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Fig. 5. Schematic section through the 2223 resion of homogeneitv at 8-50 .C

including surrounding phase regions.

equi l ib r ium wi th  2212,  Ca2CuOj ,  Sr laCu2+O+r, , ,  CuO,  451

phaselle 2l l  and a l iquid, the maximum number of about -56

of two, three, four. and f ive phase regions are surrounding

the 2223. However, the actual number of phase regions is

possibly lower than 56, since several four and five phase re-

gions, which theoretical ly could exist,  are not present.

However, al l  two and three phase regions capable of exist-

ing are bel ieved to be present, as thev can be constructed

by considering the observed four and f ive phase regions.

Therefore,  by  adding together  the maxi rnum amount  o f

two and three phase regions and the observcd four and f ive

phase reg ions (Table  2) .  the min imum number  o f  37 phase

regions are surrounding rhe 2223 phase r,vi thin a very nar-

row concentrat ion range, not considering the phase equil i -

bria of the Ca r ich 2223 phase involving Ca2PbOa instead

of  , l -51. I I '231

E xperimental

Samples  were  prepared b1*  the  convent iona l  so l id  s ta tc  svn thes is  mute
s tar t ins  f rom 99.9  % pure  ox ides  (B i1Or .  PbO.  CuC))  and carbonates
(CaCO: .  SrCO.r ) .  The powders  were  we ighed and in t imatc l l '  m ixcd  in  an
agate  mor ta r .  The ca lc ina t ion  was per fo rmed in  th ree  s teps :  l2  h  a t  750 C.
24 h at 7t30 "C. and 12 h at t i (X) "C1. This careful calcination is necessarv tcr

avo id  l iqu id  fo rmat ion  dur ins  heat ing  to  the  s in te r ing  tempera ture .  wh ich  is
due to  the  eu tec t ic  reac t ion  o f  B iuOr  and CuO a t  about  706 'C I l -5 ] .  A f te r

calcination. the powders were again ground. pressed into small  cyl indrical
rods  and s in te red  fo r  60  h  in  a i r  a t  l i50 'C.  Thc  s in te r ing  s tep  was repeated
after an intermediate grinding and pressing step to assure complete homo-
genization. In order to determine the extension of rhe 2223 single phase re-
gion. 2223 samples with dif ferent composit ions which are single phase at
850 'C were annealed at higher and lower temperatures for severtr l  davs.

Phase identi f icat ion was performed by optical microscopv usine polarized

l ight (Zeiss Axiomat): X-rav dif fract ion using CuK" radiat ion (Siemens

D-5000) and the JCIPDS standard data. or sometimes in-house standards and
EDX analyzes (Cambridge S2(X) operating at 20 kV). Due to the overlap of
B i -M and Pb-M l ines  in  EDX.  wave length  d ispcrs ive  X- ray  (WDX)ana lvzes

were necessary for the accurate determination of the Bi and Pb content.
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Shadowed Sputtering of Gold on V-Shaped
Microtrenches Etched in Silicon and
Applications in Microfabrication'i"i'

By Younttn Xia and George M. Whitesides'i'

Si l icon micromachining has a wide range of appl icat ions

in microclectronics. integrated optics. and microelectr ical

mechanical systems.I l ]  For example. V-shaped micro-

t renches etched in  s ing le  crys ta l  S i (100)  have been used as

sur laces for  topographica l ly  cont ro l led growth o f  ce l ls . l r l  as
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capil lary channels for capi l larv electrophoresis (CE on a
chipl. l r l  and as dif fract ion gratings or beam spl i t ters. lr l  For
the f irst trvo appl ications. chemical modif icat ion of the sur-
I 'aces is usuallv required in order to control their propert ies.
For thc third. microfeatures having more complex rcl ief
structurcs than V-shapecl microtrenches are usually desired
in  orc ler  to  opt imize the ef i ic iencv of  the dev ice. l5 l  Here we
clescribe the use of a combinzit ion of several techniques-
shadowec l  spu t t c r i nq . l " l  m i c r , , con tac t  p r i n t i ng  (p rCP) .1 -1  m i -
cromolc l ing in  cap i l la r ies . l t ]  and se lect ive wet  e tch ing- in
modifying the surface propert ies of V-shaped micro-
t renches etched in  s ing le  crys ta l  s i l i con.  and as par t  o f  a
melhodology for fabricating surface rel ief structures having
complex topologies on si l icon substrates.

