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The authors report the results of investigating two models for ion-beam-induced deposition �IBID�.
These models describe IBID in terms of the impact of secondary electrons and of sputtered atoms,
respectively. The yields of deposition, sputtering, and secondary electron emission, as well as the
energy spectra of the secondary electrons were measured in situ during IBID using
�CH3�3Pt�CPCH3� as functions of Ga+ ion incident angle �0°–45°� and energy �5–30 keV�. The
deposition yield and the secondary electron yield have the same angular dependences but very
different energy dependences. It was also found that the deposition yield per secondary electron is
very high ��10�. However, within the investigated angle and energy ranges, the deposition yield is
linearly related to the sputtering yield, the offset of which might be due to the contribution of
primary ions. They conclude that the sputtered atom model describes IBID better than the secondary

electron model. © 2009 American Vacuum Society. �DOI: 10.1116/1.3237147�
I. INTRODUCTION

Ion-beam-induced deposition �IBID� is a direct writing
technology in which precursor molecules absorbed on a sub-
strate surface are decomposed by an ion-beam-induced reac-
tion, resulting in localized material deposition. Owing to its
high flexibility with respect to the shape and location of the
deposits, IBID is becoming increasingly interesting as a
powerful tool for prototyping three-dimensional
nanostructures.1,2

A detailed understanding of IBID mechanisms is required
to gain full control over the dimensions and composition of
the deposits. Generally, IBID is considered a very complex
process with possible contributions from primary ions, sput-
tered atom or ions, secondary electrons �SEs� and thermal
spikes.3 Some studies relate IBID to sputtered atom impact
and others to secondary electron impact. Dubner et al. found
that the deposition yield is proportional to the calculated
stopping power and, consequently, explained IBID in terms
of the energy transfer via a cascade of atom-atom collisions
to adsorbed precursor molecules.4,5 Chen et al. measured dif-
ferent angular dependences of the deposition and sputtering
yields, which suggests that IBID cannot be explained solely
in terms of ion-solid interactions.6 Lipp et al. supported the
secondary electron model, having observed a linear relation-
ship between the deposition yield and the secondary electron
yield within the ion energy range of 10–30 keV.7 However, it
should be noted that Lipp et al. measured the secondary elec-
tron yield during ion beam milling instead of during deposi-
tion. Chen et al. found a charging effect on IBID pillar
growth, which suggests that secondary electrons play an im-
portant role.8 Several other studies also reported contribu-
tions from secondary electrons to IBID pillar growth.9–11

Hence, it is still unclear whether sputtering or secondary
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electron emission is the dominant mechanism in IBID. In
this work, we investigate the two IBID models by comparing
in situ measured yields of deposition, sputtering and second-
ary electron emission as functions of ion incident angle and
energy for a single ion-precursor combination.

II. EXPERIMENT

The experiments were performed in a combined Ga+ fo-
cused ion beam �FIB� and scanning electron microscope
�SEM� system �FEI STRATA DualBeam DB235�. The metal-
organic gas �CH3�3Pt�CPCH3� was used as the precursor. The
substrates were Si wafers with or without a 30 nm Cu coat-
ing layer. The background pressure was 5.5�10−7 mbar, and
the pressure during growth was 3.3�10−6 mbar. A nozzle
with a 500 µm diameter opening was located 430 µm above
the substrate surface and at an angle of 34°. Patterns were
deposited or milled using the Ga+ FIB with various ion inci-
dent angles �0°–45°� and ion energies �5–30 keV�. An ion
current density of 0.5 pA /�m2 was used, corresponding to
the current limited growth regime.6,12,13 Accordingly, the ion
current was 41 pA, the pixel dwell time was 0.2 µs, and the
overlap was 0%.

