Pattern transfer of electron beam modified self-assembled monolayers
for high-resolution lithography
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Self-assembled monolayers of octadecylsiloxane and octadecylthiol have been modified by
high-resolution electron beam lithography. Focused electron beams from 1 to 50 keV and scanning
tunneling microscopy at-10 eV have been used as patterning tools. The patterns have been
transferred into many substrates by wet, dry, and combinations of wet and dry etches. Wet etching
almost always results in a positive tone, but reactive ion etching of GaAs wjtat@ery low dc
biases(<10 V) results in a negative tone. The effect of electron beam damage on the monolayers
and the subsequent etching reactions has been explored through x-ray photoelectron
spectroscopy. ©1995 American Vacuum Society.

I. INTRODUCTION [ODT, CH;(CH,);;SH] on gold and GaAs were prepared as

we have reported earliér®
Future lithography may require nanometer-scale dimen-

sions, and even now there is a strong desire<f@5 nm

lithography for research purposes. Thin, high-resolution re-

sists are needed if low-energy lithography tools such as fab-

ricated microcolumris are going to be practical. Self- 1l. ELECTRON BEAM PATTERNING OF SAMs

assembled monolayefSAMs) are a possible tool for the

fabrication of nanometer-scale devices. The molecules in Self-assembled monolayers were exposed to electron

SAMs are very small compared to those in most convenP&ams from very low(~10 eV) to very high(50 keV) en-

tional polymeric resists. SAMs can form high-coverage, du-£r9y- A JEOL JBX 5DIIU electron beam lithography system

rable, thin(<5 nm) films easily?3 which is very difficult to &S used to expose patterns at 50 keV and 100 pA beam
do with polymeric resists. There is interest in the use Ofcurrent with a resolution of-25 nm. An Hitachi S-800 scan-

SAMs for high-resolution patterning, particularly with low- ning electron microscope with a pattern generator was used

energy electrons that have very short penetration depthg.)r 1-25 kev EXposures. .
. The patterns written into the monolayer were inspected by
SAMs have been shown to work as electron beam resists for

wet chemical pattern transfer at doses less than or compgtomlc force microscopyAFM).>" This inspection allows

. . N Separation of the size of the actual beam damage region from
rable to other high-resolution electron beam re$iétand Lo : 7
. N ) the resulting line sizes after pattern transfe@hich increase
also for selective electroless metallizatioeectroplating’

lecti : lizatio® d lecti | for isotropic etches A Digital Instruments Nanoscope |l
Z(Z;gslivtiirﬁo’rﬂmera Ization, an selective  monolayer \yas used for both contact and tapping madé1) AFM

imaging. The exposed regions of the monolayer are visible as

Self-assembled_monolaygr bas_ed resists haYe also begpnall height variations in both AFM modes. However, for
explored for scanning tunneling microscof§TM) lithogra- contact AFM large frictional changes in the surface were

phy. At these very low beam energies, the electron penetrasgen a5 significant changes in apparent height for forward
tion is very short, and thif~2.5 nm monolayers are an 4.4 reverse tip motiot?

excellent choice for ultra-high-resolution work. STM pat- g4, very low electron energies, a scanning tunneling mi-
terning of organothiols on both Au and GaAs have been regroscope(also the Nanoscope )llwas operated with tip-
ported, and they have been used as resists for wet chemicgdmple biases up to 10 ifip negative to expose layers of
pattern transfet” selective chemical vapor depositibhand  ODT on Au and GaAs. The minimum line size from the
electrochemical etchin. STM patterned organosilanes STM exposures depends very strongly on the tip radius and
have been used for selective metal deposition. tip-sample spacing’ The minimum line size exposed was

