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Comprehensive analysis of the electrical properties, structure and composition of Pt interconnects,
developed via mask-less, electron beam induced deposition of the carbon-free Pt precursor,
Pt(PF3)4, is presented. The results demonstrate significantly improved electrical performance in
comparison with that generated from the standard organometallic precursor, (CH;3);Pt(C,CH3). In
particular, the Pt interconnects exhibited perfect ohmic behavior and resistivity that can be
diminished to 0.24 x 10~ Qcm, which is only one order of magnitude higher than bulk Pt, in
comparison to 0.2 Qcm for the standard carbon-containing interconnects. A maximum current
density of 1.87 x 10’ A cm ™2 was achieved for the carbon-free Pt, compared to 9.44 x 10> A cm >
for the standard Pt precursor. The enhanced electrical properties of the as-deposited materials can
be explained by the absence of large amounts of carbon impurities, and their further improvement
by postdeposition annealing in N,. In-situ TEM heating experiments confirmed that the annealing
step induces sintering of the Pt nanocrystals and improved crystallinity, which contributes to the
enhanced electrical performance. Alternative annealing under reducing conditions resulted in
improved performance of the standard Pt interconnects, while the carbon-free deposit suffered
electrical and structural breakage due to formation of larger Pt islands. © 2013 American Vacuum

Society. [http://dx.doi.org/10.1116/1.4794343]

. INTRODUCTION

Reports thus far have made extensive use of lithographic,
resist-based methods such as optical or electron beam lithog-
raphy followed by metal evaporation and lift-off to make
electrical contacts to semiconducting nanowires' and nano-
tubes,* allowing single nanowire or nanotube devices such as
ﬁeld—effect—transistors,5 % hanoelectromechanical systems,7*10
and chemical sensors'' to be demonstrated. Although suc-
cessful, the process of contact definition to nanowires by
metal evaporation through a lithography mask tends to be
very time-consuming, with many processing steps, and nor-
mally is not applicable to fragile or flexible substrates. For
rapid and flexible prototyping of single nanowire or nanotube
based devices on a diverse range of substrates, direct-writing
of electrical contacts via maskless methods is more practical
and poses significant advantages.'?

Among direct write techniques for metal-containing inter-
connects such as laser direct write and others,'? the methods
based on using scanning focused electron or ion beam deposi-
tion offer necessary nanometer resolution and precision for
contacting nanowires and nanotubes. Briefly, a gaseous pre-
cursor, typically organometallic, is injected into the chamber
where a focused ion or electron beam is used to decompose
the precursor into volatile and nonvolatile species. The non-
volatile species are deposited while the volatile species are
pumped away into the vacuum chamber.'* The decomposition
process is a result of the interaction of surface emitted
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secondary electrons in the irradiated area with locally
adsorbed gas molecules delivered by a gas injector system
(GIS). As a result, using either electron beam induced deposi-
tion (EBID)'>'® or ion beam induced deposition (IBID),'"-20
nanowire interconnects can be deposited in a single step, mak-
ing it a very facile process. Furthermore, the technique has the
potential to surpass the resolution limits posed by top—down
lithographic methods.?' The IBID and EBID processes have
so far been used to deposit metal-containing contacts on Si
(Refs. 22 and 23), 7Zn0,** GaN,? and Ge (Ref. 26) nanowires
and carbon nanotubes.* Generally, the EBID process has the
advantage of being less damaging for the underlying materials
in comparison to the IBID process.

Unfortunately, a major disadvantage of the EBID
developed metal-containing interconnects is that the metal-
containing deposits are highly resistive. The standard Pt
precursor used in dual-beam FIB systems is the organometal-
lic trimethyl(methylcyclopentadienyl)platinum(IV), (CHj)s
Pt(C,CH3). This precursor is used for Pt layers on TEM sam-
ples being prepared for cross-sections in order to protect the
sample from the damaging ion beam.?” However, when the
same precursor is used to develop interconnects, the result is
a highly resistive deposit. This is due to the high carbon con-
tent, with reports quoting a carbon content as high as 80%.*®
Therefore, the interconnects suffer a deterioration in resistiv-
ity, which can be up to 5 orders of magnitude higher than the
resistivity of pure bulk Pt (10.6 x 10~ Q cm). More impor-
tantly, the reported resistivity values vary significantly from
one report to another, having a variation of at least several
orders of magnitude. The lowest reported resistivity value
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for Pt interconnects deposited by using the standard (CH3);
Pt(C,CH3) precursor is 1.4 (£0.2) x1072 Qcm and it is
obtained after thermal annealing of the material.'®

