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This lener describes the formation of nanometer-scale features in a silicon substrate using a

sclf-assembled monolayer (SAM) of octylsiloxane on silicon dioxide as a resist sensitive to a
panerned beam of neutral cesium atoms. The mask that patterned the atomic beam was a silicon

nitride membrane perforated with nm and pm scale holes, in contact with the substrate surface. In

a two-step wet-chemical etching process, the pattern formed in the SAM was transfened first into
the SiO2 layer and then into an underlying silicon substrate. This process demonstrated the

formation of silicon fearures with diameter -60nm. @ 1997 American Institute of Physics.
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In the experiment described he re, - 60-nm-wide features

in neutral atomic cesium were transferred into a silicon sub-
strate using a self-assembled monolayer (SAM) as a positive

resist. The SAM resist of octylsiloxane was formed on a
layer of sil icon dioxide on a sil icon (l0O) substrate. The

SAM was patterned by exposure to l0-30 atoms of cesium
per molecule of SAM. through a mask consisting of a sil icon
nitride membranc with nm and pm scale holes. The pat-

terned SAM layer acted as a resist against a wet-chemical

etch that transfened the panern into the silicon dioxide layer.
In a second etching step, the patterned silicon dioxide layer
was used as a mask for an etch into the underlying silicon
substrate. This work demonstrates the first use of neutral
atoms to form patterns in an alkanesiloxane SAM on :unor-
phous silicon dioxide. Two potential applications of this
technique are as a high-resolution detector for atomic cesium
and as a component in resist-based neutral atom lithography.

. Atomic optics experiments can generate periodic atomic
distributions with < l0O nm features.l-o Recent experimental
progress, such as the development of new atomic sources5
and flexible methods for guiding6'7 and patterningt atoms,
suggests that future experiments hold promise for creating
atomic distributions with more arbitrary patterns or with

smaller characteristic length scales. Detection of position

distributions of alkali atoms with nm scale resolution is cur-
rently a challenging problem. If an alkali atomic pattern is
deposited directly on a substrate, the pattern will be de-
stroyed upon exposure to atmosphere, since the alkali atoms
react immediately with dioxygen, water, and carbon dioxide.
Analysis in situ, using scanning tunneling microscopy, can

show features with sizes (20 nm,e but such techniques are

experimentally inconvenient. By using a resist/etch system to

transfer the pattern formed in cesium into a more durable
substrate, such as silicon, we create a copy of the pattern, in
a process loosely analogous to the way that photographic
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film is used to create a p€rrnanent copy of a pattern of light:
both processes amplify the initial image-forming events, al-

beit in different ways. The "atom photograph" can then be

imaged outside of vacuum using conventional microscopy
techniques to give spatial information about the atomic dis-

tribution on the < 100 nm length scale.
Additionally, because neutral atoms have a small de

Broglie wavelength, lithography using neutral atoms may
prove useful in creating smaller structures than are currently
possible with conventional light-based lithography. Beams of

neuual atoms are also simple to construct, are insensitive to

Coulombic forces, and can be used in patterning a large area
(-cm2) in a parallel process. Thesc advantages make trans-

ferring nm scale atomic patterns into silicon intcresting for

applications such as device fabrication.
Previous work has shown that SAMS 8re scnsitive to

damage by elecuonslo'll and by neutral atoms.l2-16 SAMt

are capable of nanometer-scale resolution, and can act as

resists to transfer nanometer-scale features into underlying
materials. An electron beam has becn uscd to Pattern SAMs

formed on silicon dioxide, yielding -6 nm fearures.lT
Nonanethiolate SAMs formed on a gold layer and patterned

with neutral atomic Cs have been used as a resist to transfer
-70-nm-wide features into the gold.la Our prcvious efforts

to create nanostructures by using cesium to damage SAMs

on gold seemed to be limited by the grain size of the under-

lying gold substrate; by using amorphous silicon dioxide we

expect to avoid these limitations.
SAMs offer several potential advantages for use as resist

materials that transfer patterns formed in neutral atoms into
p€rrnanent substrates :

(l) SAMs are sensitive to several neutral atomic species,
e.g., cesium,14'15 sodium,lS metastable argon,ll16 and
metastable helium. l3' l6

(2) Because SAMs are thin (- I nm), they are scnsitive to

low doses of cesium (- l0 Cs atoms per molecule of

SAMI4) and metastable rare gas atoms.l2'13'16

0003€95 1 /97 n 1 (9y 1 26 1 l3l$ 1 0. 00 O 1997 American InsUtute of Physics 1261



t=4El EEErErry EEEBq

ls i  I

t . l l  I  otchlng (KOH) cr.. t  .  t  . tur..  In 3l In
t-,  

I  

roglonr whorc thc 3tO2 wrr rcmovod

=FF'FF .E E=-' J-=-=
l v s i  I

FIC. l .  Schemat ic d iagram of  the expcnmcnt l l  procedure (not  to scale) .  (a)

A SiOr substrate was f i rs t  coated wirh a SAlv l  of  octy ls i loxane. (b)  Thc
substrate was then exposed to a bcem of neutral cesium atoms through a
physical mask. (c) ln a wet-chemical-etching step, the parrern of damage
caused by the cesium was transferred into the SiO2 layer. (d) Finally, the
SiO2 pattern was used as a mask for etching into the underlying Si substrate.

