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Abstract

A 25 keV focused helium ion beam has been used to grow PtC nanopillars on a silicon substrate
by beam-induced decomposition of a (CH3)3Pt(CpCHj3) precursor gas. The ion beam diameter
was about 1 nm. The observed relatively high growth rates suggest that electronic excitation is

the dominant mechanism in helium ion-beam-induced deposition. Pillars grown at low beam
currents are narrow and have sharp tips. For a constant dose, the pillar height decreases with
increasing current, pointing to depletion of precursor molecules at the beam impact site.
Furthermore, the diameter increases rapidly and the total pillar volume decreases slowly with

increasing current.

Monte Carlo simulations have been performed with realistic values for the fundamental
deposition processes. The simulation results are in good agreement with experimental
observations. In particular, they reproduce the current dependences of the vertical and lateral
growth rates and of the volumetric deposition efficiency. Furthermore, the simulations reveal
that the vertical pillar growth is due to type-1 secondary electrons and primary ions, while the
lateral outgrowth is due to type-2 secondary electrons and scattered ions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Ton-beam-induced deposition (IBID) is a direct writing
technology in which precursor molecules adsorbed on a
substrate surface are decomposed by an ion-beam-induced
or ensuing secondary-electron-induced reaction, resulting in
localized material deposition. Owing to its high flexibility
regarding the shape and location of the deposits, IBID is
becoming increasingly popular as a tool for prototyping three-
dimensional nanostructures [1, 2]. So far, almost all IBID work
is performed with Ga™* focused ion beams (FIB), which have
at best a probe size of 5 nm [3]. Only a few studies deal
with broad (~mm) noble-gas ion beams, like He™, Ne™ and
Xe™' [4, 5]. Despite the small probe size, structures grown
with a stationary FIB—i.e. pillars—usually have a diameter of

0957-4484/10/455302+07$30.00

more than 100 nm [1, 6-8]. In addition, Ga-IBID pillars have
rough sidewalls and relatively blunt tops [8]. The increased
pillar width and surface roughness are not well understood.
Pillars grown by electron-beam-induced deposition (EBID) are
usually narrower and less pure [9].

Recently, helium ion microscopy (HIM) became com-
mercially available [10] with a probe size much smaller than
that of the best gallium beams [3]. Compared to scanning
electron microscopy, HIM has the advantage of a smaller
interaction volume in the substrate and a predominance of type-
1 secondary electron emission (SE;) [10-15]. A helium ion
microscope can also be used for nanofabrication. Sidorkin et al
[16] and Winston et al [17] demonstrated the high-resolution
manufacturing capabilities of He' beam lithography. Bell et al
used an HIM to cut narrow graphene stripes [18]. Sanford et al
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[19] and Maas et al [20] showed that the introduction of a Pt-
containing precursor gas into the HIM results in the formation
of a deposit at the area exposed to the He™ beam. Furthermore,
the deposition yield—i.e. the volume deposited per incident
ion—for He-IBID is similar to that for Ga-IBID. However, the
Pt content is lower [19], more like deposits made by EBID [9].

Material growth by IBID is intimately linked to the
trajectories and the energy losses of the ions in the growing
material. In the model of Dubner et al [4], the nuclear energy
transfers to the atoms at or just below the surface constitute the
mechanism of IBID. Another model relates IBID to precursor
decomposition induced by electronic interactions with primary
or backscattered ions and emitted secondary electrons [21].

This paper reports the first successful growth of narrow
pillars with a stationary, nanometre-size He™ beam. The
experimental data are substantiated by extensive Monte
Carlo simulations of the growth, using the recently devel-
oped ‘EnvisION’ Monte Carlo ion-beam-induced deposition
code [22-27]. The main differences between He-IBID and
Ga-IBID pillar growth will be discussed, as well as details of
the mechanisms of IBID growth. This work demonstrates both
the prospects of direct nanofabrication with focused helium ion
beams and the feasibility of predicting growth characteristics
by simulation.

