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We report an investigation on the stability of single W nanowire (NW) under direct current

stressing. The NW of width� 80 nm and thickness� 100 nm was deposited on a SiO2/Si substrate

by Focused Ion Beam (FIB) of Ga ions using W(CO)6 as a precursor. Such nanowires, used as

interconnects in nanoelectronics, contain C and Ga in addition to W. The stability studies, done for

the first time in such FIB deposited NWs, show that under current stressing these NWs behave very

differently from that observed in conventional metal NWs or interconnects. The failure of such FIB

deposited NW occurs at a relatively low current density (�1011 A/m2) which is an order or more

less than that seen in conventional metal NWs. The failure accompanies with formation of voids

and hillocks, suggesting ionic migration as the cause of failure. However, the polarities of void and

hillock formations are opposite to those observed in conventional metal interconnects. This

observation along with preferential agglomeration of Ga ions in hillocks suggests that the ionic

migration in such NWs is dominated by direct force as opposed to the migration driven by electron

wind force in conventional metal interconnects. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4942164]

I. INTRODUCTION

Metal lines (like Pt and W) deposited by Focused Ion

Beam (FIB) are used widely in different areas of nanoelec-

tronic fabrication and technology as a fast and convenient

direct writing process to make interconnects1 or as tools to

repair locally damaged interconnect in the ICs2 or rapid

modification of a prototype IC.3 These FIB induced depos-

ited (FIBID) Pt and W metal lines are nanowires (NWs) with

rectangular cross-sections (often less than 100 nm � 100 nm)

and with length of few lm to few tens of lm. Like most me-

tallic interconnects or current carrying nanowires or films of

conventional metals,4,5 one important issue of using such

NWs as interconnects in nanoelectronic devices is the ques-

tion of stability under current carrying condition.4 When a

current (I) of even moderate value is passed through such a

NW, due to its small cross-section (A), the current density J
(¼I/A) can be very high. For instance, a moderate current of

I¼ 1 mA passing through the nanowire of cross-section

100 nm � 100 nm gives rise to a large current density

J� 1011 A/m2, which can lead to severe current stressing and

eventual failure.6 Understanding the extent and nature of sta-

bility of such FIBID metal lines with nanometric dimensions

(hence forth referred to as NW) under current stressing is

thus an important issue for nanoelectronics as well as for

physical measurements that use these metal lines as current

leads. The primary effect of current stressing in a metal line

is electromigration. The effects of current stressing induced

electromigration in conventional metals and alloys4,5,7 as

well as metal silicide nanowires8 of similar or smaller

dimensions have been investigated in the past. While stabil-

ity of conventional metal NWs against current stressing has

been studied widely, there is no report of such investigation

on stability studies on FIBID metal nanowires. Such a study

is necessitated because it is not possible to directly apply the

existing knowledge of conventional metallic nanowires/

interconnects on to the case of FIBID nanowires without fur-

ther experimental investigations. The need for such an inves-

tigation arises because the composition of nanowires grown

by FIBID is quite different from that of conventional metal

nanowires grown by vapour route or by electrochemical syn-

thesis or by lithographic fabrication. The FIBID nanowires

are more like composites with substantial C arising from pre-

cursors used, as well as lighter atoms like Ga are also

implanted from the ion beam into the NW.9 The Ga present

in the NW plays an important role in inducing ionic migra-

tion leading to failure. The present investigation is the first

report on the stability of such a FIBID NW. The investiga-

tion carried out on deposited W NW shows that such nano-

wires fail at a lower stressing current which is typically an

order less than that seen in conventional metallic sys-

tems.6,10,11 The mechanism of failure in metallic nanowires/

interconnects originates from migration of ions (such as electro-

migration) which leads to formation of voids and hillocks. We

also observe that the process of failure in FIBID W NW too

involves formation of hillocks and voids. However, the notable

feature that has arisen from this investigation is that the polarity

of void and hillock formations is exactly opposite to what is

observed in case of nanowires and interconnects of conven-

tional metals.6,7,10 It is proposed here that the presence of

lighter atoms like C and Ga in addition to heavier atoms like W

causes such a process to occur due to predominance of direct

force driven electromigration in contrast to electromigration
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caused by electron wind force observed in conventional metal-

lic systems. It is also observed that before the failure occurs,

substantial local temperature rise owing to Joule heating leads

to irreversible change in the W-C composite.