Shadowed sput ter ing (or  angled evaporat ion)  is  a  wic le lv
used technique for fabricating micro- and nano-structures
of semiconductors. ntctals. and superconductors. Microcon-
tact  pr in t ing is  a  convenient  technique for  gencrat ing pat -
terned se l f -asscmbled monolavers  (SAVsl le l  on the sur -
I 'aces o1 Au.  Ag.  Cu.  and Si /S iOr . l1"  ' i l  Pat terned featurcs
*, i th sizcs of 0.-5 pm and larger can be produced routinclv
us ing th is  tcchnique:  wi th  some d i f f icu l t ies .  features wi th
s izcs o l ' - l (X)  nm have a lso been fabr icatec l . l r r l  Two conf ig-
urat ions have becn used in  prCP.  In  one.  an e lastonter ic
s tamp (usual lv  macle  f rom polv(d i rnethv l )s ik rxane.  PDMS)
lvhose sur facc has been pat terncd u ' i th  a  rc l ic l ' s t ruc turc  is
used to  form pat terncc l  SAMs on a p l l i r lu 'sur l 'acc.  l " l  ln  thc
scconc l .  a  f la t  PDMS stamp is  uscc l  to  c lc r i r  a t ize thc  ra iscd
arc i ls  o f  a  non-p lanar  sur l 'acc u ' i th  SAMs. l l t l

F igure I  out l ines schcnrat ica l lv  the pnrcedurc  lve have
cler. 'eloped. A cornbination of prCP with hexadecanethiol
arrcl select ivc wet etching in aqueous I 'err icvanide solut iclns
ancl aqueous KOH/2-propanol solut ions produced V-
s l iaped microt renchcs on Si (100)  wafers .  us ing p i i t terned
qolc l  or  s i lver  f i lms as res is ts . l l l ' t ' l  A f ter  e tch ing the s i l i con.
the rncta l  f i lms wcre removcd bv immcrs ing the subst ra tes
in  aqua reg ia  for  - l  min.  Thc shadow masks havc usual lv
been fabr icated us ing procedures such as under-cut t ing
ancl l i l t -off . l t ' l  No separatc shackrw masks were usecl in this
u 'ork .  The s tep edges of  the V-shaped microt re  nches acted
as shac low masks when thc sput ter ing angle  (0)  was lcss
than .54' ' .  The dime nsions ol '  gold features on the sides of
microt renches were cont ro l lcd b1,  us ing d i f ferent  e tch ing
t imes for  s i l i con andior  c l i f fc rcnt  sput tcr ing angles.

T-he go ld  pat terns preparcd us ing th is  method can be
uscc l  in  sevcra l  d i f fercnt  wavs.  As shown in  F ig .  lA .  these
gold pattcrns can bc used as substrates for the formation of
pat terned SAMs.  In  th is  par t icu lar  case.  three d i f ferent
SAMs were f lormecl on thesc contoured surfaces using a
combinat ion o f  prCP and or thosonal  se l f -assemblv . t rT l  The
surfaces of the plateaus we re derivatized with hexa-
decaneth io l  bv  pr in t ing wi th  a  f la t  PDMS stamp:  the
remain ins res ions of  go ld  ( that  is .  those on the s ides of
the microt renches)  wcre covered by a  second SAM
(Cl6Fr . rC2HrSo)  by immers ing the pat terned samples in  the
a lkaneth io l  so lu t ion;  f ina l lv .  the bare sur faces of  s i l i con in

-W
I 

Snutter nu at o

Stamp wi th C,6H33SH

D i p  i n  C u F , . C r H . S H

Dip in  H,NC"HuSiCl"

AU
( -  5 0  n m )

Fi l l  t renches wi th PU
Remove Au trom the
sudaces of  p lateaus

PU

Anisotropic  etch ing
in KOH/2-propanol

c.6H33s- I  cuF,,crHos-

H?NC"H6Si-(O)"-

Anisotropic  etch ing
in KOH/2-propanol

I ' i g .  l .  Schcnra t ic  ou t l inc  o l  thc  cxper in tcn t i i l  l t roccdure .  (A)  Ev lpor .a tcc l
l i lms  o f  qo ld  rvc rc  pa t te rncc l  r . r ' i th  SAMs us in t  pCP and or thoqona l  se l t -
asscurblr ' .  (8. ( ' .  D) The pal lcrnccl l 'catures of gold rvere used as rcsists i t"r
thc  i so t ro l - r i c  o r  an iso t rop ic  e tch ing  o f  s i l i con .

the microt renches rvere der ivat ized wi th  a  th i rd  SAM
(HlNCrHr .S iOro)  bv immers ing the samples,  in  whic l i  thc
gold  rvas complete lv  covcrcd wi th  a lkaneth io la te  SAMs.  in
a hexanc so lu t ion conta in ins thc  t r ich loros i lane.  These pat -

terncd fcaturcs o f  go ld  can a lso be used d i rect lv  as rests ts
in  thc  fur ther  e tch ing of  s i l i con (an isot rop ic  or  isot rop ic)  to
produce morc complex topologies on the si l icon surfaces
(F ig .  1B-C) .  In  F ig .  1D.  the go lc l  f i lms on the p la teaus werc
se lect ive lv  removed f i rs t ,  and the remain ing f i lms on the
s ides rvcre then used as rcs is ts  in  s i l i con etch ins (see Ex-
per imenta l  sect ion for  deta i ls ) .

