o  it  i  repeata i ity an  repro i i ity  it  t is type o  printer it o  e pos-
si e to rt er in rease t e pa in  ensity o  i - ensity ir itry to at east 5 5 m  i

o  e an ei t- o  in rease ompare  to t e 1  m  o  t e pie oe e tri  in et printer
is sse  in t e ast se tion  T e i - ensity ir it printin  ena e  y t e - et te no o y is
rt er investi ate  in u li ations   an  in apters 1 an  

T e main a en e o  - et printin  is t e o  t ro p t  or e amp e  t e per In et printer se
in t e a oremetione  st ies as a ma im m rop et e e tion re en y o  1  T e ma im m
printin  spee  or a ine onsistin  o  5 m iameter rop ets it  a 5  over ap is t ere ore 5
mm s  o ever  t e rop et positionin  a ra y is appro imate y 5 - o  etter an  t e vis osity
ran e o  s ita e in s is 1 - o  ar er ompare  to pie oe e tri  in et printers

 Ae osol et inting

imi ar to - et printin  t e aeroso  et A  printin  is a nove  i -reso tion a ri ation met o  it
irst ommer ia  printers eve ope  as ate as in t e e innin  o  t is ent ry  Re ar in

inter onne t a ri ation  t e A  printin  as een previo s y ti i e  in a ri ation o  1  m i e
rrent o e tors or p otovo tai  app i ations  1  m i e transmission ines or D pa a in

app i ation  i e t e pro ess parameters a e tin  t e i -reso tion printin  o   m i e
si ver tra s ave een st ie  y Ma a an et a  in 

T e n tionin  prin ip e o  t e aeroso  et is ase  on aeroso i ation o  so r e materia  i e  e e tri-
a y n tiona  in  insi e aeroso i ation am er an  trans er o  t e aeroso  rom am er to ep-

osition ea  an  rt er to s strate sin  an inert arrier an  s eat  as  T e prin ip e o  aeroso -
i ation is ase  eit er on trasoni  or pne mati  a t ation epen in  on t e vis osity o  t e in  
5 m a s or t e ormer  an  1 to 1  m a s or t e atter  T e pne mati a y a t ate  aeroso i a-
tion is ase  on o ison-met o  see i re  e t part  ere y a i  ve o ity inert arrier as
e   Ar  e  is riven t ro  a ori onta  anne  i  is onne te  to in  s pp y y verti a

anne  T e i  ve o ity arrier as orms a o  press re re ion insi e t e verti a  anne  i
p s t e in  p ar s nti  it is eve  it  t e a s o  t e ori onta  anne  n e t is appens  t e
i  ve o ity as imparts i  s ear or es on t e in  menis s an  a ses rop ets to orm  T e

aeroso  is t en riven to ar s t e o t et o  t e ori onta  anne  ere a i r ation point ea s to
t e eposition ea  or t e so r e materia  reservoir  At t is point  t e i  inertia  ar e vo me



 1

rop ets are riven a  to so r e materia  reservoir  i e t e o  inertia  sma  vo me rop ets are
riven it  t e arrier as to ar s t e eposition ea  t ere y re in  t e si e an  po y ispersity

o  t e rop ets  o ever  t e aeroso  sti  ontains rop ets i  ave too o  vo me an  i

may ea  to print e e ts simi ar to t e sate ite rop ets in pie oe e tri  in et printer  an  t ese
nee  to e remove  rom t e aeroso  stream in a virt a  impa tor t is a so removes part o  t e
e ess arrier as to in rease t e aeroso  on entration  

T e eposition ea  onsists o  a virt a  no e  ere t e aeroso  stream is enve ope  in an inert
s eat  as an  onstri te  see i re  ri t part  an  a p ysi a  no e  i  rt er onstri ts
t e aeroso  stream e ore eposition  T e res tin  aeroso  stream is i y o imate  i  ena-

es t e se o  re ative y ar e print ei ts 1 to 5 mm  it o t a verse e e ts on t e print reso tion
a ear a vanta e over t e - et printin  print ei ts in t e or er o  tens to e  n re s o  m  i
t e s strate as si ni i ant topo rap y  rt ermore  t e pro a i ity o  no e o in  is re e
e a se t e s eat  as a ts as prote tive ayer et een t e no e a s an  aeroso  stream  T e
e ree o  stream onstri tion an e varie  y varyin  t e ratio o  s eat  to arrier as o  rate i e

t e o ssin  ratio  t ere y ena in  t e i ita  ontro  o  t e print reso tion over ar e ran e
i e  1  m to e  mm 1  T e se o  s eat  as a so ena es t e se o  in s ontainin  re ative y
ar e nanoparti es p to 5  nm iameter  en ompare  to in s eve ope  or pie oe e tri
in et printin  typi a  iameter in 1 s o  nm ran e 5  

i re  Aeroso  et printer pne mati  aeroso i ation am er e t  an  eposition ea  ri t   1
prin er



1

 o a ison of ie oele t i  in et  et an  ae osol et inte

T e main ara teristi s o  t e pie oe e tri  in et  - et an  aeroso  et printer se  in t is t esis
are s mmari e  in t e Ta e  ositionin  a ra y in i ates t e a ra y o  t e rop et p a ement
in a pro ess r n i e t e a i nment a ra y is re ate  to t e rop et p a ement et een pro ess
r ns  T e main ene its o  t e I - 5  over t e DM -  an  ptome   are t e sma er rop-
et vo me an  reso tion  i er in  vis osity ran e an  i er positionin  an  a i nment a ra y
T e main ene it o  t e DM -  is its i er t ro p t e to m tip e no es an  i er printin
spee  T e atter is not iste  in Ta e  e a se it epen s on ot  t e rop et e e tion re en y
an  print i e reso tion

Ta e  ara teristi s o  t e pie oe e tri  in et DM - - et I - 5  an  aeroso  et printer
ptome   printer ti i e  in t is t esis 

Dimati  Materia  rinter
DM -

per In et I -
5

Aeroso  et p-
tome  

Drop et e e tion me -
anism

ie oe e tri
e tro y ro y-

nami

Aero ynami a y
ontro e  aero-

so

In  vis osity ran e - 5-1 -1

Drop et vo me 1 pL or 1  pL 1 L to 1  pL 5 to  L

m er o  no es 1 1 1

rint area mm 1 15 5 5

ositionin  a ra y  5  1  5

A i nment a ra y  5   

 ig e ision atte n fo ation

T e reso tion o  a printin  met o  is e ine  as t e sma est istan e et een t o istin t printe
patterns an  it is enera y e presse  as t e minim m ine i t spa in  e  5 5 m   T e
term i -pre ision  is se  ere instea  o  i -reso tion  to in e t e ase ere t e minim m
spa in  et een t e ines is si ni i ant y sma er t an t e ine i t  It is t en apparent t at i -
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pre ision pattern ormation is ase  on a ievin  narro  ines an or sma  spa in  et een t e
ines  In DoD te no o ies  ines onsist o  over appin  sin e rop ets an  t e ine i t  is t ere ore
a e te  y t e sprea in  o  t e sin e rop et on t e s strate

 o let s ea ing on t e su st ate

T e sprea in  o  a sin e rop et on t e s strate is main y etermine  y t e intera tion et een
t e in  an  t e s strate  In t e ase o  a smoot  an  emi a y omo eno s s strate an  an
i ea  i i  t e sprea in  o  t e i i  i e  ettin  is e ine  y t e e i i ri m onta t an e o
t e rop et at t e i i -vapor an  so i - i i  inter a e  i  an e a ate  sin  t e o n
e ation a so see t e pper part o  i re 

ere  is t e onta t an e  is t e s r a e ener y o  t e so i -vapor inter a e  is t e s r a e
ener y o  t e so i - i i  inter a e an  is t e s r a e ener y o  t e i i -vapor inter a e 
T s  t e sprea in  o  t e rop et an e a ste  y varyin  t e re ations ips et een t e i erent
s r a e ener ies  In pra ti e  t e s r a e ener y o  t e i i -vapor inter a e i e  t e s r a e tension
o  t e in  is set y t e print ea  re irements 15  an  s strate treatments e  U -o one 
p asma 5  emi a  oatin   ave to e se  to mo i y t e e ree o  ettin  T e i erent

ettin  on itions are s o n in t e o er part o  i re  T e sprea in  o  t e rop et s o  e
minimi e  to a ieve i -reso tion printin  o ever  printin  ni orm str t res on non- ettin
s strates  is a en in  an  t e optima  ettin  on itions an e o n  at e o
onta t an e



