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Direct fabrication of nanowires in an electron microscope
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Electron-beam-induced depositioBBID) is a potentially fast and resistless deposition technique
which might overcome the fundamental resolution limits of conventional electron-beam lithography.
We advance the understanding of the EBID process by simulating the structure growth. The merit
of our model is that it explains the shapes of structures grown by EBID quantitatively. It also
predicts the possibility to directly fabricate structures with lateral sizes smaller than 10 nm and
points out the ideal conditions to achieve this goal. We verify these predictions by fabricating
sub-10-nm lines and dots in a state-of-the-art scanning transmission electron microscdj#)3 ©
American Institute of Physics[DOI: 10.1063/1.1575506

Energetic beams of photons, ions, and electrons are cuused® 8 We improve the understanding by modeling the ma-
rently in use for fabrication of submicron devices for suchterial growth under electron-beam irradiation. The merit of
diverse applications as microelectronics, nanophysics, andur model is not only that it explains the shapes of structures
molecular biology. Among these, the focused electron beargrown by EBID, but it also predicts the possibility to directly
fabricates the smallest features. The conventional electrorfabricate structures with lateral sizes smaller than 10 nm and
beam-induced lithography, based on polymethylmethacrylatgoints out the ideal conditions to achieve this goal. We show
resist has reached its fundamental resolution limits, situatethat these ideal conditions can be found in a state-of-the-art
around 10 nm, as dictated by the interaction range of elecSTEM, normally used as an analytical instrument.
trons with the resist, by the molecular size, and by the resist \We model the growth of a single dot, deposited by a
development mechanism. To fabricate even smaller struGocused electron beam, as follows. We follow each primary
tures, we investigate a resistless technique, called electrogiectron (PE), and when it hits the substrate surface it is
beam-induced depositidieBID), which might overcome the  given an energy dependent probability to deposit material.
present resolution limitation problem. Besides the primary electrons, the secondary electf®Bs

Originally EBID was well known as contamination emitted from the target material, with energies ranging from
growth in electron microscopy. Broees al* were the firstto ¢ to 50 eV, play a very important role in the deposition,
use contamination grown patterns as an etching mask t0 dgpcause the cross section for electron impact dissociation of
fine 8-nm-wide metal lines. Only in the last decade has EBIDyas molecules peaks at these low energies. In fact, in the case
gained more importance as a tool for additive lithography, of high-energy PE beams, as in a SEM or STEM, the role of
practiced mainly in scanning electron microscopB&M).  the PE in most cases can be neglected. The SE emitted from
The principle of EBID is illustrated in Fig. 1 and can be 4 fjat substrate area larger than the beam diameter, may dis-
described briefly as follows. In a high vacuum chamber, angiate the adsorbed precursor molecules and a dot will start
electron beam is focused on a substrate surface on whigly 416y, its initial diameter is determined by the exit area of

precursor gas molecules, containing the element to be depogg o, the substrate surface. Although this scenario has been
ited (organometallic compound or hydrocarbprare ad-

sorbed. As a result of complex beam-induced surface reac-
tions, the precursor molecules adsorbed in and near to the electron beam volatile
irradiated area, dissociate into nonvolatitee deposjtand
volatile fragmentgto be pumped away The advantage of precursor
EBID over conventional lithography methods is that two-,

and even three-dimensiond@D),?~* structures are patterned

and deposited simultaneously, making it a fast, one-step tech-

nique. \ g ,M/ /’

deposit

fragment

The theoretical understanding of EBID is rather poor. ‘@
Until now, there has not been a proper explanation for the ,Y\‘e”

fact that the smallest structures fabricated with EBID are
typically 15-20-nm wide, even though electron optical in-
struments, like SEMs and scanning transmission electron mig, 1. iilustration of the EBID process. A precursor gas is continuously

croscopes(STEMS, with much smaller probe sizes were supplied to the substrate. An electron beam is focused on the substrate. The
electrons are dissociating the adsorbed molecules and a deposit is formed on
the substrate. The volatile components are evacuated from the deposition
¥Electronic mail: hagen@cpo.tn.tudelft.nl chamber.