In this article, we report studies on electron beam pattern~-15 nm; however, this was determined by an AFM measure-
ing of self-assembled monolayers and subsequent pattefient, and the effect of the AFM tip radius on the measure-
transfer by both wet and dry etching. The interaction of thement is certain to account for some of that width. Typical
etches with the SAM surfaces is discussed. For this study, théoses for STM exposures were30 nC/cm, which is more
SAMs of octadecyltrichlorosilanOTS, CH(CH,),;SICl;]  than a factor of 10 higher than the minimum doses for 50
on silicon dioxide and titanium dioxide and octadecylthiol keV exposures.
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[ll. PATTERN TRANSFER : S 20.0 nw

Previously, we have shown that a variety of wet etches
can be used to transfer patterns exposed in a self-assembl - l15.0
monolayer to the underlying substr4té.In almost all cases :
with wet etching, the alkylsiloxanes and alkylthiols act as -
self-developing positive resists. Even STM exposed layers o
ODT on Au and GaAs act as positive resists when etchec
with KI/I , and NH,OH, respectively:*? Silicon dioxide and
titanium have been patterned using OTS layers and hydra
fluoric acid etches, and silicon has been etched with KOH tc §
depths>120 nm® Certain etches are more favorable for use
with monolayer resists. Strong oxidizers, especially hydro- |
gen peroxide, lead to rapid destruction of the SAM resist
layer. For example, an ODT layer on GaAs will remain intact®
for at least 60 min in dilute NEDH, but the addition of even
a small amount{~10%) of hydrogen peroxide will reduce Fic. 1. TMAFM image of a pattern exposed in an OTS layer on a silicon
survival time to less than 2 min. native oxide wih a 5 keV electron beam at a dose 0800 uC/cn?. The

Although wet etches have been successful for pattel’ﬁattem was etched into silicon with a IOV\_/-energ¥ ECR plasma preceded

. ) . y a very shor{(5 s) buffered HF etch. Width of lines is*100 nm.

transfer, almost all of them are isotropic, so that it would be
advantageous to have a more anisotropic process. However,
SAMs make poor etch masks for conventional reactive iorposed regionis ~60 nm. This was checked by wet etching a
etches(RIE) because they are thin. Therefore, bilayer pro-piece from the same ODT/GaAs wafer with a dilute JXIHH
cesses have been explored that should be able to provide feolution, and the wet etch gave a positive tone, see Fig. 3.
higher etch anisotropy and etch depths. In this process, thdowever, our recent results indicate that it is possible to
patterned monolayer is used as a wet etch mask for a thiabtain a positive tone with the ECR based etch of GaAs by
oxide or metal layer. Subsequently, the thin oxide or metalising lower electron beam exposure doses and a different
layer provides a mask for a reactive ion etch. Thermallyetch chemistry. The GaAs was used for these initial dry etch
grown SiG layers (30 nm thick patterned with an OTS experiments because the native oxide is not as chemically
layer were used as masks for & &IE to etch~80 nm into  robust as with Si. Initial attempts with gBlasma etching of
the silicon substrat®.Similarly, a 15 nm evaporated SjO OTS on Si samples are not conclusive because of the very
layer on GaAs was used to etch into the GaAs; however, themall etch depths obtained.
poor adhesion of the Sibn the GaAs caused the oxide to
float off the GaAs surface during the wet eféh. IV. ROLE OF BEAM DAMAGE

Since these materials are being explored for ultra-high- . : .

! . : To examine the change in composition of the monolayer

resolution resists, the processing must also be able to transfer

patterns at small dimensions. Since hydrofluoric acid etchinéjvnder electron beam irradiation, large areas were exposed
: ith a Perkin Elmer 590 scanning Auger spectrometer at 2

of SiO_z _is isotropic, etching thrOL_Jgh an oxide layer causes ov beam energy aneg500 nA current and a base pressure
the original patterns to increase in width by roughly doubleof ~101° Torr. With these parameters, areas large enough

the etch depth. To remedy this problem, thinner oxides are . ;
required. However, the several hundred eV ion energies iﬁ 0.25-1 cnf) for further analysis could be easily exposed

RIE plasmas can lead to significant sputtering of the oxide.

