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This paper addresses the synthesis and a detailed electrical analysis of individual copper nanowires (CuNWs). One

dimensional CuNWs are chemically grown using Bromide ions (Br) as a co-capping agent. By partially replacing alkyl
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amines with Br’, the isotropic growth on Cu seeds was suppressed during the synthesis. To study the electrical properties

of individual CuNWs, a fabrication method is developed which does not require any e-beam lithography process.

Chemically grown CuUNWs have an ampacity of about 30 million amps per cm?, which is more than one order of magnitude

larger than the bulk Cu. These good qualities easy to synthesize CUNWs are an excellent candidate for creating high

ampacity wires

Introduction

One dimensional (1D) conducting wires are important building
blocks of the nanotechnology devices. Preparation of 1D
nanowires can broadly be divided in to two types. The first
type needs a substrate or a template to be grown or
supported. For example, nanowires or carbon nanotubes
growth on a substratel’z, growth of nanowires using alumina
templates3 or the fabrication of nanowires using any
lithography process comes into this category. The second type
is the one where nanowires can be grown without a substrate
or a template. For example, nanowires grown in a chemical
using hydrothermal process4. Chemical growth of nanowires is
particularly useful for creating cost effective nanowires in a
large quantity. The main advantage being that the chemical
growth methods can be scaled up to an industrial level.

Due to the recent development in the flexible, stretchable and
wearable electronics, and display technology, highly
conductive printable transparent conductors are highly
desirable. Low dimensional conducting materials are
particularly suitable for integrating with flexible substrates. If
the electrical conductivity of the nanowires is high, a low
density network of nanowires can be used as a transparent
conductor. For example, Ag nanowires have been used for
creating flexible, transparent and stretchable electrode 5'6,7.
cu’, Au® and Ag9 are some of the conducting metals which can
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flexible printable electronics.

be chemically grown into long nanowires without any
substrate or template. In particular, Cu has one of the highest
electrical conductivity (~6x10° S/cm) among materials. It is also
much cheaper than Ag and Au, and abundant in nature.
Therefore, Cu is a material of choice for applications which
require high electrical conductivity and flexibility. Copper
nanowires (CUNWSs) also have a high electrical conductivity as
compared to the metal oxides like ITO (Indium Tin Oxide)10 or
carbon based materials'’. In this paper we study the chemical
growth of low dimensional Cu nanostructures using
hydrothermal process and co-capping agent, and investigate
the electrical properties and the failure mechanism of the
individual nanowires.

CuNWs can be chemically grown to hundreds of microns in
length. These nanowires can make a network of highly flexible
conducting wires. One drawback is that the CUNWSs surface can
get oxidized in air, either a capping layer like polyimide or
PDMS can be used to protect it from oxidation or CUNWs can
be covered with a graphene Iayerlz. For large area
applications, methods like photonic welding or laser induced
photothermochemical reduction of CuxO NW to CuNW can
also be used for improving conductive links between
CuNWs™. Electrical properties of CuNWs are commonly
measured using sheet resistance™, where current pass
through a percolation path. It provides some electrical
conductivity information which is averaged over a large but
unknown number of nanowires. High contact resistance, which
is due to a large number of wires junctions, dominates the
resistance and therefore it is hard to measure the true
electrical conductivity and the ampacity of the CuNWs. To
understand the quality of nanowires, individual CUNWs must
be analyzed. Xu et al. studied the transport properties of a
single Cu nanowire but they could not determine the ampacity
of the CuUNWSs because their Pt contacts had lower ampacity
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than CuNWws.'®

method, which does not require an e-beam lithography

In this work, we have developed a simple

process, to fabricate transport devices using a single CuNW
and these devices do not suffer from the problem faced by Xu
et al.. Electrical properties, which include electrical
conductivity, current carrying capacity, and failure mechanism,
of the chemically synthesized CuNWs were carefully
investigated.