electron impact ionization
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FIG. 2. A sequence of simulated profiles for a single carbon dgH(C  FIG. 3. Images of a line directly deposited on a thin carbon film in a STEM.
pl’ecurSO)‘ deposited on a 10-nm thin carbon foil by a 200-keV, zero- (a) TEM micrograph andb) a 3D intensiw plot of the TEM image. The
diameter electron beam, at normal inciden@. Cross-sectional profiles,  estimated average base width of the line is 8.3 nm and the FWHM is 6.5 nm.
only the profiles obtained at 18, 54, 90, 126, 162, and 198 ms after thghe beam probe size was 1 nm, probe current 5 pA, acceleration voltage 200

deposition was started are showh) The time evolution of the dot geom- eV, target thickness 10 nm, scan length 1,28, and exposure time 10 s.
etry: the dot height, the dot diameter measured at the half of its maximum

height, and the dot diameter measured at the base are plotted. The saturation
of the diameter is clearly observed. area from which the SE are emitted. In Fig. 3, a continuous

wire is shown as obtained by scanning a 1-nm probe, with

brought up by many authors as an explanation for the growtf"PA current, twenty times along a 1.28n long line with a

of structures broader than the primary beam size, we ha&Petition rate of 2 Hz. Assuming a linear imaging model, a

shown, using Monte Carlo simulations, that experimentallySMPle estimate of the FWHM is 6.5 nm. The exposure dose,
observed structure sizes cannot be explained thiswhy. defined as the charge needed to fill a unit area with 6.5-nm-

. . . 5
Therefore, we extend the model by including scattering inVide lines, is then 6010 Chri

the growing structure as well. WeBtmlso simulated elec- Five linear arrays of dots are shown in 5%%3)4 three
tron scattering in tip-shaped specimen, and determined tHg/€arly visible arrays exposed with a dose of t0C/dot and

electron range and the energy loss in the specimen, the shaPf° less-visible arrays, icr}dbft":_ienlﬂgf three, exposed with
ot. The latter arrays are more

of which remained static. However, we are interested in th&@PProximately 210 _
effect of scattering in the continuously growing tip, that is, aclearly seen in the integrated cros_s-sectlonal plot across the
dynamic tip shape. While the tip-like structure grows in ver-&Tays in Fig. 4b), and have an estimated average dot diam-
tical direction, the PE entering the apex of the tip may scatteft€" Pelow 2 nm. _ _

in the tip, generating SE that can exit the tip from its side Figureé & shows a high-angle-annular-dark-field
walls. These SE will dissociate the precursor molecules adHAADF) image of four sub-10-nm lines, written with a
sorbed on the tip flanks and thus will contribute to a latera0-2-1M prob.e. From Fh_ese images a more accurate line width
broadening. Saturation will occur when the SE are no longef@n e obtained, as it is generally accepted that the HAADF

able to exit the side flanks, as determined by the escapgPntrast is proportional to the thickness. In Figb)5 the
depth of the SE in the depogB—15 nm.2 integrated cross-sectional profile across the lines shows that

We developed a computer program, based on a twothe lines have an average base width of 9.5 nm and a FWHM

dimensional cellular automata method, to simulate the tifPf 4-3 M.

growth by SE only During the simulation, the shape evo- These structure sizes are about an order of magnitude
lution of the dot is registered, and a typical result is pre_smaller than the best results obtained by EBID performed in

sented in Fig. @). A sequence of carbon dot profiles is & SEM, and comparable or even smaller than the smallest

shown, registered at equal time intervals, deposited on features fabricated occasionally in scanning probe micro-

10-nm carbon foil by a 200-keV, zero-beam-diameter elecSCOPES'SPM).*7In addition to that, EBID in a STEM has

tron beam, at normal incidence. We usedHC as a precursor clear advantages over SPM-based techniques in that its probe
gas because its dissociation cross section is known. Initially
very small structures are obtainéd—3 nn), and as time
proceeds, the width of the structure saturat28—-30 nm
while the height still increases. This is clearly seen in Fig.
2(b), where the diameter of the base of the tip, the full width
at half-maximum(FWHM) of the tip, and the height of the
tip are plotted versus timghe scale here is determined only
by the 5 pA PE current The simulated structure evolution is
in good agreement with experimental observations from
others>—8
Encouraged by the predictions of the simulation model, 90 20 o
we performed carbon deposition experiments in a Tecrai G 0
F20 U-TWIN STEM with a very stable and well-controlled FIG. 4. Five arrays of dots deposited on a thin carbon fil@.A 3D
electron-beam diameter smaller than 0.2 ¥ifihe substrate intensity plot and(b) an integrated cross-sectional plot across the parallel

] . . . ot arrays. The arrows point to the smallest fabricated arrays of dots, with an
used was an unclean 10-nm thin carbon foil that prowded b)Zstimated average dot diameter below 2 nm. The beam probe size was 1 nm,

itself sufficient contaminating hydrocarbons. In very thin ihe three wider arrays were exposed at £@/dot, and the two narrow ones

substrates, PE scattering is low, resulting in a small surfacet approximately X 10-4 C/dot.
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FIG. 5. A deposited pattern of four parallel continuous linesA HAADF
image and(b) an integrated cross-sectional profile across the lines. The
average base width of the lines is 9.5 nm and the average FWHM is 4.3 nm,
The probe size was 0.2 nm.
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