A useful alternative to the organometallic based precursor
is tetrakis (trifluorophosphine) platinum, Pt(PF3)4. This is a
carbon-free liquid precursor, which has not been studied in
great detail until now. The carbon-free structure means that
no carbon from the precursor will contribute to carbon con-
tained in the deposits, thus minimizing carbon content while
improving overall performance. While studies of the electron
scattering,29 annealing,28 and structure®® of Pt(PF3), have
been reported previously, comprehensive studies on the
electrical properties of interconnects deposited using this
precursor have not. The first reported resistivity values dem-
onstrated the immediate advantage of using this carbon-free
precursor for the EBID of Pt material. Resistivity values
are at least one or two orders of magnitude lower (lowest
resistivity reported is at 6.9 x 10* Q cm) than the lowest
reported values for the (CH3);Pt(C,CHs) precursor.31
Similarly to the (CH3)3Pt(C,CH3) deposits, it is postulated
that these values can be further lowered by thermal anneal-
ing, though such studies have yet to be carried out.

Herein, we report on a comprehensive study of the electri-
cal performance and thermal evolution of individual Pt inter-
connects deposited using EBID of Pt(PF3),. The improved
properties of the carbon-free deposits in terms of higher
breakdown currents and lower resistivity are comprehen-
sively compared and contrasted to the ones obtained from
the standard organometallic precursor. The influence of two
different thermal treatment processes over the electrical and
structural properties of both types of Pt interconnects were
studied. Advanced electron microscopy methods such as
high angle annular dark field (HAADF) imaging coupled
with electron energy loss spectroscopy (EELS) measure-
ments of device cross-sections complement the electrical
analysis data by identifying the impurities of the deposition
process. Additionally, in-situ TEM annealing studies of the
deposits on electron transparent membranes revealed the dy-
namics of the postdeposition thermal treatment and high-
lighted the key structural changes responsible for the
improved electrical performance of the interconnects.

Il. EXPERIMENT

All Pt interconnect depositions were performed on a FEI
Helios NanoLab ™ Dual-Beam instrument using an acceler-
ation voltage of 5kV. Deposition dwell time was set at
5.0 us with a multipass serpentine scan type and the distance
from the GIS to the sample was 200 um for all depositions.
The pixel distance spacing was 11.54nm for the Pt(PF;),4
precursor and 23.07 nm for the (CH3)3Pt(C,CH3) precursor.
The sample substrate (with prefabricated Au/Ni contact
pads) was placed in the chamber along with a Faraday cup in
order to measure the exact beam current from the electron
source. Nominal beam currents were set at 1.4nA, while
the actual mean current measured using the Faraday cup
was 1.28 £0.09nA. The instrument was then evacuated
overnight giving a chamber pressure of about 6.0 x 10~/
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mbar. Upon opening the GIS, the pressure in the chamber
increased an order of magnitude higher than the base
pressure, suggesting a sufficient quantity of precursor was
injected into the system. After closing the GIS, the pressure
returned to its original value within 10min. EBID was
applied by a tetrakis (trifluorophosphine) platinum (Pt[PF;],)
GIS [CAS number: 19529-53-4, vapour pressure 240 mm
(55°C), boiling point 80°C, MW 547.01, supplied by
STREM Chemicals Inc.] and a standard (CH3);Pt(CpCH3)
GIS to selectively deposit Pt metal onto Au/Ni contact pads
for 2- and 4-point electrical measurements. It should be
noted that for the rest of the discussion, we refer to Pt(PF3),
as the carbon-free Pt and the (CHj3);Pt(CpCH;) as standard
Pt. Interconnects with nominal dimensions of 30 um
x 200 nm and thicknesses of approximately 20 nm were de-
posited. Annealing was achieved by rapid thermal annealing
at 400 °C for 1 min in N, and in forming gas (5% H, in N»),
respectively. The ramp time from room temperature to
400 °C was achieved in 2 min giving a rate of approximately
3.3°C s '. Cross-sectional TEM studies were performed
on a JEOL JEM 2100 transmission electron microscope
equipped with Gatan in-situ heating stage. STEM and EELS
analyses were performed using JEOL 2010F microscope
equipped with Gatan GIF camera.