We shall describe the procedure of determining the depo-
sition yield and the sputtering yield during IBID. First, a Pt
box was deposited on a Si substrate by means of IBID �Fig.
1�a��. After the precursor gas supply was switched off, a
smaller box was milled by the ion beam inside the deposited
box under the same beam conditions. The deposited thick-
ness and the sputtered depth were measured by cross section-
ing and subsequent SEM inspection. In order to avoid errors
by the rounding of the top edge during sectioning, an
electron-beam-induced deposition �EBID� marker layer and
an IBID protection layer were deposited on top before sec-
tioning �Fig. 1�b��. The deposited Pt box was about 10
�10 �m2 large and was at least 500 nm thick. The reso-

lution of SEM imaging is 1–2 nm. Considering the sharpness
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of the image of the marker layer and of the deposit-substrate
boundary as well as the calibration of the SEM, we estimate
the error in the yield measurements to be 3%–5%. The com-
position of the deposits was measured by means of energy
dispersive x-ray spectrometry �EDX�.

The procedure to determine the yield and the energy spec-
trum of the secondary electrons during IBID is as follows.
The ion current Ipi was measured with a Faraday cup. The
sample current I during IBID was measured with a picoam-
pere current meter �Fig. 1�d��. By far most of the sputtered

FIG. 1. SEM top views and tilted view of �a� a Pt box grown by means of
IBID. �b� The central part is removed by milling with the same FIB settings,
then a marker layer is grown via EBID �black layer� plus an IBID protection
layer. �c� Cross section. �d� Sketch of the experimental setup with ion inci-
dent angle � and energy E. �e� Measurement of the secondary electron
current Ise and the energy spectrum of secondary electron with and without
a positive bias �V.

FIG. 2. �a� Normalized secondary electron yield �YSE�, sputtering yield �Ys�, a

ion energies E. �b� Correlation between Yd�E ,�� and YSE�E ,��. �c� Correlation b
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particles are neutrals,14 so the contribution of secondary ions
to the sample current is negligible. Thus, the secondary elec-
tron yield YSE is YSE= �I− Ipi� / Ipi. With a positive bias �V
between the substrate and the current meter, secondary elec-
trons with an energy less than e ·�V are attracted back to the
substrate, resulting in a reduced sample current I. A shielded
box with six 1.5 V batteries was used to apply various biases
between 0 and 9 V. Furthermore, the fact that the sample
currents measured on bare Si and on Cu-coated Si are the
same confirms that the conductivity of Si is sufficiently high
to avoid additional sample charging.

III. RESULTS

The sputtering yield is assumed to be the same for bare
deposit and the deposit covered by an adsorbed precursor
layer. The deposition yield was defined by the measured net
deposition yield plus the sputtering yield �Figs. 1�a�–1�c��.
Figure 2�a� shows the angular dependences of the yields of
deposition Yd, sputtering Ys, and secondary electron emission
YSE for three different ion energies �5, 15, and 30 keV�. The
deposition yield and the sputtering yield are expressed as
volume per incident ion. The angular dependences are nor-
malized at 0°. One sees that the deposition yield has the
same angular dependence as the secondary electron yield
�cos ��−1.35, but a weaker dependence than that of the sput-
tering yield �cos ��−2.0. In Figs. 2�b� and 2�c�, the absolute
deposition yield is plotted against the absolute yields of sec-
ondary electrons and sputtering, respectively. The deposition

position yield �Yd� as functions of the ion incident angle � for three different
nd de

etween Yd�E ,�� and Ys�E ,��.
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yield varies linearly with the sputtering yield having a slope
of about 2.0 and an offset of about 0.09 nm3 / ion. For con-
stant ion energy, the deposition yield is proportional to the
secondary electron yield. According to the EDX analysis, the
composition of the deposit is Ga0.15Pt0.45C0.40, corresponding
to an atomic density of 100 atoms /nm3.

The energy dependences of the yields of deposition Yd,
sputtering Ys, and secondary electron emission YSE at 0° in-
cidence are given in Fig. 3. They are normalized at 30 keV.
The deposition yield decreases by 14%, with ion energy de-
creasing from 30 to 5 keV. The secondary electron yield
decreases by 80%, whereas the sputtering yield decreases by
40%.

Figure 4 presents the energy spectra of secondary elec-
trons in the range from 0 to 9.0 V in steps of 1.5 V. The
secondary electron energy shown is the average energy of
each energy step. The energy spectra are normalized to the
same area. One sees that the energy spectra do not change
with the ion incident angle. Furthermore, the lower energy
part becomes more dominant with decreasing ion energy.

