
Analog  plmw  holopIa IIIs” by elcc(toa  bc.an) Iitl)og,laphy

l’aul 1). Make.I and Ricllald  IL Mullet

~kntcr for  Slmc hlictoclccllot~ics”  “1’cchnolop,y,  .lct l’topulsion  1 ab(waloty
(hlif(mi:i las(itutc of’ ‘1’cclIII(JloF,y,  l’asa(lma, C~A 91109

]’haSC. holo~,12111M” ]l[IVC bCCl) haVC bC.Cll C1’Cakd  01) lhC SLIJ’faCC Of a (hill fill)) Of @y-lllC.dl~}  lNCthCl”y]atC.  (] ’MMA, l’lCXigl:K)

I)y dircc(-  write clcc(ron  beam (1 kllc.am)  1 ithography.  ‘Ihc  process i nvol vcs dclivc.ri ng, a pat(craed cxposut  c. (Iosc loll  owc(i by
}>;11’[ i;]] (] CVC.]()]>J))C1)(  With  :1 S(J’OJl~ dC.VC.k)JW  . ‘1’hc patkrac.d  (Iosc  dcxivcs  fIol)l att)ittary cOIII])LIICI-C: IICLIIIIICCI lIolo:,rams,”

wl)icl) mus( t)c cotmclcd  for  the scmsitivity  Cll:ll’ack’l’islic  of’ the 1’MMA  aJI(l for the cf~cctivc. p(~illl-spread fllnc(ion  of ttlc li-
IIealll.

KIIY M’OI{l)S:  j)}):tsc-}to]ogr:il~)s,” cOJ))pLJICV gc.J)cJakx] p]Iwc t)olo~l” ares, difltactivc  optics,  hinaty q)tics

1. IN’J’1{01)11(:’J’JON”

slllr:lcc-col)lo~ ll’illg,  ” an li-llcam rcsis[ b y  coJl(rolliap, ” bo[h  ttlc  CXPOSIIJ’C  d o s e  and l])C dcvc]opmc])l  })1’OCCSS w’:lS flJ’St

C112.1110JIS  (I”:  I(C(I  by ] ‘lljih 1 in 1 9 8 1 .  ‘1’lwy  fatwicatc(l  micro  l;ICSIml mnc-plalcx, blad fyatia~,s  :IJI(I lircmcl  Icmcs in P()]y
JIIcllIyi  Jnclhacrylatc (1’h4k4A) by Scanllillg  an ctcdl(m bcaJIl in cilhcr S[raip,hl  tines m ciw]cs, with the dose a(]. jllslcd to ~,ivc
lIIC dcsirc(l  dch dcptl~ aflcr par(ial  dcvclo}IImmt. ‘1’hcil groove slIapcs  w’crc quilt ittcpu]ar, but dcviccs with 50% to 60Y0

cfl’icicacy  aJKl near-(! iffractioJl-]i Jnitcd pcr[ormaace were pJ’odLIccd.  M(MC  rccca(iy llkbcrg ~-?3.J eporlcd  (m kinoforln  phase

lIolog,Iams.”  ‘1’hcsc wc.rc pa(@IJ)s coJnprisinp,  a 51 2x5 I 2 away of 10 ~(111 squaIc. pixels, cwch will] a uaiquc li-llcalu exposure

dose calculatc(]  to [Ii ve tlIc. appmprialc ctcl I cicptlI upon  (Icvcloplncnt. ‘1’cm (Iosd(lcptlls WCJ’C USC(].  l)iffractioa cfficicncicx
Of ~()% WCJ C lCpOl”(Cd 11~ WIII icr papCIS4  !S w c  Jcpor(cd  upoa  tbc fat)! ication,  physica l ,  and optical Ch:lJ’:lCtCJ inti(m of’
k in(d’ (wins  111:11  cllc(dcd 16-lCvcl phase. holop,l:Ilns”  and a 1 ‘rcsncl  leas having a diffr:wlioa  Iilnilcd  focal  slmt and 83%
cflicimcy. A t  that  lilm, oJlly an ap~mximatc tI”c.at IIIcI)t  of tlIc ] i-]]cam  pt(~xi Jnity cf(’cd  W:IS usd. ‘1’hc ft~bricalion
impcrlcctioas  tl)us intrmluccd  causc(l  significant pcrfmnancc  dcgradatioh. 1 n tl)is paper, wc report upon  a tcchniqlJc  for