The electrical measurements were performed using a
Cascade Microtech probe station with a B1500 (Agilent
Technologies) semiconductor device analyser. All scanning
electron microscopy (SEM) images were taken on a FEI
Helios NanoLab. TEM cross-sections were performed using
the standard FIB lift-out technique described elsewhere.*?

lll. RESULTS AND DISCUSSION

A. Ptinterconnect deposition and electrical
characterization

Before developing Pt interconnect lines, the performance
of the GIS and corresponding deposition rates was monitored
by developing 1 um” square patterns at SkV and varying
beam currents at constant deposition times as described in
our previous report.”> These results were used to estimate
the thickness of the deposits and to calibrate the time needed
to obtain the desired thickness of the Pt lines. Figure 1(a)
shows I-V curves for two devices, prepared using carbon-
free and standard Pt precursors with their corresponding
SEM images, used to measure the electrical performance of
the interconnects. The Pt interconnects were deposited on
the same substrate under identical conditions (base pressure
and beam current). Initial electrical characterization was car-
ried out on as-prepared devices. Initially, the devices were
measured in a four-point configuration to determine if there
was any contact resistance contributions coming from the
Pt-Au electrode contacts. For these measurements, a current
is forced between two outer terminals while the potential
drop between the two inner terminals is measured, enabling
separation of the wire (interconnect) resistance R, from
the contact resistance R e Contact resistance values
were obtained by comparing the resistance values obtained
from the 2- and 4-probe measurements, where the 2-probe
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FiG. 1. (Color online) Room temperature electrical measurements of carbon-
free and standard Pt interconnects. (a) 2-point I-V curves for a Pt intercon-
nect deposited using the Pt(PF3), precursor and (CH;3)3;Pt(CpCHj3) precursor.
The left (black) y-axis corresponds to the carbon-free Pt while the right
(red) y-axis corresponds to the standard Pt. Insets are SEM images of the
carbon-free Pt (top) and standard Pt (bottom) interconnects deposited across
four Au/Ni contact pads. Scale bar in both is 5 um. (b) Scatter plot showing
the distribution of resistivities calculated for several devices deposited under
identical conditions. Right hand (red) y-axis corresponds to standard Pt and
the left hand (black) y-axis corresponds to the carbon-free Pt. (¢) TEM
cross-section micrograph of a carbon-free Pt interconnect. Scale bar is
30 nm. stPt-EBID is standard Pt—electron beam induced deposition. C-EBID
is carbon-electron beam induced deposition.

measurements allow the total resistance between the 2 inner
terminals (R_prone) t0 be determined while the 4-probe set-
up allows the resistance of the Pt interconnect between the
inner terminals (R4-probe) to be obtained. The contact resist-
ance (Rcontacy) can then be calculated from Eq. (1): 2R onact
+ R4 probe :Rz_probe.zo The difference in slope between the
2- and 4-point measurements is due to the contact resistance.
However, as can be seen in Fig. S1 in the supporting infor-
mation,®* the slopes are almost identical, suggesting that
the contact resistance is negligible (assumed to be less than
100 Q) compared to the Pt wire resistance (5.0kQ) and does
not contribute to a significant fraction of the total resistance.
As a result, 2-point measurements were used in the rest of
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the study. For the two-point measurement configuration, a
voltage was applied between the two inner contacts as the
current flowing through them was measured. As can be seen
in Fig. 1(a), the room temperature current—voltage (I-V)
plots of both carbon and standard Pt deposits exhibited well
defined linear regimes up to 1V, suggesting that the wire-
electrode contacts were ohmic.

