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Electron-beam-stimulated deposition and etching has been investigated as a clean, alternative
method for nanoscale selective processing. Depositions using W(&@@) hydrocarbon sources

have yielded efficient and selective electron-beam deposits. Primarily fluorine-based precursors
have been used to etch a variety of materials. Initial results regarding the selective etching of silicon
and silicon dioxide suggest that inelastic scattering of the primary electron beam with the gas occurs
and is more severe at lower beam energies. The etch rate increases linearly with decreasing
electron-beam energy, however, it is not clear if this is due to enhanced primary- or
secondary-electron-stimulated processes. Feature sizes as small as 55 nm have been selectively
processed. €2003 American Institute of Physic§DOI: 10.1063/1.1565696

The ability to manipulate materials at the nanoscale iy operating at the “crossover” energy, where the sum of the
critical for the nanotechnology revolution that is occurring. secondary and backscattered electron emission coefficients
The intelligent design, fabrication, and repair of nanoscalesquals unity, can significantly reduce charging. In addition, if
devices require techniques to selectively and nanoscopically low-pressure gas flux is directed onto a surface irradiated
deposit and remove material in a controllable fashion. Curby an electron beam, then the production of positive ions
rent technologies to selectively deposit or etch microscopicesults, effectively neutralizing the buildup of negative
features utilize ion-beam deposition and etching, laser ablacharge.
tive etching using far-field and near-field optics, and me-  To explore the electron-beam-stimulated process, a gas
chanical abrasion using a fine microtip. Of these techniquesjelivery system was designed and attached to a Hitachi
focused-ion-beam techniques are probably the most matui$-3500N variable pressutGEM) (VPSEM). The VPSEM
technology that has been extended to application at thhas a tungsten hairpin source and is equipped with a back-
nanoscale. When using an ion beam to stimulate a depositicstatter detector, an energy dispersive x-ray spectrometer
or etch process, the gallium ions get implanted into the subEDS), and has a pump system designed to operate in high
strate, which can significantly change the optical, electricalyacuum or variable pressure mo¢ig to 0.1-300 Pa The
or mechanical properties of the substrate. Charging inhererfas delivery system was designed to deliver up to four gases

to the ion—solid interaction also causes proximity effects ando a hypodermic needle for localized gas injection. The in-
can also lead to so-called “riverbed effects,” which erodejection system is mounted on a wobble stick for three-
nearby features when the heavy ion beam is scattered arfimensional positioning capability.
induces sputtering. To date, most of the deposition efforts have focused on
Electron-beam-stimulated deposition and etching is conselective tungstefW) deposition using a tungsten hexacar-
ceptually similar to the existing focused-ion-beam approacthonyl [W(CO),] source. W(CQ) is a solid state source at
and has been shown to be a viable technique for depositinghom temperature and pressure. To deliver the W({Qg2ys,
nanoscopic materials. A variety of materials have been dethe solid source is heated to 45—-80°C, which raises the
posited using a focused electron beam including cai‘bon,vapor pressure enough to deliver0.1 Pa of gas into the
chromium?  gold*~ iron®~" silicon? silicon oxide!  SEM. EDS measurements were takensitu to temporally
palladium;® platinum;**? and tungsten®~>* Fewer investi- monitor the deposition process and after the deposition was
gators have explored electron-beam etching, howevegompleted to quantify the final film deposit. Germanium, as
photoresist®**  silicon?*?° silicon dioxide?* silicon opposed to silicon, was used as the substrate material be-
nitride,24 and tantalum/tantalum nitria%have been reported. cause Si and W have over|apping EDS peak Signatures mak-
The main advantage of using an electron beam rathefg it difficult to determine the composition of the deposit.
than an ion beam is reduced contamination. The deleterioysigyre 1 shows some initial results of deposition using a
optical, electrical, and mechanical properties that implantegy(co), source. A series of 2.5mx 2.5 xm tungsten boxes
gallium ions can induce are obviated when using an electro,ere deposited over a range of times from 5-30 min in 5
beam, which is commonly used nondestructively when im+yin increments usipa 5 keV beam energy. Figurédl is a
aging in a scanning electron microscoiBEM). Another po-  seM micrograph of the six deposits showing the gradual
tential advantage of electron-stimulated processes over io’ﬂhickening of deposits with increasing W(C§8xposure and
beam techniques is the reduced charging effect that can reSL@g) is the EDS spectra acquired using a probe beam energy of
in better spatial control of the electron beam. For exampleg ey after each run, which shows the germanium substrate
signal decreasing and the W, C, and O peaks increasing with
3Electronic mail: prack@utk.edu increasing time. Figure 2 shows an array~0b5 and 85 nm
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= w FIG. 3. Scanning electron micrograph of an electron-beam-stimulated etch
C AL of an SiQ /Si stack.
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= h 13 min free path in the specimen. Typical valueshodre ~1 nm so
2 L 20 min the total beam interaction diameter should theoretically be
A 25 mi ~60 nm. The etched feature shown in Fig. 3 has a radial
J' L) damage pattern 185 nm larger than the prescribed box size
N L_/\ 30min which is ~3 times greater than the beam interaction diam-
0 500 eter. The discrepancy is believed to be due to primary beam

200 300
channels (10 eV/chan.) scattering by the XeFgas.

FIG. 1. (a) EDS spectra andb) electron micrograph of electron-beam- Monte Carlo simulation of elastic electron-gas scattering

stimulated deposition of W(CQ)at 5, 10, 15, 20, 25, and 30 min.

carbon nanopillars grown from hydrocarbon sources and a
150 nm selectively etched tungsten film. 2500 -
A significant effort has been directed toward the selec-
tive electron-beam etching of technologically important ma-
terials. Thus far, we have focused on fluorine-based etch
chemistries such as gand Xek and have etched Si, SjQ
SizN4, Ta, Al, Cr, C, TaN, Cu, low dielectric materials, and
photoresist. Figure 3 shows an electron-beam-stimulated etch
of a SiG,/Si stack that was etched with Xggas at a total
background pressure of 0.1 Pa. The localized gas pressure at
the substrate is likely an order of magnitude greater than the
average chamber pressure because of the close proximity of
the expansion nozzle to the substratel(cm). ' ' ' ' ' ' ' T
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The lateral dimension of the etched feature shown in Fig. (a) Beam Energy (keV)
3is ~620 nm and the vertical depth is 950 nm. The electron
beam was scanned over a square region with a @ra%ox
edge during the etching process. The diameter of the scan-
ning electron beam in vacuum was0 nm. Secondary elec-
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FIG. 4. (a) Plot of the silicon etch volume per Coulomb dose vs primary
FIG. 2. Scanning electron micrograph of an array of 55 and 85 nm carbemeam energy andb) a plot of the etched silicon feature diameter as a
nanopillars nearby a 150 nm etched tungsten film. function of primary beam energy.
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