tl’C{ltill~,  (tlC ])1’OXilllity  CffCCt CXNiiy,  ~lld  Ullol)  tllC ])c1’fol’llHllIcc  Of :111  Of[’-[lXi S ];I’C.SIIC]  ]CllS :111(1  SCVCI  dl, III(MC complicated,
phow lIolop,raIIIs fabricated using, the mclbod  and atl 64 doses that our l\-13cam is capab]c  of dc.livmia~,.

1 n an earlier paper wc dcscribcd t[w fabrication and tcsling  of a 1 ‘ICSJKI  ]cas  iJ] l’h4 MA by dirccl-write. ] i-]lcaJI)  lihp,raphy.

l;iwl,  IIIC rc]alion  bctwc.c)J app]icd  1 ;-llc.am dose  and tlm amount  of l’Mh4A Icmovcd  in a fIxcd  d e v e l o p m e n t  pc.riod in
:ICCtoJIC.  W:IS  (iCtCJ’lllillC(i.  ]t W:IS foLIJl(i  til:lt til C CtCb (iC.i>th W’:IS :liliWOXilll:l(dy  i>l”()]>()l(i(  )lla]  to t]l C (i C. VCio]>lllCJlt tilll C, that
(iq)ttis O f  hi)  10 ] .5 Inicl’ol)s COLlki bc J’Cac])c(i llsil)~ a  50 K V  C] CCtl’OJ)  bC:lIN CJ)Cl~y, :Il)d ti)at  ill ]:ll”~,C oi)C.Jl :II”C:IS tllC. (iCptil

c(ml(i  bc Contl’olic{i  10 ~ o.02pm  (:I ?. \,is/50  i~ll[l’iC CICiay). ‘lilt surlacc-lclicf’  pa(tcrl]  of the. lCJ)S was (iICII  ctm)(ic(i at 1 ~Lm

inlctvais  ovc.r a ~ IIIJN squat’c area, atd Iltc  ] l-llcatn dose JIrccssaIy to JCIDOVC the ca]cuialui al))ount  of l’h4h4A way [iclivcrcd
a t  CNiI p i x e l .  Fi]ililc t h i s  lc.ns (ictll(~Jlstl:ilc(i {iifft actioJl iimitc(l  i)crforlnancc all(l  >80% cfficicmcy, i t s  far- flci(i pal(crn

conlaincci  o s e t  of (iivcrginp,, conccnl(ic Jinp,s of ra(liation  h:tvitJg, s o m e  1 ()% of tlIc inci(imt cncrg, y, A(mllic  force.
lllic J’osc(y>y  rcvc.a]c(i that tile resist pl’ofilc at tiIc bouJ~(iat’y bctw’ccn ];lcsacl mJvx - ]M’()]dy, :11) :Iblllpt Sk}) fllJICtiC)ll  Of’

llci~ill  A/( JI- I ) - i]a(i a filict of Jnatcrial  rcmaiainp,  in tiIc b(J(((JrtJ atlci it fiat(cJlcci off top. ‘1’iiis is (iLIc to liIc wcl]-k  JtowI)  l;-
]Icam ‘pmxitnity  cfrccl’  -cicctrons b:wk-sca((c.tcd  fmln  witi]in tlIc s a m p l e  ]ca(l to a IIalo of’ cxpmure.  ciosc surmumiin~,  tim
iwinciplc,  poiJlt-like iwiJ}lary ciosc. ‘1’hc spatiai disttihL]tioJl of tilis back scatter, or secwIJdaty, dose  is roughly  [;aLJssian, with
i in nlnplit~ldc.  aIKi  width that  cicpc,a(i  s(r(mgly (m (IIC subslratc ImtcJ  ial aa(i ui)on tl]c 11-llc.am volt:l~,c. IJI or(lcr  to improve  tim
pClfOl-lnaJIcc of 1 i-llcam ciirccl-wriltcn  (ii fl’mctivc. optics, it is ncccssary  to care.ful[y cllaractcrizc an(i conlpcnsate for tl]is
ICfsccl.



