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ABSTRACT:	
   Phase	
   change	
   memory	
   (PCM)	
   is	
   one	
   of	
   the	
   most	
   promising	
   candidates	
   for	
   next-­‐generation	
   non-­‐volatile	
  
memory	
  devices	
  due	
  to	
  its	
  high	
  speed,	
  excellent	
  reliability,	
  and	
  outstanding	
  scalability.	
  However,	
  the	
  high	
  switching	
  cur-­‐
rent	
  of	
  PCM	
  devices	
  has	
  been	
  a	
   critical	
  hurdle	
   to	
   realize	
   low-­‐power	
  operation.	
  Although	
  one	
   solution	
   is	
   to	
   reduce	
   the	
  
switching	
  volume	
  of	
  the	
  memory,	
  the	
  resolution	
  limit	
  of	
  photolithography	
  hinders	
  further	
  miniaturization	
  of	
  device	
  di-­‐
mensions.	
   In	
   this	
   study,	
  we	
   employed	
  unconventional	
   self-­‐assembly	
  geometries	
  obtained	
   from	
  blends	
  of	
  block	
   copoly-­‐
mers	
  (BCPs)	
  to	
  form	
  ring-­‐shaped	
  hollow	
  PCM	
  nanostructures	
  with	
  an	
  ultra-­‐small	
  contact	
  area	
  between	
  a	
  phase-­‐change	
  
material	
  (Ge2Sb2Te5)	
  and	
  a	
  heater	
  (TiN)	
  electrode.	
  The	
  high-­‐density	
  (approximately	
  0.1	
  terabits	
  per	
  square	
  inch)	
  PCM	
  na-­‐
noring	
  arrays	
  showed	
  extremely	
  small	
  switching	
  current	
  of	
  2	
  −	
  3	
  µA.	
  Furthermore,	
  the	
  relatively	
  small	
  reset	
  current	
  of	
  the	
  
ring-­‐shaped	
  PCM	
  compared	
  to	
  the	
  pillar-­‐shaped	
  devices	
  is	
  attributed	
  to	
  smaller	
  switching	
  volume,	
  which	
  is	
  well	
  support-­‐
ed	
  by	
  electro-­‐thermal	
  simulation	
  results.	
  This	
  approach	
  may	
  also	
  be	
  extended	
  to	
  other	
  non-­‐volatile	
  memory	
  device	
  appli-­‐
cations	
  such	
  as	
  resistive	
  switching	
  memory	
  and	
  magnetic	
  storage	
  devices,	
  where	
  the	
  control	
  of	
  nanoscale	
  geometry	
  can	
  
significantly	
   affect	
   device	
   performances.	
  

INTRODUCTION 
As	
  one	
  of	
  the	
  viable	
  candidates	
  of	
  the	
  next-­‐generation	
  

non-­‐volatile	
  memories,	
  phase	
  change	
  memory	
  (PCM)	
  has	
  
attracted	
  considerable	
  attention	
  due	
  to	
  its	
  rapid	
  cell	
  oper-­‐
ation,	
   excellent	
   reliability,	
   and	
   good	
   scalability.1-­‐7	
   PCM,	
  
which	
   exploits	
   the	
   phase	
   transition	
   phenomenon	
   of	
   a	
  
chacogenide	
   material,	
   has	
   roughly	
   two	
   orders	
   of	
   differ-­‐
ence	
   in	
   electrical	
   resistance	
   between	
   the	
   crystalline	
   and	
  
amorphous	
   states.4	
   Most	
   chacogenide	
   materials	
   (e.g.	
  
Ge2Sb2Te5,	
   GST)	
   have	
   a	
   high	
   melting	
   temperature	
   (~	
  
888K),	
   requiring	
   high	
   reset	
   current	
   to	
   operate	
   the	
   PCM	
  
cells.4,	
  8	
  For	
  this	
  reason,	
  considerable	
  research	
  efforts	
  have	
  
been	
  devoted	
  to	
  developing	
  new	
  phase-­‐change	
  materials,	
  
designing	
   novel	
   device	
   structures,	
   and	
   improving	
   inter-­‐
faces	
   for	
   lower	
   power	
   consumption,	
   higher	
   density,	
   and	
  
better	
   scalability.4,	
  9-­‐18	
   For	
  portable	
  device	
   applications	
   in	
  
particular,	
  a	
  PCM	
  device	
  structure	
  with	
  a	
  higher	
   integra-­‐
tion	
  density	
   and	
   a	
   small	
   contact	
   area	
   is	
   required	
   for	
   de-­‐

vice	
   operation	
   with	
   low-­‐power	
   consumption.10,	
   17-­‐19	
   Alt-­‐
hough	
  the	
  reset	
  current	
  scales	
  down	
  with	
  the	
  contact	
  area	
  