Synthesis of Cu nanowires (CUNWs)

Synthesis of CUNWSs through a hydrothermal method has been
considered as a promising strategy for large-scale production
of nanomaterials.”” In a typical synthesis system, as illustrated
in Figure 1(a), copper ions, Cu (I) or Cu (Il), are reduced to Cu
(0) seeds, and then 1D growth on these nanocrystal seeds in
aqueous or organic solutions leads to the formation of
CuNWs, 181920
used, because they not only served as a capping agent but also

Among these systems, alkyl amines were mostly

complexed with other reactant to promote the seed formation
and the chemical reduction proc.:ess.zL22 This multi-functional
role makes alkyl amines irreplaceable in Cu nanowire
synthesis. However, it is a challenge to use alkyl amines as a
sole capping agent to produce clean CuNWSs because a
relatively large fraction of other shapes for Cu nanocrystals,
such as particles, cubes, is also produced, as seen in Figure 2.
The capping insufficiency is the reason for the isotropic crystal
growth in these systems.

In order to better control the growth kinetics to suppress the
isotropic crystal growth, one solution is to incorporate a co-

(a)

Reduction Crystal Growth

Culon Cu Seed

(111)
3 _|(d)
% ] [ (200 1:1:3:1
E 2
7]
c c 1:2:3:1
S g
7] =
2 =
<
4 1:1:4.5:0
R
400 500 600 700 800 30 40 50 60 70

Wavelength (nm) 2 Theta (Degree)

Figure 1. (a) Schematic representation of Cu nanowire synthesis using a hydrothermal
method. (b) Dark field optical image. (c) UV-Vis spectra and (d) XRD patterns of the as-
synthesized 1D CuNWs.
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capping agent to modify the capping efficiency. Bromide ions
(Br’) have been widely used to initiate the anisotropic growth
on Au, Ag or Pt nanocrystals.23 Similar to alkyl amines, Br
preferentially adsorbs onto {100} facet on metal nanocrystals
to restrict the growth direction.”® The ionic species with a
relatively small size like Br' can have a better capping effect
than alkyl amines on Cu seeds. In this work, we introduced Br
as a co-capping agent to produce good quality CUNWs.

The precursor solution was obtained by dissolving copper
chloride (CuCl,), glucose, hexadecylamine (HDA) and
potassium bromide (KBr) in 60 mL deionized water. A uniform
solution in blue color was formed after stirring, indicating the
formation of Cu(ll)-HDA complexes.22 The precursor solution
was then kept at 110 °C for 16 h without stirring, and the color
of the solution was changed from blue to pink and then
reddish brown. The color change in the solution indicated that
the Cu(ll)-HDA complexes have been reduced to Cu seeds,
likely through the Maillard’s reaction,21 and then formed
CuNWs via 1D nanocrystal growth.

The molar ratio of Cu and capping agent is critical for the
control of nanocrystal growth. In the absence of Br, the
capping on Cu nanocrystals was carried out using HDA alone.
The preferential adsorption of HDA on {100} facets could
suppress the crystal growth on these facets to initiate an
anisotropic growth.18 However, as seen in Figure 2, the sample
with a molar ratio of 1:1:3:0 (CuCl,:glucose:HDA:KBr,
hereinafter), only produced Cu nanoparticles and nanocubes,
indicating an isotropic growth dominated system. The reason
is because the concentration of HDA was insufficient to cover
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Figure 2. Schematic demonstration of capping effect on the growth of Cu nanocrystals,
and the scanning electron micrographs of the Cu nanocrystals synthesized with
different molar ratio of CuCl,:glucose:HDA:KBr. Bars = 2um.

all newly formed {100} facets on Cu nanocrystals in this

This journal is © The Royal Society of Chemistry 20xx
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sample. These exposed facets are active for Cu crystal growth,
which was demonstrated as insufficient capping in Figure 2.
With increased concentration of HDA, CuNWs started to form
in the system, indicating that anisotropic growth started to
dominate the systems. With a molar ratio of 1:1:4.5:0, a large
fraction of CuNWSs with a diameter of 72 %
obtained.

13 nm were

Incorporation of Br could modify the capping efficiency on Cu
nanocrystals. For example, the nanoparticle formation can be
suppressed using Br as a co-capping agent to partially replace
HDA. As shown in Figure 2, the approximate 60% of CuNWs
and 40% of nanoparticles were obtained using a molar ratio of
1:1:4:0. With the same molar ratio of Cu and total capping
agent, clean CuNWs with only trace amount (about 2-3%) of
nanoparticles were synthesized by replacing one quarter of
HDA with Br, i.e.,
known that nanowires grow from multi-twinned seeds.”

using a molar ratio of 1:1:3:1. It is well

However, multi-twinned seeds are unstable at initial stages if
their {100} facets were not well capped. The crystal growth on
{100} facets could rapidly develop multi-twinned seeds into
single-crystal seeds,25 which only produce nanoparticles.
Compared with more hydrophobic HDA molecule, Br is a small
ionic component which can diffuse faster in an aqueous
environment, and easier to be chemisorbed onto nanocrystals,
especially onto small nanocrystals (< 10 nm).25 Br  was also
found to facilitate the maturing process for Cu nanocrystals
growing in a non-aqueous environment.”® These features of
Br  ensures a well capping on multi-twinned seeds, which is
critical to suppress isotropic growth.