‘1’o dctcltniac Ihc dose scasitivity of l’h4MA atd IIIC raa~,c aad all)plita(lc of lbc proximi ty  ef(cc(.  wc exposd simple tcsl
pa((cms  oa s:IIuplcs  icica[ica]  to time. IiIat would cvca(ually bear diffractive optical CICIDCIIIS. A lCCtal)~ll]:ll ])}lt[C.1’1) 50 X 150

[III) was uscxi,  cxposcxi  at sixtcc.a difrcrcat (ioscs  spaaaiag  the raap,c of iatcresl. ‘1’hc saIIIpies WCIC. 2 ~LII) tilick  laym of 95(JK
lI)oic.cLIia I” wci~bt  1’Mh4A spua  from 5YCI  solutioa  ia ciIloI”ol~cIIYeI~c”  a[ 4000  rl)m, ];ivc  mats wcm  acccssaty 10 bui!d up tbc  ~

11111 tl)ickncss. ‘1’ca miautc h o t  piatc  b a k e - o a t s  a( I “/00 C; wcm USCCI  bctwc.ca  mats. la sabscqucnt ww k, ao e.vi(icacc  of
iatcrlacial bouadarics was  evidcat. l’rim 10 exposure, the sample.s were ovcI-coated with 5011111 of aluminala  which scrvcxl
as a ciiscilai ~,c layer ciuriag  1 i-lkaln cxposarc. };oilowiap, cxposam, tiIc satuplcs  were (kVCio])C(i  ia a maaacr idcaticai 10 that
u s e d  for  ciifftactivc optic  (icviccs. ‘1’IIc borimataliy spiaaia~,  s a m p l e s  wctc c.xposcxi  (0 pu t t  ace(oac for I 1.5 secoads
(Iciivcrc(i dowawar(l fmm a 1 mm dialnc.tc.r  olificc by an C.iecltoaicaliy  coalro]lcd ‘1’ri(iac  dispcasc head, lINta IIt, v i g o r o u s ”

(iIy ailrop,c.a l)low-off aa(i (iryiag  commcacmi  upoa  tcltlliaalioa  o f  acctoac dclive.ry. A a  cicctroaically  coa(mlleci  Soiitcc
spin ac.r was usc.d. ‘IIJC point  of delivery of tlIc acctoac coiaci(ied  with the spin axis, wllicb  was  camfaily chosca to bc. -1-2
11)11) fl’om ally pattern. ‘1’llis  avoidc(i  a sligil(  iacmsc ia CICII rate. foua(i  to cxis(  (iireclly  bcacatiI  [IIC acctoac d e l i v e r y  poiat.
A l  ‘M iopo~,raphic  (iata of tim cxposexi ami dcvelopc{i  satnplcs  wits recot(icci,  }ip,.  1 illus(mtm tlIc dmc scasitivi(y of 1’MMA.
(la(icr sacb ap~,rcssivc  (le.\Iclc)I)I)IeIIt,  tiIc usaal  hi:,i)-g,amma  chatactcris(ic  of li-llcaIn cxposcci  I ’MMA is  COIIIplCtCly  akIlt.
Ali IIIaI Jcl)wins  is a fJISI  o r d e r  d i s s o l u t i o n  pmccss clml:wtciimd by expoacatial  dcpcndeacc of dcvclopcd  cicpth upoa
dclivmxl (iosc.  Usiag th is  scasitivity (iata,  tk proflic of l)h4MA ICIIIOVC(I flom tiIcse  saIIIplc.s  cOLII(I bc iavcric(i to  g,ivc a a

cfkc(  i vc dcl i vcmd  (iosc.  Siacc (IIC {iosc rcspomc fuaciioa W}IS (ic(cllniac.d  by amasuriag tlIc amouat  of I’N4 h4 A IC.II1OVCC1  at
lhc  mater of the .  cxposc(i  area,  ail infcrmi cioscs arc ia Icla]s Of tile total  (Iclivcrd (iosc,  pritnary piLIs  iatcgrakxi sfxm(iaty.
I;iF,. 2 shows lyl~icai clata, .giviag,  (tic iafcrid dmc as a fuactioa of ~iislaace. across lIIC 50 micros  wid(il of the test  patkra.

