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The spatially dependent de-excitation of a beam of metastable argon atoms, traveling 
through an optical standing wave, produced a periodic array of localized metastable 
atoms with position and momentum spreads approaching the limit stated by the Heisen- 
berg uncertainty principle. Silicon and silicon dioxide substrates placed in the path of the 
atom beam were patterned by the metastable atoms. The de-excitation of metastable 
atoms upon collision with the surface promoted the deposition of a carbonaceous film 
from a vapor-phase hydrocarbon precursor. The resulting patterns were imaged both 
directly and after chemical etching. Thus, quantum-mechanical steady-state atom dis- 
tributions can be used for sub-0.1-micrometer lithography. 

Several nanolithography techniques rely 
on the use of energetic particles (such as 
~ h o t o n s ,  ions, or electrons) to inltiate 
alterations (such as etching or chelnlcal 
reactions) over regions of a surface select- - 
ed with phvslcal masks. Neutral metasta- 
ble atoms have also been exvlored as an 
alternative source; the use of such atoms 
avoids electrostatic interactions that can 
limit the resolution of patterning with 
charged particles, and their low kinet~c  
energies cause little damage to the sub- 
strate material. We have used inetastable 
argon (Ar'+) atoms ( 1 )  to pattern sub- 
strates in the presence of a hydrocarbon 
vapor. The release of energy (-12 eV) 
into these hydrocarbon molecules ( 2 )  pro- 
duces a d~lrable carbonaceous material that 
has excellent resistance to several wet and 
dry chemical etches and can be used to 
transfer patterns into ALI, Si, SiOL (3 ,  4 ) ,  
and GaAs 15) with feature sizes as small as 
20 nm (4) Previous experiments have 
used metastable atom beams to damaee " 

self-assembled monolayers of alkanethi- 
olates on gold films, demonstrating pattern 
transfer with edge resolutions of less than 
100 nm 16). 

The use of physical masks is limiting in 
several ways. Free-standing stencil masks 

u 

may clog and must be positioned very 
close to the substrate to minimize the 
spreading of the particle beam during 
free flight. Additionally, the mechanical 
stability and structural integrity require- 
ments of free-standing masks during fabri- 

cation and use severely llrnlt the nanoln 
eter-scale patterns poss'ible. Here, we used 
a ~er iodic  o ~ t i c a l  field ~nstead of a 
physical mask to localize Ar'l: atolns on a 
nanometer length scale. A single infrared 
(IR) standing-xvave field \%:as used both 
to de-excite atolns from the lnetastable 
state to the inert ground state and to 
confine the remaining lnetastable atoms 
in an optical potential. The lnetastable 
atolns were quenched to the atomic 
ground state every\vhere except in narrow: 
regions around the nodes of the standing 
wave. The resultine center-of-mass wave 
packets occupied primarily the loxvest 
vibrational bo~und state of the opt~cal  
potential. The product of the widths of 
the transverse oosition and momentum 
distributions of lnetastable atolns trans- 
mitted through each node approached the 
limit stated by the Heisenberg uncertainty 
~rincivle.  

A variety of indirect methods have 
been used previously to probe the atomic 
localizat~on induced by optical fields. Un- 
like the spectroscopic (7 ,  a ) ,  time-of- 
flight (9) ,  and state-selective trallslnission 
11 0. 1 1 ) tecl~nioues demol~strated else- 
\%:here, the method presented here directly 
probes the atomic distribution as it strikes 
the surface. The length scale of these spa- 
tial distributions of atolns was much small- 
er than the diffraction limit of the optical 
p~unping light. The demonstrated resolu- 
tion (-0.02 pm) (4)  of the pattern trans- 
fer techniques is high enough to allow the 
spatial imaging of the low-lying states of 
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nm). The laser f~eld  drives the m )  + e )  
transition xvith an interaction strength 
characteriied by a Rabi frequency, I),, and 
is d e t ~ ~ n e d  from the atomic resonance fre- 
quency, o,, by 6 = olaie, - o,, where olase, 
is the frequency of the laser. Atoms in e )  
can radiatively decay back to the atomic 
ground state g ) ,  dissipati~~g the atom's 
internal energy as an ultraviolet (UV) 
photon. The excited state decays at a total 
rate r, and the atoms decay with proba- 
bility il to g ) ,  and with probability 1 - :I 
back to m ) .  Repeated excitations and 
spontaneous decays will optically pump all 
of the metastable atoms to g ) ,  a process 
termed "optical quenching." Olnce the at- 
oms have returned to the ground state, 
they do not have'enough energy to affect 
the surface. 