Figure 1(b) shows a scatter plot which illustrates the distri-
bution of resistivities of both the standard and carbon-free Pt
depositions (10 devices from each precursor are represented).
The resistivities for the carbon-free Pt interconnects ranged
from 1.2 x 10~ to 2.4 x 10~ Qcm, suggesting a very high
reproducibility for this specific precursor. However, the resis-
tivities obtained for the standard Pt precursor are less consist-
ent, ranging between 1 and 180 Qcm. The mean resistivity
(1.88+0.5x 10> Qcm) obtained for interconnects pro-
duced using the carbon-free Pt precursor is still about two
orders of magnitude higher than that of bulk Pt, but almost 4
orders of magnitude lower than the obtained mean resistivity
of standard Pt (82.12 = 57.35 Qcm). This enormous differ-
ence in resistivity confirms the advantage of using the
carbon-free Pt(PF;)4 as a precursor for the EBID of Pt in a
dual-beam FIB system. Overall, these results are not surpris-
ing and reflect our previous study where we show that the
deposits obtained using the carbon-free Pt precursor are com-
posed of a continuous network of polycrystalline Pt nanopar-
ticles embedded in amorphous matrix.”> A detailed
investigation of the composition of these structures by
HAADF imaging and EELS spectral imaging is given below.

The cross-sections of the individual interconnects were
obtained via cross-sectional TEM imaging, as shown Fig.
1(c). These cross-sections provided important information
regarding the structure of the Pt wires. It is clearly shown
that the structures have no sharp edges and that the overall
cross-section is not rectangular, a factor which affects the
overall calculated resistivity (p =R x A/L, where p is the re-
sistivity, R is the resistance, A is the cross-sectional area, and
L is the channel length between the two inner terminals).
The nominal cross-sectional area, used in the majority of the
reports to calculate the resistivity of a metal-containing inter-
connect developed by EBID, is much smaller than the one
observed by TEM cross-sections due to increased width of
the deposit (Fig. S2, supporting information®®), thus underes-
timating the calculated resistivity. For example, the nominal
cross-section of our deposits is set at 4000 nmz, whereas the
“true” area of the cross-sectioned Pt line used in the calcula-
tions above and seen by TEM is almost 6000 nm?. If we use
the nominal cross-section area of the interconnect to calcu-
late the resistivity, this will decrease the calculated resistiv-
ity for the best performing device (1.2x 10~ Qcm) to
0.8 x 10® Qcm, which compares favorably to the already
reported value of 0.69 x 10> Qcm.*!

In this study, a relatively low beam current of ~1.4nA
allows adequate decomposition of the Pt precursor over
a time period of approximately 3 min, which compares
favorably to the very high currents used by Ervin and co-
workers (13-46nA) to decompose the same precursor.’
While deposition times can be reduced at high beam
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currents, beam sensitive samples may suffer beam damage
resulting in higher resistivities. The only varying parameter
in our experiments during deposition was the fluctuating re-
sidual gas in the vacuum chamber, which should be kept to a
minimum to ensure reproducible results and to minimize
contamination of the deposited Pt structures. A chamber
pressure of 6.0 x 10~ mbar was achieved prior to Pt deposi-
tion at all times, to minimize contamination from residual
gas in the chamber.

In order to further explore the interconnects formed from
the carbon-free Pt precursor as possible interconnects for
nanowire devices, we carried out maximum current density
(J/max) measurements using a 2-terminal set-up on individual
interconnects and compared the results with those obtained
for standard Pt, as shown in Fig. 2(a). Our measurements
show that a single interconnect can carry a current of
approximately 1.1 mA before electrical breakdown, com-
pared to 0.11 mA for the standard Pt, corresponding to a
maximum current density of 1.87 x 10’ A cm™? for the
carbon-free Pt and 9.44 x 10° A cm ™2 for the standard Pt.
Jmax for interconnects formed from the carbon-free Pt is two
orders of magnitude higher than those formed from the
standard Pt precursor, confirming the superiority of Pt(PF;),
as a candidate for Pt interconnect formation. Figure 2(b)
shows an SEM image of a failed interconnect where the
point of electrical breakdown occurs consistently between

T T T T
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8.0x10™- & +8.8x10°°
< 6.0x10* (a) (¢ L6.6x10° <
b — —
g 4 -5 5
£ 4.0x10™ r4.4x10 2
= =
O 2.0x10- +2.2x10° O

0.0 0.0

0 5 10 15

Fic. 2. (Color online) Electrical transport measurements performed on
carbon-free and standard Pt interconnects. (a) I-V measurements recorded at
higher applied voltages for standard Pt (open red circles) and carbon-free Pt
(solid black triangles) interconnects. The rapid drop in current around 12 V
for both interconnects is due to electrical breakdown of the wire. (b) SEM
image showing the point of breakdown of the wire between the two inner
electrodes. Scale bar is 1 um.
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electrodes two and three (closer to one than the other) where
you would expect to find the least heat dissipation and high-
est temperature due to Joule heating.***’ Additionally, this
fact serves as an indirect indication that the Pt deposition at
the edges of the Au/Ni contact lines is conformal, and does
not form sharp steps and breakages (often seen for the metal
evaporation process) that can result in higher resistivity of
the interconnects.