‘1’his  Cul’vc.  1’CVCWIS by iaspcdioa tllc I()]C of p r i m a r y  aa(l Sec(miary (iom. ‘1’hc SLl(i(iCIl  ;1111)[)S seal 50  aa(i 100 }1111 arc  dUC to

tlIc plil))al”y  d(m, whi le tlIc a(ljaccat,  slopd rcr,  ioas  ICI) ICSCIII  tlIc  e. ffcct of IIIC back scattcrd or sccoa(laty  dose. .  A 1 )igital
lIKIIUIIICatS  Naaoscopc 111  Scaaaiap,  l’mbc  h4icroscopc  (S1’h4)  was usd ia  coatmt II)()(Ic to mc(mi Alih4 (iala
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l;i~. ]. ]km IcsporIse  of I’MMA filtcd  to a putt ] ‘i& 2. ]afci”lcd total  dOSC fmm  Al;hl (iata aad (ioSC

cxpoacalial, :1 + b*exp(IYc)  wimrc  a = -0.11 ~ .02 ~tnl, Icspoasc fuaclioa of l;i~.  I.
b , (). I 5:1 .() I ~[111 aa[l (i : 60.8:1 I .0 pmll?. ‘1’llc Stallci:ll(i
(icvia{ioa  of tlIc fit was .010 pm.

‘1’IIc spalinl  dcpc.adcacc o f  t h e  li-llcaaI poiat sprca(i  funclioa - plilnary  p l u s  sccoadary d o s e  -  cat] bc takca [Is

i3SF(i): 5(F)+ - ’ 1 2 exp(- i2/m.2 ) wiIcIc. 71 is its amplitu[ic, fl is ils raar,  c, aad  ~ is Ihe 1 )iwc d e l t a  fuactioa.  ‘1’his
na

I.. iIt I Ix inlcr,i atcxi dircclt y. ];or ias(aace.,  if x is Iilc dircclioa aott)~al  to n half-  p]aac of uaiforln (iosc,  tlIe. sccoadary (iose falls

off /1s Ekc( x ) = ~ Dprim x erfc(x~l ) W]KYC erfco  is llIr. coJI~I>lcII~c.IIt:IIy c.rm fuactioa, 1 ‘ix. 3 stlows  a fit of tlIe ccaltal

lrcgioa of l;i~,. 2 10 a compouad mot fuac(ioa.



Similar dnla  was taken for all of tlIc test pallcrns.  ]ksulls aIc  sulllm:lriml  il~ l;ip,. 4. ‘1’tlc ptoxitnily ran~,c W:IS founcl 10 bc

in~ic.pc.ndcnt of dose  within  cxpcrimcnlal CIIOI - a = 8.() fl 0.2 ~lm. ‘1’hc ptoxin]ity  cffecl atnplitudr  is seen to vary  bctwccn

0.4 to ().5 for  (Ioscs  bc(wccm 20 to 140 p[:km 2 , tbc L:II~gc  anticip:licxl in fabrictdion  01 difltactivc optic dcviccs. While this

VOI ialion  is soIIIcwlI:It larger tlIan the mcawlrclncnl uncc.ttair)ty,  fot purposes of nlodclit)p,,  it has  been ig. notd, [III(I  tllc meal)

value, 0.4’/ II O.(PI, is used in what follows.
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l;ig. 3.1 )at:l of liig.  2 fit to cotTllJlclIIctIttIry crrol. functions l;ig. 4. SuIIIIIlaIy of proxilnity  effect I:IIIgC  and alnpliludc
I)lus a linear lCrIII, l)crivcd v: Ilucs for tbc  p]oxin)ity data  for all lc.st patlcrlls.

clk.ct IaIIF,C an(l amplitu(lc  arc  8.12:10.0711111 :Ind 0.47:1
0.05.

