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A thin carbonaceous resist was grown by exposing a substrate to a beam of neutral metastable argon
atoms in the presence of siloxane vapor. X-ray photoelectron spectroscopy and Auger electron
spectroscopy data show that the resist was composed primarily of carbon. Near edge x-ray
absorption fine structure spectra of samples exposed to metastable atoms show that carbon double
bonds were formed during exposure. The deposited material was used as a resist for reactive ion
etching into SiQ and SiN,. Lines in SiQ were fabricated with widths as small as 20 nm, aspect
ratios>2:1, and sidewalls as steep as 7:1. 1©98 American Vacuum Society.
[S0734-211X98)04103-1

I. INTRODUCTION lent long-range registration, with a period referenced to
atomic frequency standardé) Neutral atoms can pattern
Neutral atom lithography can create permanent structuregitrathin (<5 nm thick layers which have demonstrated
with small feature sizes and excellent registration by patternsyb-10 nm resolutiot**®
ing a thermal beam of atoms incident on a surfa¢&ools Previous work has demonstrated lithographic techniques
for the manipulation and patterning of neutral atomic beamshat use metastable atoms to activate selectively the deposi-
are provided by the growing field of atom optics: availabletion of a carbonaceous resist in a pattern that is subsequently
tools include beam brighteners, lenses, mirrors, and masksyansferred into an underlying substr&té® Upon impact,
Recent progress in atom lithography has included the demmetastable atoms transfer energy into physisorbed hydrocar-
onstration of resists sensitive to neutral atoms, and the trangons and induce a chemical change that results in the forma-
fer of patterns into a variety of substratts;these same tion of a durable material. Circular features with a diameter
resists also serve as high spatial-resolution, high sensitivitygf 50 nm were created using a stencil mask to pattern a beam
detectors for atoms. In this work, a carbonaceous resist maf neutral metastable atoms. Patterns were transferred from
terial is formed by exposing a substrate to neutral metastablghe deposited material into Si, SiCand Au by wet chemical
argon (Ar) atoms in the presence of a siloxane vapor. Theetching! and into GaAs by chemically assisted ion beam
composition and structure of the carbonaceous material argiching®®
analyzed, and the resist is used as an etch mask for dry In this work, we find that the carbonaceous material
pattern transfer into Si©and SiN, substrates. formed by exposing a substrate to metastable atoms was
Neutral metastable atoms have several attractive featurgsmilar in composition to the ‘“contamination” material
as a patterning agent in a lithographic systéf). Neutral  formed by exposing a substrate to electron be&hurther-
atomic beams with thermal kinetic energiess0 meV)  more, we show that the chemical bonds in the metastable-
have short de Broglie wavelengths:{ A). (2) A noble gas  formed material are similar to those created by low-energy
atom in a metastable excited sthte de-excited upon inter- electron irradiation of a polymer: recent near edge x-ray ab-
action with a substrate and releases its 12(ieMhe case of sorption fine structurgNEXAFS) measurements on self-
Ar*) of internal energy into the top few nm of the assembled monolayer6SAMs) showed conclusively that
substrate:*® (3) The dissipation of the internal energy of a low-energy electron irradiation leads to dissociation of
metastable atom can be initiated by a single IR photon beforearbon—hydrogen bonds and formation of intramolecular,
the atom reaches a surface. This process converts a metasaturated, €C double bond$’~*°*The NEXAFS spectra
stable atom, which contains sufficient energy to damage e present here suggest that a similar process has occurred in
resist or affect a surface, into a ground state atom, which isamples exposed to metastable atoms.
chemically inerf:! (4) Laser light fields can serve both as  The spatial resolution, metastable-activated growth rate,
lens arraySand as periodic amplitude gratifgs®that pat- and etch properties of the deposited material are also inves-
tern atomic beams; both atom optical elements exhibit exceltigated. We report the transfer of patterns from the grown
material into SiQ and SiN, via reactive ion etchingRIE)
dElectronic mail: joseph@atomsun.harvard.edu with CH,. The features etched into SiGhow that the depo-
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] . Fic. 2. Scanning electron micrograph of deposited material before transfer
\ physisorbed into the underlying Si@ substrate. The material was deposited in regions