1

i re  i i ri m ettin  o  a rop et on a s r a e pper part  an  t e i erent ettin  on itions
rom non- ettin  on t e e t  to omp ete ettin  on t e ri t o er part  T e  is t e onta t an e
is t e s r a e ener y o  t e so i -vapor inter a e  is t e s r a e ener y o  t e so i - i i  inter a e

an  is t e s r a e ener y o  t e i i -vapor inter a e

o ever  rea  s strates an  in s are non-i ea  an  t ere ore ena e onta t ine at a non-e i i -
ri m onta t an e  T is may e a res t o  a non- omo eno s emi a  omposition or a o a
variation o  t e ro ness in t e s strate  It is a so possi e t at t e ast evaporation o  t e so vent
a ter t e impa t o  t e rop et an  s se ent eposition o  so i  parti es on t e onta t ine a ses
t is type o  e avior  In part e to t ese reasons  it is i y a en in  to ta e ire t onta t
an e meas rements or n tiona  in s on rea  s strates  an  or t ese reasons  t e e e t o  s r-
a e treatment is o ten meas re  y o servin  t e si e o  t e eposite  rop ets it  t e i ia
amera o  t e printer

 ine i t  e ge an  su fa e oug ness

T e ine i t  e e ro ness an  s r a e ro ness are main y etermine  y t e sprea in  o
eposite  rop ets in re ation to t e istan e et een enter points o  s se ent rop ets i e  rop

spa in  an  t e time e ay et een t eir eposition see i re  I  t e rop spa in  is ar er
t an t e iameter o  t e eposite  rop et iso ate  rop ets i  orm a  en t e rop spa in  is
re e  rop ets start to mer e  an  s a opin  starts to o r  it  a rt er re tion in rop
spa in  a ni orm ine orms  o o e  y in  ine  I  t e time e ay et een t e eposition
o  s se ent rop ets is on er t an t e ryin  time o  a rop et  a sta e  oins str t re orms
e  In enera  t e e e ro ness o  a ine is at ma im m in t e ase o  s a opin  or in  ines

an  ines it  a sta e  oin str t re  rt ermore  t e s strate temperat re a e ts t e startin
point o  i erent ine morp o o ies  
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i re  Depen en e o  DoD in et printe  ine morp o o ies on rop-spa in  an  time e ay e t part
an  e amp es o  i erent ine morp o o ies ri t part  ee te t or e p anations   Ameri an

emi a  o iety

T e is ssion a ove app ies to ot  pie oe e tri  in et an  - et printers  o ever  in - et printers
t e ine morp o o y is a so a e te  y t e sma  vo me an  ar in  o  t e rop ets  T e ar in
o  t e rop et may re e t e reso tion e a se t e ar e separation insi e t e rop et an a se
t e rop et to rea  in- i t an  ea  to t e ormation o  sma  sate ite rop ets i  in rease t e
e e ro ness o  t e printe  ine see i re  e t part  As t e vo me o  t e rop et is re-

e  rom pi o itre to emto itre si e  t e evaporation rate e omes more si ni i ant e to t e i
s r a e area to vo me ratio  irst y  t is re es t e time e ay ere a sta e  oin str t re an
e avoi e  e on y  sin e n tiona  in s onsist o  a so i  materia  e  nanoparti es  isperse

in a so vent  t e in rease  so vent evaporation re ative to t e rop et vo me a ses t e e e tive
so i  ontent to in rease t ere y ea in  to in rease  vis osity o  t e rop et  T is re es t e
sprea in  ve o ity an  t e res tin  rop et iameter 

As s o n in re eren e 1 anot er spe i i  a en e in - et printin  is t at t e t i ness o  t e
so i  materia  eposite  y t e rop et is very sma  e a se it is proportiona  to t e iameter o  t e
rop et  or e amp e  in t e ase o  5 m i e ines printe  it  A -nanoparti e in  -  arima

emi a s  apan  t e irst ayer is on y 5  nm t i  see i re  ri t part  i  is too t in to
provi e a s i ient n m er o  on tive pat s t ro  t e nanoparti e matri  to orm a on tor
M ti ayer printin  t ere ore  as to e se  to in rease t e on tor s ross-se tiona  area  or 
an  5 m i e on tors 5 to 1  ayers are re ire  to orm a on tive ine an  5 to  ayers
are re ire  to minimi e t e on tor resistan e  o ever  t e m ti ayer printin  ea s to t e a -

m ation o  nanoparti es on t e entre ine o  t e on tor t ere y in reasin  t e s r a e ro -
ness o  t e on tor see i re  ri t part



1

i re  Drop et ar in  an  rea - p in- i t e t part   1  Ameri an Instit te o  ysi s  an
morp o o ies o  - et printe  m ti ayer ines ri t part rom 1   15 I

T e i -pre ision printin  apa i ity epen s main y on t e a i nment a ra y o  t e printer an
t e e e-ro ness o  t e printe  on tor  T e e e t o  t e s strate non-i ea ities e  o a
s r a e ener y i eren es  on t e e e-ro ness an e s ppresse  y oosin  emi a y o-
mo eno s s strate  or e amp e  in u li ation  ere pie oe e tri  in et printe  D-e e -
tro es it  1  m anne  en t  ere re ire  t e s strate as a ri ate  y emi a  vapo r
eposition o  ary ene  to rea  s ita e eve  o  s strate omo eneity  In t is ase  t e imitin
a tor is not t e s strate  t t e a i nment a ra y o  t e pie oe e tri  in et printer  5 m  or
- et printin  o ever  t e imitin  a tor i  e t e e e-ro ness o  t e on tor res tin  rom

t e a orementione  ormation o  sate ite rop ets e to ar in  o  t e e e te  rop ets  As s o n
in t e u li ation  t is e e t an e re e  to ertain e tent y a stin  t e print ei t  o -
ever  t e e e tri a  ara teristi s o  t e s strate seem to a so a e t t e eneration o  t e sate ite
rop ets t ere y ma in  t e - et i -pre ision patternin  apa i ity i y app i ation spe i i

 un tional in s fo  igital fa i ation

T e materia s emp oye  in e e troni s an e ate ori e  a or in  to t eir e e tri a  n tiona ity
into on tive  semi- on tive an  ie e tri  types  In printe  e e troni s  t ese n tiona ities an
e a ieve  it  vario s in  types  or e amp e  on tive eat res an e printe  it  meta  na-

noparti e  meta -or ani  e omposition M D   rap ene 5  or ope  po ymer in s 
i e semi- on tin  eat res may e a ri ate  or e amp e  it  or ani  sma -mo e e po ymer

en s   or inor ani  meta  o i e in s  e a se o  t e ar e n m er o  materia  options or
ea  n tiona ity  t is apter on entrates main y on t e n tionin  prin ip es an  pro essin
on itions o  materia s emp oye  in t e p i ations o  t is t esis  In a ition to t e a orementione

t ree main  n tiona ities  t e s - ate ory o  pie oe e tri  ie e tri  materia s is intro e  e-
a se it is re ate  to t e a ri ation o  a mono it i a y printe  sensor-amp i ier system
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 on u ti e in s

i ver an  o  nanoparti e in s are t e most ommon ommer ia y avai a e on tive meta -
ase  in s  T e main ene its o  t ese in s are t eir re ative y o  sinterin  temperat re  15  or

A -in  5  i  a o s t e se o  eap  o  ass transition temperat re po ymer s strates
s  as po yet y ene terep a ate T  i er so i  ontent  to  t  5  ompare  to M D
in s 1  to  t  51  i  a o s t e ormation o  t i er  i er on tan e tra es  an  si -
ni i ant y i er on tivity ompare  to ope  po ymer in s  i ver an  o  nanoparti e ase
in s ere emp oye  in a  p i ations o  t is t esis  5 5