II. EXPERIMENT

A. Preparation and characterization of FIB deposited
nanowire

W NWs were deposited in a dual beam FIB system

(HELIOS-600, FEI, The Netherlands) by direct writing pro-

cess on a Si substrate with 300 nm SiO2 (SiO2/Si) by decom-

position of Tungsten hexacarbonyl (W(CO)6) precursor

using 25 keV Gaþ ion beam. The area dose of 190 pC/lm2

has been used with dwell time of �200 ns. The nanowire

samples grown have a length (l)¼ 8 lm, width (w)� 80 nm,

and thickness (t)� 100 nm. Figure 1(a) shows the image of

the W nanowire sample taken in the Scanning Electron

Microscope (SEM) of the dual beam machine. Figure 1(b)

shows the zoomed in view of the NW along with some por-

tion of a W-pad in the contact region. The NW has somewhat

corrugated edges (typically � 65 nm), which arise due to

the ion beam profile. The NW is connected to Cr/Au electri-

cal contact pads. The detailed microstructure of the wire is

governed by the balance between decomposition yield of the

precursor gas and simultaneous milling via ion beam. Higher

beam current increases milling which can lead to corrugated

boundary, observed in the NW’s. The back scattered ions

also generate secondary electrons away from the location

where the ion beam initially hits the substrate. Deposition

assisted by these secondary electrons may also produce

rugged particulate edge structure of the NW. Distance of the

gas injection system (GIS) needle is also an important pa-

rameter. The optimum distance of the GIS needle to sub-

strate is found to be 70 – 80 lm. Larger distance reduces the

number of the precursor gas reaching to the substrate and

lowers deposition rate consequently.

The composition of the nanowire was determined using

Energy Dispersive X-Ray (EDAX) on a test pad with area

5 lm � 5 lm. The NW mainly contains C, W and Ga whose

atomic percentage (at. %) is shown in Figure 1(d). A typical

EDAX spectra is shown in panel (c). The pi-chart in panel

(d) shows the at. % of W, C, Ga, and O along with Si. Due to

ion beam irradiation on the SiO2 layer of the substrate, Si

will be sputtered and fused into the deposited NW. EDAX

signal will come from the Si fused into the NW apart from Si

on the substrate. Same is also true for oxygen. But most of

the oxygen is likely to come from the precursor gas due to

substantial oxygen content of the precursor. However, the

EDAX data show that along with �34% W and 31% C, there

is Ga of nearly 13%.

III. RESULTS

Figure 2(b) shows the measured temperature vs. resistiv-

ity (T vs. q) for the nanowire over the temperature range of

7 K – 400 K. The resistivity was measured using a

FIG. 1. (a) SEM image of the W nanowire along with W-pads grown via FIB

induced deposition with 25 keV Gaþ beam. Length of the NW (l)¼ 8 lm,

width (w)� 80 nm, and thickness (t)� 100 nm. (b) Zoomed-in view close to a

W-pad shows corrugated boundaries. (c) EDAX spectra of deposited W. (d)

Pi-chart illustrates the relative abundance of different elements in the NW. Si

is coming partly from the Si/SiO2 substrate below the deposit and partly from

the Si fused into the deposit via ion beam irradiation.

FIG. 2. (a) An optical microscopy image of the NW along with the Cr/Au con-

tact pads and the W pads at the ends. (b) Resistivity vs. temperature (q vs. T)

data of the NW taken with 100 nA current in the range of 7 K�T� 400 K.
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measurement current of 100 nA which is more than four order

less than the current which leads to catastrophic failure of the

nanowire. Such a low current also does not lead to heating of

the NW. However, in panel (b), it is observed that the value of

q at room temperature is larger than most resistive metallic

alloys, and it has a shallow linear temperature dependence

with a small negative temperature coefficient, a¼ 1/q(dq/dT)

¼�1.39 � 10�4/K. However, q is less than the typical value

of Mott maximum metallic resistivity �10 lX m seen in such

composites12 and is close to what is observed in Cermets.13

This behaviour is expected given the composite nature of the

NW.