Substrate siloxane exposed to~6x 107 Ar* atoms cmZ2. The stencil mask that patterned the
beam of metastable atoms was a free-standing grating with 100 nm period.
Atomic force microscopy determined that the features-adé nm tall.
CHF; RIE
L Substrate | X-ray photoelectron spectroscopfkP9?® and Auger

electron spectroscopfAES)?* were used to determine the
elemental composition of the deposited material. NEXAFS
Fic. 1. Schematic diagram of the lithographic procésst to scalg Sub- spectroscppg was used to determine the chemical structure of
strates were exposed to a beam of neutral metastable argon atoms that Hte materiaf
been patterned by a stencil mask. The environment was a vacuum (3 Following the metastable-activated deposition of material,

_; - ) ) . > i et
X 10 ‘I_'orr) conta_lnlng a vapor of siloxane oil. Carbonaceous material Wassamples were etched in a parallel-plate rf-driven reactive ion
formed in the regions exposed to the metastable atoms. The pattern was

transferred into the underlying Sj@r SiN, substrates by CHFRIE. etching system. The electrode area was 208 camd the
powered electrode was covered by a quartz plate. The base
pressure of the system was T0Torr. Between etches, the

sition and etching process can create 20 nm featar@s]  €lectrodes were scrubbed, wiped with isopropanol, and
aspect ratios, steep sidewalls, and smooth etched surfacééeaned with an oxygen plasma run ferlO min at 100 W,
Our results indicate that the deposited carbonaceous materia® sccm, and 170 mTorr. The samples were then placed in
serves as a robust etch mask against high enerdgyieV)  the chamber and etched with CklFat powers between 50
ions. This durability is attributed to the observed presence ofind 150 W, flows between 15 and 25 sccm, average substrate
carbon double bonds in the material after exposure to metaelf-biases between 600 and 1100 V, and a pressure of
stable atoms. ~30 mTorr. A Tencor Alpha Step profilometer was used to
measure step heights before and after etching.

Samples were imaged by a Gemini Leo field emission

Il. EXPERIMENT scanning electron microscopéSEM), a Park Scientific

Figure 1 shows the process used to pattern, &i@ SiN,  atomic force microscop@AFM) in contact mode using a tip
layers. Substrates were exposed to a beam dfatoms in  ~40 nm in diameter, and a Digital Instruments Nanoscope
the presence of background vapors of siloxane diffusion!ll Multimode AFM, operated in tapping mode with a carbon
pump oil®® The flux of Ar* hitting the substrate was 3 nanotube tip~15 nm in diametef®
X 10* atoms cm?s™%; this flux measurement assumes an
efficiency of 0.2 ejected electrons per*Aatom incident on a
graphite-coated surfacé. The beam apparatus has been de-
scribed previously?

Samples were exposed to the atomic beam through one ¢if. RESULTS
two different stencil masks. The first mask, used to create, A, alysis
arrays of lines with a period of 100 nm, was &N mem- '
brane fabricated by Savas al. using UV achromatic inter- Figure 2 shows a SEM image of 40—60-nm-wide carbon-
ferometric lithograph§? (AIL ). The second stencil mask was aceous lines formed by 54 h-6x 10'" atoms cm?) of ex-

a simple stainless steel mesh, used to create macroscogiosure to Af through the AIL stencil mask. In effect, an
patterns for measurement of growth rates, etch rates, aratomic beam was used to create a high-resolution copy of the
etch selectivities. stencil mask in a process analogous to the use of light to
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Fic. 3. Deposited layer thickness, measured by profilometry, vs exposure
time to Ar*. One hour of exposure time corresponds~tt0'® atoms cm? . . . T . .
and the delivery of~20 mJ cm? to the surface. Each point corresponds to —~
one exposure. A least squares linear fit gives an average deposition rate of ]
0.34+0.04 nm/h. =
=
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<
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record_ an image onto photographlc film. Subsequent etch_lng = — 42 hours
(described beloyv provides contrast enhancement of this *é —--14 hours
neutral atom photograph. o ~=-4.5 hours
Figure 3 shows the thickness of grown material versus & | §¢ ¥ |7 1.75 hours
length of exposure to metastable atoms. The average deposi-  © 1o exposure

