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1. Introduction

Fabrication at the smaller end of the nanometer scale has signif-
icant implications for advancing the performance of electronic de-
vices. Electron-beam lithography is the enabling process for
realizing useful patterns at these dimensions. All other forms of
lithography, i.e. extreme ultra-violet, deep ultra-violet, and nano-
imprint lithography, depend on the capabilities of electron-beam
lithography to produce the masks and templates that are required
for their implementation. The requirement of 1x templates for
nanoimprint lithography makes this technology particularly
dependent on the resolution limits of electron-beam lithography.

The potential of inorganic resist systems for high-resolution
patterning has been known for some time. The highest resolution
patterns ever realized with electron-beam lithography have been
produced with metal fluoride systems [1-3]. Unfortunately, with
the lowest exposure doses at several hundred mC/cm? [4], these

systems have insufficient sensitivity for any practical application.

The electron-beam resist hydrogen silsesquioxane (HSQ), is a
commercially available inorganic polymer for writing high-resolu-
tion features with small line-width roughness (LWR). About 6-nm
isolated lines and 10-nm dense lines and spaces have been pro-
duced [5] at doses of 5.5 and 33 mC/cm?, respectively. Though
HSQ is a significant material for electron-beam patterning, its
widespread use, as typical of most inorganic resist, is limited by
a low sensitivity.

* Corresponding author. Tel.: +1 541 760 9109; fax: +1 541 737 2062.
E-mail address: stowersj@onid.orst.edu (J. Stowers).

0167-9317/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.mee.2008.11.034

Lam Research Ex. 1010 - Page 19

Lam Research Corp. v. Inpria Corp.

We describe here a new aqueous solution-based inorganic resist
system that provides capabilities for both high sensitivity and high
resolution. This system provides pathways for patterning at higher
resolutions and significantly lower doses than obtainable with
HSQ. It also breaks the sensitivity limitations associated with inor-
ganic resists, enabling doses and writing times comparable to some
chemically amplified electron-beam resists.

The resists are derived from the film chemistry of the hafnium
and zirconium oxide sulfates known as HafSOx and ZircSOx,
respectively [6]. These amorphous materials are readily deposited
from aqueous solutions as atomically smooth, dense, and pin-hole
free films. The regularity of the films has been verified through
their use as insulators in high-performance metal-insulator-metal
capacitors and as gate dielectrics in thin-film transistors. Transmis-
sion electron microcopy has been used to verify integrity in films
as thin as 2 nm. Hence, the quality of these films serves as a signif-
icant starting point for the examination and development of a new
inorganic resist technology.

2. Experimental

Aqueous precursor solutions were prepared from ZrOCl; - 8H;0
(Alfa Aesar, 98%), HfOCI, - 81,0 (Alfa Aesar, 99+%), H,S04 (EMD.
17.8 M), H,0, (Mallinckrodt, 30%), and 18 MQ purified water. Solu-
tions for spin coating were prepared by combining the 7r0Cl; (a9)
or HfOCl, (aq) with the remaining reagents to produce metal-to”
peroxide ratios of 1:0.5, metal-to-sulfate ratios of 1:0.5-0.7, a
a final metal concentration of 0.5 M. )

Silicon substrates were prepared for spin coating by soniCt‘iUf’n
in Decon Labs, Contrad-70 solution at 45°C for 60 min. Resist

IPR2024-00033 - U.S. Patent No. 9,823,564




J. Stowers, D.A. Keszler /Microelectronic Engineering 86 (2009) 730-733 731

solutions were spin coated at 3000 rpm for 30 s to produce a thick-

ness of 35 nm. Exposures for line and pattern formation were con- -

ducted at 30-keV beam voltage on a Zeiss Ultra FEG SEM with a
Nabity lithography system. Development was conducted by
immersion in 25% w/w tetramethylammonium hydroxide (TMAH).
A final hardbake was performed at 325 °C for 5 min.

Contrast curves were generated from data collected on an Asy-
lum Research MFP-3D atomic force microscope (AFM). X-ray
reflectivity data on selected films were collected on a Bruker-AXS
D8 Discover X-ray diffractometer with a Cu Ko source. Etch resis-
tance was tested on a Plasmatherm System VII, a capacitively cou-
pled plasma RIE system. The etch recipe involved using CHF; at a
flow rate of 15 sccm in a chamber pressure at 30 mTorr; etching
was done at 75 W with a 374-V DC Bias for 5 min. Etch depths
and rates were determined from AFM. LWRs were generated via
analysis of scanning electron micrographs with the software
SIMAGIS® at a threshold value of 60%.

3. Results

Contrast curves for ZircSOx and HafSOx deposited with metal-
to-sulfate ratios of 1:0.5 and 1:0.55, respectively, are illustrated
in Fig. 1, where development was performed with TMAH for 4
and 1.5 min, respectively. Under these conditions, ZircSOx exhibits
a contrast of 2.6 with Do = 4.0 and Dy g = 7.6 pC/cm?, while HafSOx
exhibits a contrast of 2.5 with Dy = 10 and Dy g = 21 uC/cm?. While
the contrast of the films is modest, the sensitivity is remarkably
high for an unamplified material. In comparison ZEP, a positive
tone polymer resist, exhibits a sensitivity of 20-50 pC/cm? at
20 keV [7]. The high sensitivity of the Zr and Hf materials has
implications for writing high-resolution patterns. SEM images of
an isolated line and dense features in ZircSOx are given in Figs. 2
and 3, respectively. The 3¢ LWR of the isolated line is 3.4 nm,
and the corresponding value for the dense lines is 6.4 nm. These
rather high LWR results can be attributed in part to the low dose,
which is in the regime of shot noise. Although the contribution
of this noise to the total LWR has not been explicitly evaluated, it
is expected that modifying the resist chemistry for a higher dose
response will reduce LWR.