B. Annealing studies on deposited Pt

Figure 3(a) shows I-V measurements for a standard Pt
interconnect before and after annealing at 400°C under
nitrogen gas for 1min. Before annealing, the I-V plot
(black) displays perfect ohmic behavior with a resistivity of
115 Qcm. After annealing, the Pt interconnect demonstrates
a resistivity of 93.4 Qcm. This small decrease in resistivity
is possibly due to particles sintering together and a decrease
in the impurities content. Previously, annealing in an oxida-
tive atmosphere has been used to purify standard Pt intercon-
nects.'”” This type of a treatment showed decreased
interconnect resistivity of about two orders of magnitude in
comparison to the as-deposited material but still much higher
than bulk Pt, most probably, due to surface oxidation. In
contrast to this, N, annealed carbon-free Pt demonstrates a
much larger decrease in resistance (about 5 times) when
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Fic. 3. (Color online) I-V measurements of Pt interconnects before and after
annealing. (a) I-V curve for a standard Pt interconnect before and after
annealing under nitrogen for 1 min. (b) I-V curve for carbon-free Pt inter-
connect before and after annealing under nitrogen for 1 min.
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compared to the preannealed sample [Fig. 3(b)]. This trans-
lates into a similar decrease in the resistivity. Taking into
account the calculated resistivity using the “true” cross-
sectional area of the best performing untreated sample
(1.2 x 10~ Qcm), the N, annealed analogue will show a re-
sistivity of 0.24 x 10~ Qcm. If we use the nominal cross-
sectional area in calculating the resistivity, this will further
decrease the value to 0.16 x 1073 Qcm, which is only one
order of magnitude higher than bulk Pt and to the best of our
knowledge, the lowest reported resistivity for Pt developed
by EBID.

To explore the effect of a reducing environment on ther-
mal treatment of both types of Pt interconnects, rapid ther-
mal annealing under forming gas was performed at 400 °C
for 1 min. Figure S3(a),** in the supplementary information,
shows I-V measurements for a standard Pt interconnect
before and after the forming gas anneal. In comparison to
the pure N, anneals, annealing in the reducing atmosphere
introduced changes in the interconnect that decreased the re-
sistivity by about 2 orders of magnitude. Before annealing,
the interconnect demonstrated a resistivity of 19.5 Qcm,
while after annealing there is a resistivity of 0.2 Qcm. This
value is one order of magnitude higher than the best reported
resistivity for the standard Pt precursor' but is still among
the lowest values reported. In comparison, the Pt intercon-
nect developed by the carbon-free precursor showing a resis-
tivity of about 1.2x 107> Qcm before the forming gas
annealing, after thermal treatment showed almost no current
flow (picoamps range). Additionally, the interconnect dem-
onstrated electrical behavior that departs severely from typi-
cal ohmic I-V behavior (Fig. S3(b)**] from the supporting
information). These drastically different results can be
explained by looking at the integrity of both types of inter-
connects after annealing. The structure of the Pt intercon-
nects developed by the standard precursor remained smooth
and intact on the electrodes [inset in Fig. S3(a)**]. TEM
images show that the overall volume remains the same, even
though an increase of the overall Pt particle size is seen. In
comparison, the SEM image of the carbon-free Pt intercon-
nect after the forming gas anneal shows that the body of the
interconnect is disjointed and broken into separate metal
islands. The reason why the carbon-free interconnects broke
apart during the forming gas anneal and the standard Pt
deposits remained intact can be explained by the dissimilar
composition and internal nanostructure of both materials that
followed different transformation routes upon forming gas
annealing. Normally, when heated under reducing condi-
tions, thin films of noble metals form larger well-faceted and
well-crystalline metal nanocrystals in contrast to the materials
thermally treated under inert conditions.*® Evidently, this
type of process is happening to a greater extent for the
carbon-free deposits. One explanation for this behavior is that
the carbon-free deposits exhibit no amorphous interwoven
carbon matrix surrounding the nanoparticles that can keep the
structural integrity of the material and at the same time pre-
vent the formation of larger crystallites. Additionally, previ-
ous studies in the literature®® and our elemental analysis
studies (shown below) show that the deposits encompass
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large phosphorous-containing clusters, which may accelerate
the process causing the rest of the structure to break apart.
Milder thermal conditions and deposits with minimized phos-
phorous content might result in preserving the structural in-
tegrity of the Pt(PF;), interconnects under forming gas
annealing. In comparison, the organometallic Pt deposits are
experiencing large improvements in the crystallinty resulting
in enhanced electrical performance while the structural
integrity is preserved by the surrounding amorphous carbon
matrix. We postulate that a valuable route for further
enhancement of the electrical performance of the standard Pt
deposits can be a two-step annealing process where mild oxi-
dative conditions are used to purify the deposits (decrease the
carbon-content), which should be followed by annealing in
reducing conditions to improve the grain size and crystallinity
of the Pt framework. This two-step procedure is currently
under investigation in our group. However, as the work is in
its early stages, no significant results have yet been obtained
and consequently have not been presented in this article.
Such an investigation is of significant value due to the im-
pressive electrical results obtained thus far and any further
enhancement of the electrical performance of carbon-free
depositions is highly desirable. Despite this, the two-step pro-
cedure would require significant additional experimentation
and is therefore beyond the scope of this article.