between	
  the	
  phase	
  change	
  material	
  and	
  the	
  heater	
  mate-­‐
rial,	
   a	
   practical	
   fabrication	
   route	
   for	
   high-­‐density	
   PCM	
  
cell	
   arrays	
   with	
   dramatically	
   enhanced	
   performance	
   has	
  
not	
  been	
  achieved,	
  partially	
  because	
  of	
  the	
  resolution	
  lim-­‐
it	
   of	
   photolithography	
   and	
   the	
   increased	
   cost	
   for	
   ad-­‐
vanced	
   nanolithography	
   technologies.1,	
   4,	
   5	
   Therefore,	
  
more	
  practical	
  approaches	
   to	
  simultaneously	
  address	
   the	
  
two	
   challenges	
  of	
  higher	
   integration	
  density	
   and	
   smaller	
  
reset	
  current	
  should	
  be	
  developed.	
  

	
  
In	
  this	
  study,	
  we	
  report	
  a	
  facile	
  route	
  to	
  fabricate	
  na-­‐

noring-­‐shaped	
  PCM	
  cell	
  arrays	
  with	
  a	
   small	
   contact	
  area	
  
between	
   Ge2Sb2Te5	
   (GST)	
   and	
   TiN	
   using	
   the	
   nanoscale	
  
morphology	
   formed	
  by	
  self-­‐assembly	
  of	
  block	
  copolymer	
  
(BCP)	
   blends	
   to	
   achieve	
   low-­‐power	
   operation	
   of	
   PCM.	
  
First,	
   we	
   used	
   the	
   hierarchical	
   self-­‐assembly	
   of	
   BCP	
  



 

blends,	
   which	
   can	
   generate	
   dot-­‐in-­‐hole	
   nanostructures	
  
from	
   two	
   different	
   diblock	
   BCPs	
   of	
  
poly(dimethylsiloxane-­‐b-­‐styrene)	
   (PDMS-­‐b-­‐PS)	
   and	
  
poly(styrene-­‐b-­‐ferrocenyldimethylsilane)	
   (PS-­‐b-­‐PFS)	
  
(Figure	
   1a)	
   after	
   plasma	
   oxidation.	
   The	
   self-­‐assembled	
  
morphology	
   from	
   the	
   two	
   Si-­‐containing	
   BCPs	
   can	
   easily	
  
be	
  converted	
  into	
  oxide	
  nanostructures	
  after	
  a	
  short	
  reac-­‐
tive	
   ion	
   etch	
   (RIE)	
   with	
   an	
   O2	
   plasma,	
   and	
   the	
   oxide	
  
nanostructure	
  can	
  serve	
  as	
  a	
  useful	
  nanotemplate	
  for	
  fab-­‐
ricating	
  ring-­‐shaped	
  phase-­‐change	
  nanostructures	
  (Figure	
  
1b).	
   Second,	
   we	
   also	
   report	
   extremely	
   low	
   power	
   opera-­‐
tion	
  from	
  ring-­‐shaped	
  PCM	
  memory	
  devices	
  with	
  a	
  small	
  
contact	
   area.	
   The	
   current-­‐voltage	
   characteristics	
   of	
   the	
  
ultra-­‐small	
  ring-­‐shaped	
  PCM	
  cells	
  were	
  measured	
  by	
  con-­‐
ductive	
   atomic	
   force	
   microscopy	
   (C-­‐AFM)	
   using	
   a	
   Pt-­‐
coated	
   tip.	
   Furthermore,	
   the	
   simulation	
   results	
   theoreti-­‐
cally	
   support	
   that	
   smaller	
   reset	
   current	
   can	
   be	
   achieved	
  
with	
  the	
  ring-­‐shaped	
  PCM	
  cell	
  arrays	
  compared	
  to	
  pillar-­‐
shaped	
  PCM	
  devices.	
  

EXPERIMENTAL SECTION 
PCM	
  device	
  fabrication.	
  After	
  W	
  (200	
  nm,	
  bottom	
  elec-­‐
trode)	
  was	
  sputter-­‐depsosited	
  on	
  a	
  SiO2	
  (200	
  nm)/Si	
  sub-­‐
strate,	
  heater	
  TiN	
  (50	
  nm)	
  and	
  the	
  phase-­‐change	
  material	
  