10.0 nm

r10.0 0.0 nm

5.0 10.0 15.0

1L

To achieve lower ion energies, reactive ion etches based c7___ 120.0 nw
electron cyclotron resonan¢ECR) plasmas have been stud- &
ied. Using a PlasmaQuest 357 RIE system with ASTeX ECF &
source, dc biases of less than 10 V have been achieved. Tyr 60.0 nm
cal Si and GaAs etches consisted of 5 sccmdals flow, 2
. F10.0
mTorr system pressure, 400 W microwave power, and usu
ally no RF power. Fig. 1 shows a structure of OTS on a " 0.0 nw

silicon native oxidg~1.5 nm thick on Si. After a 5 setch in

6:1 buffered HF, the sample was etched for 60 s in & Cl

plasma in the ECR. Although the etch depth here is only g2

~10 nm, the OTS/oxide mask does not show large amount ™

of damage.
An ideal process would eliminate the wet etch entirely. g -y

Fig. 2 shows a structure of ODT on GaAs that was etche¢y 5o 00 150

with Cl, (same parameters as abpwathout any prior wet ™

processmg—after the electron beam exposure, the Samp}l‘?@. 2. TMAFM image of a GaAs sample after etching in 3 ECR plasma

V_Vent. straight to the ECR. Interestingly, the_tone here is Negassing an ODT layer as the resist after patterning at 1 keV. Height of bars is
tive in the all-dry process. The etch deptinto the unex- ~60 nm.
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not as volatile as with
% the C H,, chains o . .
Fic. 4. Carbon to titanium and carbon to silicon ratios from XPS measure-
—— ments of large areas of an OTS on Ti film after electron beam exposure at 2

keV.