To find the failure current, the stressing current (I) was

increased at a rate of 10 lA/s in the NW, and the voltage

drop (V) across the contact pads was monitored. The experi-

ment was performed under vacuum at �2� 10�3 mbar.

From the I-V data, the value of the resistance (R) of the NW

as a function of I stressing has been obtained. Figure 3 shows

the current vs. resistance (I vs. R) characteristic of the NW.

The I vs. R data are not monotonic and show interesting fea-

tures that are used to diagnose the process of failure.

For very low I (<0.2 mA), R is independent of I.
However, there is a small but discernible decrease in R as I is

increased beyond 0.3 mA. This gradual decrease in R as the

current increases can occur due to Joule heating as the NW

has a negative temperature coefficient of resistivity. The resis-

tivity being large, even at a small current of 1 mA, the power

dissipation can be around 5 mW. We discuss this later on. For

I� 1.3 mA, R starts to reduce at a faster rate till I¼ 1.8 mA

beyond which the change in R saturates. This is followed by

the failure at I� 2 mA (current density Jf� 2.4 � 1011 A/m2),

where R shoots up abruptly by nearly a factor of 4. Such a

sudden increase in R is the fingerprint of failure process.11

The inset in Figure 3 shows that void formation leads to fail-

ure/damage of the NW.

Figure 4(a) shows the SEM image of the NW before fail-

ure and Figure 4(b) after the failure. In panel (b), the destroyed

portion of the NW is visible. This is �2 lm away from the

lower (þve) electrode. We also observe a hillock formation

very close to the upper (�ve) electrode as marked by a broken

circle. A magnified view of the hillock is shown in the inset.

The formation of the void and hillock suggests that the

essential cause for failure is associated with ionic migration

that arises due to the stressing current. This is similar to the

failure due to electromigration observed in metallic NWs and

films.5,6 The observation shows that even in FIBID metallic

lines which contain very high proportion of carbon, ionic

migration is a likely cause of failure. Though the formation of

void-hillock in FIBID W nanowire is qualitatively similar to

that observed in conventional metal NWs, a closer observation

reveals a striking difference. Void formation occurs in the

FIBID W NW towards þve electrode and hillock develops

close to –ve electrode. This is totally opposite to the polarity

that has been invariably observed in case of conventional me-

tallic NWs and metallic interconnects.6,7 We discuss below

that this difference gives important insight into the migration

process in FIBID metal NWs. The microscopic observation of

voids accompanied with hillocks in FIBID metallic NWs is

not been reported so far. It is noted that formation of Ga drop-

lets has been observed in current carrying FIBID W NW

before14 along with lowering of resistance of the NW.

However, no connection has been made to the issue of atomic

migration under current stressing as has been done here.

IV. DISCUSSION

A. Void and hillock formations

One of the clear signal that the failure process involves

ionic migration is the formation of void and hillock which

has been shown in Figure 4. In conventional metallic NWs

and interconnects, one of the main cause of the migration is

electromigration that occurs due to application of electric

field and the stressing current. There are two mechanisms

that lead to electromigration. First is the electron wind force

FIG. 3. Current vs. resistance (I vs. R) data of the NW. The sudden resist-

ance shoot up observed at I� 2 mA is the signature of catastrophic failure of

the NW. The corresponding current density Jf� 2.43 � 1011 A/m2. The J
values corresponding to I are shown in the upper x-axis. The different

regions in the figure represent the different stages of the current induced

transformation of the NW. The inset shows an SEM image of the wire after

failure where one observes a physical void.

FIG. 4. (a) SEM image of the pristine NW with the polarity of electrical

contact before performing the current stressing measurement. (b) SEM

image of the NW depicting the void formation induced by current stressing

leading to failure. A hillock also forms near the –ve electrode (marked by a

broken circle). The insets show the zoomed in SEM images of the hillock.