2. Experimental set-up

The experiments were performed in a Carl Zeiss Orion™
Plus scanning helium ion microscope (HIM), equipped with
an omniGIS unit from Omniprobe. This unit provides a
mixture of gases via a nozzle with a 500 um wide opening,
positioned at a distance of ~500 pum above the specimen
surface. The angle between the nozzle and the surface normal
is 25°. (CHj3)3Pt(CpCHs3) was used as the precursor. Its
reservoir was heated to 30 °C during deposition. A carrier gas
of N, was mixed with the Pt precursor gas in a ratio of about
10:1. The flow of the gas to the substrate was continuous.
The background pressure in the chamber was 6.3 x 10~ mbar
and the pressure during deposition was 4.5 x 107 mbar. A
25 keV He™ beam at normal incidence was used. The substrate
material was Si with a native oxide. Deposition was achieved
with a stationary Het beam. The exposure-time dependence
was measured for a primary beam current of 0.6 pA and the
current dependence between 0.6 and 5.0 pA for a total dose
QO of 6.0 pC per deposit. The current was regulated via the
helium gas pressure in the source. Typical variation in pillar
widths and heights between different days is 5 and 10%. The
estimated probe size was 1 nm full width at half-maximum. In
each run, four deposits were made sequentially under the same
conditions. The deposits were imaged by subsequent HIM with
a 0.5 pA beam current and at 0° and 30° sample tilt. To check
possible beam erosion and other beam-induced effects during
imaging consecutive images were taken.

3. Monte Carlo simulations

The He-IBID growth of the pillars was simulated using
the recently developed ‘EnvisION’ Monte Carlo ion-beam-
induced deposition code [22]. The simulation was based on
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Figure 1. Electron-and ion-induced dissociation cross sections of
(CHj3);Pt(CPCH3;). The electron data are a fit to the data in [30]. The
ion data are derived from the latter by scaling via the stopping power
at the same velocity. The histogram is the simulated secondary
electron energy distribution, adjusted to a secondary electron
coefficient of 2.9 for a flat Pt,(Cgg substrate of [29].

an electron-beam-induced simulation [23-26] and the ‘ToniSE’
ion-solid/secondary electron beam Monte Carlo routine [27].
The input parameters used are: beam energy 25 keV; ion
currents of 0.6, 1, 3, 5 and 9 pA; a Gaussian beam shape
with a full width at half-maximum of 1 nm; a homogeneous
composition of 20% Pt and 80% C [19] with a density of
4.5 gem™ [28] and a total ion-induced secondary electron
yield of 2.9 electrons/ion for a flat Pt;oCgo substrate, equal
to the yields for both pure C and pure Pt [29]. The
corresponding molecular density is 11 PtC, nm—3. From the
throughput of the gas (~107> mbar1s~') and the distance
of 500 um of the nozzle to the beam spot we estimated a
localized (CHj3);Pt(CpCHj3) pressure of 1.3 x 10~2 mbar. The
assumed sticking coefficient is 0.1 [9]. The electron-beam-
induced dissociation cross section as a function of energy
is from recent measurements by Van Dorp er al [30] for
the (CH3)3Pt(CpCHj3) precursor on amorphous carbon, see
figure 1. The ion beam cross section was generated by scaling
the electron beam cross section via the ratio of the electronic
stopping power of PtyoCgg for helium ions and for electrons at
equal velocity [27, 31, 32].

Figure 1 also shows a histogram plot of the secondary
electron energy spectrum generated from 10000 helium ions
incident on a flat Pty;0Cgy substrate. The corresponding
simulated backscattered ion yield is 5.1%, the peak implant
range (Rp) is 216 nm and the 90% ion range (Rgg) is 255 nm.
The range values are in good agreement with the values of
R, (187 nm) and Rgo (220 nm) in [27]. Furthermore, the
simulated lateral straggle peak (Sp,) is 86 nm and the 90%
lateral straggle distance (Soo) is 181 nm. The SE; and SE,
electrons are differentiated by the Monte Carlo scattering step:
the SE, electrons are created during the first five ion scattering
steps and SE, electrons beyond the fifth step. For a flat
PtC substrate, the average depth and radial distance of the
fifth scattering event are 43 and 6.1 nm, respectively, and the
average depth and radial distance of SE; electrons are 7.7 and
2.1 nm, respectively.
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Figure 2. Pillars grown from (CH;);Pt(CPCH;) decomposition by a
1 nm Het beam at 0.6 pA and 25 keV. Exposure dose ranged from
0.6 (lower left) to 5.4 (upper right) pC. (a) 30° tilted view and (b) top
view.

4. Results

The HIM images of the deposits for different exposure times
are shown in figure 2. The deposits are pillar-shaped structures.
Their diameter and height are plotted in figure 3 as a function
of the exposure time. The height increases proportionally with
time and, apart from the initial growth, the pillar width is
constant

Figure 4 shows a compilation of deposits, grown with
different currents but with the same ion dose. All deposits are
cones at high currents and pillars, i.e. cylinders with conical
tops, at lower currents. Figure 4(b) is a magnified HIM image
of one of the pillars deposited at 0.8 pA. The bending of the
top is caused by ion impacts during imaging at high resolution.
The apex has a radius of curvature of 9 &= 2 nm and the pillar
has a width at half-maximum of 36 & 2 nm. Furthermore,
the sidewalls of all pillars are smooth. Note that the conical
top of the pillars are typically about 100—150 nm long. The
pillars grown at the higher currents are shorter and broader.
The ellipse in figure 4(b) is the estimated location of the pillar
bottom.