(’untiuuin: tlw above. (lain of thought,  wc can dcscribc the tot[Il dose dclivctcd to tllc satllplc, as a convolution of tllc p il))nty

(Iosc I):lltcrf) will) tlm 1 i-l{c:im point sprc.ad  Iunclion,  If Dprim(i  ) is tlIc dclivem.d  ptitllary  dose and Dtot(i) tbc  tolal  cxposutc

(Iosc. (Iuc to 1)(1), tl)c.11 Dtot(i) L lJDprim(~o)  x PSF(l - 10)x d(l - Fo) = Dprirn(i)  @ PSF(i).  Wit]) this forll~ula(ion,  it is

ckai tlItIt llIc. ptoxilllity effect can bc corrcclcd by dcmmvolvin~  tlIc. point  s} Itcad function frolll  tbc dcsilcd pallcrn  prior  to
cx.posing  il. ])c.c(Jt~\~()]Llti()I~  by ];outicl trat]sfortl]  Ic.presents a stt[ti~lltlotwr:irci  w;(y to do this. If F)(i) is IIlc desired cxpos  LIIc

l~:lttctr~ and P(k) its ]~ouricr tr[tnsforln,  and PSF(F)  is tlIc. point  spI cd f u n c t i o n  :ind PSF(k)  its lk)uricr trar]sfw  II), thcw

Pc(k), tlIc ]kmt icr transfotll~  of tlIc cortcctcd cxposutc pat(cvm is given by Pc(k) z F’(k) /PSF(k). Pc(i ) is (bc.n ob(aincd

I)y invctsc tr:(tlsforming  PC(k). ‘1’l]is procedure rcsulls in Icgions  itl which  Pc(F  ) is nc~,alivc. II) mar~y silunt  ions,  this means

that  aI~ exact (lc.col~volllti(~l~” solution is not Ihysic:tlly lc:ilizablc.  lr~ tl]c ptcscnt case, negative doses car) bc clitninatc.d  by
fiwl rcccssin:,, or bi:win~,, t h e  starlin~, data. ‘1’ypical pal(crns  quirc about -O.? pm of bi:l$. A care.fully optimi~cd  IWO
dilllcnsiol)a]  f:Is( ]1’OLII  icr t! ’ansfol In dcconvolulion  pI’ogr’aII~ has bcc.n imp]clncnlcxi  on our  V A X  S t a t i o n  ~1 ()() computci. ]1
II: IIKIICS tllc 4K by 4K problcm  in five lIouIs. Addi t iona l  sof[w’arc distr’ibutc’s (he. doses into 64 cqua]ly  SIMCCC]  ‘sIIOI  rank’

V: II UCS, WI itcs tlIc sb(II  IaI)k  table nccdcd by tlIc. li-llca III control file, :IIICI finally WI i[cs tllc pattcu II data fllc in nalivc li-llcaIII

f(ll Inst. ‘1’IIc pat(ctn file for  a ~.cnc.ral 4K by 4K phase. lIOlOgIIIIII  is SOIIK 250 Ml]  Ionp,.

‘1’IIc l;-}lcaIII  ll~acllinc used wa~ tl]c JIOI. JIIX-51JII.  It W}IS opera ted  a t  its lnaxilr~ut~l  bcaII~ vol tage ,  50 KV, so as 10
lnaxitni~c  tl]c usable c.tclI dc.ptlI  in I’MMA. ‘1’he incidcnl  clccttxm beam is scattcrcd  and slowed as it pcnctratcs, cvctltually
dissipating SOIIK 5 ptn irlto I’MMA. As tlIc slov+cd clcc(rons  arc  actually mom cffc.c(ivc  in breaking bonds, tbc. gcIIcI:Il cflcct

is a II ILISIII  ()() II I- SII:I[)CCI  exposure volume. ‘1’tlc I)loxill)ity cflccl i s  t h u s  hi~l)ly dcptll  dcpcmknt,  atI(l only ncal tbc sLlrlacc  -

wi[llin  tlm top I  - 2  ~lm - do tlIc fll>l>roxilll:{tiotls”  u s e d  in (lIc a b o v e  dcvc.lopmcnl  rcm:lin  v:llid. l;urltlct, th is  litnits tllc
uwfulncss of 1 i-llcmIl  diwcl wl itc. pbasc hologt  :Illls, as dcsctibc bcI c, to visib]c  Iig,lll wavelcngtbs for  transmission dc.vices
:It Id to nct Il -11{ fol rcflc.ctivc  dcviccs.