The diameter of the hillock is �200 nm. The points on the NW marked by

numbers are spots where EDAX data have been captured.
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that is caused by large momentum transfer from the conduc-

tion electrons to the ions.15 This leads to diffusion of the

ions/atoms in the direction of electron flow. From the exist-

ing published data in metallic NWs, e.g., Cu NW,11 typical

failure current density (Jf)� 1.5 � 1012 A/m2 is obtained.

The corresponding electron drift velocity estimated at failure

tfd¼ Jf /ne� 100 m/s, where n is the electron density taken

for bulk Cu and e is the charge of an electron. Hence, at

failure, the momentum of a drifting electron Pfd¼mtfd

� 10�28 kg m/s, where m is electron mass. This momentum

will be imparted on the ions on collision over a time scale of

relaxation time s. The resistivity q prior to failure in Cu

NW11 is typically �5–10 lX cm. This gives a typical value

of s� 0.5 � 10�14 s. Thus, the force exerted to an ion due to

collision with the drifting electrons on an average at failure

is given by the formula Pfd/s� 10�14 N. Thus, in case of me-

tallic NW of Cu, the electron wind force imparted to an ion,

on an average, that leads to electromigration failure can be

estimated to be Fwind� 10�14 N. The other force that can

cause the ionic migration is direct force Fd (¼q*E), where E
is the applied electric field and q* is the screened effective

charge of the ions. In typical metals, due to effective screen-

ing, Fd � Fwind
4 and migration occurs primarily due to the

wind force in the direction of the electron flow (�ve polarity

to þve polarity). As a result, hillock formation occurs near

þve polarity and void formation occurs near the –ve polar-

ity. However, on the contrary, it is observed that in FIBID W

nanowire, the hillock (void) formation occurs closer to –ve

(þve) polarity. We propose to explain this observation

below.

The high resistivity and the fact that the W NW contains

large amount of carbon will make screening less effective

and consequently effective charge q* associated with ions

will be larger. This can make the Fd comparable and even

larger than Fwind. This will also be accentuated by the fact

that the implanted Ga may also remain in a charged state

where q* will be larger (the implanted Ga impinges as an

ion, i.e., Gaþ). The typical field E at which failure occurs in

the W nano wire is about 106 V/m, which is an order of mag-

nitude larger than that seen in a conventional metal NWs.

For example, E� 105 V/m for Cu NW, estimated from the

data of Ref. 11. It may thus happen that the electromigration

due to the direct force may win over the wind force leading

to a change in the direction of the atomic migration. As the

electric field is directed from þve to –ve electrode, positive

ions diffuse in the direction of the field leading to void for-

mation near þve electrode and hillock formation close to the

–ve electrode. Thus, the locations of void and hillock are op-

posite to what has been observed in conventional metallic

NWs.6,7 This observation of the proximity of hillock and

voids near opposite polarities brings about the essential qual-

itative differences between the two types of nanowires. It

will be shown below that the Ga ions suffer most from

migration. If we make the assumption that a critical force per

ion that is needed for migration led failure �10�14 N (see

discussion before), we can make an estimate of the effective

charge q*¼þ0.06e on Ga using the observed field for failure

E� 106 V/m.

The relative migrations of different ions (W, C and Ga)

under the applied bias in the NW along its length were meas-

ured by recording the EDAX spectra at different locations

across the length. The locations are marked on the wire (see

Figure 4(b)). The relative compositions of the ions in the

pristine wire were found to be uniform along the wire length.

The change in composition (i.e., at. % of the failed NW sub-

tracted by that of pristine NW at that location) is shown in

Figure 5. The data shown in the figure demonstrates that

under current stressing there is migration of the ions and the

relative concentrations change along the length of the NW.

The concentration change of C and W atoms shows compli-

mentary behavior along the length of the stressed wire. The

concentration of W slowly decreases compared with that in

the pristine wire from the positive electrode side till the mid-

dle part of the wire (location #4 and 5). While the concentra-

tion of C slowly grows in the same region, the Ga

concentration shows a small and gradual reduction.