As demonstrated previously, the electrical performance of
the developed interconnects is a paramount function of the
nanoscale structure and composition of the Pt deposits. We
and others reported previously that the carbon-free material
deposited via EBID is composed of nanocrystalline Pt par-
ticles and an amorphous matrix surrounding the nanopar-
ticles. In order to determine the detailed elemental
composition of the interconnects formed from the carbon-
free Pt precursor, cross-sections of the Pt wires were
obtained and examined by STEM imaging and line-scan
EELS analysis [Figs. 4(a) and 4(b)]. Line-scan EELS data
presented in Fig. 4(b) depicts the spatial distribution of the
elements in a cross-section of a carbon-free Pt deposit before
annealing. The elemental content averaged from the signals
obtained across the whole section of the deposit are as fol-
lows: 61% Pt, 14% P, 15% O, and 10% C. The inclusion of
phosphorous in the deposits has already been observed in the
form of amorphous material, forming islands of increased
phosphorous content along the length of the deposits.*
Here, we observe that such islands are formed closer to the
bottom of the deposits as seen on Fig. 4(b), with elemental
content increasing to 20%. Interestingly, the oxygen profile
follows the same trend, reaching 23% close to the bottom of
the deposit. The Pt content is almost constant across the de-
posit, while carbon content is diminished in the region of
higher phosphorous and oxygen content. The origin of the
carbon and oxygen inclusion in the deposits cannot be a
result of the decomposition of the carbon-free precursor mol-
ecules. There are several routes for carbon and oxygen incor-
poration, e.g., (i) from the residual gases in the microscope
chamber as the electron beam is scanned during the deposi-
tion process, or (ii) from the residual gases during the ele-
mental analysis itself. The latter will be extremely prominent
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FiG. 4. (Color online) Cross-sectional TEM micrograph and EELS analysis of carbon-free interconnect. (a) Low-resolution cross-sectional TEM micrograph
of a carbon-free wire deposited on Au/Ni electrode (b) EELS map taken along the blue arrow shown in (a).

if the samples were left in ambient air for a long time before
analysis, adsorbing large amounts of carbon-based contami-
nants. Oxygen is likely incorporated as a result of exposure
to atmospheric conditions after deposition. Finally, it should
be noted that the line scan in Fig. 4(b) shows a higher Pt
content in the standard Pt deposited on top of the Pt(PF;),
precursor. However, it is important to clarify that this is ion-
beam deposited Pt and thus is likely to demonstrate a higher
Pt concentration anyway as a result of more efficient crack-
ing of the Pt precursor.