Figure 5(a) shows the measured height H and 5(b) the
vertical growth rate vy (=Hi/Q) of the deposits as a function
of the primary beam current i. The current variation was
achieved via variation of the helium gas pressure, which should
not affect the beam diameter [33].

Figure 5(c) shows the full width at half-maximum and
figure 5(d) the deposited volume per incident ion. Because of
the unfavourable viewing direction, we estimate that the error
in the pillar volume ranges from 5% for the tall and narrow
pillars to 10% for the short, conical structures. The general
conclusion of figure 5 is that, with increasing beam current, the
deposits become shorter and broader while their total volume
decreases slightly.

Figure 6 shows the length Lo of the conical top versus the
pillar diameter; Lo is defined as the distance below the apex
where the pillar diameter is 90% of its final, saturated diameter.

Figure 7 shows cross sections of four simulated pillars
grown to a common height of 200 nm (requiring different

Exposure time (s)

Figure 3. Pillar height and diameter versus exposure time (from data
of figure 2). The line is a linear fit to the height data above 2 s.

doses) for the respective currents from 1 to 9 pA. Figure 8
shows the simulated deposition events as a function of ion
dose. All maximal doses shown correspond to a pillar
height of 200 nm. Figure 5 also shows the simulated
height, vertical growth rate, width and volumetric deposition
efficiency as a function of current. To compare the simulation
results for the 200 nm pillars of figures 7 and 8 to the
experimental 6 pC growths in figure 5, we have normalized
the simulated results. Note that 6.0 pC corresponds to 3.73 x
107 ions. The simulated height in figure 5(a) is a simple
linear extrapolation, based on the observed (figure 3) and
simulated (not shown) constant vertical growth rate. The
simulated pillar diameter shown in figure 5(c) is determined
at 15 nm from its base, which we assume to approximate the
steady-state nanopillar width, thus also the diameter at 6.0 pC
dose. Finally, the simulated volumetric deposition efficiency
in figure 5(d) is the weighted average of the volumetric
deposition efficiency for the simulated 200 nm pillar and the
steady-state volumetric deposition efficiency for the remaining
dose up to 3.73 x 107 ions or 6.0 pC. The comparison
between the experimental and the simulated pillars reveals
good agreement. The simulations reproduce the trends: the
vertical growth rate decreases, the pillar broadens and the
volumetric deposition efficiency decreases as the beam current
increases. The normalized simulated pillars are about 50%
taller and 10% narrower, while their deposition efficiencies are
about 25% higher and vary more strongly with ion current. The
differences between the experimental and simulation results
are most likely due to the uncertainties in a number of input
parameters. An examination of the sources of uncertainty is
given in section 5.

5. Discussion

The experiments show that smooth and narrow nanopillars
can be grown by helium ion-beam-induced decomposition of
adsorbed (CHj3)3Pt(CpCHj3). Pillars grow in two stages: first
as a cone and subsequently as a cone with a cylindrical base.
For the conditions investigated, the pillar’s vertical growth
rate is constant in time (figure 3). The vertical growth rate
increases with increasing beam current, but it levels off at the
higher currents (figure 5(b)). This behaviour is unmistakably
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Figure 4. Pillars grown at 6.0 pC and 25 keV He™ viewed at 30° sample tilt. (a) At low currents; (b) blow up of the enclosed pillar, the yellow

ellipse is the estimated pillar bottom and (c) at high currents.

characteristic for the transition from an ion-limited growth
regime to a precursor-limited regime [9]. The vertical growth
rate vy can be described by [9, 34, 35]