However, beyond the middle part of the wire, towards the

negative polarity, the trends of the change reverse. For exam-

ple, the concentration of C decreases, while that of W and

Ga increases with respect to the pristine NW. At the location

#8, which is on the hillock (cf. Figure 4(b)), a preferential

crowding of Ga can be seen. At this point, concentration of

W and C has reduced the most by �10 at. % and �20 at. %,

respectively, while Ga has gone up by 30 at. % compared

with the pristine wire. The accumulation of Ga at the hillock

is actually five times more than the average distribution

value in pristine NW.

Such a preferred agglomeration of Ga can be explained

due to the migration of the Ga ions toward the –ve electrode

side from þve electrode driven by direct force, as mentioned

before. The round shape of the Ga rich hillock shown in

Figure 4(b) suggests that the hillock formation may have

occurred in liquid phase.14 When the migrated Ga atoms coa-

lesce and initiate the nucleation of the hillock, it has also

gone into the liquid state, given a rise in temperature (to be

discussed in Section IV B) due to current stressing, yielding

FIG. 5. Change in concentration (see text) of C, W, and Ga obtained by spot

EDAX after failure measurement at different points (marked in Figure 4(b))

along the length of the NW. After the current stressing, these three species

show a distinct redistribution across the length of the NW (see text).
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round shape of the Ga rich droplet. However, the depletion

of W atoms near the middle of the NW and accumulation in

the same side as that of Ga would also imply that both of

them migrate in the same direction. This would happen if the

W carries an effective positive charge, i.e., q*> 0 (the esti-

mation done before gives q*¼þ0.06e). The noticeable

depletion of C concentration toward the –ve electrode and its

enhancement at the other half of the nano wire toward the

þve electrode imply that the C atoms, most likely, remain in

negative oxidation state or they are affected more by the

electron wind force. The actual migration and distribution of

atoms will also depend on local temperature rise. The details

of the distribution of ions during stressing will thus get

affected by this. At microscopic level, the phenomena can be

quite complex involving large local temperature inhomogene-

ity and local stress built-up in the sample. Therefore, contribu-

tion from thermal and stress migration modulating with

electromigration contribution will lead to the total mass

migration.16 A comprehensive understanding of the migration

process in such a composite system may need more detailed

investigation which is beyond the scope of this brief report.

It is worth mentioning that apart from void and hillock

formations which are the key signature of atomic migration

in our experiment, there is another gross feature present. A

careful look into the SEM images of the damaged NW pre-

sented in Figure 4(b) reveals that the NW toward the þve

electrode side has become relatively less dense than the other

half of the NW toward –ve electrode side. This suggests an

overall material migration from one half of the NW (from

þve electrode side) to the other half (toward �ve electrode

side).

Unlike the ion beam induced deposition, focused elec-

tron beam induced deposited (FEBID) composites do not

contain Ga. Here, it is worth mentioning that electromigra-

tion has been observed in such FEBID NWs. For example, in

suspended NW of FEBID Pt, current stressing makes the Pt

nano grains move either toward both of the electrodes from

the middle of the NW or toward the þve electrode only.17

Such migration is explained by thermomigration and elec-

tron wind force driven electromigration, respectively.

Another study on FEBID suspended NW of Co showed accu-

mulation of Co toward the þve electrode side.18 Electron

wind force happens to drive the migration in this study also

in contrast to our work on FIBID composite material where

direct electrostatic force is predominating.

Surface deposits, adsorbates of several metal adatoms

of Ga, In, Sn, Ag on semiconductor surface show electromi-

gration which is dominated by direct force. For example,

metal adatoms of Ga on Si(111) and Ag on Ge(111) have

been observed to migrate toward –ve electrode and estab-

lished as direct force driven electromigration.19 The effec-

tive charge of those metal adatoms, adsorbates was found to

be quite high in some cases. Similar migration of In adsor-

bates on Si(001) surface toward –ve electrode side is

believed to fall under the realm of direct force driven elec-

tromigration.20 Indium nanoparticles sitting on carbon nano-

tubes (CNTs) were found to move toward –ve electrode

under the action of direct force predominating over electron

wind force in CNT system.21 Theoretical investigation in

nonmetallic systems, semiconductor, for example, has been

carried out as well.22 The surface migration in semiconduc-

tors is well accounted by direct electrostatic force winning

over the electron wind force theoretically. The migration of

Ga by direct force in our FIBID W NW system is analogous

to these examples.