We used a one-dimensional ( I D )  , , 

standing wave (Fig. 2A) to pattern a beam 
of Ar'" by optical quenching and then used 
the resulting pattern to deposit a carbona- 
ceous film on a substrate. When -4 is near 
unity, we can neglect the effect of atoms 
ret~lrning to the lnetastable state after a 
spontaneo~~s emission. Even when -4 is not 
near unity, for a laser-atom interaction of 
sufficient strength and interaction time, 
atoms traveling through the laser light are 
quenched 1vitl1 s~~fficiently high probabil- 
ity that metastable atoms are transmitted 
only in narrow regions of near-zero field 
around the intensity nodes. This "virtual" 
absorption grating produces high contrast 
in the lnetastable population transmitted 
at the nodes relative to the antinodes 
because the metastable population under- 
goes fast expol~el~tial decay in the high- 
field regions. We use the term "virtual" to 
indicate that the atoms are effectively re- 
moved because of a change in their inter- 

IR laser 
excltatlon 

1 -A 

Fig. 1. Simplified diagram of the argon level struc- 
ture used n the experment An IR laser photon 
can exc~te the atom from the metastable state m )  
(4s[3/2],=,, m, = 2) to an exc~ted energy state e )  
(4p[5/2],=,, m, = I) that can radat~vely cascade 
back to the atomc ground state g ) ,  dsspat~ng 
the Internal energy of the metastable state (12 eV) 
as a UV photon and render~ng the atom unable to 
change mater~a on a surface See text for d~scus- 
sion of var~ables 6, r ,  and '1. 
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nal state, but are not physically removed 
from the distribution. Localized reeions of 
transmission with widths -1125 &d con- 
trasts of - 100 : 1 to 1000 : 1 are predicted 
by fully quantum-mechanical calculations 
for a variety of realistic experimental sit- 
uations (1 2). This high-contrast, subwave- 
length localization results directly from 
the nonlinearities of the de-excitation 
process. 

To understand fully the resulting pat- 
tern, it is necessary to consider both the 
diffraction of the matter waves and the 
forces exerted on the atoms by the optical 
field. As 'the distribution of Ar* atoms 
becomes spatially localized, it begins to 
diffract. During the optical pumping time 
required to achieve high-contrast localiza- 
tion, this diffraction causes the atoms to 
move away from the nodes, enter regions 
of higher laser intensity, and begin to 
quench rapidly. The effects of diffraction 
can be offset, however, if the atoms are 
confined to the nodal reeions bv an exter- - 
nal force. This confinement was achieved 
by detuning the laser frequency above the 
atomic resonant frequency so that Ar* 
atoms adiabatically entering the standing 
wave experienced a potential with minima 
at the standing-wave nodes. As the 
quenching process increasingly localizes 
the Ar* atoms at the nodes, the time 
evolution of the s~atial distribution of the 
metastable atoms is best described in terms 
of the quantized energy levels of the opti- 
cal potential wells. 

The quantum-mechanical mode struc- 
ture of the standing-wave potential near a 
node, including the three lowest energy lev- 
els and their corresponding energy eigen- 
functions, is shown in Fig. 2B. For suffi- 

ciently far detuned laser fields (6  > I'), lation frequency o,,. Calculations can be 
the SHO nature of the confining potential simplified by ignoring the effect of spon- 
near the nodes permits analytic expres- taneously emitted photons and by assum- 
sions for quantities such as the state-de- ing a low degree of atomic excitation near 
pendent decay rate y,, the width of the the nodes. Adiabatic elimination of the 
position distribution 6x, the width of the excited state allows the replacement of a 
momentum distribution 6p,, and the oscil- full master-equation treatment with an ef- 

A I p(x,z)l & Atoms 

Fig. 3. (A) Results of a quantum Monte Carlo sirnula- 
tion for the spatial distribution of an Ar' beam passed 
through an optical standing wave. The evolution of an 
initially uniform spatial distribution exhibits a fast de- 
crease in population in regions of high intensity but a 
persistent propagation of atomic flux near the nodes 
of the fields. A substrate is placed slightly clipping the 
standing laser field (position S) to image the atomic 
'distribution without any free flight. The calculated 
peak-to-valley contrast was = 1000 : 1 at the position 
of the substrate. A peak Rabi frequency of 70 MHz, a 
detuning of 18.5 MHz, and a laser waist of 320 pm 
were used in this calculation to match exoerimental 