Ge2Sb2Te5	
  (GST)	
  (30	
  nm)	
  were	
  formed	
  sequentially	
  on	
  the	
  
substrate.	
   In	
   order	
   to	
   stabilize	
   the	
   self-­‐assembly	
   of	
   BCP,	
  
the	
   surface	
   of	
   the	
   GST	
   thin	
   film	
  was	
   treated	
   with	
   a	
   hy-­‐
droxy-­‐terminated	
   PS	
   homopolymer	
   with	
   a	
   molecular	
  
weight	
   (MW)	
  of	
  41	
  kg/mol,	
  which	
  was	
  vacuum	
  annealed	
  
at	
  150	
  oC	
  for	
  2	
  hours	
  and	
  washed	
  with	
  toluene.	
  After	
  sur-­‐
face	
   fuctionalization	
   of	
   the	
   GST	
   film,	
   hole-­‐in-­‐dot	
  
nanostructures	
  were	
  made	
  by	
  host-­‐guest	
  self-­‐assembly	
  of	
  
block	
  copolymers.	
  Pt	
  was	
  sputter-­‐deposited	
  on	
  the	
  sample	
  
followed	
   by	
   CF4	
   plasma	
   etching	
   at	
   200W	
   for	
   4	
  minutes.	
  
After	
  formation	
  of	
  the	
  Pt	
  nano-­‐ring,	
  GST	
  nanorings	
  were	
  
patterned	
  using	
  the	
  structures	
  as	
  etch	
  masks.	
  

Host-­‐guest	
   self-­‐assembly	
   of	
   block	
   copolymer.	
   All	
   of	
  
the	
  BCPs	
  (DS45	
  and	
  SF35)	
  with	
  a	
  minority	
  block	
  volume	
  
fraction	
   (𝑓!"#$

!"# )	
   =	
   33.7%	
   and	
   (𝑓!"#$
!"# )	
   =	
   11.5%	
   were	
   pur-­‐

chased	
   from	
  Polymer	
  Source,	
   Inc.	
  The	
  BCPs	
  dissolved	
   in	
  
toluene	
  were	
  mixed	
  at	
  a	
  volume	
  ratio	
  of	
  2.5	
  to	
  1,	
  and	
  then	
  
spin-­‐coated	
   on	
   the	
   substrate.	
   The	
  microphase-­‐separated	
  
dot-­‐in-­‐hole	
   (guest-­‐host)	
   nanostructure	
   was	
   obtained	
   by	
  
solvent	
   annealing	
   in	
   the	
   binary	
   solvents	
   of	
   heptane	
   and	
  
toleuen	
  (VHEP/VTOL	
  =	
  1.2)	
  at	
  85	
  

oC	
  for	
  30	
  minutes.	
  To	
  gen-­‐
erate	
  the	
  binary	
  solvent	
  vapor,	
  we	
  used	
  a	
  stainless	
  cham-­‐
ber	
  (full	
  capacity	
  =	
  40	
  mL)	
  with	
  binary	
  solvents	
  (15	
  mL)	
  of	
  
heptane	
  and	
  toluene.	
  The	
  annealed	
  sample	
  was	
  etched	
  by	
  
CF4	
  plasma	
  (time	
  =	
  20	
  sec,	
  working	
  pressure	
  =	
   15	
  mTorr,	
  
and	
  plasma	
  source	
  power	
  =	
  60W)	
  followed	
  by	
  O2	
  plasma	
  
(30	
   sec,	
   15mT,	
   and	
   50W)	
   to	
   obtain	
   the	
   desired	
   dot	
   (ox-­‐
PFS,	
  guest)	
  in	
  hole	
  (ox-­‐PDMS,	
  host)	
  nanostructures	
  using	
  
reactive	
  ion	
  etching	
  (RIE).	
  All	
  SEM,	
  AFM,	
  and	
  TEM	
  imag-­‐
es	
  were	
  taken	
  after	
  the	
  two-­‐step	
  plasma	
  etching	
  step.	
  

RESULTS AND DISCUSSION 
Figure	
   1	
   shows	
   a	
   schematic	
   illustration	
   of	
   host-­‐guest	
  

self-­‐assembly	
   of	
   BCP	
   blends	
   and	
   the	
   ring-­‐shaped	
   PCM	
  

nanostructure	
   obtained	
   through	
   a	
   pattern-­‐reversal	
   pro-­‐
cess.	
  BCP	
  self-­‐assembly	
  is	
  driven	
  by	
  the	
  spontaneous	
  mi-­‐
crophase-­‐separation	
  of	
   two	
  or	
  more	
  mutually	
   incompati-­‐
ble	
  blocks,	
  and	
  is	
  one	
  of	
  the	
  most	
  practical	
  candidates	
  to	
  
generate	
   and	
   tune	
   high-­‐density	
   functional	
   nanostruc-­‐
tures.20-­‐24	
  The	
  combination	
  of	
  BCP	
  self-­‐assembly	
  and	
  pho-­‐
tolithography	
  has	
  garnered	
  wide	
  attention	
  as	
  a	
  useful	
  fab-­‐
rication	
   route	
   due	
   to	
   its	
   excellent	
   pattern	
   resolution,	
  
scalability,	
  and	
  compatibility	
  with	
  conventional	
  semicon-­‐
ductor	
   processes.25,	
   26	
   It	
   can	
   produce	
   sub-­‐20	
   nm	
   pattern	
  
arrays	
   with	
   several	
   geometries	
   such	
   as	
   lines,	
   dots,	
   and	
  
holes;	
  furthermore,	
  the	
  self-­‐assembled	
  nanoscale	
  patterns	
  
can	
  readily	
  be	
  transferred	
  onto	
  diverse	
  functional	
  materi-­‐
als	
   including	
   oxides,	
   metals,	
   and	
   organic	
   materials.27-­‐41	
  