tion rate, as determined by a least squares linear fit, was : . : * n !
0.34+0.04 nm/h and was constant over a wide range of ex- 284 286 288 290 292 294
posure times. The growth rates on Au, Si@nd SiN, were (b) photon energy (eV)
found to be the same. Comparing this metastable-activated _ _

growth rate to typical 50 kV electron-assisted contaminatiorf'®: 4- (& XPS spectra of two regions on a Si€ubstrate: the C (&) peak

h u 27 o P Is 2.60.3 times more intense in the region that has been exposed to 2
growth rate of ~1 nm per 10 C cm” exposure, We €S-, 1016 A+ atoms cm? (lower curvé than in the region that was masked

timate the growth rate per incident particle to b2000  from exposureupper curvi the Si() and O(ls) peaks have decreased
times higher for Af than for 50 kV electrons, and the by similar factors.(b) NEXAFS spectra of resist layers formed on a gold
growth rate per unit energy incident upon the surface to b&Uface by 0, 1.75, 4.5, 12, and 42 h of exposure time at a flux of

. . ~10'® Ar* atoms cm2h™L. The growth of a sharp peak at 285.1 eV with
>10° times hlgher for A than for 50 kV electrons. increasing exposure time indicates the formation of material withGC

Figure 4 presents compositional and structural informatonds.
tion about the material grown on the surface. Figufe) 4
shows XPS spectra for exposed and unexposed regions of the
same SiQ substrate. After a 21 h exposure, the carben 1
photopeak increased in intensity by a factor of 2063, each of which had a different Arexposure time. The spectra
whereas the oxygensland silicon 2 peaks decreased by were recorded at 54°, the “magic angle” at which effects
factors of 4.7-0.4 and 3.5 0.6, respectively. We attribute due to the polarization of the incident synchrotron radiation
this behavior to the deposition of a C/Si/O material that iscancel out® NEXAFS probes the density of unoccupied
thicker than the escape depth of the photoelectrerg) A. states, and reveals the presencerarbitals associated with
Because the Si and O are present in much lower concentransaturated carbon—carbon bonds with high sensitivity. In
tions in the resist than in the Sj@ubstrate, their XPS peaks particular, the resonance at 285.1 eV photon energy increases
are correspondingly lowered. AES spectra of an exposedith increased exposure to the beam of Aand is identi-
gold substrate are consistent with this interpretation: in refied as a C §— #* transition characteristic of-=-C double
gions where the underlying gold substrate is fully occludedoonds?® C—C double bond formation has previously been
by the deposited material, the surface composition was 88%bserved by NEXAFS analysis of SAMs exposed to elec-
carbon, 4% silicon, and 8% oxygen. Since carbon, silicontrons of kinetic energy similar to the internal energy of the
and oxygen are the primary constituents of the siloxane vametastable atoms, 10—100 &{*°In conjunction, these two
por, these results suggest that the diffusion-pump oil vapor isbservations suggest that the growth mechanism of the resist
the source of the deposited matef&l. involves the dissociation of C—H bonds and the formation of
Figure 4b) shows the NEXAFS spectra of five samples, alkene moieties in the hydrocarbon material.
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k5] 20k < to Ar* for 54 h and then etched with the paramet@sl50 W power, 1100
N N V self-bias, 25 sccm flow of CHf- 30 mTorr pressure, 2 min argd) 100 W
_Q 10k 4] power, 860 V bias, 25 sccm flow of CHF30 mTorr pressure, 2 min. The
w features shown irtb) have an aspect ratio of greater than 2:1.
* O 'l L H 0
15 20 25
b) CHF 4 flow rate (sccm) Figure §b) shows increased selectivity at higher GHF

flow rates. The increased selectivity is due to a reduced etch
Fic. 5. Average etch rates of Sj@nd average etch rate ratitselectiv-  rate of the resist, which can be explained by the role of
ity” ) of SiO, to deposited material.‘ A representative error bar is shown forﬂuorocarbon p0|ymers in the plasma. Pottﬁral.32 have
each curve(a) Etch rate and selectivity vs rf power at 25 sccm flow rate of . . ..
CHF;, 30 mTorr pressure. The self-bias of the substrate was observed to b%hown that the reactive ion e_tCh ra_lte O_f Siin a Glglasma
a roughly linear function of power, as plotted on the upper dkisAverage IS limited by the rate of fluorine diffusion though a steady-
etch rate and selectivity vs flow rate of CH&t 75 W, 78020 V self-bias. state fluorocarbon Iayer on the Si surface. 2g'g)selectivily
We were experimentally limited to a flow rate no greater than 25 sccm.  atched faster than non-oxygen-containing surfaces such as Si,
or C in our system, because the oxygen in Sitevents the
. formation of a similar inhibiting polymer on its surface. At
B. Etching high d flow rates, the steady-state layer of fluo-
gher pressures and flow rates, the steady-state layer of fluo