Vool

i+i’

vy (i) = D
where i; is the transition current between the two regimes and
Voo 18 the vertical growth rate in the saturated precursor-limited
regime. The full curve of figure 5(b) is a fit to all experimental
data with vee = 400 & 20 nm s~' and i, = 0.80 £ 0.05 PA.
The pillar top is supplied with precursor molecules via direct
adsorption from the gas phase and via surface diffusion along
the pillar sidewall. The levelling of the vertical growth rate
clearly indicates that the supply of precursor molecules to the
top of the growing pillar does not keep up with the ion flux
at the higher beam currents. Nevertheless, the slow decline
in figure 5(d) suggests that the supply of precursor molecules
to the entire beam interaction region—i.e. the apex plus the
surface of the cone—is almost sufficient to maintain a constant,
current-independent volumetric deposition efficiency.
Examination of figure 7 and the temporal evolutions of the
deposited species versus dose (or number of ions) in figure 8
reveals interesting details regarding the simulated growth of the
nanopillars. The first observation is that the simulated sizes and
shapes of the conical tops in figure 7 correspond well with the
experimental ones in figure 4. See also figure 6. Furthermore,
the cessation of lateral growth at 100—150 nm below the apex,
which defines the length of the cone, is appreciably less than
the implant range Roy of 25 keV He ions in bulk PtypCg
(~255 nm). The third observation is the effect the current has
on the number of molecules deposited by primary ions and SE;
electrons (figure 7). As described previously [22], the vertical
growth is dominated by primary ions (PI) and SE; electrons,
as these species are responsible for the decomposition of the
precursor molecules near the apex of the nanopillar surface.
As shown in figure 8, deposition efficiencies for both the PI
and SE; decrease with increasing current. If one assumes that
the flux of precursor molecules is isotropic and the growth
regime is precursor-limited, then it logically follows that the
deposition efficiency will vary proportionally to the ratio of

the flux of precursor molecules to the flux of ions. Thus, the
decreasing PI and SE; deposition efficiencies and decreasing
pillar height make intuitive sense: they can be understood
by the decreasing precursor coverage in the beam interaction
region. Figure 9 shows the simulated surface coverage as
a function of the nanopillar height below the apex, which
illustrates the precursor consumption in the beam interaction
region. As hypothesized above, the surface coverage at the
nanopillar apex does not keep up with the ion flux at all,
especially at the higher currents. In particular, the relative
surface coverage at the apex decreases from 18% at 1 pA to 5%
at 9 pA. The surface coverage over the entire beam interaction
region is also reduced, but it is still much higher than at the
apex. For instance, integrated from 50 to 200 nm, the relative
coverage varies from 86% for the 1 pA to 68% for the 9 pA
simulations. The drop of about 25% in the simulated coverage
in the entire beam interaction region explains the moderate
decline of the volumetric deposition efficiency in figure 5(d).

To understand the nanopillar broadening with increasing
current, it is instructive to realize that SE; and SE, electrons
as well as forward scattered ions contribute to the pillar
broadening. Interestingly, the increased current broadens the
pillars, although it reduces—see figure 8—both the deposition
efficiencies for SE; and SE, electrons due to a decreased
surface coverage. However, the relative SE, contribution
increases and in steady state becomes much larger than the
relative SE; contribution. The broadening is basically a result
of competing vertical and lateral growth. The time 7, available
for lateral growth is inversely proportional to the vertical
growth rate (f, ~ R,/vy). The vertical growth rate saturates
for the higher currents in our experiments. Though the lateral
growth time is slightly shorter for the higher currents, the
lateral growth rate is proportionally higher due to the higher
intensity of SE, electrons and forward scattered ions. Thus,
higher currents imply faster lateral growth and an almost
constant vertical growth. This effect explains the observed
pillar broadening with increasing ion current. An analytical
analysis of the interplay between vertical and lateral growth is
given in [35].

The increase of the simulated cone lengths—the Lgg
distances in figure 6—is consistent with the experimental
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Figure 5. Growth characteristics versus beam current for a dose of
6.0 pC; open blue circles are experimental data; green squares are
simulation data (line is only a guide to the eyes). (a) Pillar height;
(b) vertical growth rate, red curve is a fit of equation (1); (c) pillar
full width at half-maximum and (d) deposited volume per incident
ion, i.e. the volumetric deposition efficiency.

data. As the nanopillar broadens with increasing current, the
effective vertical interaction length of the nanopillar increases
and is eventually expected to saturate at the bulk value of
~255 nm. The difference between the cone length (Lgo) and
the bulk implant depth is, thus, due to the premature escape of
almost all ions from the narrow pillars. Note that the lateral
straggle in bulk PtyoCg is still much larger (S9p = 181 nm)
than the widest pillars (40 nm radius) observed in this study. To
conclude, most of the incident ions scatter out of the nanopillar
before they can traverse the full penetration distance.
Although good agreement between experiment and
simulation has been obtained, uncertainties in parameters
should be considered. First of all, the localized pressure for
the simulations might differ from the actual one. Uncertainties
in the specific partial pressure of the precursor and the sticking
coefficient are likely the largest source of error. Logically, the
vertical growth rate in the precursor-limited regime will scale