However,	
   in	
   general,	
   pure	
   diblock	
   BCPs	
   present	
   limited	
  
types	
  of	
  morphologies.33	
  

	
  

	
  

Figure	
   1.	
   Schematic	
   of	
   methodology	
   of	
   self-­‐assembled	
  
BCP	
   nanostructure	
   using	
   BCP	
   blends,	
   and	
   pattern-­‐
reversed	
   PCM	
   ring	
   arrays.	
   (a)	
   BCP	
   blends	
   of	
   cylinder-­‐
forming	
   PDMS-­‐b-­‐PS	
   (DS45)	
   and	
   sphere-­‐forming	
   PS-­‐b-­‐PFS	
  
(SF35),	
   (b)	
   Self-­‐assembled	
   nanostructure	
   formed	
   by	
   using	
  
BCP	
  blends	
  of	
  DS45	
  and	
  SF35,	
  (c)	
  Ring-­‐shaped	
  PCM	
  cell	
  ar-­‐
rays	
   formed	
  by	
  pattern	
  reversal	
  process,	
   (d)	
  Magnified	
  ring-­‐
shaped	
  PCM	
  devices	
  under	
  C-­‐AFM	
  measurement.	
  

As	
  we	
  previously	
  reported	
  in	
  detail,42	
  apart	
  from	
  using	
  
pure	
  diblock	
  BCPs,	
  uniformly	
  microphase-­‐separated	
  mor-­‐
phologies	
   also	
   can	
   be	
   obtained	
   from	
   a	
  mixture	
   of	
   A-­‐b-­‐B	
  
and	
  B-­‐b-­‐C	
  BCPs	
  by	
  precisely	
  controlling	
  the	
  mixing	
  ratio	
  
of	
  two	
  BCPs	
  and	
  the	
  volume	
  ratio	
  of	
  binary	
  solvents	
  (hep-­‐
tane	
  and	
  toluene).	
  We	
  employed	
  PDMS-­‐b-­‐PS	
  (DS45)	
  with	
  
a	
   molecular	
   weight	
   (MW)	
   of	
   45.5	
   kg/mol	
   and	
   PS-­‐b-­‐PFS	
  
(SF35)	
  with	
  a	
  MW	
  of	
  35	
  kg/mol.	
  It	
  was	
  demonstrated	
  that	
  
the	
  effective	
  volume	
   fraction	
  of	
  PDMS	
  can	
  be	
  controlled	
  
by	
   changing	
   the	
   volume	
   fraction	
   of	
   heptane	
   in	
   the	
  mix-­‐
ture	
  solvent	
  used	
  for	
  solvent	
  vapor	
  annealing.	
  At	
  the	
  op-­‐
timum	
   mixing	
   ratios	
   of	
   the	
   two	
   BCPs	
   and	
   mixture	
   sol-­‐
vents,	
   a	
   hexagonally	
   perforated	
   lamellar	
   (HPL)	
  microdo-­‐
main	
   (DS45,	
   host)	
   accommodating	
   spherical	
   structures	
  
(SF35,	
   guest)	
   can	
   be	
   formed	
   on	
   a	
   GST/TiN/W/SiO2/Si	
  
substrate	
  via	
   the	
  hierarchical	
  self-­‐assembly	
  of	
  A-­‐b-­‐B/B-­‐b-­‐
C	
  BCP	
  blends	
   (Figures	
   1a-­‐1b).	
  The	
   self-­‐assembled	
  dot-­‐in-­‐
hole	
   nanostructure	
   was	
   used	
   as	
   a	
   template	
   to	
   produce	
  
ring-­‐shaped	
  PCM	
  nanostructures.	
  Their	
  electrical	
  proper-­‐



 

ties	
  were	
  measured	
  by	
  C-­‐AFM,	
  as	
  schematically	
  described	
  
in	
  Figures	
  1c-­‐1d.	
  

