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Lithography can be performed with beams of neutral atoms in metastable excited states
to pattern self-assembled monolayers (SAMs) of alkanethiolates on gold. An estimated
exposure of a SAM of dodecanethiolate (DDT ) to 1 5 to 20 metastable argon atoms per
DDT molecule damaged the SAM suff ic ient ly to al low penetrat ion of  an aqueous solut ion
of ferricyanide to the surface of the gold. This solution etched the gold and transformed
the patterns in the SAMs into structures of gold; these structures had edge resolution of
less than 100 nanometers. Regions of SAMs as large as 2 square centimeters were
patterned by exposure to a beam of metastable argon atoms. These observat ions
suggest that  th is system may be useful  in new forms of  micro- and nanol i thography.

A r 'r .r , '  rncthod of rnicrol i thography has
i.e cn . levelopcd th:,rt  Lrses :r beam of ncutral
incrt gus ir toms in me tastable excitccl
sfr l tes to pr]t tern sclf-asscmbletl  rnctnol iry-
er t  (SAMs)  o f  : r lkar rc th io l i r tcs  on gok l  (1-
I).  Lith,rgraphl '  u, i t l -r  neutr i l l  trctast i t l . lc
i l t() lr)s hirs sel.eral a. lvantirgcs. Ur-r l ike
rr 'chniqr-rcs that use be:rrns of elcctrons or
l ( )11s.  there are no e lect rosta t ic  in tcrac-
r l ( ) l l s  w i th in  : r  neut ra l  bearn thz l t  l i rn i t
t ' )cLrs ing or  f l r . rx  dens i ty ,  e i ther  in  : r  s ing le
l.rrrur or in :r paral lel  array of hei l tns. Bc-
c i l r . rsL '  o f  t l ' re i r  shor t  (<0.01 nrn)  deBrogl ic
u ,rvelengtl ' r ,  thcrural be:rrns of neutr ir l  at-
( )urs  can in  pr inc ip le  he focusec l  (4)  to  a
sl.rot that is l i rnited by the size of thc atotn.
lr-r contrast to photol i thographl ' ,  whcrc

l.nrct ical pnrblems with optics :rn. l  . l i f frac-
t ior - r  l i rn i t  the reso lu t ion to  - -100 nt 'n ,  i t  i s

l . trssible to create and mirnipr-r1:rte (4)

l-'eluns of neutral irtolrrs rvith tie Broglic
r i 'uvc lcngths <0.01 nrn.  For  these bc: rnrs ,
t l-re cffccts of dif fract ion u, i l l  be r,cry small ,
cven for l i thography through rnasks with
IO-r-un scnle features.

SAMs on gold :rnd si l icon hirve been
rused as rcsists in ir number of types of li-
thography (5, 6). Thcir thinness (typical ly
(2 nrn) is cssenti:rl firr rnet:rstable atom
lithogr:rphy: interactions between a meta-
stable atom :lnd a sr.rbstrirte irre limited to :r
surface layer that is probably 50.5 nrn thick
(Z), and f luxes of uretastirble atoms from
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presenf  sor r rccs (8 ,  9)  i r re  Lru '  ( -1  Y l0r+
i r toms s  I  s r  l ) .  F t t r  cxp()s t t rc  ( ) f  J  l ' cs ls t  t ( )
t :rke plzrce in a practic:r l  perio. l  of t intc, i t
tnust therefore he complete : l f ter c() l t t i lct
l l ' i th a feu' monolayers of metastal-, lc i t t() l t t \
u' i t l -r  thc srrrtacc.

Thc al. , i l i tv to cl i l tnagc SAlv{s n i th t trctrr-
stable incrt girs atoms irncl to tritnstirrttt this
dzrmage into permanenr str l tctr.rres t)f  gtt l . l  or
other m:rterials such as si l icon (10) ma.v l . ,c
useful in both l i thography antl  i l tor l l  () l . t ics.