Meta  nanoparti e in s are omprise  o  nanoparti es a e  tens o  nanometres in iameter is-
perse  in so vent an  appe  it  or ani  sta i i ers  T e p rpose o  t e sta i i er is to prevent t e
a omeration o  t e parti es prior to t e sinterin  step  i e t e so vent r eo o y e  t e vis osity
an  s r a e tension  is optimi e  or t e spe i i  printin  te no o y to ens re t e printa i ity o  t e
in  D rin  t e sinterin  step  t e in  is eate  so t at t e so vent evaporates  an  t e nanoparti es
are ro t into onta t it  ea  ot er see i re 1  e t part  T is is o o e  y t e e ompo-
sition o  t e or ani  sta i i er  i  m st e omp ete y remove  to in e oarsenin  i e  st a
ripenin  5  o  t e nanoparti e str t re an  t e on omitant ormation o  on tive pat s
t ro  t e nanoparti e matri  st a  ripenin  is riven y s r a e an  rain o n ary i sion

i  irst ea s to t e ormation o  a ne  et een t e parti es see i re 1  ri t part  In enera
t e i sion ire tion is rom parti es it  a sma er ra i s to ar s parti es it  a ar er ra i s
5  T e i sion stops on e t e parti e ra i s rea es a riti a  va e appro imate y 1 5 times
t e ori ina  parti e si e  an  at t is point t e on tivity rea es its ma im m va e  T e res tin
str t re remains poro s an  t is ea s to o er on tivity en ompare  to  meta  or e -
amp e  ommer ia  si ver nanoparti e resistivities ran e rom  to 1  m 5  i e t e resistivity
o   si ver is 1  m 55  o ever  t ese va es are si ni i ant y o er t an an e a ieve

it  a ope  po ymer s  as po y -et y ene io yt iop ene po y styrenes onate  -
D T  i  as a resistivity in t e m m ran e 5  T e pro ess time or t e sinterin  step

epen s on t e in  type an  met o  o  eat trans er  i e a onve tion oven is t e most ommon y
se  met o  it s ers rom a on  pro ess time an  re ative y i  pro ess temperat re  5
or t is reason  a ternative aster eat trans er met o s s  as aser  p asma  rapi  e e tri a  sin-

terin  an  p otoni  sinterin  ave een investi ate   5  5  5



i re 1  Le t part  nanoparti es isperse  in so vent it  a sta i i er ayer  eatin  or so vent
evaporation an  e omposition o  t e sta i i er ayer 1  an  oarsenin  o  t e nanoparti e str t re

  Ri t part  i sion me anisms a e tin  t e oarsenin  o  t e nanoparti e str t re 5  
Roya  o iety o  emistry

 iele t i  in s

Ins atin  str t res et een on tors an e orme  y emp oyin  ie e tri  in s  T e ie e tri
in  ti i e  in t is t esis as an or ani  U - ra e epo y resin u li ation  In enera  t e U -

ra e or ani  ie e tri  in s onsist o  monomers an or o i omers isperse  in a so vent  i
a so ontains p otoinitiators  A ter eposition o  t e materia  t e str t re m st e eate  to evap-
orate t e so vent  T is is o o e  y e pos re to U - i t o  s i ient intensity an  ener y ose
T e U - i t a tivates t e p otoinitiators  i  rea t it  t e monomers an or o i omers t ere y
in in  a po ymeri ation rea tion  i  ea s to t e ormation o  a ross- in e  po ymer str t re
T e emi a  an  temperat re sta i ity o  t e ins atin  ayer an e in rease  it  a ina  i er
temperat re eatin  step  5

 ie oele t i  in s

erroe e tri  ie e tri s are materia s i  ave a permanent e e tri  po ari ation i e  a net s r a e
ar e in t e a sen e o  an e terna  e e tri  ie  arisin  rom t e interna  e e tri  ipo es o  t e

rysta  str t re  A me ani a  e ormation o  t e rysta  str t re i  a se a an e in t e
stren t  o  t e ipo es  an  t ere ore  a an e in t e net s r a e ar e  imi ar y  t e interna
ipo es i  e a e te  y a an e in t e s r a e ar e i e  y a an e in t e e terna  e e tri
ie  i  i  res t in a me ani a  e ormation o  t e rysta  str t re  T e irst p enomenon is
a e  t e direct pie oe e tri  e e t an  it is o ten ti i e  in ener y arvestin  app i ations 1  an

sensor app i ations or sensin  press re  or en in   T e se on  p enomenon is a e  t e
indirect pie oe e tri  e e t an  it is ti i e  in vario s a t ators s  as t e pie oe e tri  e ement o
t e in et print ea  is sse  ear ier 15  o ever  t e most ommon pie oe e tri  materia s are
po y rysta ine  an  o not e i it pie oe e tri  e avior in t eir pristine orm e a se t e erroe e -
tri  rysta  omains are ran om y oriente  so t at t e net e e tri  ipo e moment a ross t e samp e
is ero  An e terna  e e tri  ie  i e  a po in  ie  is t en re ire  to re-orient t e erroe e tri
omains to in e spontaneo s po ari ation  5  
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Most pie oe e tri  in s are ase  on opo ymers o  po y viny i ene ori e  D  s  as
po y viny i ene ori e-tri oroet y ene  D -Tr  ti i e  in u li ations  an   T e

D -Tr  onsists o  rysta ites em e e  in amorp o s re ions an  simi ar y to inor ani  po -
y rysta ine erroe e tri s  it re ires a po in  ie  to in e t e pie oe e tri  e e t 5  In enera
t e re ire  po in  ie  is si ni i ant y i er en ompare  to inor ani  erroe e tri s  s  as
ea  ir oni m titanate T 1  m vs  1-  m  5   Despite t is  t e intrinsi  pie oe e tri
sensitivity is o er e    p  vs   -5  p   o ever  t e pro essin
temperat re o  D -Tr  is a so si ni i ant y o er t an t at o  t e T 1 5  vs 55  

5  an  it is so e in ommon so vents e  - tanone  imet y ormami e  i  ma es it
etter s ite  or printe  e e troni s app i ations  ompare  to D  t e D -Tr  as t e en-

e it o  not re irin  any stret in  rin  t e po in  step  i  ma es it possi e to app y it ire t y
on top o  t e e e tro e in so tion orm  5



T is apter intro es t e i erent app i ations in t e ie  o  e e troni s pa a in  transistor in-
ter onne ts an  amp i ier printin  ere t e i ita  i  pre ision printin  te no o ies a  ne

n tiona ities to e istin  pro esses or res t in omp ete y ne  n tiona ities i  annot e
a ieve  it  onventiona  e e troni s a ri ation pro esses

 le t oni s a aging

i i on interposers ena e t e D-inte ration o  m tip e n tiona ities in a sin e e e troni s pa -
a e e  ystem-in- a a e  i  y a tin  as a me ani a  an  si na  inter a e et een t e
m tip e sta e  evi es an  t e printe  ir it oar   T is approa  res ts in miniat ri e
pa a e imensions an  s orter onne tions et een t e evi es  t ere y ea in  to o er po er
ons mption an  si na  aten y  an  a i er operatin  spee   tate o  t e art si i on interpos-

ers are a e to ri e t e pit  ap et een t e i  ensity I s o  t e evi e an  t e o  ensity
I s o  t e pa a e y emp oyin  a i - ensity re istri tion ayer RDL  onsistin  o    1 1

m on tors in t o or more meta i ation ayers separate  y ie e tri  an  onne te  it  mi ro-
vias it  a iameter o  ess t an  m see i re 1  e t part   T ese str t res are r-
rent y a ri ate  sin  it o rap i  met o s  i  ontain m tip e pro ess steps e  meta  p atin
app yin  an  e posin  t e p otoresist  eve opin  removin  t e p otoresist  t s res tin  in in e -
i e pro esses it  a i  e ree o  materia  ons mption  T e se e tive meta i ation an  ie e tri
eposition sin  onta t ess i ita  printin  te no o ies t ere ore as t e potentia  to in rease t e
e i i ity o  t e RDL a ri ation pro ess an  re e its environmenta  impa t  T e re ire   1 1
m s o  e e  it in t e apa i ities o  - et printin  i e t e i er t ro p t pie oe e tri

in et printer o  e se  or t e eposition o  t e ar e-area ie e tri  ayer

 A li ations of ig e ision in et inting



 

i re 11  i - ensity m ti ayer RDL e t part  an  printin  pro ess ri t part  rom u li ation 
 1  I