1111 writin:,  [Ilc lIologralns,  an li-llcam diamctm roLIp,lIly  I/5 (IIC pixel siz,c is LIscd. It was Iaslcrcd OVCI the pixel in a lox  10
]mttclll.  ‘1’lIc Iwatlj is blanked bctwccn successive clclncntary patterns, wtlicl] in tt]is case arc tbc  sqL1211c  pixels which diflct



only in Ilmit  slIot t:ink. IIy adjusting tbc  beam’s 1~/#1 (using  [I scl  of flxcd  apcrlurcs) its curlcnt dcnsi(y  is raised  ontil  tbc  dwell
Iitllc  al each las[ct poit)[  equals llIc minimol]l  dwell time  for the  I i-llcam scarlning  circuitly (().5 p) for  (I)C min imum close
cnllcxl out in tbc. palk.rn  data. lJndcI lbcsc  conditions, pixels  cOLI1(] be wri(lcn a( the ralc of’ 105  pcr  second, indcpcr)(lc.nt  of

pixel sire. ‘1’llis  exposure II)ctlIoci  - scanning a [iaossin[l  sllapcd  beam over cac]l pixel and them indexing 10 (I1c next  pixel -
inc.vilal)]y leads  to some stna]l  non uniforlnity  in tl)c exposure .  dose . lllankinF,  crlots also contribute to c.xposurc  non
ullifot’rlli(y. As discussed Iatc.r, this  pr’csc.nls anotbcr  ]imitntiml  10 tbc uscfultms of direct-wr’ik 11-llcaln p}Iaw ]I()]ograms.

Allotllcr  soolcc of c.xposulc  uniformity ctrw, and a systclna[ic  one, is field  stifcbin~  cIIor. ‘1’hc Jl K)]. m:mbi nc. was opcrxtc.d

using  its low Icsolution, lonF, focal  lcn~,lll objcctivc  lens.  11 could  scan an 800 pm field, ‘1’0 litnit  dcflcetor distortion, tbc
lIC1(I was  it) f;icl kept Slnallcr  than  400” pill. Stag,c t]lovctllcnt  rc}msitioncd  (lie sanlplc upon colnplction of tbc e x p o s u r e

willlill  a licld. ‘1’hc slagc position is dctclrllincd  illtcrfclc)fllcttic:llly,  bLIt pet feet posit ionin~  is not possible :Ind field  stitching
cli (ns  olc  ot)avoi(l:lt)lc. ‘Ihc  factory sprx is :170 orn 3cJ. l;ur[llcr,  tbc. 1 i-llc.am dcflcctorx  lnust  be. c:ilibrated  10 cx:ictly  s p a n  a
f’lcld. ‘1’0 assulc this,  out  salnp]cs  Ilwl or] Illc.in o gold fiducial cross, ‘1’llis cross,  ratbct  tll:ln orlc or) lIIC 11-llcatn s tage,  was
used  for tile (aolomat ic) dcflcclor C;I1 ibra(ior] ploccxlurc. 1 ividcr~cc of residual field  stitching ar~d calibltition  CIIOI car] be
f’(nlnd in nll of OLII dcviccs. Since positioning tllc fiducial on tbc  s:ilnplc,  tllc problcm  is much rcduccd,  but it rcprcsc.nts  tbc
lirllilinf), fnclor  wbcn  o[(cmp[ing  to construcl  bologrdms  in wllicb  collcrcrlcc  ovci Iargc  areas is cssenlial.

3. IN])] VII)lJA1, l)lC\’l(:lCS

Several dcviecs I)avc bccm fabricatcci  using, (I)c above procedures. An off-axis  ];mnc] ]rms w a s  prodLIcc(l.  It was  3 m m