For lithogr:rphy, light firrces c,lrld be Lrsc.l
to focus (I  J ) rnet:rstable atotns ()nto a SAM
resist and mirkc possible l i thtrgraphl '  u' i t l -r-

)  s n v  o f  D D T  ( - 1 . 5  n m )

Ti  (1.5 nm)/Au (20 nm)

Gold/SAM substrate exposed
to metastable Ar atoms ( t )

n' I
+ Mask

Exposure to Ar.  damages
SAM in localized reoion

Etch ing  removes go ld  in  reg ions  where
SAM was damaoed

] Further processing (such as etch
i with patterned gold as resist)
i

F ig.  1.  Schemat ic of  the exper imental  procedure.

Dimensions are not  to scale.  The structure of  the
SAM when damaged and at  the border of  the etch
pi t  is  unknown but  is  probably d isordered.
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oLrt a physical mask. ln atom optics (4),

darnaging SAMs r.vith neutr:ll atoms rnay be
nseful in hich-resoltrtion detectors of :rtot'u-
ic center-of-mirss wave fttnctictns. In bttth
rrppl icat ions, the usc of atotns to expose
SAMs is conceptual ly similar to the use of
photons to expose a photographic emLrlsion,
in that hoth Lrsc chemical developmcnt to
irchicve arnpl i f icat ion of :r  sensit izing e\.ent.

Figure 1 outl ines ()t tr  exnerirncntat l  pr,t-

ccdure. The sr-rbstrate was:-r thin f i lm of gold
supported on a t i t :rnium-primed si l icttn wa-
fcr (, |2); this substratc sLlpported a 1.5-nm-
rhick SAM (2) of doc' lecanethiolatc [DDT,
CIH r (CH . ) r  r  SHl. The sLrbstrate wns expose d
(l-3) to i i  beam of Ar atons in which less
tl-ran I in 10a were ir-r cither rhc 4.s 

tP, (80%,

11.5 eV)  111 { .s  rP, ,  (20 'X, ,  11.7  cV)  ,o" r r - , r t , r -
hle st:rtes (B). This beam w:rs tnechanical ly
collimate.l to - 1 mratl an.l shaped spatially
by a tri:lng,"rlar :rperturc to a -3 mml ,trc,r
( larger areas of exposure were possible). The
time of cxposLlre was typici'tlly 1 to { hours,

although we explorcd exposurc times rtrng-
ir-rg frorn 15 min to 36 hours (see helou,).
After cxp()sure, the pattern of d:rntilgc in the
S.\N4 u'as devekrped into a pattern of golil
u. i t l - i  l  te rr icvanide etch (14).

.\ .lirrgrirrn ..rf the :rpparatLls t-tsc.l in thcsc
cxpcrimcnts is shown in Fig. 2. Thc f lux of
n-rctastable inert gas atoms was generatet l
rvith a Jc clischarge sirnilar to one t'lescribet'l
i r-r  detai l  clsewhere (8). The cxpcri tnenfs
ruscel ir  nominal pressl lre of 2 x 10 t- fa;
u,ith tl-rc disch:rrge on, thc pressure r()sc to
r,rtrghly I  x 10 I Pa. Thc col l imirted rne ta-
stublc bcirm w:rs directetl towar.l zr stainlcss
stccl plate dctector. Bccar.tse of col l is i t tr-r-
induced elcctron emission (, l5), the t-neti : l -
stable flux cor-rlcl be measurcd by recttrcling
the current  on the, - lc tcc tor  ( , l6 ) ,  or  on thc
sarnplc i tself ,  with a picoammeter. The
rneasl lred cLrrrent was typic:r l ly 1.7 nA; this
vi l l rrc corresnonds to an clectrt tn etnissit tn
ra te  o f  - l  x  lO l l  events  per  second per
sql lare centimeter.

!7e exposed a SAM/gold substrate to the
bei,rm of metastirble Ar by r.rsing a transtnis-
sion electnrn tnicroscopy (TEM) grid (-10

pm rhick; 5-prn-wicle l incs, Fig. J, A and B)

Electrons

Sample t
Picoammeter manipulator{

Fig.2. Schematic of the experimental apparatus.
See text for details.
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'To whom cor resoondence shou ld  be  addressed
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as a mask; etching formed gold structures in
the pattern of the grid (Fig. 3, C to E). Thc
edge resolut ion (-100 nm, Fig. lE) of the
goltl structures was comp:rrable to that of thc
TEM grid (Fig. lB). This resr.rlt tlemonsrrares
that SAMs patterned by Ar{' can be used fcrr
lithogr:rphy. It also establishcs thc uppcr
boLrn.l ftrr the resolution in our expcriments.
Goltl strr-rctr-rrcs fahricatcd in tl-ris manncr
coul,,l be trsctl fr-rrther :rs resists frrr anisotnrpic
etch ing (5 ,  .10,  l7 )  o{  s i l i con (F ig .  3F) .