O' do a s b ~  .o . a  i' 
Position in z (pm) fS 

parameters for the deposition shown in (c). (6) The 
evolution of the FWHM of the position distribution shown in (A) illustrates the localization induced by the 
optical pumping. Dotted lines indicate the widths of the three lowest vibrational states of the potential 
well. (C) An SEM image of material deposited on a silicon dioxide substrate exposed for 8 hours to an 
atom beam transmitted through a standing wave, as described above 

Fig. 2. (A) Schematic diagram of the spatially de- A , 
pendent optical pumping used to create wave 
packets limited only by the matter wave diffrac- 
tion. The atoms are optically quenched every- 
where except in narrow regions around the nodes 
of the standing wave. The transmitted metastable 
atoms interact with the surface and a background 

1 vapor precursor (not shown) to deposit a carbo- 
naceous material. (6) The first three quantized vi- 
brational energy levels (solid) and energy eigen- A 
functions (dotted) of the harmonic potential, U(x), 
that is formed near the nodes of the standing- . 
wave laser field. The atoms populating higher en-, f a  
ergy levels are optically pumped more rapidly be- f 2 
cause they extend further into regions of high light 
intensity. (C) The product of the spread in the 1 ------ 
transverse momentum and position widths caicu- o 400 g# rzm 
lated in a quantum Monte Carlo simulation shows ~ * m n h l h )  
the approach to the minimum uncertainty wave 
packet. A minimum uncertainty ~roduct  of fi/2 Metastable atom = @ = I m )  Gfound-state atom O = IQ) 
(dashed line) is characteristic ofthe lowest bound w p h ~ m ~  = - 
state of a harmonic potential. Theoretical results 

Deposited material = - 
are shown for an idealized quenching probability (A = 1. solid line) and the the transverse direction. The atoms interact with a laser profile that turns 
actual quenching probability for Ar* (A = 0.72, dotted line). The results are on slowly and is then held constant at a peak Rabi frequency of 100 MHz 
for argon atoms at 800 m s-' , initially collimated to 0.3 mrad (full width) in and a detuning of +30 MHz. 
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fective Hamiltonian that is valid near the population in the harmonic well states approaches the minimum uncertainty 
nodes is uniform, the population of the well product of h/2, which corresponds to 

PXZ states appears to be thermally distributed pure occupation of the lowest bound state 

H , = ~ M +  during its evolution (because of the linear of the system. However, the recycling 
dependence of quenching rate on level of atoms back into the metastable mani- 

so number). This corresponds to a 1D effec- fold (A < 1) prevents the uncertainty 
m)(m ( I )  tive temperature that decreases as product from reaching fr/2 because the 

 yo^,,,)-' to an ultimate value of -1 pK. atoms have a finite probability of return- 
(131, where so = R21[2(a2 + r2/4)] B1 is The rapidly decreasing effective tempera- ing to excited vibrational levels or to a 
the peak saturation, r is the natural line- ture cannot be described as "cooling" be- strong-field-seeking state in which the po- 
width of le), klaSe, = ~IT~X~, , , ,  is the wave cause it results only from the preferential tential does not confine the atom near the 
vector of the quenching light, M is the removal of hot atoms, not from energy node. Still, as shown in Fig. 2C, the phys- 
mass of the atom, and h is Planck's con- removal from the remaining metastable ical properties of Ar* (A = 0.72) allow 
stant divided by 2 ~ .  Near the nodes of the atoms. the uncertainty product to fall well below 
standing wave, the laser field forms nearly The effect of the random nature of the first-excited-state value of 3/2h. If we 
SHO potential wells, in which the ener- spontaneously emitted photons on the assume that the atoms are thermally dis- 
gies of the lowest bound states are given by atomic evolution can be included by usi- tributed, this value corresponds to 250% 
En = (n + 1/2)hoosC, where n is the level ng a quantum Monte Carlo simulation of the atoms populating the ground state 
number, oo, = (w,'cR2/6)'12 is the oscil- (15). The simulated evolution of the prod- of the potential well. By correlating the 
lation frequency, and ore, = hk:,,,J2M is uct of the transverse root-mean-square ground-vibrational (external) state of the 
the atomic recoil frequency. The quench- position and momentum distribution of atom in the potential well with the inter- 
ingrates yn of the low-lying levels increase an ensemble of atoms traveling through nal energy state (Im)) of the atom, we can 
with well state number as y, = 2(n + a standing wave is shown in Fig. 2C. image the spatial extent of the lowest 
1/2)yo (14), where yo = 1/4s&r(w,/ The uncertainty product, 6x6pX, for both vibrational level. 
o,,). Because the excited well states the ideal quenching probability, A = 1, In our experiment, Ar* atoms were col- 
decay more rapidly than the lowest and the actual quenching probability of limated by two stages of laser cooling, pre- 
vibrational state, only the lowest state Ar*, A = 0.72, is shown. When all of the pared in a well-defined initial atomic state, 
will be substantially populated after a atoms undergoing a single spontaneous and then passed through the standing-wave 
sufficient interaction time T,,,. If we emission are pumped to the ground state laser field (16). The calculated spatial dis- 
assume that the initial distribution of (A = I), the distribution asymptotically tribution of atoms across a single optical 