IV. DISCUSSION

The measured yields of sputtering, deposition, and sec-
ondary electron emission increase with increasing incident
angle and ion energy. These results are consistent with pre-
vious experimental15,16 and theoretical17 works on sputtering,
deposition,18,19 and secondary electron emission.20–22 More-

FIG. 3. Normalized secondary electron yield �YSE�, sputtering yield �Ys�, and
deposition yield �Yd� as functions of ion energy E for an ion incident angle
�.

FIG. 4. Observed energy spectra of secondary electrons �SEs� during IBID

for different ion incident angles and ion energies.
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over, the energy spectrum of the secondary electrons shifts
slightly to higher energies with increasing ion energy, con-
sistent with related studies.22,23 Here we will discuss our ex-
perimental results in light of the two models for IBID: the
sputtered atom �atom-atom collision cascade� model4,5 and
the secondary electron model.7

We have observed a strong correlation between deposition
and secondary electron emission: both exhibit the same de-
pendence on ion incident angle. However, without detailed
knowledge of the transport and interactions of primary ions,
secondary atoms, and secondary electrons, one cannot rule
out the possibility that this observed proportionality is purely
circumstantial. The proportionality between deposition yield
and secondary electron emission depends strongly on the ion
energy. For a density of 100 atoms /nm3, several tens of pre-
cursor molecules are decomposed per secondary electron.
This number is very high. If the secondary electron model
for IBID is valid, secondary electrons must be more efficient
in decomposing precursor molecules at low ion energies than
at high ion energies. The measured difference is a factor of 4
between 5 and 30 keV ions �Fig. 2�b��. If true, the higher
efficiency must be caused by the different characteristics of
the secondary electrons plus the different responses of the
precursor molecules to these different types of secondary
electrons. Important characteristics are the angular and en-
ergy distributions of the emitted electrons. The measured en-
ergy spectra of the secondary electrons are indeed different,
but the difference is small. Furthermore, decomposition in
EBID is obviously caused by electrons, either primary or
secondary �excluding decomposition by a thermal spike�.
Thus, if the secondary electron model is valid for IBID,
strong similarities between EBID and IBID must exist. Little
is known about precursor decomposition in EBID except that
it depends on the primary or secondary electron energy.24–26

Even if one assumes that only the very low-energy secondary
electrons ��1.5 eV� decompose precursor molecules in
EBID and IBID, their slightly higher relative intensity in our
study �a factor of �1.5 at 5 keV compared to 30 keV� is
insufficient to explain the four times higher efficiency ob-
served. Therefore we conclude that the high deposition yield
per secondary electron and its strong ion energy dependence
are evidence against the validity of the secondary electron
model for IBID.

The deposition yield and the sputtering yield have differ-
ent angular dependences. However, all our data plotted to-
gether display a linear relationship between deposition and
sputtering �Fig. 2�c��, independent of incidence angle and ion
energy. Extrapolation of the measured relationship suggests
that within the limit of no sputtering, deposition is still pos-
sible. Either there is a threshold for sputtering or there is an
energy-independent mechanism for precursor decomposition.
One might explain this offset by the stronger bonds of Pt
atoms in the deposit than in the adsorbed precursor layer.
Alternatively, it is possible that the decomposition by pri-
mary ions causes the offset. Dubner et al. reported that the

deposition yield is proportional to the nuclear stopping
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power.4,5 However, we note that a linear relationship with an
offset between deposition and sputtering can also be found in
their work �Table II in Ref. 4�.

In summary, our data show that the mechanism for IBID
is more likely to be sputtering than secondary electron emis-
sion.

V. CONCLUSIONS

The similar angular dependences of the deposition yield
and the secondary electron yield support the secondary elec-
tron model. However, the very different energy dependence
and the high deposition yield �tens of atoms� per secondary
electron contradict this model. The deposition yield corre-
lates linearly to the sputtering yield with an offset that is
independent of the incident angle and the ion energy. The
offset could be due to decomposition by primary ions. It will
be interesting to investigate conditions where deposition is
possible without concurrent sputtering. From these observa-
tions we conclude that the sputtered atom model is more
likely than the secondary electron model to be the dominant
mechanism in IBID. A more detailed quantitative discussion
will require additional experimental data, theory, and model-
ing, but that is beyond the scope of the present paper.
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