=ZircSOx
~HafSOx

) o
EN %
L L

Normalized Thickness
e
F

0.2 1

o

1 10 100
Dose (uC/cm?)

Fig. 1. Contrast curves for ZircSOx and HafSOx with metal-to-sulfate ratios of 1:0.5
and 1:0.55, respectively.
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20 nm
s

Fig. 2. SEM image of a 16-nm isolated line in ZircSOx at a dose of 112 pC/cm?
(30 keV electron-beam).

Fig. 3. SEM image of 28-nm lines on a 100 nm period in ZircSOx at a dose of 50 pnC/
cm? (30 keV electron-beam).

Adjusting processing represents a conventional means to effec-
tively modulate resist response and sensitivity, but we chose to
take advantage of the unique chemistry of the SOx systems by fix-
ing the process and simply modifying the resist formulation. A con-
trast curve for a ZircSOx film with metal-to-sulfate ratio of 1:0.7 is
illustrated in Fig. 4. Relative to the formulation with the lower sul-
fate content, the contrast has increased to 5.2 with Dy =209 and
Dos =290 puC/cm?, i.e. the sensitivity has been decreased by a fac-
tor of 36. These dose levels represent only two points covering a
range of accessible sensitivities made available by simply altering
sulfate content. SEM images of an isolated 15-nm line and 36-nm
dense features for the higher sulfate ratio in ZircSOx are given in
Figs. 5 and 6, respectively. As expected, the LWRs are considerably
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Fig. 4. Contrast curve for a ZircSOx film with a metal-to-sulfate ratio of 1:0.7.

20 nm

e

Fig. 5. SEM image of a 15-nm isolate line in ZircSOx at a dose of 999 uC/cm?
(30 keV electron-beam).

reduced - 1.9 nm for the line and 2.1 nm for the dense pattern.
These values, for example, are considerably lower than those re-
ported in the original work on HSQ [8].

The mechanism that leads to negative tone patterning is depen-
dent on the presence of peroxide. In the aqueous chemistry of me-
tal oxides, peroxide is known to inhibit condensation reactions that
would otherwise lead to precipitation [9]. In the present resist
materials, beam-induced decomposition and elimination of perox-
ide promotes condensation reactions, cross-linking of metal-oxo
bridges, and the production of three-dimensional framework
structures. These frameworks produce the differential solubility
between unexposed and exposed regions. A similar mechanism
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Fig. 6. SEM image of 36-nm lines on a 100-nm period in ZircSOx at a dose of
810 uC/cm? (30 keV electron-beam).

has been described by Okamoto et al. for the patterning of peroxo-
polytungstates [10,11].

In comparison to more conventional polymer electron-beam re-
sists, the high sensitivity achieved with these materials is remark-
able. In part, the sensitivity can be traced to their high electron
densities. The electron density has been directly measured from
the critical angle in X-ray reflectivity measurements, providing val-
ues of 1.5 mol e~/cm? for ZircSOx and 1.9 mol e~/cm? for HafSOx.
For comparison, the electron density of PMMA is approximately
0.64 mol e~/cm’. In the context of the modified Bethe equation
proposed by Joy and Luo, the stopping power for an electron is pro-
portional to the electron density of the resist [12]. Consequently,
during exposure more energy from the electron beam is deposited
into ZircSOx or HafSOx than in an equivalent thickness of PMMA.
The stopping power also applies to secondary electrons and the
broadening of the direct beam. For the SOx materials, the high
stopping power effectively results in a smaller beam radius. The
high electron density in the resist; however, can have a negative
impact in the form of forward scattering, but this effect is expected
to be minimized for thin layers. We have already demonstrated the
formation of continuous films as thin as ~2 nm with the SOx
chemistries [6].

To determine if HafSOx or ZircSOx would be effective resists in
ultra-thin film form, their etch rates were examined. Reactive CHF;
plasma etching was selected for its ability to etch SiO,. Etch rates of
HafSOx and ZircSOx are 2.2 and 2.9 nm/min, respectively. Under
the same conditions, thermally grown SiO, etches 9x faster than
HafSOx and 7 x faster than ZircSOx. These results demonstrate that
these materials exhibit a very high etch resistance, and that ultra-
thin films could likely be used as hard masks to pattern SiO, for im-
print templates.

4. Conclusions

We have presented here unique solution-deposited inorganic
resists for both high-sensitivity and high-resolution work. Sensitiv-
ities comparable to chemically amplified resists at a reasonable
contrast have been demonstrated. Isolated features as narrow as
15 nm, exhibiting a LWR of 1.9 nm, have been written. Excellent
selectivity in reactive-plasma etching of thermally grown SiO,
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was demonstrated. At present, the SOx material systems exhibit
significant promise for advancing the capabilities of inorganic re-
sists. With continued optimization, the systems are very likely to
find several applications in both high-speed and high-resolution
patterning as well as the direct writing of functional materials.
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