In order to optimize the reactive ion etching parametersrocarbon polymer formed on Si was shown to be thicker,
we studied the etch rate of Sj@nd the etch selectivity of further slowing the diffusion of fluorine to the Si surface.
SiO, with respect to the carbonaceous resist as a function éfhe resist layer in our system behaves similarly to Si in
rf power and CHE flow rate. Figure &) shows that the etch Potter's analysis because the material contains only a small
selectivity of SiQ with respect to C increased with increas- fraction of O.
ing power up to 100 W. Note that 5:1 etch selectivity was Figure 6 shows SEM images of lines etched into SiO
observed for a self-bias as large as 1.1 kV, corresponding tsamples after a 54 h exposure §x 10'” atoms cm?) to a
a substantial energy of ion bombardment during the etch. llheam of metastable atoms patterned by the AIL stencil mask.
contrast, the dry etching of other thin carbonaceous layerdiigure §a) shows lines with widths as small as 20 nm, after
such as SAMSP requires a very low bias for selective etch- etching for 2 min with CHE at 150 W and 25 sccm. These
ing conditions. We attribute the durability of the metastable-lines were measured by AFM to be 40 nm tall. Figutb)6
formed material to graphitic structure, as suggested by thehows a profile view of features in Sj@abricated by etch-
presence of a carbon double bond resonance in the NEXAF®&g for 3 min with CHR at 100 W and 25 sccm. These
data. Materials with higher C:H ratios are known to exhibitfeatures were-80 nm tall and~35 nm wide. The difference
higher dry etch resistances than saturated hydrocarban linewidth between the samples shown in Fig&)6nd
materials! 6(b) may be due to differing etch conditions or due to varia-
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tions in the pattern transmitted by the stencil mask. Fellowship. The authors thank T. Savas and Henry |. Smith
The profiles of the etched lines shown in Figbgwere for providing the 100 nm period stencil masks used in this
also measured by AFM. For a surface formed by etchingvork; K. K. Berggren for guidance and careful editing; S.
~80 nm down into the Sig) we measured a rms roughness Shepherd, Yuanchang Lu, and L. Shaw for assistance in
of the pedestal base of less than 3 nm. An AFM with asample analysis; and R. Younkin, G. M. Whitesides, and C.
nanotube tip revealed profiles with flat tops and sidewalls agVoll for fruitful discussions.
steep as 7:1, i.e., at roughly an 82° angle from horizontal.
We have also transferred macroscopic patterns from the'G. Timp, R. E. Behringer, D. M. Tennant, J. E. Cunningham, M. Prentiss,
resist into a %N4 surface. At 125 W and 25 sccm, the etch and K. K. Berggren, Phys. Rev. Le@9, 1636(1992; J. J. McClelland,

. A . . R. E. Scholten, E. C. Palm, and R. J. Celotta, Sci@&2877(1993; R.
rate ratio of SiN,:resist was 7:1, and the average etch rate of W. McGowan, D. M. Giltner, and S. A. Lee, Opt. Lefi0, 2535(1995:

SizN, over a 3 min etch was 455 nm/min. U. Drodofsky, J. Stuhler, B. Brezger, Th. Schulze, M. Drewsen, T. Pfau,
and J. Mlynek, Microelectron. En@®5, 285(1997%; F. Lison, H.-J. Ad-
IV. CONCLUSIONS ams, D. Haubrich, M. Kreis, S. Nowak, and D. Meschede, Appl. Phys. B

65, 419(1997).
In the presence of a background hydrocarbon vapor, ex-2For a r_eview of atom lithography, see J. H. Thywissen, K. S. ‘JOhnSOI’], R.
posure of substrates to neutral metastable atoms activates th({"“”k'”' N. H. Dekker, K. K. Berggren, A. P. Chu, M. Prentiss, and S.
R . Lee, J. Vac. Sci. Technol. B5, 2093(1997.
grqwth of a Carbone_‘ceous ma_te”al- We have Shown_ that thespor 4 review of atom optics and optical forces, see C. S. Adams, M. Sigel,
height of this material grows linearly with exposure time, at and J. Miynek, Phys. Re{240, 143 (1994, and references therein.
a rate independent of the underlying substrate material. The'K. K. Berggren, A. Bard, J. L. Wilbur, J. D. Gillaspy, A. G. Helg, J. J.