TEM
grid

Patterned
gold

Patterned
gold

Patterned
gold

Etched
si l icon

Fig. 3. Exposing SAMs of dodecanethiol on gold
to a beam of metastable Ar, followed by wet-
chemical etching, produced structures of gold
and si l icon with features ranging from 5 pm to
several mil l imeters. (A and B) Scanning electron
mir^ roqcnnv  ISFN/ )  imaoes o f  a  ( ]  r  TFI \ /  o r id  uSed\ v L r  v  r /

as a mask (in contact with the surface of the sub-
strate)to form the features in (C) to (E). The rmage
in (B) shows a smaller region of the TEM grid in (A)
at higher magnif icat ion: the sample was t i l ted to
help vrsual ize the edge resolut ion of the grid, (C to
E) SEM rmages of patterned gold structures fab
ricated with the TEM grid shown in (A) and (B) as a
mask. (F) An SEM image of a fracture prof i le of
srlrcon structures fabrrcated by anistropic etching
usrng gold microstructures as resrsts. These gold
microstructures (not shown)were prepared by us-
ing a larger wire grid (-25-pm-wide l ines, not
shown) than the grid shown in (A) and (B). The
edge resolut ion of the si l icon structures was com-
parable to the edge resolut ion of the wire grid.
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Control experimcnts that deexcited the
rnet:rstable zrtorns (4s lP, state) in the bezrm
established thirt thc tlam:rge to the SAM
wils clue only to met:rst irble atoms (lB).

I r r : rd ia t ion a t  764 nm (19)  exc i ted Ar  a t -
oms from the 4s lP, state ro fhc 4p \D.

st:-rte, which dectrycJ in rr rapiel .,,r.od" tt.',
thc ground st:rte of the atoln; the 4.s 

rP.

atolns (-8096 of the metastablc :rtoms)
were thus quenched. Expostrre of a SAM/
golcl substrirte to an Lrnqllenched hcam (in-

tegrated f lux ccl l ivalcnt to 1 .1 x l0l" meta-
st: ible z-rtorns per sqLlare centimeter, or -28

tnonol:ryers) caused suff icient,.1:rtnage so
that ctching was comp,lete in thc exposccl
rcgion after 40 min in the ctching solrrt iot-t .
Exposrrre to :r qlrenched bearn for the sittne
rime ( integrated f lr-rx eqr-r ir ' : r lent to 1.6 X
1015 tnetastab le  a to tns per  squ: l rc  cent i tnc-
tcr, ()r -(r rnrinolal 'ers rerlrrcetl  ditnrirgc to rr
levcl at u'hicl-r thc substratc r l i r l  not shou'
p i t t ing ( r rhovc thc leve l  ex fecte t l  tor  t rner -
p,rse., l  DDT SAMs) after a 60-rnin cxp115111.

764-nm laser l ight

Te,
I

B e 0

BO

0  2  4  6  I  1 0

Posi t ion (mm)

Fig.4.  (A)A beam of  764-nm l ight  (dot ted c i rc le in
diagram) quenched Ar.  to Ar where i t  in tersected
the beam of  metastables.  Exposrng a SAM/gold
o r  r h c i r a l n  l n  n  " o n l f j 2 l l r r  n r  r a n n h o 6 j  

