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Tunable Nanosynthesis of Composite Materials by Electron-Impact

Reaction™**

Laurent Bernau, Mihai Gabureac, Rolf Erni, and Ivo Utke*

Nanoscale electron-induced reactions being triggered by a
finely focused electron beam in modern scanning electron
microscopes are commonly used to pattern surfaces of thin
films of irradiation sensitive material. Classical polymer and
inorganic resist films allow precise masks to be defined for
further deposition or etching process steps in the semi-
conductor industry.'! A new, promising approach employs
new film materials, among which are self-assembled mono-
layers of biphenyl, passivated gold nanoclusters, Langmuir—
Blodgett films, or liquid precursors. The exposure of these
films to electrons directly results in membranes, electrical
wires, plasmonic structures, or conducting dots with nanoscale
dimensions.™

A very promising approach to electron-impact nanosyn-
thesis is to replace the solid or liquid film and use a
physisorbed monolayer that is continuously refreshed by
injected volatile molecules.®! The process can be compared to
local chemical vapor deposition; however, the decomposition
is due to electron-impact dissociation rather than thermal
dissociation, thus keeping the reaction confined to the size of
the electron beam and the active electron interaction volume.
It has been proven to be a very innovative concept for direct,
local, three-dimensional, and minimally invasive nanosyn-
thesis of future photonic,” electronic,”! and mechanicall®
nanodevice materials as well as for site-specific patterning
of catalyst for individual carbon nanotube growth” and
atomic layer deposition.” For nanoscale deposition, a focused
electron beam is usually scanned over surface-adsorbed metal
containing compounds that are volatile at room temperature.
Electron-impact dissociation of such adsorbates by both the
primary beam electrons (with keV energy) and the emitted
secondary electrons (with eV energy) results in metal-
containing deposits and volatile reaction products, the latter
being removed by the vacuum system. Advantageously, the
same principle allows nanoscale removal of material. For
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example, physisorbed water on carbon surfaces dissociates
under electron impact to produce highly reactive species that
react to volatile carbon compounds, thus etching a nanosized
hole in the substrate when a stationary focused electron beam
is used.’! Injected molecules used for electron-impact nano-
synthesis so far comprise various metal-ligand compounds
that contain carbon-, phosphorous-, or halogen-based ligands
as well as organic compounds.””! With the recent development
of gas injection systems that allow the admission of two or
more gases to the substrate surface, the nanosynthesis of
binary metal alloys''” or metal-(carbon) matrix deposits with
outperforming properties®*! can be envisaged. In contrast to
classical vapor deposition exploiting co-evaporation, the
deposit will be locally confined and the composition will
depend not only on the ratios of molecule flow adsorption but
also on the electron-impact dissociation efficiency of each
individual molecule, giving a further degree of freedom to the
control of tuned material synthesis.

Herein, we report on how to exploit electron exposure to
tune the composition of a deposit when two adsorbates A and
B contribute to electron-impact deposition. The principle is
shown in Scheme 1 and starts from the reasonable assump-
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adsorption from gas phase / electron-impact dissociation into
spontaneous thermal desorption volatile and non-volatile products

long pulse times
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Scheme 1. Schematic representation of the two-adsorbate model.

a) Before irradiation, competitive adsorption from the gas phase leads
to an equilibrium surface density of both molecules according to their
individual supply and desorption rates. b) Upon electron irradiation,
the molecule with the larger electron-impact dissociation cross section
is preferentially dissociated, say molecule B, and a B-rich deposit
forms. Consequently, the adsorbate equilibrium shifts to become A-
rich. c) If electron exposure continues, an A-rich deposit is obtained.
d) If exposure is interrupted, the initial adsorbate equilibrium reestab-
lishes, leading to a B-rich deposit upon the next exposure pulse.
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tions that both molecules reversibly co-adsorb (Scheme 1a)
and that electron-impact dissociation of each adsorbate
species leads to deposition during an electron-beam exposure
pulse (Scheme 1b). Interestingly, the ratio of co-deposition
can be controlled by varying the electron beam pulse duration
in a specific time window defined by the adsorption and
dissociation kinetics of the two adsorbates (Scheme 1c,d).
During the pulse interruption period, the focused electron
beam can be moved to expose other (adjacent) positions on
the substrate. By repeating the same exposure pattern, line or
rectangle deposits with an internal nanocomposite structure
may be fabricated at any desired thickness (Figure 1). The
metal-to-carbon composition is seen to change considerably
with the beam pulse period.
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Figure 1. a) Scanning electron microscopy image of 600 nm square
[Co,(CO)s]:hydrocarbon deposit in top view and b) tilted (45°) view.