The ratio of the HDA and KBr is also important because
different HDA:KBr ratio gives different capping efficiency on Cu
nanocrystals. On one hand, insufficient Br  cannot provide
enough capping protection on Cu seeds, resulting in
insufficient capping. On the other hand, overdosing Br can also
reduce Cu nanowire formation. If the {100} facets on Cu
nanocrystals have been saturated by capping agent, extra Br
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Figure 3. Scanning electron micrographs of the Cu nanowires synthesized with different
molar ratio of CuCl,: glucose:HDA:KBr. Scale bars = 2um.
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can also cap {110} and {111} facets on Cu nanocrystals.19 As
demonstrated in Figure 2, overdosing capping can suppress
the overall growth of Cu seeds, resulting in formation of small
Cu nanocrystals. Sometimes, these small nanocrystals may
aggregate to form plate-like structures.”” This is the reason
why using Br alone cannot produce CuNWs." In this study, an
optimal molar ratio to produce CuNWs was found to be 1:1:3:1
(CuCl,:glucose:HDA:KBr). The samples with a lower or higher
HDA:KBr ratio produced more small nanoparticles. Additional
SEM images can be found in the Supplementary Materials.

The CuNWs formation is also affected by the chemical
reduction process. The rate of reduction is usually adjustable
by varying the concentration of reducing agent, or glucose in
this study. More glucose in the system can increase the rate of
chemical reduction. In this scenario, faster growth on Cu seeds
could lead to more seeds developed from multi-twinned to
single-crystal if capping agent failed to stop the crystal growth
on {100} facets in time. Figure 3 showed the effect of glucose
concentration on CuNWSs formation. As expected, more small
nanoparticles were observed when the concentration of
glucose was doubled in the absence of Br  (1:2:4.5:0).
Interestingly, the similar phenomenon was not observed for
the samples with Br. The nanoparticle formation was still
suppressed even though we doubled the concentration of
glucose, i.e., using a molar ratio of 1:2:3:1. It confirmed that
using Br  as a co-capping agent can protect {100} facets on Cu
seeds efficiently. As a result, the isotropic growth on Cu
nanocrystals was suppressed in the presence of Br.

The diameter of CUNWs synthesized using Br was found to be
176 + 29 nm which is larger than those without using Br (72 +
13 nm). This observation was confirmed using UV-Vis
spectroscopy (Figure 1c). Compared with the Br free sample
(1:1:4.5:0), the maximum absorption peaks for the CuNWs
synthesized using Br™ shifted to higher wavenumbers. Because
of the surface plasmon resonance effect,22 this redshift
suggests that the CUNWs in these samples (1:1:3:1 and 1:2:3:1)
have a larger average nanowire diameter. One possible reason
for the increase in nanowire diameters is that although Br-
could protect the Cu seeds in the early stages, the competitive
adsorption between Br- and HDA might reduce the packing
density for the HDA layers on {100} facets, resulting in the
CuNWs with a larger diameter.?® The other possibility is due to
the aforementioned multi-functional role of HDA. HDA is also
involved in other process, such as seeding, complexation and
reduction. Br,, as far as we know, does not participate in these
processes. In addition to capping effect, partially replacing
HDA with Br’, therefore, might contribute to other effect on
the dislocation-driven growth of Cu seeds, and consequently
produces CuNWSs with different diameters.”” The XRD patterns
of the as-synthesized CuNWs (Figure 1d) are in consistence
with face-centered-cubic Cu without a significant amount of
other impurities. The CUNWs synthesized using a molar ratio of
1:1:3:1 were selected for electrical measurement.

J. Name., 2017, 00, 1-3 | 3
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Figure 4. (a) Schematic of the CuNW transfer process from PDMS to the Ti/Au
electrode on a Si/Si02 wafer. (b-c) SEM images of the CUNW after landing on the
Ti/Au electrodes. (d) Dark field optical image of the CUNWs after being landed on the
Ti/Au electrodes, scale bar=10pm.