. . . e .y McClelland, S. L. Rolston, W. D. Phillips, M. Prentiss, and G. M. Whi-
resist material consisted of carbon, silicon, and oxygen as did tesides, Scienca69, 1255 (1995,

its vapor precursor. The durability of this material during ss Nowak, T. Pfau, and J. Miynek, Appl. Phys. B: Lasers @t 203
etching with~1 keV ions is attributed to its double-bonded (1996; S. Nowak, T. Pfau, and J. Mlynek, Microelectron. EB§, 427
structure. (1997.

. K. K. Berggren, R. Younkin, E. Cheung, M. Prentiss, A. J. Black, G. M.
Long exposure tImESA{SO h) were used to make the Whitesides, D. C. Ralph, C. T. Black, and M. Tinkham, Adv. Mag152

~100-nm-tall structures shown in this work. Future efforts (1997: M. Kkreis, F. Lison, D. Haubrich, D. Meschede, S. Nowak, T.
to reduce the required exposure time will includgincreas- _Pfau, and J. Mlynek, Appl. Phys. B: Lasers Og, 649 (1996.
ing the flux of metastable atoms hitting the substraﬁ&, R. Younklp, K K. Berggren, K. S. Johnson, D. C. Ralph, M. Prentiss, and

i fficient combination of vapor precursor and G. M. Whitesides, Appl. Phys. Letr1, 1261(1997.
using a more et . . P p - 8The energy stored in the internal state of a metastable noble gas atom is as
metastable atortf and (3) improving the selectivity of the follows: He*=20eV, N&=17eV, Arf=12eV, Kr=10eV, and
etching process. The latter two approaches would also makeXe*=8eV. Their natural lifetimes are=20 ms, which is much longer

the lithographic system a more sensitive detector of meta- than their flight time through a typical apparatus.
D. M. Oro, P. A. Soletsky, X. Zhang, F. B. Dunning, and G. K. Walters,

stable atoms. _ Phys. Rev. A49, 4703(1994; Y. Harada, S. Yamamoto, M. Aoki, S.
Dry etching is an improvement over the wet etches used masuda, T. Ichinokawa, M. Kato, and Y. Sakai, Nat@endon 372
in previous atom lithography systems because the etch can657 (1994; M. P. Seah and W. A. Dench, Surf. Interface AnJ.2
be made anisotropic, and because resist de-adhesion is less gf-%79: .
bl for d P he’sﬁ In thi K h btained 19((% Hehner, Ch. Wd, M. Buck, and M. Grunze, LangmuB, 1955(1993.
a problem for dry etches. In this work, we have obtained 1y s johnson, K. K. Berggren, A. Black, C. T. Black, A. P. Chu, N. H.
sidewalls as steep as 7:1, aspect ratios greater than 2:1, anabekker, D. C. Ralph, J. H. Thywissen, R. Younkin, M. Tinkham, M.
linewidths as small as 20 nm. Furthermore, the characteriza- Prentiss, and G. M. Whitesides, Appl. Phys. Lé8, 2773(1996.
tion of the structure and RIE properties of the deposited ma- A P Chu, K. K. Berggren, K. S. Johnson, and M. Prentiss, Quantum
. . . . Semiclassic. Opt8, 521 (1996; A. P. Chu, K. S. Johnson, and M. G.
terial lays the groundwgrk for etchgs with hlgher.selectlvmes Prentiss, Opt. Commuri34, 105 (1997.
and aspect ratios. For instance, high aspect rati@g) fea- . S. Johnson, J. H. Thywissen, N. H. Dekker, K. K. Berggren, A. P.
tures have been created using $#3 an etch mask for Sf. Chu, R. Younkin, and M. Prentigsinpublishedl