In u li ation  t e om ination o  - et an  pie oe e tri  in et printin  as st ie  or t e a ri-
ation o  a i - ensity RDL o  a si i on interposer it  a 5 5 m  ir itry in t o meta i ation
ayers separate  y a ie e tri  an  onne te  it  a mi rovia appro imate y 1  m in iameter

o  nanoparti e in  AU- anometa  UL A  apan  as se  or - et printin  t e on tors an
mi rovia pi ar  i e a U - ra e epo y ase  ie e tri  RU - 1 I  Te no o y  apan  as
se  or t e pie oe e tri  in et printin  o  t e ie e tri  ayer  T e - et printin  sta i ity as irst

investi ate  y epositin  inter i itate  an  mean er e e tro es it  5 5 m  in ot  meta i a-
tion ayers M T1 an  M T  an  meas rin  or s ort an  open ir its  T e printin  pro ess or
t ese str t res is s o n in i re 11  rior to printin  t e si i on a er as sp ttere  it  Ti  to
provi e an a esion ayer et een t e s strate an  t e printe  A - on tors 1  T is as o -
o e  y - et printin   an  sinterin   t e M T1 on tors  T e et in  o  t e Ti  ayer 
as t e on y non-a itive part in t e pro ess an  it s o  e possi e to rep a e t is y a in  an

a esion promoter or i  in t e A -in  orm ation  T e ie e tri  ayer as printe  y a pie oe-
e tri  in et printer 5  an  re   o o e  y - et printin   an  rin   t e M T  on -
tors  or omparison  t e it o rap i  a ri ation pro ess o  a 5D interposer may ontain as many
as  separate pro ess steps 

D rin  t e - et printin  pro ess  it as possi e to se a i  rop et e e tion re en y or t e
M T1 on tors  i  res te  in i er reso tion patternin  as s o n in u li ation  o -
ever  or printin  t e M T  on tors t e print parameters i e  amp it e an  ias vo ta es  t e
print re en y an  print spee  a  to e re- a i rate  e a se t e ie e tri  s strate a e te  t e
stren t  o  t e e e tri  ie  an  t ere ore t e rop et vo me  rt ermore  t e M T  on tors
a  to e printe  it  a ipo ar vo ta e so t at t e s se ent rop ets o  ave t e opposite



ar e to prevent ar in  t e ie e tri  s strate  T is imite  t e ma im m rop et e e tion re-
en y an  re e  t e reso tion so t at t e on tor i t  as over 5 m in t e M T  an  on y
 m in t e M T1 on tors i re 1  ri t part  Despite t ese a en es  it as possi e to

emonstrate sta e ettin  in ot  meta i ation ayers i re 1  e t part  M ti ayer printin  or t e
on tors as emp oye  to a ieve a i  aspe t ratio an  re e t e resistan e o  ot er ise i

resistivity nanoparti e on tors  T is approa  ena e  printin  o  M T1 an  M T  on tors
it  a ma im m aspe t ratio o  5 an  1  respe tive y  T e resistivity o  t e M T1 on tors
orrespon e  e  it  t e atas eet va e o   m m  t or t e M T  on tors it as

si ni i ant y i er at 5 m m  It as ypot esi e  t at t e i er resistivity o  t e M T  ayer
o  e re ate  to ins i ient t erma  treatment o  t e ie e tri  ayer or t e ar e oe i ient o  a

t erma  e pansion T  mismat  et een t e o  1  ppm K  an  epo y 5 to 5 ppm K
 i  may res t in e amination an  ra in  o  t e o  on tors  In on sion  t e res ts

in i ate  t at t e si na  ro tin  o  a i  ensity printe  RDL s o  e one pre era y in M T1
on tors instea  o  M T  on tors

i re 1  Le t part  i - ensity RDL M T1 on tors A an   an  M T  on tors  an  D
Ri t part  M ima es o  M T1 an  M T1 ross-se tions rom u li ation   1  I

T e - et printin  o  mi ropi ars as ti i e  in t e a ri ation o  t e mi rovia inter onne t et een
t e M T1 an  M T  on tors  - et mi ropi ar printin  is ase  t e ast evaporation o  sma
iameter rop ets e to t e ar e rop et s r a e area to vo me ratio  or s - emto iter vo me
rop ets t e evaporation rate is ast eno  t at a si ni i ant vo me o  so vent evaporates in- i t

an  m tip e rop ets an e printe  one top o  ea  ot er res tin  in t e ormation o  a mi ropi ar
In t e st y  t e printin  vo ta e ias vo ta e  amp it e  as optimi e  so t at t e res tin  pi ar
a  a iameter o  appro imate y 1  m  i  is t o times sma er t an t e rrent in stry stan ar

T e pi ar ei t as ontro e  y a stin  t e tota  ettin  time  T e pi ar aspe t ratio ran e  rom
 to 11 it  a minim m resistan e o   m m  Ima es o  t e printe  mi ropi ars are s o n in
i re 1



 5

T e resistan e ran e o  t e RDL epen s on t e app i ation ie  or e amp e ra io re en y R
evi es re ire resistan e va es o  n er 1  m m  t o er re en y app i ations a o  re-

sistan es p to 1 m an  e e troma neti  inter eren e MI  s ie in  an e one even at 1
M m  onsi erin  t e emonstrate  resistan e va es or y printe  i - ensity RDL on-

tors  t e ma im m pat  en t s o  e 11  m in M T1 an  11  m in M T  i  t e RDL
is to e ti i e  or ra io re en y R  app i ations  T ese va es s o  e s i ient to re istri te
some si na  pat s rom pa a e I s to evi e I s  t i e y not a  T ere ore  it is e pe te  t at
t e app i ation area or y printe  RDLs o  e in t e ie  o  o er re en y evi es  i
an e o n  or e amp e  in M M  pa a in  ompare  to ot er y printe  i  ensity re is-

tri tion ayers a ri ate  or e amp e it  aeroso  printin   t e res ts presente  in t is ontri-
tion s o  a  to  o  in rease in irin  ensity an  1  o  e rease in via iameter

i re 1  - et printe  mi ropi ar an  mi rovia rom u li ation   I  1

tsi e t e or  one or t is t esis  t e i ita  an  a itive a ri ation in e e troni s pa a in  as
een emonstrate  in t e meta i ation o  ar e iameter T s 1   as e  as in t e ie e tri
i in  o  T s  an  t e a ri ation o  n er mp meta i ation U M   rt ermore  t e

meta i ation o  i - ensity T s  i  are a vita  part o  t e si i on interposer an  i  ti ise
i  ensity RDLs  as een investi ate  sin  i -reso tion - et printin   In t ese st ies

it as o n  t at t e meta i ation an  ie e tri  i in  o  T s is easi e it  i ita  a itive a ri-
ation te no o ies  o ever  t e T  meta i ation it  pie oe e tri  in ets re ire m tip e eat-

in  steps or so vent evaporation e to t e o  vo metri  so i  ontent o  t e nanoparti e in s  In
t e ase o  - et meta i e  i - ensity vias  t e n m er o  evaporation steps o  e re e

e to t e evaporation o  sma  vo me rop ets a rea y in- i t

 ansisto  inte onne ts

App i ation spe i i  printe  ir its A s  are re ate  to app i ation spe i i  inte rate  ir its
A I s  in t at t ey ot  ontain ir its stomi e  or a spe i i  instea  o  enera  se e  I s



or RAM  o ever  A s emp oy i ita  printin  te no o ies instea  o  semi on tor a ri a-
tion pro esses to a ieve at- ome o i e persona i ation i e  ie - on i ra i ity  o  t e pre- a ri-
ate  ate arrays  pe i i a y  t e it o rap i a y a ri ate  ate arrays orm n onne te  o i
o s it  inter onne t reso r es in t e top-most meta i ation ayer  i e t e printin  te no o ies

