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The material grown in a scanning electron microscope by electron beam-induced deposition �EBID�
using Pt�PF3�4 precursor is shown to be electron beam sensitive. The effects of deposition time and
postgrowth electron irradiation on the microstructure and resistivity of the deposits were assessed by
transmission electron microscopy, selected area diffraction, and four-point probe resistivity
measurements. The microstructure, notably the platinum nanocrystallite grain size, is shown to
evolve with electron fluence in a controllable manner. The resistivity was observed to decrease as
a result of postgrowth electron irradiation, with the lowest observed value of 215�15 �� cm. The
authors demonstrate that electron beam-induced changes in microstructure can be caused using
electron fluences similar to those used during the course of EBID and suggest that the observed
effects can be used to tailor the microstructure and functionality of deposits grown by EBID in situ
without breaking vacuum. © 2009 American Vacuum Society. �DOI: 10.1116/1.3253551�
I. INTRODUCTION

Electron-beam-induced deposition1,2 �EBID� allows the
rapid fabrication of three dimensional nanodevices and the
wiring of nanostructures by scanning and transmission elec-
tron microscopy �SEM/TEM�. A gaseous precursor is intro-
duced into the microscope specimen chamber where it ad-
sorbs onto a solid substrate. Through its interaction with the
substrate, the electron beam locally decomposes �dissociates�
the adsorbates, giving rise to deposition. A wide range of
materials and deposit geometries can be fabricated through
appropriate selection of precursor type and electron exposure
strategy. Since deposition is achieved by a one step electron
exposure procedure, EBID is known as a direct-write pro-
cess. Typical applications of EBID include contacting of car-
bon nanotubes3 and growth of tips for field emission4 and
magnetic force microscopy.5 The deposited material often
includes substantial amounts of undesired elements such as
carbon and oxygen originating from species present in the
precursor and contaminants present in the EBID process
chamber. To mitigate carbon coinclusion in deposits, a
carbon-free precursor, tetrakis trifluorophosphine platinum
�Pt�PF3�4� can be used.6,7 The material grown from Pt�PF3�4

is a beam-sensitive7 nanocomposite composed of platinum
nanocrystallites embedded in an amorphous matrix.8,9 Here,
we present results that demonstrate the effects of the electron
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fluence �time-integrated flux� used for EBID and of post-
growth electron irradiation �performed after deposition, in
the absence of Pt�PF3�4� on deposit properties. Specifically,
we show the dependence of microstructure and resistivity on
growth time and postgrowth irradiation time.

II. METHOD

Results from two deposition methods are reported in this
article: EBID performed by environmental scanning electron
microscopy �ESEM� �Ref. 10� and EBID performed by high-
vacuum �HV� SEM. Pt�PF3�4 was the deposition precursor
used in all experiments. In the ESEM method, the entire
chamber was filled with Pt�PF3�4 to a pressure of approxi-
mately 0.2 mbar. The HV approach refers to the conven-
tional method of EBID, whereby the base pressure is ap-
proximately equal to 10−6 mbar, and the precursor is injected
into the vicinity of the beam impact point at the sample
surface via a gas injection system11 �GIS�, such that the
chamber background pressure increases to approximately 5
�10−5 mbar �although the local partial pressure at the end of
the GIS needle is much higher11�. ESEM EBID was per-
formed using a defocused stationary beam �yielding a top-hat
electron flux profile10�, whereas HV deposition was per-
formed with a focused, scanned beam. Qualitatively, the re-
sults discussed in the present article were independent of the
EBID methodology �HV or ESEM� and irradiation strategy

�defocused stationary or focused scanned electron beam�.
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Samples made for resistivity measurements were depos-
ited on prepatterned Au electrodes on an insulating SiOx sub-
strate. The measurements were done using a four-point probe
station.

III. RESULTS

To study the effects of postgrowth electron irradiation,
four deposits were fabricated in ESEM mode �0.21 mbar�
onto a bulk Si substrate using a defocused stationary beam
�20 keV, 790 pA, 4 min�. Two additional pillar deposits
were grown using a focused electron beam to serve as mark-
ers for TEM sample preparation. Figure 1 shows the depos-
its, labeled A, B, C, and D. The electron flux used for EBID
was 1.5�104 electrons nm−2 s−1. After deposition the
samples were stored in air. A few days later they were placed
back into the same SEM, and the electron beam was used to
irradiate the deposits in a high-vacuum environment �in the
absence of a precursor gas� to various electron fluences. The
irradiation was performed using a stationary, 20 keV electron
beam, a current of 7.2 nA, and a fluence of 5.8
�104 electrons nm−2 s−1. Deposits A, B, and C were irradi-
ated for 0, 2, and 10 min, respectively. �Deposit D was lost
during TEM sample preparation.� The image in Fig. 1 was
taken after the electron irradiation treatment.

Figure 2 shows cross-sectional scanning TEM high angle
annular dark field �STEM-HAADF� images of deposits A, B,

FIG. 1. Four deposits grown in ESEM mode �0.21 mbar� on a bulk Si sub-
strate with a defocused stationary beam �20 keV, 790 pA, 4 min�, between
two pillars grown using a focused electron beam �used as markers for TEM
sample preparation�. Deposit A was left as is, while deposits B and C were
irradiated in a high-vacuum environment with a 20 keV, 7.2 nA electron
beam for 2 and 10 min, respectively. This secondary electron image was
taken after postgrowth electron irradiation.