Figure 2 show,s scanning electron microscope (SEM)

imagcs of si l icon microtrenches at dif ferent stcps of gold
evapclrat ion. The edge resolut ion of the gold fcatures wAS
< 100 nm (F ig .  2D) .  a l though our  evaporat ion was carr ied
out  a t  room ternperaturc . l ' t l  When carr ied out  a t  c ryogenic
temperatures. the edge rcsolut ion of features fabricatcd
us ing th is  technique can bc as h igh as l0  nm. l " l

Figure 3 shows secondarv ion mass spectromctry (SIMS)

ion maps of SAMs that have been put on thc surfaces of V-
shaped microt renches.  These SIMS images are cons is lent
wi th  the SEM images shown in  F ig .  2 .By us ing molecu les
with dif ferent terminal grcups. this procedure should bc
able to form numerous dif ferent combinations of SAMs on
the suriaces of microtrenches. This f isure shows onlv one

166 i.t VCII Vcrlugsgt'.sell.st'lruf| ntbll. D-69169 Weittltaim, 1996 09-15-9618/96/0909-0766 S 10.00+.25/() Adt'. Murer. 1996.8. No.9
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Fig .  2 .  SEM nr ic roeraphs  o f  s i l i con  mic ro t renchcs  a t  c l i f fe ren t  s teps  o1 '  eo ld
evapora t ion  ( -5 (X)  A  th ick  Au.  p r imec l  w i th  50  A th ick  T i .  p repared bv  e-
be t rm cvapora t ion) .  (A)  Bc torc  Au sput te r ing :  (B)  a l te r  Au sput te r ing  f rom
ang le  0 :  (C ' )  a f te r  Au sput te r ine  f ronr  bo th  0  anc l  0 :  (D)  a  b lon , -up  o f  (C)  to
show the  edge reso lu t ion .  The edges o f  go ld  fea tures  in  the  t rench arc  ind i -
cate d b."" arrows.

of these combinations: the three dif ferent SAMs shown
here were chosen to be easi lv characterized by SIMS.

Figure 4 shows four examples of complex topologies that
can be easi lv generated on the surfaces of si l icon using ani-
sotropic and/or isotropic etching, with the shadow-evapo-
rated features of gold as resists. In principle. we can repeat
the procedure of shadowed sputtering (at dif ferent angles)
and etching of si l icon to produce even more complex topol-
ogies.

There are several potential appl icat ions for the micropat-
terns and microstructures prepared in this paper. The pat-
terned SAMs formed on the contoured surfaces of si l icon
can be used for templated cel l  attachment. The complex
microstructures of si l icon fabricated and described in this
paper could serve as novel dif fract ion gratings. Microstruc-

Adv. Murer. 1996, 8, No. 9 A VCII Verlugsgesellscltat''t mbH, D-691(t9 Weinheinr, 199(t 0935-9618/96/0909-0767 $ 10.00+.25/0
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t h r e  c  t l i l l c r e  r r t  S . \ \ l r  l ( ) l  l r e  r l  u s i n c  t t ( ' l )  l n r l

F i g .  l , \  1 .

tures such as those of Fig. - lB ancl D mieht be used as

micromechanica l  Ve lcnr  for  thc  bonc l ing o l '  subst ra tcs  in

microe lect ron ics . l  I  e l

Experiment0l

For  the  p l t te rns  shoun in  l r ig .  lD .  the  go ld  f i lms  on  thc  p la tcaus  \ \ , c rc  sc
lcc t i ve lv  rcnroved f i rs t .  anc l  thc  remai r r inq  f i lms  on  thc  s idcs  wcrc  then uscd
as  resrs ts  in  s i l i con  e  tch ing .  In  do ing  so .  lhe  micnr t rcnches  rvc re  covcrcc l  l r , i1h
a  f la t  PDMS s tamp.  and f i l l ec l  i v i th  a  l iqu ic l  po lvurc thane prcpo lvmcr  (P tJ .