are se  to on i re t ese inter onne tions in t e ie  an  epen in  on t e app i ation  ompare
to ro -to-ro  or s reen printin  t e in et printin  te no o ies o er a nat ra  so tion in terms o
ie - on i ra i ity e to t e i y stomi a e pro ess o  res tin  rom t e se o  i ita  print
i es instea  o  p ysi a  print mas s  In et printin  te no o ies a so provi e easier a essi i ity e

to t eir more ompa t si e an  simp e print i e an  print ea  preparation  imi ar to I s or A I s
a ri ate  it  onventiona  semi on tor pro esses  t e A  per orman e e  pro essin
spee  an  ener y ons mption  s a es it  t e array ensity an  ir it omp e ity  e a se i -
reso tion it o rap i  met o s are se  or t e array imp ementation  t e reso tion o  in et printin
te no o ies is t e imitin  a tor in a ievin  i  inter onne t an  array ensity an  on omitant

i  per orman e o  A  ir its  5

In u li ation - et an  aeroso  et A  printin  ere ompare  or meta i in  i - ensity
A  inter onne ts  T e test ve i es onsiste  o  p oto it o rap i a y pre- a ri ate  A - on-

tors in t e ottom an  top meta i ation ayer M T1 an  M T5  respe tive y  separate  y t o
passivation ayers it  1  m  an  1  m  area vias on top o  t e M T1 on tors see i re 1
T e M T5 on tors ere onne te  to t e I  pa s an  t e M T1 on tors orme  via-to-via
inter onne ts  i e t e i erent printin  te no o ies ere ti i e  in t e a ri ation o  t e M T1-
to-M T5 inter onne tion in M T  In rea  A  ir its  t e M T1 on tors o  e se  to
onne t t e transistor e e tro es in t e ate array an  t e M T  printe  inter onne ts o  e
se  to on i re t e onne tions et een t e ate arrays to it t e ser- etermine  app i ation

T e p oto it o rap y pro ess or t e T T a ri ation ena es ate en t s o  appro imate y  m
i  etermines t e transistor si e an  array ensity  T e printe  on tor ine i t  as to on-

orm to t is ensity re irement to y ma imi e t e per orman e o  t e A  ir it  It is t ere-
ore important to a ieve minim m ine i t  printe  inter onne ts  o ever  t is s o  not ome
at t e ost o  t e inter onne t yie  In t e st y  - et printe  on tors it  esi ne  on tor

i t s o   1  an   m ere printe  in M T  an  t eir s eet resistan e an  yie  ere ompare
it  aeroso  et printe  15 m an  p oto it o rap i a y a ri ate   m i e on tors

i re 1  A  ate array an  inter onne t test ve i e str t res rom u li ation   1
I



 

i re 15  A  str t res it  I  printe   1  an   m pper part  an  A  printe  15 m inter-
onne ts o er part  rom u li ation   1  I

T e res ts in i ate  t at t e - et printe   m i e inter onne ts ave a yie  o   i e t e
A  printe  an  p oto it o rap i a y a ri ate  on tors a  a yie  o   an   respe tive y

omparin  t e - et an  A  printe  on tors i re 15 pper part vs  o er part  respe tive y  it
as apparent t at t e yie  as ot  a n tion o  t e on tor ni ormity an  positionin  a ra y

o  t e printin  evi e  T e - et as a so a e to orm inter onne ts at sma er ine i t  ompare
to A  te no o y  t s in i atin  t at it is t e etter option to y ma imi e t e per orman e o
A  ir its

In u li ation - et printin  an  pie oe e tri  in et I  printin  ere ompare  or A  inter-
onne t a ri ation  A p oto it o rap i a y pre- a ri ate  ir it as optimi e  so t at a sin e I
rop et o  e se  to orm t e inter onne t et een t e ottom meta i ation ayer M T1  an

interme iate meta i ation ayer M T  in t e top meta i ation ayer M T  see i re 1  e t
part  or - et printin  t e optimi e  str t re a o e  t e se o  a mpin  met o  ere y ea
an  as i e  it  m tip e in  ayers it  a ertain time e ay et een t e ayers ea in  to t e

re ative y ast i - p o  t i  o  resistan e inter onne ts in M T  In t e st y  t e resistan e o
t e printe  inter onne ts as ompare  to t e p oto it o rap i a y a ri ate  o nterpart an  t e
inter onne t yie  as re ate  to t e via ensity y meta i in  5    m i t   vias it  

 5  m via-to-via spa in   see i re 1  ri t part an  i re 1  e t part



i re 1  T e A  inter onne t reso r e optimi e  or in et rop ets e t part  an  inter onne t
reso r e imensions ri t part  rom u li ation   1  I  ien e

i re 1  - et meta i e  A  inter onne ts e t part  an  a omparison o  t e resistan e or - et
A  an  p oto it o rap y meta i e  via- ains ri t part  rom u li ation   1  I  ien e

T e tota  resistan e  o  t e ire  via- ains is s o n in t e e t part o  i re 1  e ompose  to
its resistive omponents i e  t e meta  ire resistan e   ar  e se tion o  t e ars  an  tota
onta t resistan e o  t e vias  pa e e se tion o  t e ars  ere t e  in i ates t e n m er

o  vias in t e via- ain  or onvenien e  t e tota  onta t resistan e o  t e vias is a ate  a ove
t e ars  T e onta t resistan e o  sin e via  an e t en a ate  y ivi in  t e tota  onta t
resistan e o  t e via- ain y t e n m er o  vias  T e via-resistan e o  t e - et printe  inter on-
ne ts 1  m  as ompara e to t e p oto it o rap i a y a ri ate  o nterpart 11  m
an  si ni i ant y o er t an t at o  t e I  printe  inter onne ts 1  m  see i re 1  ri t part
T e yie  o  t e - et printe  inter onne ts o  e in rease  si ni i ant y t ro  t e se o  an
optimi e  inter onne t reso r e str t re an  a 1  yie  o  e a ieve  or  an  5  m via-
to-via spa in  i e t e  m via-to-via spa in  in e  a e  s ort ir its et een t e vias

o ever  it s o  e possi e to in rease t e yie  y more are  optimi ation o  t e print param-
eters  A t o  t e I  printin  as a e to pro e a ompara e yie  to - et printin  t e ar er
rop et si e o  t e I  printer i  timate y imit t e via iameter to  m  i e t e - et printin



 

an e ti i e  or si ni i ant y sma er vias e to t e sma er rop et si e see u li ation  o -
ever  at t e time o  t e e periments  t e a  o  o  sinterin  temperat re in s it  sta e - et ettin
imite  its app i a i ity to onne t T T ase  A  ir its  T s  on y t e e e t o  I  printe
inter onne ts on t e operatin  re en y o  an T T ase  rin  os i ator ir it o  e investi-
ate  Ten I  inter onne te  rin  os i ators a  an avera e os i ation re en y o  5   i e

t e i est os i ation re en y as   i  ompare  e  it  p oto it o rap i a y inter-
onne te  o nterpart