FIG. 2. Cross-sectional STEM-HAADF images of deposits A, B, and C

shown in Fig. 1 �the deposits are coated with an iridium protective layer�.
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and C �the deposits are coated with an iridium protective
layer�. The mean particle size and the local material density
both appear to increase with postgrowth electron irradiation
time. In Fig. 3, cross-sectional TEM images and correspond-
ing selected area diffraction �SAD� patterns taken from the
center of each deposit are shown. Both the images and the
SAD patterns were taken under the same experimental con-
ditions and indicate an increase in the platinum nanocrystal-
lite grain size with postgrowth electron fluence.10

A second set of samples was made to illustrate the effect
of electron irradiation on grain size, quantitatively and sys-
tematically. These deposits were grown in HV mode on a
thin carbon film with a focused beam, a background chamber
pressure �during deposition� of 1.3�10−5 mbar, a beam en-
ergy and current of 5 keV and 1.6 nA, a scan area of 2
�2 �m2, a dwell time of 1 �s, and no pixel overlap. The
deposits were grown on a thin carbon film to enable direct
TEM analysis without further preparation. Three sets of
samples were made; thin �using a deposition time of 75 s,
yielding a height of 15 nm�, intermediate �150 s, 30 nm�,
and thick �250 s, 50 nm�. The samples were then irradiated
in the absence of precursor, several days later, under the
following conditions: focused electron beam, 5 keV, 1.5 nA,
1 �s pixel dwell time, a scan area of 3�3 �m2, 80% pixel
overlap, and a background pressure of 3�10−6 mbar. The
irradiation times were 1, 2, 5, 10, and 20 min. A set of as-
grown deposits that were not processed by an electron beam
after growth was retained for reference.

Figure 4 shows a plot of the mean grain size as a function
of postgrowth electron irradiation time obtained from the
thin and thick deposits �the third sample set is not shown for
clarity but follows the same trend�. Each data point was ob-
tained by averaging 20 grains from a high-resolution,
200 keV TEM low-dose bright-field image taken from the
center of each deposit. The data show that the grain diameter
increases with irradiation time, from 1.98�0.26 nm �as-
grown material� to 3.50�0.35 nm �postgrowth irradiation
time of 20 min�. Two TEM images of thin samples are
shown in Fig. 5, illustrating the case of an as-grown material
and a deposit subjected to a 20 min postgrowth irradiation

FIG. 3. Cross-sectional TEM images and corresponding SAD patterns of
deposits A, B, and C shown in Fig. 1, taken from the center of each deposit.
treatment.

or copyright; see http://avspublications.org/jvstb/about/rights_and_permissions



2761 Botman et al.: Electron postgrowth irradiation of platinum-containing nanostructures 2761
The EBID growth direction is away from the substrate-
vacuum interface. During deposition the electron beam pen-
etrates pre-existing, already-grown solid, giving rise to an
electron beam irradiation treatment during deposition.10

Hence, in the case of deposits thinner than the electron pen-
etration range, we expect an increase in crystallinity and
grain size with growth time. Figure 6 shows high-resolution
TEM images of six deposits grown on a thin carbon mem-
brane in HV mode �the background chamber pressure during
deposition was 1.3�10−5 mbar�, using a focused 5 keV,
1.8 nA electron beam scanned over an area of 8.5
�0.8 �m2 with a 1 �s dwell time �0% pixel overlap�. The
deposition time ranged from 10 to 300 s. The images were
taken from the center of each deposit and illustrate qualita-
tively that both crystallinity and grain size increase with
deposition time. The images are unsuitable for quantitative
analysis because the deposit thickness increased significantly
with growth time.

The observed changes in crystallinity, density, and nanoc-
rystallite size are expected to affect resistivity. Table I shows
that the resistivity of material grown from Pt�PF3�4 decreases

FIG. 4. Dependence of the mean platinum nanocrystallite diameter on post-
growth irradiation time. The grain size increases from
1.98�0.26 to 3.50�0.35 nm.

FIG. 5. TEM images of two thin samples analyzed in Fig. 4, illustrating th

deposition, for 20 min �right�. The scale bar is 5 nm.
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with increasing deposition time and Table II shows that it
increases with increasing beam diameter. Both datasets show
that the resistivity decreases with electron fluence �an in-
crease in beam diameter at a fixed dose corresponds to a
decrease in electron fluence�.