wavelength as it evolves in the optical field 
is shown in Fig. 3A. This quantum Monte 
Carlo calculation d the experimental la- 
ser beam and atom beam parameters de- 

A 
m a, signed to create ground-state distributions. 

f ' m M h w ~ a n w i a R h '  J E  A substrate was placed clipping the stand- 
-300 - 2 ~  -100 o 100 2m 3 m  ing laser field to Image the atomic distribu- 

Pos~tion ~n $ (urn) tion while the atoms were still confined in 

"250, , 
the optical potential (1 7). Figure 3B depicts 

' !- the full width at half maximum (FWHM) 
spatial widths of the calculated distributions 
shown in Fig. 3A. Also shown are the 
widths of the three lowest bound states, 
calculated analytically in the SHO approx- - imation (18). Atoms traveling at the most 

800 nm $ 
C probable velocity were calculated to have a 
a 50 
a, 1- SI~IUIC~~IO" d m  from SEMI position distribution with a width just 25% 
U. greater than the width of the lowest bound 

?300 -A0 -1, 0 lk A0 300 state when they hit the substrate. 
Position in $ (pm) Figure 3C shows a scanning electron 

Fig. 4. (A) Three-dtmens~onal rendering of an AFM microscopy (SEM) image of the car- 
Image of the pattern etched Into a St(ll0) sub- bOnaceous deposited in the 

a, strate The features etched tnto the slltcon had a (I9) described in Fig. 39 A 
0 0 5 1 1 5 A 2 2 5 3 height of 12 nm and extended over a -0 5 mm2 and B. The height of the lines of car- 

Position in x (um) area (B) Average ltne profiles of SEM Images were bonaceous material deposited onto the 
used to determine the wldth of thefeatures. Analys~s of the secondary electron lntenslty versus pos~t~on surface was 0.6 + 0.3 nm, as measured 
lndlcates that the FWHM of the llnes IS 65 ? 5 nm (C) The peak laser tntenslty IS shown as a funct~on by atomic force microscopy (AFM) (20). 
of posttlon rn the p dlrect~on. (D) The measured wldth of the llnes etched Into the substrate shown In The imaging of the deposited material 
(A) and the calculated wtdths for the transm~tted metastable dlstrlbut~ons are shown as a funct~on of can provide the most direct informa- 
posltlon. A laser power of 2 25 mW, laser detun~ng of 28 MHz, and laser walst of 180 pm were used tion about the spatial distribution of the 
for the atom beam pattern~ng The measured FWHMs were determined by analyzing SEM Images 
and were typ~cally averaged over -0.5 pm along the dlrectlon of the Ilnes. Theoretical w~dths are atoms, because there is a linear relation 

FWHMs calculated by a quantum Monte Carlo s~mulatlon for measured experimental parameters between atomic dose and deposited mate- 
The P orlgln was used as the only free parameter to ftt the data and theory. This comparison shows rial thickness (4). However, larger atomic 
that th~s pattem~ng technique prov~des quantttatlve ~nformatron about dlstrlbutlons formed In atom doses are needed to extract reliable quan- 
opt~cs experiments on the sub-0.1-pm length scale titative information from these images. 
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Further enlianceinents in the  incident 
atomic dose or in the  efficiency of the  
resist for~nat lon process should produce 
better dlrect images. 