	
  

	
  

Figure	
   2.	
   Oxide	
   nanostructures	
   derived	
   from	
   BCP	
  
blends.	
   (a)	
   SEM	
   image	
   of	
   dots	
   (oxidized	
   PFS:	
   SiFeyOz)	
   in	
  
holes	
   (oxidized	
   PDMS:	
   SiOx)	
   nanostructure.	
   (b)	
   3D	
   topo-­‐
graphic	
   AFM	
   image	
   of	
   (a).	
   (c)	
   AFM	
   line-­‐scan	
   profile	
   of	
   the	
  
oxide	
  nanostructures.	
  Center-­‐to-­‐center	
   distance	
   of	
   ~	
   88	
  nm	
  
was	
  measured	
   from	
   the	
  AFM	
  data.	
   (d)	
  Cross-­‐sectional	
  TEM	
  
image	
  for	
  the	
  dot-­‐to-­‐dot	
  distance.	
  

Figure	
   2a	
   shows	
   that	
   a	
   one-­‐to-­‐one	
   matched	
  
nanostructure	
   via	
   host-­‐guest	
   self-­‐assembly	
   was	
   success-­‐
fully	
   formed	
   over	
   the	
   GST	
   thin	
   film.	
   Each	
   oxidized	
   PFS	
  
(ox-­‐PFS)	
   nanodot	
   with	
   a	
   diameter	
   of	
   20	
   nm	
   was	
   posi-­‐
tioned	
  at	
   the	
   center	
  of	
   the	
  65-­‐nm-­‐sized	
  hole	
   in	
  oxidized	
  
PDMS	
  (ox-­‐PDMS).	
  The	
  three-­‐dimensional	
  AFM	
  image	
   in	
  
Figure	
  2b	
  shows	
  the	
  well-­‐defined	
  self-­‐assembly	
  morphol-­‐
ogy	
  of	
  the	
  binary	
  BCP	
  blend	
  after	
  RIE	
  treatment.	
  We	
  also	
  
obtained	
  and	
  analyzed	
  top-­‐view	
  AFM	
  and	
  cross-­‐sectional	
  
transmission	
   electron	
  microscopy	
   (TEM)	
   images,	
   as	
   pre-­‐
sented	
   in	
  Figures	
  2c-­‐2d.	
  The	
   line	
  profile	
  of	
   the	
  AFM	
  and	
  
TEM	
   images	
   confirms	
   that	
   the	
   average	
   center-­‐to-­‐center	
  
distance	
  of	
  the	
  ox-­‐PFS	
  nanodots	
  is	
  about	
  88	
  nm.	
  	
  

	
  

	
  
	
  

Figure	
  3.	
  Pattern-­‐transferred	
  PCM	
  nanostructures.	
  Ring-­‐
shaped	
  PCM	
  cell	
  arrays	
  formed	
  by	
  pattern	
  reversal	
  process	
  as	
  
a	
  function	
  of	
  the	
  etching	
  time	
  of	
  CF4	
  plasma	
  after	
  Pt	
  deposi-­‐
tion.	
  

After	
  Pt	
  was	
  sputter-­‐deposited	
  on	
  the	
  dot-­‐in-­‐hole	
  ox-­‐
ide	
  nanostructure,	
  the	
  sample	
  was	
  back-­‐etched	
  using	
  CF4	
  

plasma,	
   showing	
   a	
   reverse	
   Pt	
   nano-­‐ring	
   pattern	
   in	
   4	
  
minutes.	
   Figure	
  4	
   shows	
   the	
  Pt	
  nano-­‐ring	
   structures	
   ob-­‐
tained	
  by	
  the	
  pattern	
  transfer	
  process	
  as	
  a	
  function	
  of	
  the	
  
etch	
   time	
  of	
  CF4	
  plasma.	
  The	
  Pt	
  nano-­‐ring	
  arrays	
  can	
  be	
  
utilized	
  as	
  hard	
  masks	
  for	
  patterning	
  GST/TiN/W	
  as	
  well	
  
as	
   top	
   electrodes	
   because	
   the	
   Pt	
   nano-­‐ring	
   is	
  more	
   etch	
  
resistant	
  under	
  CF4	
  plasma	
  than	
  GST	
  and	
  TiN.	
  

	
  

	
  
	
  

Figure	
   4.	
  Ring-­‐shaped	
   PCM	
   nanostructures	
   formed	
   us-­‐
ing	
   dot-­‐in-­‐hole	
   nanostructure	
   as	
   a	
   template.	
   (a)	
   Tilted	
  
SEM	
   image	
   of	
   the	
   ring-­‐shaped	
   PCMs.	
   The	
   inset	
   is	
   a	
   topo-­‐
graphic	
   AFM	
   image	
   of	
   the	
   ring-­‐shaped	
   PCM	
   devices.	
   Inset:	
  
Outer	
  CD	
  distribution	
  of	
  PCM	
  cell	
  arrays,	
  (b)	
  Magnified	
  SEM	
  
image	
  of	
  the	
  ring-­‐shaped	
  PCM	
  cells	
  with	
  an	
  outer	
  and	
  inner	
  