S(]LI:IIC,  ]IWl a 38 ])111] focal  kHl~l]I, and was 2 mrll off-axis. Willr Ilrcsc. paralnctc.rs  }tnd a 0.8 pm squalc pixel, its oulcl  Inosl
1 ‘Icsncl ?.otms were n l)lir)imLrm of cig,llt pixels wide. ‘1’bc lens  dcmonstralcd dif(’raction  limikd focusing pcrfomancc,  wilb
NS9fJ of II)c irlcidcnt  cnc.tg,y passinp tlrrougb  lbc focal  spot. of” IIlc rcm:lindcl,  1 .6(% wcn[ ir~to tllc Ycrolll order, <2%  went irlto
lli~:l]cr focusing orders, <1’% went into cobcrcnt  diffract iorl by irlc~ul:ir  itics  aI tbe pixel bmndarics, <1%  went irlto cobc.rent
diffmcliorl  I)y tllc flctd  stitcbinp,  c.rrors, and - I 0% w e n t  irllo incobcrcnt  diflusc scallcring ntising  fmlll  ~cncral  surfdcc
rollp,llnc.ss, RN4S  sur[acc IOUF,IIIICSS  from AltM  d:lta was 0.0? ~Ltn,

A 15x 15 optical fawout dcvicc - one  collilna(ed  input  laser beam, 2 2 5  output  collin]:itc.cl beams  fanr~ing our  in a r e g u l a r
1 Sx I 5 :Ir Iny - W:I<  fabticatcd. It was dcsi~,ncd by ‘1’. [1, (’hao  and his coworkcts at J])].. ‘1’hc ]cpca(  uni( was  44 ~lrn squatc,
1(s tllcorclic:il  efficiency was -80% with ~ 10% intcr~si[y wlriatior~ f rom bc:lrl] to b e a m . ‘1 ‘lc  fabricated dcviec bad an

cfl’icicmcy of -6(W,  and a f 25% beam to bcaln  varialion.  ‘1’l}c  dcvicc used 2 prll pixels :tlld was 1 in squnrc.  1 l-llcarn c.xposc
tilne  was  37 bI.

6 cicjcl]t~c.rg-S:lx({)rl ]>rccc)rl(litiorlccl  ]andom  scarcbA. (;rnitm and his coworkers at tllc Univctsity of Arimna,  tlsing  tlICII
al[:willrln,  dcsir,  ncd 1 28x 1 ?8 pixel pbasc. bolor,t  ams that produced orl-axis  irrlngcs of tl)c nulnc.rals  1 tl)mur,b  9. Writlcrl  with
2 ~1111  pixels, llIc.y were m ayd 4x4 tO produce I mm square dcviccs. ‘1’bc salient fc:tturc  of tllc.sc dcviccs is tllc  to~al absence
(d’ order irl tlIc bolograI~Is. ” On a 10C:II  scale, tk pixel to pixel variatiorl  in }dIasc seems to be a random  nunlbcr  bclwcc.n  () ard
Z7L. Ycl tllcy  p e r f o r m e d  well,  wilb -70% of tlm tot:ll tr:tnsrnil(cd  intcr~sity FoirlF, into tl]c d e s i g n e d  patlcin whi le  tbc
uldiflmcted bcal~~ had -2 .5% of  (1)c tmrlsmit[ml  crlc.rgy. ]ntcr]sity  vari:ltioll  arnorl~st  (IIC ‘or)’ pixels was -25%, while ‘off’
p i x e l s  welt ot] avct:lg,e 3% as bright  as :111  average ‘or)’ pixc]. ‘1’bis device was written orl a substr:~k  lacking arl intcgtal
fiducial  cross, md it is cxpcdcd tlIat performance will itrlprovc  using  tlIc new sobstratcs. 1 .atcml  ctcbi  ng, of CX})OSCXI  pixel
si(lcwalls  ondoubtcdly  nccoor~(s for a large  lmr( of tbc pcl rortnancc  sborlfail  for (I]is and like. dcviccs.