c) Transmission electron microscopy image of [Co,(CO);] deposit. The
deposit material consists of Co nanocrystals (average diameter 2 nm)
embedded in a carbonaceous matrix (light contrast). d) EDX spectra of
two [Co,(CO)g]:hydrocarbon deposits (squares: 500 ns pulse time;
triangles: 50 pus pulse time). The Co:C ratio varies from 0.3:1 (500 ns
pulse time) to 3:1 (50 ps pulse time).

To model the change of composition with exposure
parameters we considered the following generic electron-
impact reactions of the two adsorbate species A and B giving
nonvolatile reaction products D, and Dy (the deposit) and
volatile reaction products V, and Vj [Eq. (1)].

A+e — Dpa+Va+e (1a)

B+e — Dy+Vg+e® (1b)

The concentration of adsorbates A and B is described by
their surface densities n, and ng (molecules per unit area).
The evolution of n, and nz depends on the rates of molecule
impingement (the local pressure), competitive adsorption,
spontaneous thermal desorption, and electron-impact disso-
ciation. It can be described by a system of inhomogeneous
first-order differential equations [Eq. (2)]:

Ons [N ng N

WfsAJA <1 B *Z*UAan (2a)
Oy g(1- St M) s (2b)
ot BB Nvra LB T BB

The first term in Equation (2) describes Langmuir surface
adsorption accounting for surface adsorption sites already
occupied by either species, the second term describes
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spontaneous thermal desorption, and the third term describes
electron-impact dissociation. Here, s is the sticking proba-
bility, J is the flux of impinging molecules, 7 is the adsorbate
residence time, ny is the adsorbate surface density corre-
sponding to complete monolayer coverage, and f is the
primary electron flux; o is the effective dissociation cross
section and represents the convolution of the energy-depen-
dent cross section with the energy distribution of all the
electrons participating in the deposition process. Equa-
tions (2) can be solved analytically for n, and ng (see the
Supporting Information, section B).

The number of adsorbate dissociations per primary
electron, Y, and Yy, are given by Equation (3), where #, is

tq

Y, = UA/nA(l)dt/td (3a)

0

]

. / g (1)t /1, (3b)

0

the electron-beam pulse time (of irradiation) at a given
position on the substrate surface. The deposit composition is
given by Equation (4), where [D,] and [Dg] are the concen-

Z= [DA]/[DB] = YA/YB (4)

trations of the nonvolatile dissociation products of the
electron-impact reactions outlined in Equation (1). The
range within which variation in composition can be realized
by variation of the pulse time is given by Equation (5) (see the
Supporting Information, section B).

Zy 0 = OpSASATA/OpSpIpTH (5a)
Ziyvo = OpSAIA(1/T5 4 0pf) /0pspJp(1/Ta + 04f) (5b)
Ziyo/Ziyne = (1/f +0a74)/(1/f + OpT8) (5¢)

From Equations (5), the following general statements can
be derived: For very small exposure times [Eq. (5a)], both
Equations (1a) and (1b) are electron-limited and the compo-
sition is proportional to the ratios of the electron-impact
dissociation cross sections o, g, the residence times 7, g, the
sticking probabilities s, p, and the molecule fluxes J,  of both
adsorbates. Furthermore, the composition is independent of
the electron flux f for very small exposure times. For large
exposure times [Eq. (5b)], it turns out that at least one of the
electron-impact reactions must be driven into the molecule-
limited regime to change the composition to a value different
from that already obtained at very small exposure times
[Eq. (5a)]. This requires adjustment of the electron flux such
that o,f>1,"' or opf>15 . Equation (5c) highlights this
condition and also illustrates that the larger the ratio o7,/
oty the larger the range of tunable composition. A substrate
temperature variation would exponentially change the resi-
dence times of both adsorbates according to their individual
desorption energies. If these energies differ, Equations (5)
predict a shift in composition upon substrate heating or
cooling.
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Below, we apply the above model to a two-adsorbate
system typical of scanning electron microscopes where one
functional molecule is injected into a high-vacuum chamber.
Besides the functional molecule, there is hydrocarbon arising
from the background chamber pressure of 10°~107° mbar.
Rigid single-adsorbate conditions for electron-impact depo-
sition can be realized in ultrahigh vacuum experiments.!" Of
note is that water is also present in high-vacuum, but it was
found that water vapor must be present at very high pressures
(>1mbar) to have a net etching effect over hydrocarbon
deposition and thus on the metal-to-carbon composition.'”
However, the presence of water could in some cases oxidize
the deposited metal."”! In our model, species A is a volatile
metal compound [Co,(CO)s] and species B is a model
hydrocarbon (octanol, CgH;;OH).