CD	
  of	
  45	
  nm	
  and	
  25	
  nm,	
  respectively.	
  (c)	
  PCM	
  arrays	
  formed	
  
over	
  a	
  large	
  area.	
  Inset:	
  topographic	
  AFM	
  top-­‐view	
  image,	
  (d)	
  
Top-­‐view	
  TEM	
  images:	
  bright	
   field	
   (top,	
   left)	
  and	
  dark-­‐field	
  
(top,	
   right),	
   and	
  EDS	
  elemental	
  mapping	
   images	
  of	
  Pt	
   (bot-­‐
tom,	
  left)	
  and	
  total	
  (bottom,	
  right).	
  

	
  
We	
   demonstrate	
   the	
   formation	
   of	
   uniformly	
   formed	
  

high-­‐density	
   ring-­‐shaped	
   PCM	
   cell	
   arrays	
   over	
   a	
   large	
  
area.	
  The	
  ring-­‐shaped	
  PCM	
  cell	
  arrays	
  were	
  prepared	
  us-­‐
ing	
  a	
  Pt	
  nano-­‐ring	
  as	
  an	
  etch	
  mask,	
  which	
  has	
  a	
  very	
  high	
  
density	
   (~	
   0.1	
   terabits	
   per	
   square	
   inches),	
   without	
   using	
  
high-­‐cost	
  lithography	
  techniques	
  (Figures	
  4a,	
  4b,	
  and	
  4c).	
  
The	
   insets	
   of	
   Figure	
   4a	
   show	
   the	
   tilted	
   AFM	
   image	
   of	
  
PCM	
   structures	
   (right)	
   and	
   statistical	
   distribution	
   of	
   the	
  
outer	
   critical	
   dimension	
   (CD)	
   of	
   the	
   ring-­‐shaped	
   PCM	
  
arrays	
   (left).	
   For	
   a	
   PCM	
  device,	
   the	
   contact	
   area	
   of	
   GST	
  
and	
   TiN	
   plays	
   a	
   key	
   role	
   to	
   reduce	
   power	
   consumption	
  
because	
  the	
  reset	
  current	
  of	
  PCM	
  decreases	
  in	
  proportion	
  
with	
   the	
  contact	
  area.	
  The	
  ring-­‐shaped	
  PCM	
  device	
  with	
  
outer	
  and	
  inner	
  diameters	
  of	
  45	
  nm	
  and	
  25	
  nm	
  has	
  a	
  very	
  
small	
  contact	
  area	
  (~	
  491	
  nm2)	
  between	
  the	
  heater	
  and	
  the	
  
GST	
  layer	
  due	
  to	
  its	
  hollow	
  structure.	
  The	
  formation	
  of	
  a	
  
hollow	
   PCM	
   device	
   via	
   the	
   self-­‐assembly	
   of	
   BCP	
   blends	
  
was	
  confirmed	
  by	
  the	
  TEM	
  analysis	
  results	
  shown	
  in	
  Fig-­‐
ure	
   4d.	
   The	
   energy-­‐dispersive	
   X-­‐ray	
   spectroscopy	
   (EDS)	
  
elemental	
  mapping	
  of	
  Pt	
  (Figure	
  4d,	
  left-­‐bottom),	
  and	
  Ge,	
  
Sb,	
  Te,	
  Ti,	
  and	
  Pt	
  (Figure	
  4d,	
  right-­‐bottom)	
  also	
  suggests	
  
that	
   the	
   PCM	
   cells	
   have	
   a	
   hollow	
   ring-­‐shaped	
   structure.	
  



 

Additional	
   TEM	
   analysis	
   and	
   elemental	
  mapping	
   results	
  
are	
  provided	
  in	
  Figure	
  S1.	
  	
  

	
  

	
  
Figure	
  5.	
  Electrical	
  property	
  of	
  ring-­‐shaped	
  PCM	
  arrays.	
  
(a)	
   I-­‐V	
   scan	
   curve	
   of	
   a	
   PCM	
   device.	
   (b)	
   Distributions	
   of	
  
RESET	
  and	
  SET	
  resistance	
  at	
  a	
  read	
  voltage	
  of	
  2.5V.	
  