In on sion  - et printin  s o s promise in inter onne t a ri ation o  i - ensity  o  resistan e
ie - on i ra e A  ir its  spe ia y promisin  is t e printin  on t e an  str t re opti-

mi e  or pie oe e tri  in et rop ets  sin e it re es t e pro ess variation re ate  to t e on tor
e e s r a e ro ness t ere y in reasin  t e yie  rt ermore  in in  or orm atin  sta e o -
temperat re - et in s is important to y ene it rom t e i -reso tion o  t e - et patterne
inter onne ts or o  temperat re T T ase  A s  T e temperat re resi ient inor ani  semi-
on tor ase  A s s o  e ompati e it  i  sinterin  temperat re - et in s intro e

in t e previo s p i ations  A t o  t e pie oe e tri  in et printer s o s promise e to its i er
t ro p t  it may ea  to ompromises in t e array ensity an  per orman e o  t e A  e to
its o er reso tion

 iniatu i ation of a la on s in s ste  t oug  onolit i  integ a
tion

In t e previo s apters  i -pre ision i ita  printin  te no o ies ere se  to en an e an  rin
ne  n tiona ities to e istin  a ri ation pro esses it o t ma in  sa ri i es in t e eve  o  minia-
t ri ation  o ever  t ey an e a so se  or a ri ation o  systems i  ena e omp ete y ne

n tiona ities t at o not ave e istin  o nterparts in onventiona  e e troni s a ri ation  T e
monitorin  o  man ea t  on itions it  tra-t in printe  iosi na  meas rement systems is an
e amp e o  s  an app i ation  In t e t re  t ese a -on-s in systems o  ontain a  t e ne es-
sary omponents or iosi na  a isition  amp i i ation  po erin  an  ata trans er an  ena e pa-
tients to e monitore  no tr sive y



i re 1  ropose  tra-t in a -on-s in set p it  printe  pie oe e tri  iosi na  sensor an  inte-
rate  ar e amp i ier

 lt a t in iosignal a lifie  it  integ ate  assi e o onents

Mono it i a y inte rate  ir its ontain ot  ar e an  sma  area str t res e  apa itors an
transistors  an  are t ere ore not optima  or o  t ro p t - et printin  or e amp e  - et printin
a  nm t i  1 mm  s are e e tro e or a para e  p ate apa itor ta es appro imate y  min tes
ass min  5-mi ron iameter rop ets  a 1  rop et e e tion re en y  a 5  over ap et een
rop ets an  a sin e ayer t i ness o  5  nm  ereas t e same tas  an e a omp is e  it  a

pie oe e tri  in et printer in t e or er o  e  tens o  se on s  or transistor printin  o ever  sma
eat re si es are re ire  T e s it in  spee  o  t e ie  e e t transistor is es ri e  y t e e a-
tion or transition re en y

ere  is semi on tor mo i ity  is t e anne  en t  is t e t res o  vo ta e an is
t e ate-to-so r e vo ta e  T s  t e s it in  spee  o  t e transistor an e in rease  y a stin
t e semi on tor mo i ity or y a stin  t e transistor anne  en t e a se t e or ani
semi on tor mo i ities are imite  to re ative y o  va es r rene   m s  it is ne -
essary to in rease t e s it in  spee  y minimi in  t e anne  en t  T e i  rop et position-
in  a ra y - 5 m  see Ta e  o  t e pie oe e tri  printer s o  e s i ient or a ri ation o
a 1  m so r e rain e e tro e ap i e  anne  en t  transistor  rt ermore  e a se t e
t ro p t o  t e pie oe e tri  in et printer is re ative y i  ompare  to - et printin  a sma

anne  en t  transistor and ar e area inte rate  para e  p ate apa itor o  e a ri ate  in t e
same pro ess  To et er it  t e eve opment o  ire t printe  or ani  semi on tor in s  t is

o  a o  t e a ri ation o  mono it i a y inte rate  printe  ir its  i  o  ave s i ient
per orman e or ertain o  re en y app i ations o n  in t e ie  o  on-s in iosi na  monitorin



 1

or e amp e  t e arteria  p se ave  se  or ia nosis o  vario s vas ar iseases ontains
re evant in ormation in a narro  re en y an  o  5  m  - 5  1

Re ar in  t e on-s in iosi na  monitorin  t e tra-t in orm a tor o  t e amp i ier is important or
a ievin  i  s in on orma i ity an  en an e  ser om ort it o t t e se o  a esives  In et
printin  te no o ies o er a nat ra  so tion to t is pro em e a se t e nanoparti e in s emp oye
in on tor a ri ation enera y ave a o  vo metri  so i  ontent 5  an  t ere ore o  epos-
ite  materia  t i ness 1  o  t e rop et iameter  see i re  D e to t e a  o  in et printa e
or ani  semi on tor in s  ispensin  te no o y is o ten se  or t e eposition o  t e a tive
materia  o  t e transistor e a se it a o s or a i er ran e o  r eo o i a  properties i e sti  main-
tainin  t e i y stomi a e pro ess o  e to t e se o  i ita  print i es   rt ermore
t e so i  ontent o  t e ispensin  in s an e re e  so t at t e re irement or an tra-t in orm
a tor is not eopar i e  T e main s ort omin  o  t e ispensin  te no o y  its o  reso tion  is
not i y si ni i ant or printin  transistors e a se t e transistor per orman e is not a e te  y
t e ori onta  imensions o  t e semi on tin  ayer

In u li ation  pie oe e tri  in et printin  an  ispensin  ere ti i e  or t e a ri ation o  tra-
t in  m t i  or ani  pse o- M  inverter- ase  ar e amp i iers it  mono it i a y inte-
rate  passive omponents i e  ias ee a  resistors an  para e  p ate ee a  apa itor  T e
D e e tro es  ate  resistor apa itor e e tro es an  omponent inter onne ts ere meta i e
it  an in et printer i e t e i -resistivity resistor materia  an  a tive materia  o  t e transistor
ere ispense  emi a  vapor eposition o  pary ene as ti i e  or t e s strate  para e  p ate
apa itor ie e tri  an  ate ie e tri  a ri ation to a ieve t in an  i y ontro a e ayer t i -

nesses  T e amp i ier as ara teri e  y meas rin  t e vo ta e trans er ara teristi  T
rves  sma  si na  ain  amp it e an  p ase response  rt ermore  t e apa i ity o  t e amp i ier

or iosi na  amp i i ation as eva ate  y sin  a p se ave si na  re or e  rom t e ra ia  artery
on t e rist o  a person u li ation  as an inp t si na  an  t en omparin  it to t e o tp t



i re 1  a ri ation pro ess o  an tra-t in ar e amp i ier  ee te t or pro ess es ription

T e a ri ation pro ess or t e ar e amp i ier is s o n in i re 1  or simp i ity  t e inter on-
ne ts an  resistor printin  are omitte  rom t is pi t re  irst  t e ass arrier s strate it  re ease
ayer is oate  it  a one-mi ron pary ene ayer sin  emi a  vapor eposition A  T is is o o e
y printin  t e ate an  apa itor e e tro es an  inter onne ts in t e irst meta i ation ayer sin

a pie oe e tri  in et printer an  a o  sinterin  temperat re 1   A -nanoparti e in  - L
arima emi a s  apan   A pary ene ayer o  15  nm t i ness is t en eposite  on t e

samp e to orm t e ate an  apa itor ie e tri   T is is o o e  y printin  t e transistor
so r e rain D  an  resistor e e tro es an  t e apa itor top e e tro e it  A -nanoparti e in
in t e se on  meta i ation ayer D  T e printin  o  D e e tro es ti i es t e i y ontro a e
rop et positionin  a ra y o  t e pie oe e tri  in et printer an  omo eno s s strate s r a e

ener y o  t e pary ene to a ieve an D ap i e  anne  en t  o  1  m  T is is o o e  y
ispensin  a s r a e ener y pattern it  oropo ymer  i  is se  to ontro  t e sprea in

o  t e ispense  i -resistivity resistor in  an  t e p-type or ani  semi on tor in  se  as t e
transistor anne  materia   A oropo ymer passivation ayer is ispense  onto t e transistors
an  resistors to prevent e ra ation o  t e respe tive materia s  ina y  t e amp i ier an e
are y re ease  rom t e arrier s strate  T e ina  evi e is s o n in i re 



 

i re  U tra-t in ar e amp i ier   it  an inte rate  ias ee a  resistor a   ee a
apa itor   an  a tive omponents  e  T e s a e ars are  m in a   an   an   nm  

m an   nm in  e an   respe tive y rom u li ation  1  I

T e repro i i ity o  t e amp i ier a ri ation as investi ate  y meas rin  t e T  o  ei t am-
p i iers an  a atin  t e respe tive sma  si na  ains see i re 1 a  T e ma im m sma  si na
ain as 1  i e t e oe i ient o  variation  as  T e atter o  e partia y e p aine
y t e resistor a ri ation pro ess variation    rt ermore  t e ee a  apa itor a ri-
ation pro ess a  a o   o   i  is espe ia y important in or er to a ieve repro i e
ar e amp i i ation e a se  ompare  to printe  amp i ier ir its a ri ate  it

onventiona  passive omponents  t e emonstrate  y printe  amp i ier a ieve  ompara e
operatin  vo ta e 5  vs   to   an  vo ta e amp i i ation 1  vs  1  to 