To apply the above two-adsorbate model to the system
[Co,(CO)4] and the model hydrocarbon, one needs to
estimate the input parameters. The impinging molecular
flux J was calculated from the background pressure for the
hydrocarbon and from mass-loss measurements and Monte
Carlo simulations for the injected [Co,(CO);]."! The mono-
layer density n,; was estimated using the size of the molecule,
and the sticking probability s was assumed unity. The
residence time 7 and the electron-impact dissociation cross
section ¢ are a priori unknown molecular parameters. They
were retrieved by fitting the deposition rates measured under
quasi-single-adsorbate conditions (see the Supporting Infor-
mation, section A). The values used are given in Table 1.

Table 1: Model parameters for [Co,(CO)s] and CgH,,OH.

Molecule s)[em2s7® py om0 [nm?]d 7 [us]®
[Co,(CO)s]  1.5x10"7 2.6 495x107° 720
CgH,;,OH 1.6x10" 34 2.1 190

[a] Calculated; [b] estimated from dimensions of intact molecule; [c] fit
parameters from single-adsorbate experiments (see the Supporting
Information, section A).

The integral of Equation (3) was solved numerically for
varying electron-beam pulse times. The time between pulses
allowed complete recovery of the initial adsorbate equilibri-
um from the gas phase. The corresponding dissociation yields
for [Co,(CO)g] and the hydrocarbon are shown in Figure 2.
The necessary conditions for a composition change derived
from Equations (5a)—(5c) are fulfilled: as the electron-beam
pulse time increases, the electron-impact reaction with
hydrocarbon becomes molecule-limited at around 100 ns
pulse time while the [Co,(CO);] dissociation reaction remains
electron-limited until about 40 ps. The corresponding Z
values are calculated as Z,,_, =0.86, Z, ., =81 and their
ratio as 94, owing to the higher electron-impact dissociation
cross section and the lower impingement rate of hydrocarbons
(see Table 1).

The above Z values describe the concentration ratio of
nonvolatile dissociation products D, and Dg. Depending on
the nature of the parent adsorbates, the dissociation products
are either pure elements or compounds made up of additional
elements from the parent adsorbate molecule.™™ Conse-
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Figure 2. a) Calculated dissociation reaction yields Y (per primary
electron) versus electron beam pulse time t, for cobalt carbonyl (Y,
solid line) and hydrocarbon (Y;, dashed line), according to Equa-

tion (3) with the parameters given in Table 1. The individual regime
transition from electron- to adsorbate-limited depends on the inequal-
ity t;> (s//mu+ 1/t +0f) " (shown as dotted lines). b) Yield ratio Z
(Eq. [4]); initial and final values depend on adsorption/desorption
kinetics and electron-impact dissociation efficiency (Eq. [5]).