	
  
To	
   investigate	
   the	
   electrical	
   characteristics	
   of	
   the	
  

ring-­‐shaped	
   Pt/GST/TiN/W	
   PCM	
   device,	
   we	
   used	
   a	
   C-­‐
AFM	
  with	
  a	
  tip	
  radius	
  of	
  30	
  nm.	
  For	
  measurement	
  of	
  the	
  
current-­‐voltage	
   (I-­‐V)	
   characteristics,	
   a	
   bias	
   voltage	
   was	
  
swept	
  over	
  Pt	
  (top	
  electrode,	
  TE)	
  from	
  0	
  to	
  5	
  V	
  with	
  a	
  step	
  
size	
   of	
   0.01V,	
   while	
   the	
   W	
   (bottom	
   electrode,	
   BE)	
   was	
  
grounded.	
   The	
   results	
   show	
   a	
   typical	
   phase-­‐change	
   be-­‐
havior	
  with	
   a	
   transition	
   from	
   the	
  high	
   resistance	
   (amor-­‐
phous)	
  to	
  the	
  low	
  resistance	
  (crystalline)	
  state.	
  Its	
  thresh-­‐
old	
  voltage	
  was	
  about	
  3.0	
  V,	
   showing	
  more	
   than	
   two	
  or-­‐
ders	
  of	
  difference	
  in	
  resistance	
  (sensing	
  window	
  >	
  103)	
  at	
  a	
  
read	
  voltage	
  of	
  2.5	
  V	
  (Figures	
  5a-­‐5b).	
  Figure	
  5b	
  shows	
  the	
  
resistance	
   distribution	
   of	
   SET	
   (crystalline)	
   and	
   RESET	
  
(amorphous)	
  states.	
  The	
  reset	
  current	
  to	
  switch	
  from	
  the	
  
amorphous	
   to	
   crystalline	
   state	
   was	
   approximately	
   2	
   µA,	
  
which	
  is	
  a	
  very	
  low	
  value	
  compared	
  to	
  previous	
  reports.	
  It	
  
should	
  be	
  emphasized	
  that	
  the	
  measured	
  reset	
  current	
  of	
  
the	
  ring-­‐shaped	
  PCM	
  cells	
  is	
  comparable	
  with	
  the	
  lowest	
  
switching	
  current	
  reported	
  to	
  date.43	
  We	
  attribute	
  the	
  low	
  
switching	
   current	
   to	
   the	
   small	
   switching	
   volume	
   of	
   the	
  
nanostructure	
  resulting	
  from	
  the	
  structural	
  hollowness	
  of	
  
the	
  PCM	
  structure.	
  
	
  

	
  

Figure	
   6.	
   Electro-­‐thermal	
   simulations	
   for	
   the	
   ring	
   and	
  
pillar	
   PCM	
   devices.	
   (a,	
   c,	
   d)	
   Temperature	
   distributions	
   of	
  
(a)	
   a	
   ring-­‐shaped	
   PCM	
   device	
   and	
   (c	
   &	
   d)	
   a	
   pillar-­‐shaped	
  
PCM	
  device,	
  (b)	
  Electric	
  potential	
  distribution	
  of	
  (b)	
  a	
  ring-­‐
shaped	
  PCM	
  device.	
  The	
  applied	
  current	
  pulses	
  were	
  (a)	
  2.6	
  
µA,	
  (c)	
  2.6	
  µA,	
  and	
  (d)	
  3.5	
  µA,	
  respectively.	
  The	
  ring-­‐shaped	
  
PCM	
   device	
   has	
   lower	
   switching	
   current	
   than	
   the	
   pillar-­‐

shaped	
  PCM	
  device.	
  While	
  the	
  pillar-­‐shaped	
  PCM	
  device	
  was	
  
not	
  switched	
  when	
  the	
  current	
  of	
  2.6	
  µA	
  is	
  applied,	
  a	
  pulsed	
  
current	
  of	
  3.5	
  µA	
  enabled	
  the	
  reset	
  operation	
  by	
  reaching	
  the	
  
melting	
  point	
  of	
  GST.	
  

	
  
Furthermore,	
   we	
   theoretically	
   calculated	
   the	
   perfor-­‐

mance	
  of	
   the	
   ring-­‐shaped	
  PCM	
  device	
  using	
   the	
  electro-­‐
thermal	
   method.	
   In	
   order	
   to	
   explore	
   the	
   effects	
   of	
   the	
  
structural	
   hollowness,	
   two	
   PCM	
   structures	
   with	
   and	
  
without	
  a	
  central	
  hole	
  were	
  compared.	
  We	
  calculated	
  the	
  
temperature	
   and	
   electric	
   potential	
   distributions	
   in	
   the	
  
GST	
  based	
  on	
  the	
  reset	
  current	
  (~	
  2	
  µA)	
  obtained	
  from	
  C-­‐
AFM	
  measurement.	
  When	
  a	
  reset	
  pulse	
  of	
  2.6	
  µA	
  was	
  ap-­‐
plied	
   with	
   a	
   duration	
   time	
   of	
   150	
   ns	
   to	
   the	
   ring-­‐shaped	
  