Fabrication of CUNW transport devices

CuNW transport devices were fabricated using an aligned
landing of nanowires onto the Titanium/Gold (Ti/Au)
electrodes. The main advantage of this technique is that no
complex e-beam lithography is required. Schematic of the
process is shown in Figure 4a. First of all, Ti/Au contacts were
fabricated using photolithography and the lift off process on a
Si/Si0, (60nm) wafer. A 10nm Ti layer and then 200nm Au
layer was deposited using an e-beam evaporator. A small drop
of ethanol solution which contains CUNWs was placed, using a
pipette, on a thin (~200um) Polydimethylsiloxane (PDMS) film
and left to dry. CUNWs were 200nm in diameter and about
50um long. These wires could be seen using an optical
microscope. PDMS was then attached to the glass slide. An
MBJ4 mask aligner was used to align an isolated CUNW on the
PDMS layer with the Au electrodes. Immediately before doing
the alignment process, silicon chip which had Ti/Au electrodes,
was cleaned with an oxygen plasma with RF (Radio Frequency)
power 100W and pressure 0.4 mBar for five minutes. Once
aligned, silicon chip was slowly raised until it is in contact with
the PDMS. Sample was then left to remain in contact for two
minutes. PDMS was then slowly removed by lowering the Si
wafer down. The transfer was performed using the medium
retention 6.5mil PF-40-X4 film from Gel-Pak and no heating
was required to transfer the CuNW. Figures 4 (b,c) show the
SEM images of the CuNW after being landed on the Ti/Au
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Figure 5. (a) SEM of a CuNW after a large current passes through the wire. Scale bar is
2um. Anode and cathode are labelled A and C respectively. It shows the effect of
electromigration. Electromigration is in the direction of the anode electrode. Length of
the wire is about 14um. (b) IV curves and the corresponding resistance of the
nanowires CUNW1 and CuNW2. |.x is the maximum current that passes though the
CuNW, after which the current drops and the nanowire becomes an open circuit. The
dash line is a straight line drawn along the linear region of the IV curve. (c) SEM image
of the devices after Pt deposition using Ga focused ion beam. (d) SEM image of the
four-probe device geometry.

electrodes and 4d is the dark field optical image of the CUNWs
on the Ti/Au electrodes.

Electrical measurements:

Four terminal electrical measurements were performed using
Keithley 5200 SCS parameter analyzer. The device geometry is
shown in Figure 5d. The current was applied between the
electrodes 11 and 12 and the voltage drop across the CuNW
was measured using the voltage leads V1 and V2. When
CuNWs are exposed to air, a thin oxide layer on the Cu wires
prevents a good electrical contact between the nanowire and
the Au electrodes. To establish a lowest possible contact
resistance, a few nanometers of the CUNW was etched using
Gallium Focused lon Beam (Ga-FIB) milling and then about
200nm thick, 1um wide and 5um long Platinum (Pt) pads were
deposited using a Ga-FIB, as shown in Figure 5c.

Pt contact resistance is measured by drawing the resistance of
CuNW1, CuNW2 and CuNWS3 as function of their length, as
shown in Figure S2. The contact resistance is about 9Q. Table 1
shows the electrical conductivity and the maximum current
density or ampacity of the 1D CuNWs measured at room
temperature. The electrical conductivity of the nanowires is a
little less than Cu. However, the maximum current density of
all the CuNWs is close to 3x107A/cm2, which is more than an
order of magnitude larger than the bulk Cu wires.

Table 1. Dimensions, conductivity and the maximum current
density of the 1D CuNW.

This journal is © The Royal Society of Chemistry 20xx
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Sample Length Diameter Electrical Max.
L(um) d(nm) Conductivity Current
o(S/cm) density

Jmax(A/cm?)

Cu(Bulk) 5.9x10° 1.0x10°
CUNW1 285 200 3.5x10° 3.9x10”
CUNW2 20 190 3.4x10° 3.7x107
CuNW3 11 190 3.4x10° 3.9x107

The IV curves and the resistance of the samples CUNW1 and
CuNW?2 are plotted in Figure 5b. The IV curves are linear up to
about 2mA. Nanowires show a linear (Ohmic) behaviour at low
bias, as indicated by the projected dashed line. However, as
the current is increased further, the resistance of the wire is
noticeably increased due to the Joule heating and the IV curve
becomes non-linear After the current reach to the maximum
value at |, the current drops and CuUNW becomes an open
circuit. The ampacity of the CuNW is defined as the maximum
current density which flows through the wire before it
becomes as open circuit. On average, the ampacity of these
high aspect ratio CUNWs is J= 3.8x107 A/cmz, which shows that
the chemically grown CuNWs are of good quality and exhibit
low density of defects.