(3) The chemistry of SAMs is well understood. They can be
made in different lengths and with different end groups.
A SAM could perhaps be engineered to make it more
sensitive to a particular damaging agent.

(a) SAMs can be formed on many materials (e.g., conduc-
tors such as the coinage metals;le CaAs, a semi-
conductori2O'21 and sil icon dioxide, an insulatol2), so if
the damage mechanism is general, a pattern formed in a
SAM could be transferred to many types of substrates.

Transferring a pattern, via a SAM, into sil icon dioxide is
of particular interest because a pattern in the oxide may be
used as a high-resolution mask for a subsequent isotropic or
anisotropic etch into the sil icon. Anisotropic etches into sil i-
con can yield features with high aspect ratios. This technique
may be used to amplify a feature formed with only a few
monolayers of cesium into a deeper feature (tens of nm)
which may be more easily imaged.

Figure I outl ines the processing steps taken with the
samples of  octy ls i lo. \ane SAN' l  on SiO2. The substrate usecl
in these exper iments was a s i l icon wafer wi th a SiO2 over-
layer that was measured, using ell ipsometry, to be -9 A
thick. The wafer was cleaned by immersion for 30 min in
piranha solution, rinsed in disti l led water, and dried under
filtered nitrogen gas. The SAM was formed by soaking
pieces of the cleaned wafer for ) 12 h in a solution of -l%o
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octyltrichlorosilane in toluene at room temperature. A cloudr
white precipitate was seen on samples as they were taken out
of  th is solut ion.  This f i lm of  excess reactants wos ref t r ) \cr l
by rubbing the sample wi th a cot ton swab wet wi th to lucnc.
The rubbed samples were then rinsed in toluene, and dricrl
under fi l tered nitrogen. The thickness of a typical SAlvl r ',1'
measured us ing  e l l ipsomet ry  to  be  l2 t2  A .

The Cs belm incident on the samples was patterned u rth
a physical  mask consist ing of  a perforated 50-nm-thiek
membrane of  s i l icon ni t r ide that was supported on a s i l icon
wafer. l l  The SANI sample,  wi th the mask clamped in c losc
contact with the sample surface, was exposed to up to 3(l
atoms of  neutral  cesium per SANI molecule,  f rom a col l r -
mated atomic beam. The atomic beam was created by hcat,
ing cesium in an oven to -290 oC and extract ing atorrrr
through a 1.6-min-diam circular aperture in the oven wal l .
The atoms then passed through a 1.3-cm-diam circular apcr-
ture 27.0 cm away from the oven, and the sample was placctl
17.0 cm further along the path of  the atomic beam. Sarnplc
entry wa.s accompl ished through a load- lock chlmhcr
pumped w' i th a LN,-cooled sorpt ion pump. Pressures in thc
main chamber dur ing exposure were typical ly -5
x l0-8 T, t r r .  The f lux in the atomic beam was determinct l
by measur ing thc opt ical  th ickness of  the beam for c i rcul l r l r
po la r ized  laser  l igh t  tuned to  the  65 lnF=4 to  6P371F:5
transi t ion (851 nm) in atomic Cs. This measurement is c lc-
scr ibed in Ref.  l -1,  and w'as done on an atomic beam col l i -
mated to -  3 mRad. This resul t  g ives the conect f lux at  thc
center of  the unapcrtured beam as wel l .  The typical  f lux dur ' -
ing the exposure of  samples was l0 Cs atoms per SAIvI  nrol
ecule per hour. The exposure time could be easily reduced by
increasing the oven temperature, and thus increasing thc tlur
in the atomic beam.

After exposure, the samples were removed from thc
vacuum system and etched with a two-step wet-chemicl l -
etching process. The f i rst  step consisted of  a 20 s dip in l ' , , i
HF at  20 "C. This removed the SiO2 layer in places whcrc
the SAlvl  resist  had been damaged. After being r insed with
dist i l led water,  the samples were immersed for 4 s in thc
second etching bath,  an alcohol ic KOH solut ion at  70 "C
The patterned SiO2 layer acted as a mask for this secontl
etching step, so that features were etched into the sil icorr
substrate only in regions where the SiO2 had been removed.
All the sample transfer steps, before and after exposure antl
etching, were conducted in ambient laboratory conditions.
The patterned sil icon samples were analyzed using a Park
Scientif ic Autoprobe CP atomic force microscope (AFNI).