A developinelit stage \\.as used to  en- 
liailce the contrast of the  images; this pro- 
cedure impro\.ed the  linages sufficiently to 
allow the extraction of quantitative ~nfor-  
matioil from the  exposures. W e  developed 
the images by using a variety of wet and dry 
cheinlcal etching teclinlques to transfer tlie 
patterns formed 111 the carbonaceous mate- 
rial llito the substrate (21 ) .  Figure 4A shows 
a 3 D  rendering of an  IIFM image (22)  of 
12-nm-tall features, etched into a S i ( l l 0 )  
substrate after exposure (23) to a patterned 
A r ' q e a r n .  Flgure 4B sho~vs an  integrated 
line profile of an  SEhl image of tlie features 
formed 111 tlie same exposure as those shown 
in Fig. 4A. Anal\-sis of this profile illclicated 
that  the  featurres l ia \~e a FWHhl  of 65 nm;  
this xidtli  is consistent \I-ith the AFhl mea- 
surements. given the expected broadening 
of the  llnage as a result of the  AFhl tip 
14-ldtli. In  this exposure, a pattern of distinct 
lines n.as transferred l ~ i t o  the  substrate over 
an  area of 4 . 5  mm2. 

T h e  quenching laser beam had  a cyliii- 
dricall\- s\-mmetric Gaussian intensity pro- 
file. Atoms crossing the  laser heain alvay 
from the  axis experienced a peak laser 
intensity that  \\.as less than  tlie maximum 
peak intensit\-. Bl- measurilig the  widths of 
the  etched lilies as a function of their 
position in the  Q dlrectioli o n  the  sub- 
strate, n.e determined the  relation be- 
tween linen-ldth and peak laser intensity. 
W e  then  compared tliese results with the- 
oretical calculations. 

Figure 4 C  shows a profile of the  laser 
intensit\- as a f ~ ~ n c t i o n  of position along 
the  substrate (5 direction in Flg. 4A). 
Figure 4 D  displays both  the  measured 
wldths of the  lines and the  FK'Hbl of tlie 
calculated atolnic distributions as a firnc- 
t lon of posltioli in  the  laser beam profile. 
This  comparlsoli of theoretical and exper- 
llnelital \I-idths delnolistrates the  quantita- 
tive use of the  resist-etch system as a 
high-resolut~on detector capable of prob- 
llig the  characteristics of the  spatial distri- 
hutions of metastable atonis o n  tlie sub- 
0 .1-kin  length scale. 

In the  technique described here, the spa- 
tial distrlb~rtion of neutral atoms approach- 
es a lilgh-contrast, time-independent state 
~vliose ~vidtli  is lilnited only by the  quail- 
turn-mechanical diffractio~i of matter 
waves. In  contrast, lithographic techniques 
using standing-wal-e light fields to focus 
atom beams (24.  55) have feature sl:es and 
peak-to-\-alley coiltrasts lilnited hy source 
and lens aberrations, and the  localization is 
malntalned onl!- over a finite depth of fo- 
cus. F~rrtherinore, the lower pov-er requlre- 

ments and longer tlme scale of optlcal 
pumping (relative to foc~rsing) allow the  use 
of larger laser beams \vltli less liocial curva- 
ture, wli~cli  is ideal for preclslon suhinl- 
croineter metrology: the  pattern exhiblts 
excellent long-range reglstratlon ~ v i t h  an  
absolute accuracl- referenced to atomic fre- 
quency standards. I t  metastable xenon 
(Xe;':) were used In a similar experiment, 
calculations shon- that features \\it11 widths 
of -10 n m  (FWHhl )  are pbssihle because 
of the greater mass of Xe'". Because the  
spatially depelldeiit optical pumping relles 
only o n  the  existence of nodes in a spa- 
tial interierence pattern of laser light of 
an  appropriate \vavelength, these pattem- 
ing teclinlq~res can also be extended to 
inore arhltrary patterns [such as 2D staiidillg 
waves (26)] created tlirougli liolographical- 
1y produced nodal patterns ( 2 3 ,  where the 
local atomic distribution call approach the 
lowest vibrational state for each node. 
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lssei poarza ions iecluced tile co,l;plex. ~l;i~lt~Ievel 
siaie stiuct- re to the s m p f e d  e v e  s t r -~c t~ re  cle- 
scrned I -  t i s  repo? I? oLlr c a l c ~ l a t ~ o i s ,  v!e gno ie  
ti-e role of aiol-is retuinng to a d f fere i i  i i a g i e t c  
sJnstate of the J = 2 manfold, as these atoms 
have a small effect o i  Pie spat~sl d~s t i ~nu i~ons  
prod-~ced 