h40st rc.ccr]tly, a small  reflective ilnap,ing g,ratinF, for usc irl arl in]:iF, ing spcclromc.tcr  having a loc;ll  plar]c  array detector has
bccrl fabricated, (lsil~g 4K x 4K ().5 pm pixels, the. 2 mm square dcvicc  accepted radiation froln  a 1() cm distant point  source
dnd iln:iF,cd it back  upon  itself but displaced off dxis by 1 crll. l)is]~crsion  w:ls a(ljustccl to sp]c.ad tbc  desired spcclral rep, ion
acIIf)ss lbc  local plane dctcclor. ‘1’his  was done by tiltin~  tbc Fratiog  to :i(l~us( the angle of ir)cidcncc. ‘1’hc avcmp,c  grating
s]xlcillr  was -5  1(JI). AIJN4 topo~rapbic  data  i s  s h o w n  in IiiF,. 5. “1’IIc grove  prof i le  i s  cxttcmc]y aceura(c, witl] very  flat
smrl’aces. l{cm~,l]ncss pcrsis(s, bu[ over a 4.5 }LII1 by ] 5 }tII~ :IICJI orl a gi-ovc fltlt, total surface variation  W:I< only 6 nm RMS.

llcill~, :1 rcflcctivc d c . v i c e ,  t h i s  corrcspOnds  k) a pb:isc valiatiorl  of or~ly MS(). A t  tllc dcsig,r~ w:ivclcng[b,  633 nm, i t s
difflacti Or] cff’lcicjlcy  wtIs measure.d to bc >90[[}.
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};ig, 5. AI;M (opograph  of imaging ~t:i(ir~p,. ‘1’hc RMS dcvia(ion  of the
,groovc flats frmn  planw sutlaccs is 6 nm.

4. {X) N(:I,I1S1ONS

‘1’hc tc’sulls oblaincd  indictl(c  tba( diic.cl WI ilc, parli:[l e x p o s u r e  1 l-l{cmu Iittmgt aptly can ploduce e.xcelle.i}t  tr:{nsn]issive. and
lcflcc[ivc optical  c.lcmcnts  fol usc in (Ilc v i s i b l e . ] {ffol k ~llL>  LllldC.I w;l~ t o  I’dllCC tbC diffllSC SCtlt(Cli  I)g, ~111(] (() dCVC]O})

:ll~,orilbms t(I co r ra l  fm [Ilc e f f e c t s  Of side  wall  ckhing, It sbou](l  Ix n(Iled  that sub-pixe] s[tuc[urc is cffe.c[ivcly  avcta~,ccl
011[ ill lllc ffwwatd  ditcclion. If the spatial cxlcnl  of tllc l]olo~iapbic  imap,c is Iesllicled, the :Illlltoxill}:ilic)ll Ibid only lbc pixel -
ovctagcd  plmsc  dc.lay is v:ilid. It] tl)at C:ISC, malcrifll  cIcbc.d fIOIII s ide walls car) bc c o m p e n s a t e d  f o r  b y  tcducing tlIc pixd

(Iq)lb, II slloul(l  also bc ndc(l II):(I  cxposute t imes for tbcscs  d e v i c e s  arc limilcxl by tlIc  spcc(l of llIc p:lltcrn ~cncralor. IJlnns
c: III 10I ul)~,twlillg, OLIIS  by a factor of lII]c.c.

5. A[:KN()\$rl  .]~l)[;klltN’I’S

‘J’hc t’cscat’ci] dcscl”ibcd in ibis pa]wt” was  pct”foI’Incd by (bc (km[ci  for Space  Microclcc(lonics ‘1’ec]lflo]op,y,  .lc( ]’mpu]sion
1 :ibola(ory, {klifolnia lnsti[utc of ‘1’cchnology,  and was  jointly s]wnsmcd  by {k ]Iallistic h4issilc  lkfcnsc organiza t ion  /
innovative Scicncc and ‘1’ccl]nr)logy Office nnd the. National Acionautics :iod Spocc  A(lll~it~istr:itiojl / ofl’icc  of Advanced
(’(mccpls  and ‘1’ccllllology.”
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‘l’. l~t]jit:i, 11. Nisllillwa, and .1. Koy:ml:I, “l; atwicalion  of micro  ]cmscs Llsitlg,  elecl[clrl-t)c:llll  Iilllop,r:lplly,” 0/)1, I,c[l. 6, 613-
615, 1981.
h4. ltkbc]g, h4, 1,atsson,  S. 115K1, aII(l 11. Nilsson, “Multilevel l>ll:isc ll()]()Sl":lllls lIJ:lllLif:lct~ lt"c.(l  t>yc]cclr()!I t>c:llll
litllo~,l a]~lly,” Opt. fclf. J5, 568-569, 1990.
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