. . - . 1 i -
Dry etching with chlorine of electron-beam-deposited con- “Electron beam lithography has demonstrated that both self-assembled
monolayers and contamination lithography, the two resist systems that

tamination m_at_erial on GaAS has demonSt_rated SeleCtiV_ities have been used in neutral atom lithography, are capable of supporting
of >30:127 Similar chemistries may allow high aspect ratios ~6 nm features. See M. J. Lercel, H. G. Craighead, A. N. Parikh, K.

and high selectivities in RIE systems using the resist de- Seshadri, and D. L. Allara, Appl. Phys. Le@8, 1504(1996.
scribed in this work 15A. N. Broers, W. W. Molzen, J. J. Cuomo, and N. D. Wittels, Appl. Phys.

Lett. 29, 596 (1976.
165 J. Rehse, A. D. Glueck, S. A. Lee, A. B. Goulakov, C. S. Menoni, D.
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DC705 consists of trimethylpentaphenyltrisiloxaf@%) and polyphe- and diameters of 5-20 nm. These properties enable them to probe into

nylmethylsiloxang (10%). deep recesses in surface topography. See H. Dai, J. H. Hafner, A. G.
213, Schohl, D. Klar, T. Kraft, H. A. J. Meijer, M.-W. Ruf, U. Schmitz, S. Rinzler, D. T. Colbert, and R. E. Smalley, Natufieondon) 384, 147

J. Smith, and H. Hotop, Z. Phys. 2L, 25(1991). (1996; S. S. Wong, J. D. Harper, P. T. Lansbury, Jr., and C. M. Lieber,

2T. A. Savas, S. N. Shah, M. L. Schattenburg, J. M. Carter, and H. I. 3 Am. Chem. Soc120, 603 (1998.
Smith, J. Vac. Sci. Technol. B3, 2732 (1995; T. A. Savas, M. L. ?%y_Qchiai, H. Watanabe, J. Fujita, M. Baba, S. Manako, and S. Matsui,
Schattenburg, J. M. Carter, and H. |. Smihid. 14, 1 (1996. Jpn. J. Appl. Phys., Part32, 6147(1993.

2°The XPS instrument used was a Surface Science Laboratory SSX-10@ ' '
system.

2The AES instrument used was a Physical Electronics Model 660 Scan-
ning Auger Microprobe; data from this instrument were analyzed with a

®Exposing samples in the presence of an additional source of oil vapor
increases the growth rate of material on the surface. This observation
provides further evidence that adsorbed pump fluid is involved in the
g - - . formation of material on the surface and that the rate of formation is
curve fitting/integration program package, supplied with the system, that limited, in part, by the availability of material at the surface during expo-
uses calculated elemental sensitivity factors. » In part, by Yy 9 exp
%These NEXAFS spectra were recorded at the HE-TGM 2 monochromator, >U"e: ) )
of the Berlin electron storage ring, BESS¥ee Ref. 29 The NEXAFS OJ- Stdr, NEXAFS Spectroscofpringer, Heidelberg, 1991p. 284.
spectra were recorded at room temperature in the partial electron yield3 XIII J. '-f"f/elv CS 'S.TWthIaln’Elj fdsgzigggad’ K. Seshadri, and D. L.
i i i ara, J. Vac. Sci. Technol. B4, .
detection que with a retarding voltage 6fL50 eV. The NEXAFS data WM M Semiconductor Lith hy- Princiol bracti q
were normalized to the monochromator flux as determined by photon™W. M. Moreau, semiconductor Lithography: Frinciples, Fractices an
yield from a clean gold surface and background corrected. , Materials (Plenum, New York, 1988 p. 730. _
2Carbon nanotube tips are fabricated by attaching multiwalled carbon®G. E. Potter, G. H. Morrison, P. K. Charvat, and A. L. Ruoff, J. Vac. Sci.
nanotubes to the side of the tip of a conventional silicon cantilever using Technol. B10, 2398(1992.
a soft acrylic adhesive. These nanotubes are strong and flexible, and hav&See, for instance, I. W. Rangelow and H.schner, J. Vac. Sci. Technol.
a well-defined reproducible geometry, typically with lengths>ef wm B 13, 2394(1995.
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