
ORNL/CP-92773 

Advanced Lithography for Nanofabrication 

Frank Hui and Gyula Eres 

Solid State Division 
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 3783 1-6056 

1996 MRS 
Pi- o c e ed i iig s 

“The submitted manuscript has been authored 
by a contractor of the U.S. Government under 
contract DE-AC05-960R22464. Accordingly, 
the U.S. Government retains a nonexclusive, 
royalty-free license to publish or reproduce the 
published form of this contribution, or allow 
others IO do so, for US. Government purposes.” 

June 1997 

Prepared by 
Solid State Division 

Oak Ridge National Laboratory 
P.O. Box 2008 

Oak Ridge, Tennessee 3783 1-6056 
managed by 

LOCKHEED MARTIN ENERGY RESEARCH COW. 
for the 

U.S. DEPARTMENT OF ENERGY 
under contract DE-AC05-960R22464 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, proctss, or service by trade name, trademark, manufac- 
turer, or otherwise dots not necessarily constitute or imply its endorsement, m m -  
mcndktion. or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



ADVANCED LITHOGRAPHY FOR NANOFABRICATION 
Frank Hui and Gyula Eres 
Oak Ridge National Laboratory, P.O. Box 2008 
Solid State Division, Bldg. 3 1 50 ,  MS 6056, Oak Ridge, TN 37831-6056 

ABSTRACT 

A novel method for generating lateral features by patterning the naturally forming surface 
hydride layer on Si is described. Because of the relatively strong chemical bonding between 
silicon and hydrogen, the hydride layer acts as a robust passivation layer with essentially zero 
surface mobility at ordinary temperatures. A focused electron beam from a scanning electron 
microscope was used for patterning. Upon losing the hydrogen passivation the silicon surface 
sites become highly reactive. Ideally, the lifetime of such a pattern in a clean environment should 
be infinite. Deliberate exposure of the entire wafer to a suitable gas phase precursor results in 
selective area film growth on the depassivated pattern. Linewidths and feature sizes of silicon 
dioxide on silicon below lOOnm were achieved upon exposure to air. The silicon dioxide is robust 
and allows effective pattern transfer by anisotropic wet-chemical etching. In this paper, the 
mechanism of hydrogen desorption and subsequent pattern formation, and the factors that govern 
the ultimate pattern resolution will be discussed. 

INTRODUCTION 

Electron beam lithography (EBL), X-ray, ion beam, and focused ion-beam (FIB) lithography 
are some of the candidates for the next generation microfabrication processes (sub lOOnm feature 
size) beyond optical lithography. However, none of the above processes satisfy the requirements 
for both high yield and high resolution. EBL and FIB have high ultimate resolution but suffer from 
slow speed, while the other methods support high yield processes but provide limited resolution. 
In terms of high resolution, STM lithography is capable to produce the smallest structures. 
Linewidths down to 1 nm have been demonstrated on hydrogen passivated silicon surfaces [l]. 
However, because of the extremely slow writing speed and the narrow field of view, it is unlikely 
that STM patterning will become useful for high volume device fabrication. In addition, the STM 
fabricated ultrahigh resolution patterns were found to be too frail to survive the subsequent pattern 
transfer steps [2]. EBL is attractive for novel patterning methods because other than STM, it 
provides the highest resolution among all patterning tools and has a well established track record in 
device fabrication for research purposes [3]. 

In this paper, we report results concerning a novel resistless e-beam lithography process that 
involves electron beam induced patterning without the use of organic polymer resist such as 
PMMA. The patterning medium is the surface hydride layer on silicon. The function of the 
electron beam is to chemically alter the passivated surface of the substrate. The exposed patterns 
are' transferred by subsequent processing. In this work, we employed anisotropic wet chemical 
etching of the substrate. The advantages of resistless EBL are total elimination of all the toxic 
chemicals associated with the resist processes and a higher ultimate resolution resulting from the 
absence of line broadening by electron scattering processes in the resist. In this report we describe 
the linewidth dependence on the electron beam energy, the electron exposure dose, and the 
substrate thickness. 