'  
6 p 6 1 r o * n h l nJ U U J L I d L U  L \ - /  d  J p q L r q i l y  ! - 1 u 9 r  r u r  r 9 v  |  |  r u l d J l O U l U

hoa rn  n rnd r  r no r l  a  na l t o rn  n f  r { : r nano  t f i 2 f  r n f l nn t
u u o r  r r p r  u u u u u u  o  p q L L g r r v r  u q r r r q V U  L r  r u L  I U l l U U l -

ed the dist r ibut ion of  the f lux of  Ar.  in the modi f ied
beam. (B)A plot  of  opt ical  ref lectance.  (measured

at normal  inc idence,  l inear ly polar ized l ight  at
632.8 nm) versus posrt ion on a sample prepared
with a "spat ia l ly  quenched" metastable beam
and etching.  Higher ref lectance corresponded to
regions of gold not removed by the etch (that is,
where exnost  r re to *h^ ^,  ,^^^r . -^^ h^^-  dtd notv v r  r u r  u  u ^ V v r u r v  r v  L l  l U  l ] u u l  l u l  I V U  u E o l  l l

damage the SAM).
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to the etching solut ion. These experiments
show that the metastables were the cause of
clam:rge to the SAM in the unquenched
bearn (20) .

ln :r different control experiment, il
beam of hght with a spatial intensity distr i-
bution (1/el width -2 mm) narrower than
the spatial cl istr ibution of the met:rstables
(- l  cm) w:rs cl irected transversely through
the bcam of metirstirbles a few millimeters
from the substrate (Fie. 4A); the Ar+ rvas
quenched only in the region of intersection.
Exposing a SAM/gold sr-rbstratc to this par-
tially quenched bearn resulted in a pattem ,.rf
dam:rge that reflectecl thc spatial distribr-rtion
of Ar* in the modif iecl be:rm (Fie. 48). lhis
experiment confirmed that Ar* rvas the spe-
cies in the met:rstable bearn that damaserl
the SAMs. I t  i r lso showed (at the mil l imeter
scale) that heams of Ar'i' that h:lve been
pattcrncd spatially hy optical quenching can
be trse.l  to pattern SAMs (2, l) .

To correl:r te t l-re . l . .rse (Do,,") of metast:r-
blc Ar del ivere.l  to the SAN{ resist with the
.lur.nage to thc SANl t l-rat rcsulted from this
LrxposLlre, the SAM/gOli l  sLrhstrates were ex-
posed to Ar* through a tr iangular aperture
irncl etchecl (,14). The t irne (r. , . , ,)  required
to frrrm the pattern in the gold (22) dc-
creascd with incre:rsing dose (Fig. 5); an
integr:rted f lux equivalent to -100 mono-
layers of Ar* prodr-rcccl s:rturating levels of
d2'rmage.

In summary, cxposl lre of SAMs of DDT
or-r gold to metastable Ar :rt()ms sensLtlzes
thenr to etching by an : lqueous ferr icyi lnide
soh-rt ion. T1'r is rnethod of p:rt tcrning SAMs
sLlggests it ltc\\r appftrach to lithographl' bv
Lrsing neutr ir l  rnctastable zltoms as elrcrgv
carricrs. Because there is arnple prcccrlcnt
that l ight forces cirn direct the deposit ion of
neutral atorns spi l t ial ly on a surface ( l  I  ) ,

D4". (atoms per DDT molecule)

1 0  1 0 0

. 4  1  1 0

Dsp. (101oatoms cm-2 1

Fig. 5. The time required to form a triangular pattern
in the gold by etching (t.,.,,), normalized to the time
required to etch unprotected gold (t^,,, 9 min), versus
+A^ -J^^^  ̂ {  "_^+^^+^L-rr  Ar /D.  exnresser^ l  in atomsi l  t u  u u J U  u t  I  t u t d J L d u t v  n r  \ u A r . .  g ^ v r v J o v u  r l

nA r  an  I  r e ro  non t imo f6 l  nn r l  nc  n tnmo  ^^ r  l - 11 - \T  mn lo_
vu r  ovuo r  v  uc r  r L i l  |  r sLEr  d r  r L l  dJ  d l u r  i l )  l - r u r  u l . J  |  |  l u l v -

cules, or monolayers). See text for details.
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and because this work dcmonsrrates
quenching of metast:lble neutr:rl atoms by
optic:r l  pumping in selected rcgions of space
(Fig. 4), whar rve descrihe hcrc is, in prin-
ciple, :rn "al l-optical" method of frrrrnrng
nanomctcr-scale patterns.
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