1 rt ermore  t e amp i ier pass an  o  e a ste  to it re irements o
p se- ave- ase  ia nosti s y varyin  t e va e o  t e ee a  resistan e  T e re en y re-
sponses  in in  ar e an  vo ta e amp i i ation an  respe tive p ase responses  ere meas-
re  or t o amp i iers it  i  an  o  resistan e va e see i re 1  An amp i ier it  

M  to   optimi e  pass an  as osen to amp i y a -si na  re or e  it  a po y vi-
ny ene ori e- o-tri oroet y ene  D -Tr  ase  pie oe e tri  press re sensor rom t e
ra ia  artery on a person s rist see i re 1  T e ini a y re evant in i es ere a ate
rom t e sensor si na  an  amp i ier o tp t an  t en ompare  A ter removin  t e i  re en y



noise omponent rom t e amp i ier o tp t  t e i eren es in t e parameter va es ere no reater
t an t e variation a se  y an in  p ysio o i a  a tors

i re 1  ma  si na  ain A  re en y response  an  p se ave amp i i ation  o  t e amp i-
ier rom u li ation   1  I

In on sion  t e emonstrate  mono it i  inte ration o  a tive an  passive omponents it  a
om ination o  i  pre ision an  o  pre ision i ita  printin  te no o ies in i ates t at t ey are

promisin  an i ates or t e miniat ri ation o  printe  e e troni  ir its  rt ermore  mono it i
inte ration o  e a ieve  it  a re ative y sma  re tion in t e pro ess t ro p t e a se
t e ar e area para e  p ate apa itor e e tro es an  sma  area D e e tro e ap ere a ri ate
in t e same in et printin  pro ess  T is is espe ia y important in t e ase o  tra-t in evi es

i  o  pro a y e isposa e e to t eir ra i ity  an  i  nee  to e t ere ore a or a e
T e a ternative option or a ri atin  s  str t res it  - et ase  pro ess o  re e t e D-
ate e e tro e over ap an  o  e i e y to ea  to improve  transistor per orman e  t a so si -

ni i ant y re e t e t ro p t as is sse  in t e e innin  o  t is apter  t ere y in reasin
t e a ri ation ost  rt ermore  ertain app i ations o  on-s in iosi na  meas rements an e
s ess y per orme  at re ative y o  re en ies as s o n a ove  so t at i -per orman e
transistors are not ne essari y re ire  I  o ever a i er transistor per orman e o  e nee e
a y ri  a ri ation ase  on pie oe e tri  in et an  - et printin  o  e app ie  ere y t e
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D- ate e e tro e over ap is re e  y printin  on y t e ottom ate it  an - et printer an  ot er
ir it eat res it  a pie oe e tri  in et

 inte  ie oele t i   ulse a e senso

In t re  t e emonstrate  tra-t in amp i iers o  e se  to amp i y t e iosi na  rom a mono-
it i a y a ri ate  sensor  To et er it  inte rate  antennas or ata-trans er an  an ener y s pp y
or po erin  t e a tive e ements   t ese omponents o  orm an in epen ent a -on-s in
set p an  ea  to t e miniat ri ation o  t e o e meas rement system 5  ensors ase  on
or ani  pie oe e tri  materia s e  D  D -Tr  o er a onvenient approa  to t e meas-
rement o  iosi na s i  an e ete te  via me ani a  e ormation e  press re or strain

D e to t eir o  pro essin  temperat re an  so tion pro essa i ity  t ey o  a so ena e t e se
o  o  temperat re  tra-t in  io ompati e s strates e  pary ene or T  an  t e se o  print-
in  too s to meet t e a or a i ity re irement is sse  ear ier  rt ermore  t e se - eneration o
a trans e  si na  via t e pie oe e tri  e e t i e  t e eneration o  a ar e in response to me-

ani a  e ormation  o  ea  to o er ener y ons mption ompare  to sensors ti i in  ot er
trans tion me anisms  s  as apa itive or pie oresistive e e ts 5

T e oo  p se press re ave trave in  t ro  t e ra ia  arteries is a prime e amp e o  a iosi na
i  o  e ete te  sin  t e a orementione  p ysi a  sensors  arameters a ate  ase

on t e s ape o  t e p se ave  an e re ate  to t e arteria  e asti ity  i  as een se
as an in i ator or severa  ar iovas ar iseases Ds  s  as ypertension  stro e  eart ai -
re an  myo ar ia  in ar tion   T e a or a e an  re ia e at- ome s reenin  o  t ese is-

eases ena e  y printe  pie oe e tri  sensors o  ave a si ni i ant so ia  impa t as Ds are
amon  t e most ommon a ses o  eat  in t e or  T e ete tion o  t e p se ave an e one
y p s in  t e sensor e ement a ainst t e artery i e  y meas rin  t e norma  or e  or  potentia y
rom t e en in  o  t e s in a ove t e artery i e  y meas rin  t e norma  or e an  strain  

T e irst option is e  s ite  or t i  semi-ri i  i ms  i  an e easi y atta e  to an e terna
sensor o sin  i e t e se on  option re ires an tra-t in orm a tor to a o  or t e en in  o
t e pie oe e tri  e ement a on  it  t e s in  revio s st ies ave s o n t at it is in ee  possi e
to a ri ate D -Tr  ase  press re sensors i  an meas re t e  to a ertain e tent

 t t e a ra y an  re ia i ity o  t e  si na  as not een va i ate  it  statisti a  met o s
T is is an important step to e a omp is e  e ore t e eve opment o  an tra-t in mono it i a y
inte rate  amp i ier sensor system

In u li ation t e si na  a ity o  a printe  D -Tr  ase   sensor as eva ate  in a
pre- ini a  st y sin  statisti a  met o s  T e sensor as a ri ate  on a 1 5 m t i  T s -
strate  o ever  in t e t re t e oa  is to trans er t e a ri ation pro ess to a t inner 1  m T
s strate  T e a ri ation pro ess is pi t re  in i re  irst  t e ottom e e tro e is printe



sin  a pie oe e tri  in et printer it  A -nanoparti e in  an  sintere  A  T is is o o e  y ar
oatin  o  t e D -Tr  ayer an  s se ent rin   reen printin  is se  or t e a ri a-

tion o  t e top e e tro e rom a D T  on tive po ymer  T e D -Tr  ayer is
po ari e  to in e more s r a e ar es an  in rease t e sensitivity o  t e sensor D  ina y t e
sensor is oate  it  a pary ene passivation ayer to prevent e ra ation o  t e D T  on-

tive po ymer  T e mono it i  inte ration o  t e sensor to t e amp i ier e ement s o  e
possi e it  t ese printin  te no o ies ass min  t at t e sensor is printe  an  po ari e  prior to
printin  t e amp i ier  It s o  e a so note  t at in et printa e D T  an  D -Tr  in s
e ist an  t ese o  e se  instea  o  s reen printin  an  ar oatin  to eep to t e overa  t eme
o  a ievin  a i y stomi a e i ita  pro ess o

i re  a ri ation pro ess or a D -Tr  ase   sensor  ee te t or pro ess es ription

T e ar oate  D -Tr  ayer as a re ative y o  mean t i ness o  on y 5   m or 
samp es  i e t e tota  t i ness o  t e in et s reen printe  e e tro es is in t e or er o  5 m
see i re   res tin  in a tota  MIM-sta  t i ness o  11 m  ase  on t e  m stan ar
eviation or t e D -Tr  ayer t i ness  it s o  e possi e to re e t e ayer t i ness to

 m it o t a si ni i ant re tion in t e yie  ass min  a po ari ation vo ta e o   m an
ie e tri  stren t  o   m  To et er it  a 1  m T oi  a  to  m MIM sta  t i ness

s o  e eno  to meet t e  5 m t i ness re irement or an tra-t in set p  T e D -
Tr  ayer as rt er ara teri e  y meas rin  t e remanent po ari ation  m   sam-
p es  an  t e e e tive pie oe e tri  oe i ient  -    p  1  samp es  i  ompare