EXPERIMENTAL SETUP 

The scanning electron beam lithography 
(SEBL) system consists of a commercial SEM 
(Amray 1400) configured for external scanning 
mode. The external scanning is driven by a 16 
bit D/A converter controlled by a 486-50Mhz 
personal computer. With a writing field of 
100pm, the D/A converter has a pixel 
resolution of 1.5nm which is much less than 
the beam diameter (-5-10nm from a LaB, 
emitter) and electrical noise ( S / N  ratio of 
- 120dB) from the scanning coil. Larger writing 
fields with lower pixel resolution are also 
possible. Typical beam currents used were on 
the order of 5 to 100pA. The electron dose for 
our application was about 1-4,plcm. For 
comparison, typical PIvlMA EBL dose is only 
about few nC/cm. The pressure in the sample 
chamber is around low lo4 to high Torr 
when both the turbo pump and ion pump are 
used. RGA monitoring of the sample chamber 
did not find detectable amount of contamination. 
The base line performance capabilities of the 
SEBL were determined using conventional resist 
base EBL. Minimum linewidths of 50 nm were 
routinely achieved using PMMA and gold liftoff. 
Note that we used relatively thick PMMA 
(-250nm) and substrate (-300m) for the gold 

liftoff. Higher resolution is possible with better 
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noise isolation and both thinner resist and substrate. 

Following standard solution cleaning using trichloroethylene, acetone, methanol, and DI water 
rinse, the Si substrates were oxidized in a UV photoreactor to remove the remaining hydrocarbons 
and to oxidize any metallic impurities. The silicon hydride layers were prepared by a diluted 
(-lo%, room temperature) HF dip of the UV oxidized samples. After the HF dip the surface is 
passivated by a uniform silicon hydride layer. Hydride passivation of the surface was confirmed 
by scanning Auger electron microprobe analysis. No surface contaminants such as carbon or 
oxygen were observed. 

Upon electron beam irradiation, the hydrogen on the Si surface is desorbed and a highly 
reactive Si surface is produced. This highly reactive surface is the basis for pattern formation. The 
written area can either serve as a positive or negative patterning mask depending on subsequent 
processes. One can oxidize the exposed area followed by CVD on the unexposed area. On the 
other hand, one can inject a source gas into the sample chamber concurrently with the writing. In 
this report, we will use wet chemical etching to transfer the written oxide pattern to the Si 
substrate. We use a 10% tetramethyl-ammonium-hydroxide (TMAH) at 70'C as a Si etch. It is a 



highly anisotropic etch which etches Si( 100) and Si( 110) fastest (-4nds) and twice as slow for 
Si( 11 1). In addition, the etch rate for SiO, is at least ten times slower than Si. To elucidate the 
mechanism of pattern formation, the effect of electron energy, electron dose and the substrate 
thickness on the resulting linewidth were investigated. 

Figure 3 shows a plot of the 
linewidth as a function of the electron 
dose written with an electron energy of 
30 kV. From the plot, we can see that 
there is a threshold dose of 0.75pCkm 
for electron beam induced oxidation. 
No exposure was found with a dose 
less than 0.75pmCkm at 30kV. The 
linewidth rises sharply until the dose 
reaches 1.9pCkm and then it saturates 
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depicts two patterns written on the same 
substrate at lOkV and 30kV of electron 
energies with the same electron dose. 
The lOkV writing produced a much a 0.4- 

wider line with less defined edges. This 
.result strongely suggests either the BSE -2 0.3 
and/or SE are contributing to the 
hydrogen desorptions. The given 0.2- 
in Fig. 4 are the Bethe range [5] for the 

shows the measured linewidth as a 
function of electron energy at SkV, 
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In conclusion, the passivating hydrode layer on silicon was used as aprototype to explore the 
feasibility of electron beam patterning of surface adsorption layers for nanolithographic 
applications. The patterns obtained by resistless hydride lithography were continuous with a 
minimum linewidth of O.lpm or better. At present time, no specail precautions were made to 



.- 

obtain the ultimate resolution by this method. We had performed a systematic studies on the 
exposure parameters such as electron energy, dose, and substrate thickness. Further 
comprehensive investigations are needed in order to fulliy understand the mechanism of hydrogen 
desorption. 
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