Fic. 3. Schematic of wet and dry etch processes with octadecylthiol layers
on Gahs. ing the G1s) signal to the Ti2p) signal from the Ti layer.
This C/Ti and C/Si ratios are seen to decreastb%—30%
between the zero electron beam dose and doseg.60thT
in a very clean environment to avoid cracking of contami-or greater, see Fig. 4, and the Si/Ti ratio is constant. Rieke
nants on the surface. The material studied consisted of agt al. also observed a similar trend in the carbon contént.
OTS layer self-assembled on an evaporated Ti film on GaAsThis indicates that the siloxane layer is definitely intact on
This differs slightly from the OTS on Si studied by Rieke the surface and that the alkyl component of the monolayer is
et all” because the Ti substrate allows the study of the roldosing only ~1/4 of its total carbon content. The carbon de-
of the Si head-group atom in the monolayer. Auger electrortrease is seen to level off at500 uC/cn?, which is a dose
spectroscopyYAES) elemental profiles taken as a function of that is significantly higher than expected, since the critical
time (and therefore dogeshowed a small decrease in the dose as measured by AFM and wet etching-0 uClcn?
carbon signal with no noticeable changes in the silicon, oxy{at 1 ke\).® After electron beam exposure, the width of the
gen, or titanium signals. However, the large doses that ar€(1s) peak increased by-0.1 eV but little shift was ob-
necessary to produce significant AES signals prevent acciserved.
rate composition measurements. This residual carbon layer cannot result from only atmo-
The samples that were exposed with the electron bearspheric contamination from the transfer to the XPS system
from the Auger system were transferred to a Surface Sciendeecause the Auger datdduring the electron beam
Laboratories SSL-100 x-ray photoelectron spectrometer witexposure—with no air exposyrandicates the presence of a
monochromatic AK a source for composition analysis. The large amount of carbon even at very high electron beam
samples were transferred through air because the systems al@ses>10 mClcnf). An attempt was made to remove some
not connected, and this air exposure matches what thef the carbon material by treating an electron beam exposed
samples experience between electron beam exposure asdmple(~1.8 mC/cn?) with a solvent rinse immediately be-
etching. The XPS spectra showed a weal2[®i peak at a fore putting it in the XPS system. The overall carbon content
binding energy shift of~+2.3 eV (Ref. 18, which corre- was approximately the same as a sample that did not receive
sponds to Si" as should be present in the siloxane networkthe solvent rinsing. This indicates that the carbon residue is
at the base of the OTS layer. not soluble in methylene chloride or ethanol. Interestingly,
The composition was corrected for mean free path differthe Q1s) spectra of the electron beam exposed, solvent
ences in the monolayer based on the data of Laitehi1®  rinsed sample, see Fig. 5, shows a noticeable high binding
For these calculations, it was assumed that the siloxane layenergy tail that is not present on any of the other samples.
(SiO, 5 was buried under the carbon chains from the mono-The peaks in this tail match binding energies expected for an
layer. The absolute elemental percentage composition dedcohol group—COH, +3.3 eV from —CH-) and dichloro-
pends on the assumed monolayer thickness; however, thErbon groug—CCl,, +1.58 e\).2° The unexposed, solvent
same analysis was applied to all samples so that the trendmsed sample did not show these solvent retention peaks.
with varying beam dose can be observed. A definite decrease in the contact angle with water is also
Because of difficulties in absolute XPS measurements, ebbserved after irradiation. The contact angle decreased from
emental ratios were compared as a function of electron beam115° for an unexposed sample t660° for an OTS on Si
dose. The change in carbon present can be seen by compaample exposed at2 mC/cnf. The thicknesses of the dam-
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TaBLE |. Computed product distribution from the 2 keV electron beam ra-
Unexposed diolysis at 500uClcn? of an octadecane layer. The radiolysis yields in
\ 285,92 column 2(given in number of products per 100 eV deposited eneeagg
’ from the data of Miller, Lawton, and BalwiRef. 29. Deposited energy for
the electron beam exposure is calculated from the Bethe stopping power
& (Ref. 23 for a 2.5 nm thick alkane layer. The yield of hydrogen, hydrocar-
= bon products, and cross-links is given both as number péracmh number
; per chain. The OTS chain density is assumed to-#e5x 10 chains/crA
© 4
= MWVV_&// . (Ref. 22).
i 295 Binding Energy [eV] 275 Product G(Number/100 ey Number/crdx10™** Number/chain
2 H, 4.300 270.0 6.01
£ Electron beam exposed CH, 0.024 15 0.03
c
§ 285.32 C,Hg 0.100 6.3 0.14
8 C4Hqg 0.060 3.8 0.08
i CsH1o 0.040 25 0.06
é CeH1a 0.050 3.1 0.07
o C;Hyg 0.031 2.0 0.04
; CgH1g 0.027 17 0.04
e T L T N - e Cross-links 2.900 182.0 4.05
295 -+ Binding Energy [eV] 275

Fic. 5. Q1s) XPS spectra of an electron beam exposed re@ottom) and siloxanes in He or Natmospheres, the —GH stretch signal
an unexposed regioftop) that were rinsed in methylene chloride and etha-