e  to t e iterat re va es o   m  an  - 5 p  respe tive y see i re 1  It m st e
note  t at t e  meas rement may ontain a itiona  ontri tion rom ot er pie oe e tri  oe -
i ients a tivate  y m ti ire tiona  or es  an  t at t e materia  may t ere ore i er rom t e

meas re  e e tive va e  o ever  t e e e t o  m ti ire tiona  or es rin  t e  meas rement
is sse  more t oro y in t e ne t para rap  annot e r e  o t an  a transverse pie oe e tri

oe i ient may a so a e t t e sensor sensitivity t ere



 

i re  A D -Tr  -sensor str t re A an   po in  ave orm  M i an  D -
Tr  sensors it  meas rement e itation points D  D -Tr   sensor t i ness o  

samp es  an  e e tive pie oe e tri  oe i ient  o  1  samp es  rom u li ation 

D rin  t e  meas rement t e D -Tr  sensor as insta e  in a sensor o sin  to et er
it  a previo s y va i ate  e e trome ani a  i m M i  ase   sensor 1  an  t e set p as

atta e  a ainst t e ra ia  artery on a n m er o  patients  rists see i re  e t  T e  o  
patients ere meas re  an  ini a y re evant in i es ere a ate  ase  on t e o taine  si na
rom ot  sensors see i re  mi e an  ri t  T e a reement et een t e t o sensors as

t en eva ate  sin  ommon statisti a  met o s  A or in  to t e res ts  t e t o  sensors
ere in stron  a reement or t e sti ness in e  I  i e mo erate a reement as o n  or t e

ra ia  a mentation in e  rAI  o ever  t e a reement or t e re e tion in e  RI  as s i t y
over t e imit  It as ypot esi e  t at t e p a ement o  meas rement set p mi t vary et een t e
patients an  t is o  a se m ti ire tiona  or es to e e erte  on t e D -Tr   M i sen-
sor sta  in e t e D -Tr  is sensitive to m ti ire tiona  or es an  t e M i sensor is on y
sensitive to t e norma  or e  poor sensor p a ement o  on y a e t t e parameters a ate

ase  on t e D -Tr  enerate  si na



i re   meas rement set p ri t   eat re points se  or a ation o  re evant in i es
mi e  an   meas rement si na  omparison o  M i an  printe  D -Tr  sensors ri t

rom u li ation   I  1

rior to t is st y  printe  -sensors a  een emonstrate   t t e va i ity an
re ia i ity o  t e  si na  enerate  y t em a  not een st ie  it  statisti a y si ni i ant sam-
p e si es  or it  t e se o  a re eren e -sensor  In t is ontri tion  t e a itive a ri ation o  a

D -Tr  ase  pie oe e tri   sensor as emonstrate  an  t e si na  a ity as va i ate
in a pre- ini a  st y a ainst a state-o -art  sensor  T e res ts s o e  t at t e sensor o  e
se  or meas rin  ertain ini a y re evant  in i es s  as t e p se pea  time i eren e  RI

an  rAI  T e ypot esi e  s ear or e in e  noise in t e D -Tr  sensor provi es motiva-
tion to eve op an tra-t in p se ave sensor it  a more ire t o p in  et een t e meas re
p enomenon en in  o  s in  an  t e sensor



 

 on lu ing e a s

ontin o s improvements in it o rap i  a ri ation pro esses to ar s i er reso tion an  mon-
o it i  inte ration ave e  to t e eve opment o  i y miniat ri e  si i on ase  e e troni  evi es
T is as res te  in in rease  operatin  spee s  o er ener y ons mption an  sma er pa a e
si es  i  to et er ave ena e  t e i ito s a option o  e e troni s into o r every- ay ives
T e printe  e e troni s a ri ation pro esses s er rom imite  reso tion an  it is t ere ore n i e y
t at t ey i  a ieve a simi ar s a e o  miniat ri ation  o ever  as emonstrate  in t is t esis
t ere are m tip e app i ation ie s ere p s in  t e enve ope o  i ita  printin  te no o ies to-

ar s i er reso tion an  i er eve s o  miniat ri ation res ts in in rease  an  in some ases
omp ete y ne  n tiona ities

In e e troni s pa a in u li ations  an   t e easi i ity o  - et an  pie oe e tri  in et print-
in  as emonstrate  in a ri ation o  a i - ensity RDL it  ompara e reso tion to rrent
it o rap i  met o s  T e res tin  i y stomi a e pro ess o  o  ena e aster an  more
ost-e e tive prototypin  an  sma  at  pa a e a ri ation ompare  to it o rap i  a ri ation

met o s it  i  too in  osts  T is o  a so ena e a er eve  a ri ation o  stomi e  RDLs
It o  a so re e t e environmenta  impa t t ro  re e  materia  ons mption an  t e se
o  ess a ar o s pro essin  emi a s  As emonstrate  t ese ene its o  ome it o t sa -
ri i es in t e I - ensity an  t e si e o  t e pa a e  ompare  to ot er y printe  i  ensity
re istri tion ayers a ri ate  or e amp e it  aeroso  printin  t ese res ts s o  a  to  o
in rease in irin  ensity an  1  o  e rease in via iameter

In app i ation spe i i  inte rate  printe  ir it A  a ri ation u li ations  an   - et
printin  as s o n to res t in ompara e reso tion to ot er i -pre ision printin  te no o ies
t ere y emonstratin  t e ie - on i ra i ity o  t e ate arrays it o t sa ri i es in t eir ensity or
on omitant pro essin  spee  omparison et een printin  te no o ies an  it o rap i  met o

is not ne essari y sensi e  e a se ie - on i ra i ity is ena e  y i ita  printin  te no o ies
an  o  not e possi e to a ieve it  it o rap i  met o s e to too in  re irements  o -
ever  it may e spe ate  t at t ere is t e potentia  to in rease t e array ensity so it o  e

oser to it o rap i a y a ri ate  A I s y emp oyin  inter onne t reso r es optimi e  to ta e
t e  a vanta e o  t e emto iter - et rop ets

T e mono it i  inte ration o  printe  a tive an  passive omponents on tra-t in  io ompati e
s strates it  i ita  printin  te no o ies ena es t e a ri ation o  i y s in- on orma e e-
vi es or iosi na  amp i i ation  in u li ation an a  printe  tra-t in ar e amp i ier as
emonstrate  A ain  t is type o  n tiona ity t ro  t e miniat ri ation o  t e evi e t i ness is

ena e  y printin  te no o ies a one an  annot e a ieve  it  onventiona  a tive passive
omponents e to t eir p ysi a  si e an  ri i ity  A ire t per orman e omparison et een t e



onventiona  an  emonstrate  amp i ier is t ere ore not va i  o ever  it as s o n t at t e per-
orman e o  t e a  printe  amp i ier is s i ient or amp i i ation o  an arteria  p se ave si na  it
s i ient etai  to etermine ini a y si ni i ant parameters  T e i -pre ision printin  te no o-
ies se  t ere ore ena e omp ete y ne  n tiona ities in man ea t  monitorin  i  ave

not e iste  e ore  ompare  to printe  amp i ier ir its a ri ate  it  onventiona  passive om-
ponents  t e emonstrate  y printe  amp i ier a ieves ompara e operatin  vo ta e 5  vs  
to   an  vo ta e amp i i ation 1  vs  1  to 

In t e t re  t e t i ness o  t e  sensor eneratin  t e iosi na  s o  e a so miniat ri e
so t at t e o e system i e  amp i ier  sensor  o  e mono it i a y a ri ate  on t e same

tra-t in s strate  o ever  e ore attemptin  t is  t e a ra y an  re ia i ity o  t e iosi na
enerate  y t e press re sensor s o  e va i ate u li ation  T e ast p i ation in t is

t esis s o s  t at it is in ee  possi e to enerate a re ia e  si na  it  a pie oe e tri  press re
sensor a ri ate  it  printin  too s  T ese res ts pave t e ay or miniat ri ation o  t e entire
iosi na  monitorin  system  rior to t is st y  printe  -sensors ave een emonstrate  t

t e va i ity an  re ia i ity o  t e  si na  enerate  y t em as not een st ie  it  statisti a y
si ni i ant samp e si es  or it  t e se o  a re eren e -sensor
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