Figure 2 shows AFIVI images of features etched into it
si l icon substrate following exposure to a beam of atornie
cesium through a mask that had an array of holes with sizcs
- 500 and - 60 nm. The - S0O-nm-wide features have u
depth of 20-40 nm. The AFNI tip used in creating thesc
ima-ees had a radius of  curvature of  -20 nm, which \ \ 'c  c\-
pcct  l i rn i ts the resolut ion of  the image of  the . -60-nni-w' i r le

features shown. These images were generated from a samplc
that had been exposed to the atomic beam for 1.5 h, fur a
total  dose of  -  l5 Cs atoms per SAM molecule.  Simi lar  t 'c l -
tures have also been formed after exposures of the SANI ftrr
I -3 h. In some samples, we do not observe features at e!'er\
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F t G .  I  l r r r  . ' \ [ i \ l  r t t . r ! c  o l  - \ ( X ) - n n t  \ \  r r l c  \ t l u e  t r r l c s  c t u h c d  i n t o  s i l i c o n
A f t c r  c t p , , . r r r c  o l  . t  r . r t t t p l g  o l  o e  t )  l : r l o r . r r r c  S . \ \ l  6 r r  S i O ,  t o  a  b c a m  O f
c e s i u r t t .  

' l  
h e  r : r r r r p l c  r r . r :  l l r : t  c l e  l r c t l  l o r  l (  )  \  r n  . r n  . r ( l u c ( ) u ) i  s o l u t i o n  o (  l v o

H F  a t  . .  l { t  ( ' .  t l r e  r r  t , , r  J  '  t t l  . r n  . l l s o l l r r l i .  . r ' l r r t r o r r  , r t  K O i l  a t  - 7 0  " C .  T h e
f c l t u r c r  h . r r c  r r  r l c p t h  o l  l ( t - J l  )  r r r r r  r l r r  . \ l r \ l  r r r r . r ! c  t l t '  (  1 0 0 - n m - w i d c
f c l i u r c t  c t r  l l r ' r l  r l l o  l l r c  : t r r r r I l c

po in t  whc rc  t l r c  nu rsk  \ \ us  c \pcc t c r l  t o  t n rnsn r i t  ces ium.  Th i s
ef tect  is  r to t  \  c t  r .ur ( lc r \ t (xx l .

A  n l ce  h r l n i \ n l  t h ro r rg l r  ' , r  h i e  h  nc t r t n r l  ces ium i n  i t s
ground s l l tc  cou l t l  t l r rnurgc S, \ \ ls  h : . rs  not  bcen estab l ished.
The  p rcc i sc  rn i n i r r r u r r r  ck r sc  o l ' c cs iu r r r  t l u r t  i s  r equ i red  t o  pa t -
t e rn  t hc .S . \ I l  i :  u l so  n ( ) t  \ c t  cs tub l i r hc t l .  Fu tu re  wo rk  m igh t
i nves t i s i . r t c  t hcsc  t l ucs t i ons .  r . r s  r r c l l  us  cs tub l i sh  a  l owe r  l im i t
on  t hc  s i zc  o t ' t c . u tu r cs  t hu t  cu r r  hc  sc r r cn r t c t J  w i t h  t h i s  t ech -
n iquc .

I n  t h i s  wo rk .  wc  huvc  r l c r r r ons t ru t c t l  t l r a t  nanos t ruc tu res
can  bc  f o r rncd  i n  a  S , {N l  o f ' oe t l l s i l o runc  by  exposu re  t o
neut ra l  a tonr ic  ces iurn.  Thcsc nr r r  sca lc  lc 'u tures can then be
t rans fe r r cd  i n t ,  s i l i eo r r  d i . r i dc  u r r t l  s i l i eon  us ing  chemica l
e tch ing s teps.  S inec thc S, \Nl  \ \ i . l \  tonr rcd on amorphous
s i l icon c l ior i t lc ,  thc  f l ' l t t r rc  s izc :  urc  not  l i rn i ted by subst ra te
gra in  s izcs.  as  \ \ i . r \  thc  cusc t i r r  a lkar rc th io l l tc  SAIv{s  on go ld .
Because ccs iurn can p i l t tc r r r  S, \N ls  t i r r rncd on two d i f ferent
subs t ra t c \  ( - r r , r l d l r l s  an t l  S iO . ) .  \ \ c  r r r i gh t  expec t  t ha t  t he
same ntechanisnr  rvou ld  a l low pat tcrn i r rg  o f  SAMs formed
on other  sLtb \ t ra tcs .  such ls  GaAs.  or  thc  rerna in ing co inage
meta l s .  I n  us ing  ccs iu r r r  t ( )  p i l t t cn t  u  S , \N I  on  s i l i con  d iox ide ,
we present  i l  s tcp to ' , r 'a r r ls  tnr r rs fcr r ins  l r  pat tern formed op-
t i c a l l r  i n  u r r  l l k u l i  l t o n r i e  l r c l r r r r  i r r r o  s i l i e o r r  c l i o x i d c  a n d  s i l i -
con  subs tn r t c \ . - -  

' l ' l r i :  
t ce  h r r i t l r r c  l u r '  t t ca t  Po tcn t i a l  f o r  app l i -

cat ion 0s Lr  dctcetor  tor  p i t t tc rn \  t i r r r r re t l  r ' r ' i th  new atomic
opt ics  nrc thot ls .  or  i . r \  a  eonlp( ) r rcnt  o t '  a  nanol i thographic
sys tem.
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