200
E 150 | experiment ® o
£
=)
3 100 | © m ¥®
© B simulation
c
5]
© 50t
0 i i 1
0 20 40 60 80
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Figure 6. Cone length Loy versus pillar diameter.

with the localized pressure and with the sticking probability; in
fact, the growth depends on their product. Of course, a change
in the vertical growth rate will also affect the pillar width.
In addition, we have made assumptions on the composition,
microstructure and density of the nanopillars. Surface diffusion
of precursors could also be operative which would increase the
coverage in the beam interaction region [24]. Furthermore,
we assume that increasing the beam current by increasing
the helium pressure did not broaden the beam. However,
this conjecture was not checked experimentally. A broader
beam would affect both the pillar width and the deposition
efficiency. We have used the electron beam total dissociation
cross-section data from [30] for the electron- and ion-beam-
induced deposition cross sections. While dissociation is a
necessary step in the deposition, it is likely not a simple
first-order process and the total ion- and electron-beam-
induced deposition cross sections might differ. Finally, all
simulations were performed at room temperature. Thus,
possible beam heating effects on precursor decomposition or
adsorption were ignored. In a future study we will investigate
the effects of localized pressure, heating, surface diffusion,
precursor residence time, sticking probability, beam diameter,
ion and electron dissociation cross sections as well as a
more exhaustive investigation of the interactions between these
parameters.

The measured deposition efficiency of 0.04 nm?/ion is
comparable to the experimental values between 0.04 and
0.09 nm?/ion found by Sanford et al [19] for the growth of
PtC with a similar instrument and for similar experimental
conditions. However, in [19] a scanning beam was used
and boxes of Pt were deposited of sizes larger than 500 nm.
The deposition efficiency for Pt-pillar growth via Ga-IBID
is 0.045 nm?/ion at 30 keV [8]. Assuming a density of
45¢ cm > [28] and a C to Pt ratio of 4:1 [19], a deposition
efficiency of 0.04 nm?/ion corresponds to a deposition yield
of 2.2 atoms/ion. In EBID, the deposition yield for the same
precursor is much lower, under favourable conditions still
below 0.001 nm? /electron [36]. Although ion beam deposition
by He™ and by Ga™ ions have similar deposition yields [37],
their nuclear stopping powers—i.e. the average energy loss per
unit of path length via nuclear or atomic collisions—differ
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Figure 8. Calculated contribution of the various deposition events as a function of ion dose (or time). Each deposition event corresponds to
one precursor molecule decomposition, whereby one Pt atom and four C atoms are being deposited onto the growing pillar surface. At a pillar
height of 200 nm, the deposition events per ion reach their steady-state values.

by almost two orders of magnitude. Because of this large
discrepancy we conclude that the atomic-collision model by
Dubner [4] is not applicable for He-IBID and we attribute the
mechanism of He-IBID to molecular decomposition induced
by electronic excitations [21]. However, the electronic-
excitation mechanism cannot explain the large difference
between He-IBID and EBID.

The He-IBID pillars are up to four times narrower and
have a sharper apex than Ga-IBID pillars. In fact, the width and
apex are as good as for the best PtC tips grown by EBID [38].
We tentatively attribute the differences in top shape and size
to the differences in penetration depth, lateral straggle and the
occurrence of non-negligible milling during Ga-IBID. Finally,

the He-IBID pillars are smooth, while the Ga-IBID pillars have
rough sidewalls.

6. Conclusions

Nanopillars with a diameter of less than 40 nm and an apex
radius of 9 nm can be grown by focused He ion-beam-
induced deposition (He-IBID). Pillars grown at higher currents
are shorter and broader, but their volumes are only slightly
less than for pillars grown at lower currents. The shape
change is a consequence of a transition in the vertical growth
from the ion-limited regime to the precursor-limited regime.
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Deposition yields are as high as for Ga-IBID, and much
higher than for electron-beam-induced deposition (EBID). The
fact that electronic stopping power dominates the energy loss
for 25 keV (and lower) He ions suggests that electronic
excitation is the mechanism of He-IBID. Quantitative Monte
Carlo simulations of the ion and secondary electron trajectories
and the concurrent precursor decomposition indicate that the
vertical pillar growth is due to type-1 secondary electrons
and primary ions while the lateral growth to type-2 secondary
electrons and scattered ions. The widths of the pillars are
comparable to those of EBID pillars.

In general, He-IBID pillars show better characteristics
than pillars grown by conventional Ga-focused-ion beams or
by electron beams. Moreover, Monte Carlo simulations explain
the shape and the growth mode of the nanopillars.
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