17 Becsuse of tile dlfiracton of the lssei besn  fiol-I tile 
eclge of the substrste and exper~,l;enta ,l;ssIg~= 
,l;eits, the s iand ig  wa'~e m.~st su'ier soi;e mper- 
fector mi;edaiey snove t i e  s~~bs t i s te  -lie extent 
of the c p p r g  a?d the dstsl-ce  fro,^ t ~ i e  froi t  eclge 
of t,ie si~bsiiate to tlie mrror are s-~'ica-tl: s,l;sIl 
that v;e can neglect i i ese  contrnutors to t i e  'ree 
f g h i  expei,enced by tile aioi;s 

18 T i e  b6!dtis ~a l c~~ la iec l  n~n ie rca l y  fo i  tile a c i ~ a l  at- 
o n a s e r  po te i t a  sgreed v;th i i e  analy71c precllc- 
tons for these lo~d~!~d~!e~ ststes, ~i~stfi; ng the use o-the 
SHC approxmatol- In i . 1 1 ~  r e g m  

- 9  - i e  s~.bstrate~?;ss exposed fol- e l io~. rs  to t i e  stom 
oeani patieit-ecl oy s siandlng b6!ave ld?'~ih a v;a~st 
(I #e2  , is f  v;dti: of 320 p i i ,  pold'!er of 7 5 1nW.l. a i d  
c l e i ~ i n g  of ' 8  5 IvlHz. D ~ . r ~ n g  i h s  o i ~  expos~ ie ,  
tl ie teniperat.~re of the n iou i t  , i o l d i g  t i e  silostitte 
snd t,ie mrror s e d  to gae rs te  the s t a i d i g  v;ave 
bh!as sisb~lzec~ to z3C niK to ens-lie that the s ~ ~ b -  
stiste dcl r o t  m o > ~ e  relat~ve to ihe ?odes of i , ie  
stsndng v;s>.e. T,ie salnpe 1-10-~it ig systei; ld?'s~ 
affxecl r g c l y  n s d e  ihe vacJJ,l; sjsteni a i d  v!as 
desg ied  for a I i g i  degiee of pass>~e  i iecl ian~cal 
siaz It: 

282. Aioi;c force mcroscope magng  xas  peqormed In 
coi isct  i iocle on a Park Scen t f c  AFI"4. 

2 ' ,  lsot iop~c we; che,l;caI etches at-d ansotropc dry 
chemical etches were b o t i  ~ s e c l  to trsisfer s ta id-  
ing-~dvave cluenci i ig patterns ? i o  suostrstes 
Ferrcysi  de v!as i ~ s e d  to etch n ro  gold, a two-step 
' c , ~  HF~slcohol~c KCH solut~on was -1sec1 for 
S / 1  ' 0 )  ancl S/.CO, s~bstrates, and reactve o n  
eych~ng '?;,th CF, '?;as ~ s e c l  for s c o n  d ~ o x ~ d e  
s~ost ia tes ,  

22 Usng tlie neas~rec l  signalto-nose is:o in t i e  re- 
gcns be:v;een tlie fea:.~res as s r  1np~~1; parsmeter 
ldwe apped  a \Weier fil-er -0 -he data sho~d~!i -0 re- 
c l ~ ~ c e  the efects of nieas-1rei;el-t nose 

23. The substia-e bh!as exposecl tor 5 h o ~ r s  to a beam 
of Ar' pstterned ny s stsndng sser f~eld '?;I-ti s 
,.,- ~ ~ ~ 1 s -  of ' e0  pm, pobh!er of 2.25 nilV, and de-.ling 

of 28 MHz. The depos-ed caroonaceo.ls r a te ra l  
Idwas s e d  as a mask -0 protect sgainst sn squeous 
' c , ~  HF etch that l-e,l;o;ed - i e  natve oxde Isjer. A 
si~bsequert  70°C a lco ' ioc  KCH sol.~:ion Idwas used 
to transfer the os-:ern r t o  -he -1nder1~1na s c o n  
suns:rate. 

24 P. E. Bet ir~nae~, V Na-srajsl- G. -1,l;p Aool. ?/?)s 
Leti. 68, 1 ~ 5 4  (I 996). 
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