nol before introduction into the XPS systdirut after electron beam expo- decreased which may be a sign of hydrogen loss and subse-
sure. Peak locations from curve fitting are indicated. The width of the mainquent cross-linking?
C(l_s) peak is 1.39 eV for the unexposed region and 1.53 eV for the exposed  Since some carbon is evidently left behind after mono-
region. layer exposure, the positive tone wet etch contrast that is
observed must be assisted by a change in surface energy. The
unexposed, ordered methylene-terminated regions are known
aged films were also checked by ellipsometry. If a fixed in-to be very hydrophobi¢low surface free energy* As indi-
dex of refraction[n=1.46, k=0 (Ref. 21] is assumed, the cated by wetting, the damaged regions show a higher surface
beam damaged monolayer regions appearddim thinner free energy because of compositional or surface arrangement
than the unexposed regions. differences that allows for easier etchant penetration through
Apparently, a large portion of the carbon from the alkyl the damaged regions. The surface energy of the unexposed
chains remains after electron beam exposure. The exact naCH, terminated surface has been measured-as mJ/n?
ture of this residue is not known, but since little shift of the (Ref. 25, but, in comparison, the energy of a graphite sur-
carbon peak is observed and the known methyler@H,-) face is ~96 mJ/nt (Ref. 25. These surface free energies
and graphite Cls) binding energies differ by only~0.1  roughly correspond to contact angles with water~ef15°
eV/2it is likely that the residue consists of cross-linked car-for the monolayet! and ~50° for graphite(calculated from
bon material. data in Ref. 2B Change in surface free energy and resulting
An interesting parallel can be drawn by comparing datapreferential adsorption of materials also have been offered as
from the radiolysis of hydrocarbons. The density of the alkylan explanation for image formation in an SEM for organ-
chain(p~0.82 g/cm) calculated from the chain number den- othiol SAMs on Au?’
sity, composition, and occupied volume in the monolayer is The negative resist tone observed in the gas phase etch for
very similar to that of most alkanég! Miller, Lawton, and  GaAs in the ECR ion etching can also be explained since
Balwit?? studied the electron beam irradiation of solid octa-wettability should not play a major role in adsorption. Ap-
cosane[CH;(CH,),¢CH3] and measured vyields of various parently, the monolayer itself offers very little resistance to
products from hydrogen to octane and the yield of crossthe ion etch. Either the Clions react with the monolayer to
links. Table | shows their yields for octacosane along with aproduce volatile chlorinated compounds or they diffuse
calculation for these yields applied to our monolayers. Thehrough the monolayer to react with the underlying surface.
deposited beam energy is based on the Bethe stopping pow&he carbon residue from the exposure is heavily cross-
equatio”® calculated for a 2.5 nm carbon layerfa 2 keV  linked, and may either form a chlorinated polymer by addi-
electron beam and 50QC/cn? beam dose. The predicted tion of CI™ ions to the residuéwhich is not as volatile be-
loss of carbon is~11% and the hydrogen loss is much cause the residue is hydrogen deficieot it may form a
greater at~46% so that the starting,;gH,;; monolayer would  better barrier to ion movement to the substrate.
become GgH,, after the 500uC/cnt beam dose. This could Although the STM exposed surfaces also act as positive
indicate that a similar dehydrogenation is occurring in theresists for wet etching, the exposure process is slightly dif-
monolayer system that leaves behind a residue of crosserent in that it takes place in the presence of(aid there-
linked carbon chains and would be similar to the small defore oxygen. However, a sample of ODT on Au that was
crease in carbon seen in the XPS measurements. Ogawaposed with the STM was subsequently inspected with an
et al. discovered that after electron beam irradiation of alkyl-SEM (at 10 keV beam energyand then etched in KUl
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showed both the STM exposed areas and SEM fields of viewby the Office of Naval Research Grant No. N00014-93-1-
This information can be used to assist the development 0c£080 and the use of facilities at the Cornell Materials Sci-
future monolayer processes. Since the alkyl chains are paence Center central facilities funded by the National Science
tially cross-linking under irradiation, it is more difficult to Foundation(NSF under Award No. DMR-9121654 and fa-
form a positive resist from the polymeric material that is left cilities at the National Nanofabrication Facility supported by
behind. A better positive resist would have a weak bond neaNSF Grant No. ECS-8619049. One autkigr.L.) would like
the substrate that would easily cleave under irradiation. Alto thank the NSF for a Graduate Fellowship, E. Carr for help
ternatively, improving the cross-linking ability would im- with XPS measurements, P. Chapman for help in substrate
prove the ability of the monolayer to act as a negative resistpreparation, and P. Simpson for help in substrate etching.
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