NOA-7 i .  Nor lanc l  Proc luc ts )  us ine  cap i l la r l  l i l l i ng  I f i ] :  the  prepo lv rncr  rv ls
cured  in to  a  c ross- l inked so l id  mater ia l .  anc [  the  go ld  f i lms  on  t l rc  p l i i t caus
r re re  then removed bv  imnrcr r r r rg  i r r  uquu leg ia  fo r  - l  rn .  Thc  PLJ  po l l , r le r
was c l i sso l ' " 'ec l  o r  l i f ted-o f f  in  the  e tch ing  ha th  usec l  fo r  s i l i con .  l cav ing  thc
micnr t renches  opcn l i r r  lu r lher  e tch ing .

The complcx  topo log ies  tha l  can  bc  cas i l v  gcncra tcc l  on  thc  sur faces  o f  s i -
l i con  us ing  an iso tmpic  anc l /o r  i so tmpic  c tch ing  (scc  F ig .  ,1 )u i th  thc  shac lou ' -
el 'aporated fcatures of golcl as resists \ \ ,crc qcncratccl usrng an anisolnrpic
e tchant  o f  aqueous KOH/2-propano l  so lu t ion  ( '1 (X)  rn [ -  o l  I l lO .  92  s  o f
KOH anc l  136 mt -  o f  2 -propano l ) :  thc  i so t rop ic  e tchant  \ \ ' ns  an  ac ;ucous  HF/
I { N O . r / C ' t l r C O O l {  s o l u t i o n  ( 1 0  m l -  o f  4 8 ' l { ,  H F .  1 5 0  n r l  o f  6 3 ' / i ,  H N O r .
and .50  mL o f  q lac ia l  CHrC(X)H ) .

Thc  wa lc rs  used in  th is  s tuc lv  rvc re  S i ( l (X) )  ( ( '2 .  N /Phosphor -dopcd.  I
10  O cm.  les t  g rade.  SEMI  Stc l .  I ' l a ts )and wcre  ob ta incc l  f rcm S i l i con  Scnsc
( N a s h u a .  N c w  H a m p s h i r c .  L I S A ) .

Rece ived:  March
F i n a l  v c r s i o n :  M a l
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Fig .  4 .  SEM micrographs  o f  complex  mic ros t ruc turcs  e tched in  s i l i con .  us ing
shado* ' -spu t te red  pa t te rns  o f  Au as  res is ts .  (A)  V-shaped mic ro t renches  rn
S i (  I (X) )  fo rnred  hv  ar r i so t rcp ic  e tch ing  fo r  - I  5  min  a t  65  "C.  These subs t ra tes
n 'e rc  then used lo r  shadowcc l  cvapora t ion  o f  Au (5 {X)  A  th ick  Au.  p r imec l
u , i th  50  A th ick  T i ) .  and fu r ther  e tch ing  o f  s i l i con .  (B)  An iso t rop ic  e tch ing
in  an  aqueous KOH/2-propano l  so lu t ion  fo r  -10  min  a t  6 -5  ( ' (sce  F ig .  lC) .
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Phosphorescent Oxygen Sensors Utilizing
Sulfu r-Nitro gen-Phosphorus Polymer
Matrices'k':'

By Zhen Purt,u,, Xijiu Gu,* Ahmad Yektcr, Zahra Masoumi,

.lcthn B. Coll," Mitclrcll A. Winrtik,* and Ian Manners*

As a consequence of their considerable fabrication ad-

vantages. the use of polvmeric materials for the construc-

t ion o f  sens ing dev ices is  a  cur rent  area of  in tense in ter -

cs t . l l  
t l  

Luminescent  scnsors  based on composi tes  compr is-

ing transit ion metal complexes immobil ized in polymer ma-

tr ices have attracted attention as oxvgen sensors for both

biomedical and barometric appl icat ions.t l  8l  Typical ly, phos-

phorescent dves such as Pt octaethylporphyrin (OEP), Rurl

bipvridvl (bipy). or phenanthrol ine (phen) derivatives with

oxv.qen quenchable excited states dispersed in a polymer

matrix of high gas permeabil i ty. such as a crossl inked poly(-

d imethv ls i loxane) .  have been used. [1  n i  Howeuer .  a t tempts

to  develop a fundamenta l  unders tanding of  the issues

which inf luence the sensit ivi ty of such composites have

onlv  recent lv  been in i t ia ted and th is  has l imi ted the opt imi -

zation of sensors of this tvpe.

In this paper we report that poly(thionvlphosphazenes)

(PTPs;. lu t t ' l  a novel class of sulfur-nitrogen-phosphorus

polymer. form promising polymer matrices in such devices.
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