Discussion and analysis:

The electrical conductivity of the CUNW is extracted from the
linear regime of the IV curve, and after subtracting the 9Q Pt
contact resistance, the electrical conductivity of the CUNWs is
calculated as 3.4x10° S/cm. It is lower than the electrical
conductivity of the bulk Cu, which is typically 5.95x10° S/cm.
Since the width of the wire is greater than the electron mean
free path in Cu, which is about 40nm,” the grain boundaries
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Figure 6. (a) The calculated temperature difference profile of the CUNW at 12.3mA.
(b) Thermal stress experience by the CUNW as a function of length. (a) and (b) It
shows the profiles from center of the wire to the heat sink. Due to symmetry, profile
should be same for the other half of the wire. (c) The cartoon of the device. (d)
Compressive and the tensile stress experience by the CUNW due to electromigration.
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rather than surface scattering is the dominant mechanism for
this lower electrical conductivity. Similar conductivity values
(1.8x105 S/cm and 2.8x10° S/cm) are reported for an e-beam
evaporated and other hydro thermal CuNW respectivelyzg, 18,
As compared to chemically grown nanowires, Cu nanowires
created using pulsed electrodeposition has lower ampacity of
about 2x106A/cm2 where as CUNW grown in vacuum using e-
beam evaporation has higher ampacity about 1x10%A/cm?. It
should be noted that these CuNWs have much smaller aspect
ratio than the ones studied here.?*

At high current density, the nanowire experiences a thermal as
well as an electromigration stresses. The CUNW is connected
to the Au electrodes, which function as heat sinks, on both
ends. The temperature profile along the nanowire and the
heat sink is calculated using heat transfer equation V2T —
m2T + Q/k = 0 >, Where m = \/kyyp, /ktd and Q = J?p. The
wire is considered as a rectangular wire of width and thickness
t= 200nm and 2L=28um is the length of the CUNW. The values
used for the thermal conductivities of the wire and the
substrate are k=385 W/K/m and k,,,=0.55W/K/m, respectively.
The thickness of the oxide layer underneath the CuNW s
d=60nm, and J=3.9x10" A/cm2 is the current density at which
the temperature profile is calculated. The temperature profile
of the CuNW is shown in Figure 6a. It shows that the
temperature is maximum (approximately 140°C) at the centre
of the wire, and the temperature gradient is highest near the
edges. It also shows that the heat is mainly dissipating from
the contact pads. Similar distribution was also observed in
silver nanowires.*® The temperature rise causes the wire to
expand with respect to the substrate and therefore creates a
thermal stress. Thermal stress is proportional to the thermal
coefficient of expansion (B), the Young’s modulus (B) and the
change in temperature (AT) of the nanowire. Figure 6b shows
the thermal stress along the wires, calculated using
Thermal stress = —38BAT. Where 3 comes from the
geometrical factor and negative sign represents the
compressive stress, thermal expansion coefficient of Cu
relative to SiO, used for this calculation is § = 17 x 1076 °C~1
and the Young’s modulus is B=120GPa.

At high current density, electrons wind transfers enough
momentum to the Cu atoms such that they are displaced in
the direction of the electron flow, leaving behind vacancies.
Accumulation of vacancies causes tensile stress; whereas, an
accumulation of Cu results in compressive stress. Since
vacancies are accumulated near the cathode, tensile stress
occurs at the cathode end of the wire; whereas, compressive
stress builds up near the anode. Figure 5a shows the CuNW
after a current density of 1x107A/cm2 pass through the CUNW.
To observe the Cu mass transfer due to an electromigration
(EM) effect, voltage was swept at the rate of 0.4mV/s. This
image shows that the Cu atoms are accumulated near the
anode end of the transport device. EM stress of the CuUNW1
sample at 12.3 mA current is calculated using the equation
below and plotted in Figure 6d. 34

[ee)
X 1 x+L
-nt
T2L _42 (n_ze ! ﬁcos(" 2L ))
n=0 J. Name., 2017, 00, 1-3 | 5
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Where G = Eq/Q is the EM driving force, n = (2n + 1)m and
T=41%2/x; k = DBQ/kgT and E = Jp. D,B,Q and q are the
effective atomic diffusivity, Young’s modulus, atomic volume
and the effective atomic charge respectively. J is the current
density and p is the resistivity of the Cu wire.