To explore the origin of the carbon content in the depos-
its, energy dispersive x-ray (EDX) measurements were per-
formed on both carbon-free Pt and standard Pt deposits,
without breaking the chamber vacuum. As shown in Fig.
S5 and Table 1 in the supporting information,® the EDX
point scans were taken at exactly the same conditions on
both the interconnect and on the nearby bare substrate to
account for the carbon build-up during elemental analysis.
As expected, Table 1 in the supporting information shows
that the carbon content of the interconnects produced using
the standard Pt precursor (C/Si ratio of 1.15*0.1) was
almost double that of those produced using the carbon-free
Pt precursor (C/Si ratio of 0.57 = 0.1). Furthermore, the
carbon content, measured on the surface of the bare sub-
strate (C/Si ratio of 0.45 = 0.1) is very close to the content
measured for the carbon-free Pt deposit, suggesting that the
measured carbon content within the deposits obtained by
the Pt (PF3), is solely due to the carbon build-up during the
elemental analysis itself. These results also suggest that the
carbon content measured by EELS shown in Fig. 4(b) could
be overestimated due to the carbon build-up during analy-
sis. Finally, although fluorine is part of the precursor mole-
cule, its content is below the limit of detection of both
EDX and EELS measurements. We speculate that fluorine,
being a volatile species, is removed by vacuum during the
deposition process and so was not detected during the ele-
mental analysis.

In order to evaluate the composition of the developed Pt
interconnects after N, annealing, EDX measurements were
performed immediately after reheating the substrate on a hot
plate at 120°C for 60 min under atmospheric conditions,
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taking care that samples are exposed to ambient atmosphere
for a very short time after reheating. Table 2 in the support-
ing information reveals that the absolute values of the carbon
content in the standard and carbon-free precursors have
increased after reheating, most probably due to excessive
transient contamination form the laboratory environment.
However, comparing the ratios between the standard Pt and
the substrate (1.15:0.45 before annealing and 3.86:2.73 after
annealing), we can see an overall decrease in C as the Si
remains constant. This conclusion is based on the fact that
the difference in the C/Si ratio calculated from a point mea-
surement on the surface of the Pt deposit and on the bare
substrate is less than two fold as it was measured for the
samples before annealing (see Table 1, supporting informa-
tion). As expected for the deposits obtained by the carbon-
free Pt material, the carbon content is at similar levels both
on the deposits and on the bare substrate (0.57:0.45 before
annealing and 2.21:2.73 after annealing). Interestingly, we
observed the formation of larger clusters [Fig. S6(a)**] along
the length of the interconnect, which showed an increase in
the phosphorous content. This is probably due to the diffu-
sion of the amorphous material into phosphorus-containing
clusters and islands by a process, which was enhanced by the
thermal treatment. Note that the overall integrity of the inter-
connects is preserved, in contrast to the samples annealed
under forming gas. Figure S6(b) is an EDX spectrum of the
carbon-free interconnect shown in Fig. S6 (a).>* Specifically,
it is a point and id scan of the P cluster highlighted by the
red arrow, which confirms the presence of P in the cluster. It
is important to quote the melting and boiling points of ele-
mental phosphorous (44 and 280°C, respectively) as this
may provide some insight into the annealing behavior. The
400°C annealing temperature (discussed earlier) is well
above both the melting and boiling point of phosphorus. In
comparison, the 120 °C annealing step is below the boiling
point and so this difference in temperatures may form the ba-
sis of a future investigation into the formation of phospho-
rous clusters within the carbon-free deposits. Additionally,
the possible existence of volatile P-H compounds such as
PH; (boiling point of —87.7 °C) may affect the P content of
the interconnects through hydrogen contamination. This will
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prove a useful study in future work, possibly providing a
method to further decrease the resistivity of carbon-free Pt
contacts.