Finally, a number of identical deposits were grown in
ESEM mode, irradiated in the absence of precursor for vari-
ous lengths of time, and the effect of irradiation time on
resistivity was examined directly. The deposits were made
using a 20 keV defocused stationary electron beam scanned
in one dimension �along a line�, for 15 min using a beam
current and Pt�PF3�4 pressure of 7.2 nA and 0.19 mbar and a
flux of 3.4�105 electrons nm−2 s−1. Postgrowth irradiation
was performed in a high-vacuum environment for 10 or
30 min using a beam energy, current, and flux of 20 keV,
7.2 nA, and 0.9�105 electrons nm−2 s−1. Table III shows
that the 10 min irradiation treatment reduced resistivity from
7200�100 to 215�15 �� cm. Further postgrowth irradia-
tion �up to a total of 30 min� did not significantly change the
resistivity, indicating that the effects of electron irradiation
saturate at high electron fluence. It should be noted that this
resistivity is only 20 times larger than the bulk resistivity of
platinum. This value has only been surpassed to date �for this
precursor� by Barry et al.6 by using exceedingly high beam
currents �upward of 3 nA� and a growth time of 20 min.
Table III also shows that the deposit height �measured by
atomic force microscopy� decreases with postgrowth irradia-
tion time, suggesting that deposit compaction occurs, which
is consistent with the deposit densification observed by
TEM.

IV. DISCUSSION

High-resolution TEM revealed that both the ESEM �Figs.
1–3� and HV �Fig. 6� modes of EBID yield the same trends
in microstructure evolution with electron fluence. Further-

crostructure of an as-grown deposit �left� and one that was irradiated after
e mi
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more, the results illustrate that, qualitatively, electron pro-
cessing occurring during and after growth leads to equivalent
changes in microstructure, although postgrowth irradiation is
more efficient at creating larger platinum nanocrystallites.

It is currently unclear what physical mechanisms are caus-
ing the observed effects. Possible mechanisms include drift
of charged species under the influence of electric fields gen-
erated by excess charge inside the electron-irradiated solids,
from bond breakage caused by energetic electrons;12 local-
ized beam-induced heating; or beam-induced desorption of
volatile molecules. However, the extent of heating and charg-
ing occurring during EBID and during the reported post-
growth irradiation treatments is unknown. Verification of the
physical mechanisms behind the observed behavior is be-
yond the scope of the present investigation.

We note that the effects of TEM analysis on the micro-
structure of electron beam sensitive materials require consid-

TABLE I. Deposit resistivity measured as a function of electron beam diam-
eter and growth time.

Diameter
��m�

Postgrowth irradiation
time
�min�

Resistivity
��� cm�

5 3.75 11 000
7.5 6 018

15 1 740
10 15 6 067

60 3 571

FIG. 6. TEM images acquired from deposits fabricated as a function of growt
both the degree of crystallinity and grain size increase with deposition time
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eration. We believe that the trends observed in the present
study cannot be accounted for by changes induced by TEM
for the following reasons: the deposits are thin, the energy
used for the analysis was 200 keV, and the electron beam
current and analysis time were minimized �each sample re-
gion was imaged only once�. Thus the time-integrated inter-
action of the TEM beam with each sample �i.e., the energy
density deposited into the solid� is very low compared to that
of the 5 or 20 keV SEM beam used for growth and post-
growth processing. Furthermore, the discussed trends show
differences between samples fabricated as a function of
EBID and postgrowth irradiation parameters, and each TEM
dataset was acquired using the same TEM parameters. Hence
we expect any changes in material microstructure caused by
the TEM beam to be irrelevant to the trends discussed in the
present article.

We note that a previous study has shown that profound
changes in the morphology of deposits grown from Pt�PF3�4

�such as the complete evaporation of phosphorus clusters�

TABLE II. Deposit resistivity measured as a function of electron beam diam-
eter �the growth time was fixed at 15 min/deposit�.

Diameter
��m�

Resistivity
��� cm�

5 1740
10 6067

e. Each image was taken from the center of a deposit. The images show that
h tim
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can occur during TEM analysis.7 The extreme TEM condi-
tions needed to cause such effects were, however, intention-
ally avoided in the present study.

It is interesting to note that Kerr et al.13 recently observed
a decrease in the resistivity of deposits made from W�CO�6

with increasing deposit height or equivalently increasing
deposition time. We suggest that those results are similar to
the phenomena discussed in the present article in that longer
deposition times led to increased electron beam processing
of an EBID-grown material.

V. CONCLUSIONS

In conclusion, we have demonstrated that the material de-
posited by EBID using the precursor Pt�PF3�4 is beam sen-
sitive, evolves with electron fluence delivered to the solid,
and that this behavior can be used to tailor the properties of
the deposited material. We have shown how the grain size
varies with deposition and postgrowth electron irradiation
time. We have further shown that resistivity of the deposited
material can be improved by postgrowth electron irradiation,
with the best value obtained of 215�15 �� cm. We dem-

TABLE III. Deposit resistivity and height measured as a function of post-
growth electron irradiation time.

Postgrowth irradiation
time
�min�

Resistivity
��� cm�

Deposit height
�nm�

0 7200�100 338
10 215�15 179
30 215�15 159
onstrated that electron beam-induced modification of EBID
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deposits grown from Pt�PF3�4 occurs under electron fluences
similar to those used in typical EBID processes. Finally, we
suggest that SEM operators can control the observed changes
in microstructure and deposit functionality by optimal selec-
tion of growth conditions and by postgrowth electron irradia-
tion. Both approaches can be performed in situ without
breaking vacuum.
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