quently, to allow comparison with measured compositions,
the model needs to be adjusted to the compositions of D, and
Dg. Under our quasi-single-adsorbate conditions, the dissoci-
ation product of cobalt carbonyl adsorbates was approxi-
mately Co,Cys0,, for all exposure times. This composition
represents the maximum obtainable metal content in our
deposits (see the Supporting Information, section A). This
result excludes the hypothesis of dissociation being more
complete with respect to carbonyl ligands when the pulse time
is increased in the present system. It is worth noting that pure
cobalt deposits were obtained by using beam-induced heating
or a heated substrate!'® and might be achieved under
ultrahigh vacuum conditions (no water or hydrocarbon
background) as was demonstrated for another carbonyl,
[Fe(CO)s].M2¢l The discussion of these effects is beyond the
scope of this article, but our model could account for either
composition of D, or Dg. The electron-impact dissociation
product of the hydrocarbon adsorbates showed a carbon-to-
oxygen ratio of about 8.5:1, which is similar to the ratio found
in deposits from other organic precursors.'”? The composi-
tional variation in the two-adsorbate system was then
obtained from the average of the single adsorbate composi-
tions weighted by the electron-impact dissociation yield (see
section C of the Supporting Information for details). Figure 3
shows experimental composition values versus the electron
beam pulse time; the two-adsorbate model derived above was
found to be in excellent agreement.

In conclusion, the two-adsorbate model developed herein
conceptually shows that tuning of deposit composition can be
achieved by using pulsed electron beams. The tunable
composition window is determined by the adsorption and
supply rate of each adsorbate as well as their electron-impact
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Figure 3. Measured composition of focused electron-beam-induced
deposits versus electron-beam pulse time t, (25 keV, 1 nA, 10 ms
interruption period, (600 nm)? square deposits) in the presence of two
adsorbates [Co,(CO),] and hydrocarbon (squares: [Co]; circles: [C];
triangles: [O]). The prediction of the model is shown as an overlay
taking CgH,,;OH as model molecule for hydrocarbon.

efficiencies and their nonvolatile reaction products, which
allows control of the compositions in nanosized deposits to
tailor physical properties.®™!

Specifically controlled cobalt-carbon compositions were
obtained under high-vacuum conditions by varying the
electron-exposure pulse times, and the model showed very
good agreement with experimental data. The model could be
refined by including surface diffusion as an adsorbate supply
mechanism and by using Gaussian electron beam profiles in
Equation (2)."® This refinement will not change the general
conclusions drawn above, as surface diffusion can be
accounted for by an increased (effective) residence time.
However, such a refined model would certainly permit the
calculation of lateral composition gradients in the deposit.

Experimental Section

The focused electron-beam-induced experiments were carried out at
room temperature in a Hitachi S-3600N scanning electron micro-
scope, equipped with a tungsten filament electron source. Silicon
substrates with a 200 nm thermal oxide layer were used as a substrate.
Before deposition, the substrate was cleaned in acetone, rinsed with
isopropanol, and blown dry with nitrogen. Homemade modifications
to the microscope include an internal reservoir for the precursor,
connected to a syringe nozzle pointed towards the substrate. Argon-
stabilized dicobalt octacarbonyl ([Co,(CO)s], CAS 10210-68-1,
Merck Chemicals) was used as a precursor molecule.

The flow of [Co,(CO)s] through the syringe nozzle (inner
diameter 600 um) was about 4.4 x 10" moleculess™', as estimated
from mass-loss measurements. According to our gas-flow MC
simulations," this flow translates into a flux of 1.5x 10" cm™2s™"
impinging [Co,(CO);] molecules within the irradiated substrate area.
The dosage of the hydrocarbons was realized without a gas-injection
system by simply pumping the vacuum chamber down to a residual
chamber gas pressure of 1 x 10~° mbar by using an oil diffusion pump
system. This residual pressure is equal to 1.6-10"° cm 2s~' homoge-
neously impinging model octanol hydrocarbons on the entire
substrate surface.

Square deposits of (600 nm)® were irradiated by a 25 keV, 1 nA
electron beam with a full width at half maximum of 70 nm by moving
the beam incrementally in a rectangular spiral pattern. The total
irradiation dose was 10 Ccm ™ The beam was blanked for an
interruption period of 10 ms between successive spiral scans to
allow full replenishment of the surface with both adsorbate species.
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The elemental composition of the deposits was characterized by
energy-dispersive x-ray spectroscopy (EDX) at 3 keV. The accuracy
of the compositional values obtained was checked to be correct to
within +5 at% by calibration measurements on cobalt carbonate
(CoCOs). Transmission electron microscopy (TEM) images were
obtained on a JEOL 2200FS TEM/STEM instrument operated at
200 keV wusing an amorphous carbon membrane as deposition
substrate.
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