Additionally, in-situ TEM annealing of a deposit formed
from the carbon-free Pt precursor on an 80 nm thick silicon
nitride membrane was performed. The deposition process on
a very thin membrane differs from deposition on a substrate
by the amount of deposited material due to the much lower
number of secondary electrons emitted. Moreover, the inter-
action area of the incoming electron beam with the underly-
ing substrate is minimised and can result in Pt structures as
small as several nanometers.> Figure 5(a) illustrates the
deposition of Pt nanoparticles on the thin silicon nitride
membrane, with a size distribution similar to that obtained
for the deposits on the Au/SiO,/Si substrate (the depositions
are performed using the same nominal dimensions and con-
ditions). Most importantly, the mean particle diameter for
the as-deposited material of 2.7 = 0.5nm increases to
3.7 = 0.7 nm after vacuum annealing at 250 °C for 10 min in
the TEM (Figs. 5(b) and 5(c)]. This observation is indicative
of coalescence and sintering of the Pt nanoparticles as
recently investigated by aberration corrected STEM at room
temperature.*’ Theoretical studies predict an increased rate of
sintering for nanoscale metal particles in comparison to
micron-sized metal powders.*' ™ Furthermore, experimental

021807-7

results demonstrate that metal nanoparticles sinter at tempera-
tures far lower than those predicted from conventional scaling
models.***> Here, we observe Pt nanoparticles sintering at
temperatures as low as 250 °C.

Most significantly, the obtained in-situ annealing data, to-
gether with the elemental analysis before and after N,
annealing, are important in understanding the decreased re-
sistivity of the interconnects after annealing and the obtained
high break-down currents. Increased conductivity of several
orders of magnitude in ink-jet printed nanoparticulate Ag
interconnects has been attributed to increased particle size
by electrical sintering.*® Similarly, our interconnects
increase their conductivity by applying higher potential until
break-down at which point the interconnect is transformed
into large isolated islands of Pt. This behavior is likely due
to localized Joule heating. A method for determining the
spatial distribution of the temperature gradients due to Joule
heating around a metal-containing interconnect on a silicon
nitride membrane has been demonstrated.*’ Their results
indicated the formation of larger metallic nanoparticles as a
function of the applied electrical power. Our results suggest
that the Pt interconnects developed from the carbon-free pre-
cursor show improved performance after N, annealing
mainly due to nanoparticle sintering, improved crystallinity,
and locally minimized amorphous impurities.
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Fic. 5. (Color online) Transmission electron micrographs and diameter distributions of platinum particles deposited using Pt(PF3),. (a) TEM micrograph of Pt
particles before in-situ TEM annealing at 250 °C. (b) TEM micrograph of Pt particles after in-situ TEM annealing at 250 °C. Scale bars in (a) and (b) are
50 nm. (c) Diameter distribution of Pt particles before and after annealing. The distribution shows a clear increase in particle size after annealing, suggesting
the sintering of particles together which can be correlated to the decrease in resistivity after annealing. (d) Lorentzian fit to the distribution in (c), which high-

lights the difference in particle sizes more clearly.
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IV. SUMMARY AND CONCLUSIONS

Pt interconnects deposited from the carbon-free precursor,
Pt(PF;),, using EBID demonstrated very low resistivities
compared to interconnects produced using a standard Pt pre-
cursor. After devising two different annealing procedures and
measuring the “true” cross-sectional area of the interconnects,
we demonstrate that low resistivity Pt interconnects showing
resistivities of about 0.24 x 10> Qcm and 0.2 Qcm can be
obtained for the carbon-free and standard precursors, respec-
tively. A maximum current density (Ji.x) of 1.87 x 10’ A
cm ™2 was achieved for the Pt(PFs), precursor. This was 2
orders of magnitude higher than the maximum current density
achieved for the standard (CHj3);Pt(C,CH3) precursor.
Additionally, the enhanced electrical properties of the as-
deposited carbon-free Pt materials are explained by the ab-
sence of large amounts of carbon impurities, and their further
improvement by postdeposition annealing under inert gases.
N, annealing of these interconnects proved very effective at
lowering their resistivity. In comparison interconnects formed
from the standard Pt precursor demonstrated an improvement
in resistivity of 2 orders of magnitude after annealing in
forming gas. Our in-situ TEM results and elemental composi-
tion studies suggest that the Pt interconnects developed from
the carbon-free precursor show improved performance after
N, annealing mainly due to nanoparticle sintering, improved
crystallinity, and locally minimized amorphous impurities.
Due to the higher current density and lower resistivity of Pt
interconnects formed from the carbon-free Pt precursor, in
comparison to the structures formed from the standard Pt pre-
cursor, Pt(PF;), is likely to become a preferred precursor for
EBID deposition of Pt metal for fast and effective prototyping
of devices.
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