PCM	
   device,	
   the	
   maximum	
   temperature	
   (Tmax)	
   in	
   the	
  
memory	
   nanostructure	
   was	
   calculated	
   to	
   be	
   904K,	
   as	
  
shown	
   in	
   Figures	
   6a-­‐6b.	
   The	
   temperature	
   is	
   above	
   the	
  
melting	
   point	
   (Tmelt,	
   888K)	
   of	
   GST,	
   suggesting	
   the	
   for-­‐
mation	
  of	
  fully	
  amorphized	
  GST	
  after	
  quenching	
  (RESRT	
  
operation).	
  In	
  contrast,	
  when	
  the	
  same	
  reset	
  pulse	
  of	
  cur-­‐
rent	
  was	
  applied	
  to	
  the	
  pillar-­‐shaped	
  PCM	
  device,	
  the	
  Tmax	
  
of	
   the	
   GST	
   was	
   calculated	
   to	
   be	
   only	
   629K	
   (Figure	
   6c),	
  
which	
  is	
  sufficiently	
  lower	
  than	
  Tmelt.	
  On	
  the	
  other	
  hand,	
  
when	
  the	
  higher	
  reset	
  current	
  pulse	
  of	
  3.5	
  µA	
  was	
  applied	
  
to	
  the	
  device,	
  the	
  temperature	
  of	
  GST	
  rose	
  slightly	
  above	
  
Tmelt,	
  as	
  shown	
  in	
  Figure	
  6d.	
  These	
  simulation	
  results	
   in-­‐
dicate	
  that	
  for	
  the	
  pillar-­‐shaped	
  PCM	
  device	
  with	
  a	
  larger	
  
contact	
   area	
   (1,590	
   nm2)	
   between	
   GST	
   and	
   TiN,	
   134%	
  
higher	
  reset	
  current	
  was	
  required	
  to	
  switch	
  the	
  PCM	
  cell	
  
compared	
  to	
  the	
  hollow	
  ring-­‐shaped	
  PCM	
  (contact	
  area	
  =	
  
491	
   nm2).	
  We	
   also	
   anticipate	
   that	
   PCM	
   ring	
   arrays	
   with	
  
smaller	
   dimensions	
   may	
   be	
   obtained	
   by	
   controlling	
   the	
  
self-­‐assembly	
   conditions	
   such	
   as	
   the	
   use	
   of	
   BCPs	
   with	
  
smaller	
  MWs,	
   leading	
  to	
  additional	
  power	
  reduction	
  and	
  
higher	
  device	
  integration	
  density.	
  

CONCLUSION 
In	
  summary,	
  we	
  introduced	
  a	
  unique	
  ring-­‐shaped	
  PCM	
  

cell	
   array	
   structure	
   with	
   small	
   contact	
   area	
   between	
  
Ge2Sb2Te5	
   (GST)	
   and	
   heater	
   TiN	
   using	
   a	
   complex	
   self-­‐
assembled	
   nanostructure	
   from	
   BCP	
   blends.	
   The	
   ultra-­‐
high-­‐density	
   PCM	
   ring	
   arrays	
   showed	
   extremely	
   small	
  
switching	
  current	
  of	
  2	
  −	
  3	
  µA.	
  Simulation	
  results	
  support	
  
that	
  ultra-­‐small	
  reset	
  current	
  of	
  ring-­‐shaped	
  PCM	
  can	
  be	
  
obtained	
  compared	
  to	
  pillar-­‐shaped	
  PCM	
  devices,	
  result-­‐
ing	
  from	
  the	
  hollow	
  nature	
  of	
  the	
  structure.	
  The	
  nanoring	
  
geometry	
  may	
  also	
  be	
   extended	
   to	
  other	
  memory	
  device	
  
applications	
   such	
   as	
   resistive	
   switching	
   memory	
   and	
  
magnetic	
  memory	
   elements,	
   where	
   device	
   performances	
  
can	
  be	
   significantly	
   affected	
  by	
   the	
   subtle	
   control	
   of	
   na-­‐
noscale	
  geometries.	
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Summary:	
  Ring-­‐shaped	
  PCM	
  cells	
  with	
  small	
  contact	
  area	
  between	
  Ge2Sb2Te5	
  and	
  TiN	
  using	
  a	
  self-­‐assembled	
  
nanostructure	
  from	
  BCP	
  blends	
  showed	
  extremely	
  small	
  switching	
  current	
  of	
  2−3	
  µA.	
  Simulations	
  support	
  that	
  ul-­‐
tra-­‐small	
  reset	
  current	
  of	
  ring-­‐shaped	
  PCM	
  can	
  be	
  obtained	
  compared	
  to	
  pillar-­‐shaped	
  PCM,	
  resulting	
  from	
  the	
  
hollow	
  nature	
  of	
  the	
  structure.	
  