By comparing between figure 6b and 6d, stress caused by an
electromigration is much greater than that due to the thermal
stress. The failure location of the wire also gives a good
indication of the mechanism involved in breaking the nanowire
at high current density. If the failure occurs at the centre of the
wire, Joule heating is generally the dominant failure
mechanism, as observed by Yeo et al. in silver nanowires.>?
Whereas, if failure occurs at the electrode ends of the wire,
tensile or compressive stress due to electromigration causes
the wire to fail. We have observed that the CuNWs always fail
near the cathode end of the wire, which also shows that
tensile stress due to electro migration is the dominant failure
mechanism for these CuNWSs. Therefore, the ampacity of the
CuNW is limited by the electron migration process. The high
ampacity in these nanowires, as compared to bulk Cu, is most
likely due to the delayed onset of electromigration. Since the
presence of voids between metal grains help the onset of the
electromigration process. High ampacity indicates that the
grains in chemically grown Cu nanowires are well packed and
free of voids.

Conclusion

In summary, Br has been used as a co-capping agent to
partially replace alkyl amines to synthesize CuUNWSs. During the
reaction, multi-twinned Cu seeds were efficiently protected by
Br, especially at their initial stages, to suppress isotropic
growth. With an optimal capping agent ratio of 3:1 (HDA:Br’),
clean CuNWs with good electrical conductivity and ampacity
were synthesized. These CuNWs can be used in various
applications that demand high thermal and electrical
conductivity and ampacity. Since CuUNWSs can sustain a high
current density, thanks to their good ampacity, only a very low
number of chemically grown CuNWs are needed for making
transparent and flexible conductors. The CuNWs possess an
ampacity one order of magnitude higher than the bulk Cu, and
found to be limited by the electronmigration process. If
electromigration can be suppressed further, the ampacity of
the CuUNW can be increased more. Despite the fact that these
CuNW are grown using a simple solution method, which does
not require any vacuum processing, they have a high ampacity
and good conductivity. These high quality CUNW can lead to
more reliable and robust devices._It is anticipated that high
ampacity material systems containing CUNWSs can be produced
for many important industrial applications, including
microelectronic  devices, electrical vehicles, flexible,
stretchable and transparent devices, composite materials and
power grids for energy transmission.
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Notes and references

Materials used

Copper chloride (CuCl,, from Alfa Aesar), glucose (from TCl),
hexadecylamine (HDA, from Merck) and potassium bromide
(KBr, from J.T. Baker) were used as received.

Cu nanowires (CuNWs) synthesis

In the precursor solution, typically 0.75 mmol CuCl,, 0.75 mmol
glucose, and different moles of hexadecylamine (HDA) and KBr
were dissolved in 60 mL deionized water. The mixtures were
stirred for 7 h, and then kept at 110 °C for 16 h without
stirring. The products were collected through centrifugation at
6000 rpm for 10 min, and washed with deionized water,
hexane and ethanol 2~3 times each until the supernatant
turned clear. The products were stored in ethanol.

Characterization

The structural properties and the morphologies of the as-
synthesized CuNWs were examined using ultraviolet-visible
near-infrared spectrophotometer (Shimadzu UV-3600), X-ray
powder diffractometer (Bruker D8 focus Bragg Brentano) and
scanning electron microscope (FEI Quanta 600 FE-SEM).

Fabrication of devices

To optimize the transfer of CUNWs on to the gold electrodes
different types of PDMS films (PF-30-XT, PF-40-X4, PF-10/17-X4
and PF-60-X8) from Gel-Pak were tested. The best transfer was
obtained by using the medium retention 6.5mil PF-40-X4 film.
Platinum pads were deposited using FEI FIB200 system at
30KeV and 13pA. It took about 3mins to deposit 200nm thick
Pt of dimensions 5u x 1um, using dwell time 0.2us. The
electrical conductivity of the FIB deposited Pt was 4.7x10° Scm’
1, see Figure S3.
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