B. Temperature rise due to Joule heating and
irreversible resistance changes

The dissipation of Joule heating in the W nanowire over

its small volume can lead to substantial rise in its tempera-

ture, in particular, if the thermal boundary resistance

between the W nano wire and the SiO2 under-layer on which

the NW is sitting is significant. (We will have a quantitative

estimate later on.) Some of the observations below have

been explained on the basis that the heat dissipation can raise

the local temperature significantly.

As seen in Figure 3, there is a shallow decrease of R as

the stressing current I is increased till �1.2 mA (marked by

solid arrow in the figure). It is likely that this shallow

decrease is due to local Joule heating that enhances the tem-

perature of the current carrying NW. Since the W nano wire

has a negative temperature coefficient of resistance (a), local

heating would reduce the resistance. At a somewhat larger

stressing current till 1.8 mA before the failure occurs, the re-

sistance decreases much faster as the current is increased

(see the regime in between the solid and broken arrows).

If we assume that the shallow resistance decrease in the

current stressing range for I� 1.2 mA (J� 1.5 � 1011 A/m2)

happens due to local Joule heating, it is possible to make an

estimate of the temperature rise DT using the measured tem-

perature coefficient of resistivity a¼�1.39 � 10�4/K. From

the measured value of resistivity change Dq/q� 0.14, we

find that DT� 980 K. Therefore, the estimated elevated local

T around I¼ 1.2 mA (marked by solid arrow in Figure 3) can

reach �1000 	C.

We now estimate whether such a rise of DT� 980 K is

plausible within reasonable physical parameter space. The

temperature rise in a current carrying wire is given by DT¼Q/

Gth, where the wire dissipates a power Q and Gth is the inter-

face thermal conductance. The value of Gth depends on the

quality of the interface as well as on the mismatch of sound

velocities between the substrate and the wire which determines

the thermal boundary resistance.23 There is no measurement of

the thermal boundary resistance between W NW and the SiO2

under-layer. However, for most interfaces of two insulators at

room temperature, the thermal boundary conductivity gth

(Gth¼ gth A, A being the area of contact of the NW with the

underlying substrate) is �10–100 MW m�2 K�1.24 At the

point where the measurement current is ¼1.2 mA, the power

dissipation Q� 10 mW. For such a power, the estimated

DT� 150 K–1500 K, obtained using the above range of gth.

Thus, the observed estimation of DT� 980 K obtained from

the temperature co-efficient of resistivity is plausible within

physically reasonable parameter space.

As a consequence of such a local temperature rise, it may

be possible that the carbon matrix of the FIBID W nano wire

undergoes a change. There are reports of thermally induced
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conversion of sp3! sp2 hybridization in tetrahedral amor-

phous carbon in the temperature range above 800–1100 	C
leading to graphitization.25 Graphite being more conducting

than the initial amorphous carbon, this leads to a decrease in

q. Thus, the observed decrease in q for I� 1.2 mA might be

interpreted as the onset of thermally induced graphitization of

the amorphous C matrix due to local heating. Transformation

of amorphous, carbonaceous matrix to graphite due to Joule

heating during current stressing has been observed previ-

ously.17,18 Such heating can also lead to some loss of Ga via

evaporation.14

Depending on the slope of the I vs. R curve, three dis-

tinct regimes are identified as shown in Figure 3. The cross-

over from regime-I to regime-II with a distinct change in

slope in the I vs. R curve thus can happen due to commence-

ment of graphitization initiated by the rise in local tempera-

ture beyond a critical current density. The flat behaviour in R
in regime-III before the final failure can arise when the entire

C content in the NW has undergone the above mentioned sp3

to sp2 transformation.

If the reduction in R for I� 1.2 mA (region-II) arises

due to sp3 to sp2 transformation, it is expected that the pro-

cess will be irreversible. So, if the stressing current is

reduced back to zero after the likely graphitization has taken

place during increasing current (i.e., the forward branch), re-

sistance should follow a lower value during current reduction

(reverse branch) that will be compatible with the point from

where the current has been reduced. In Figure 6, we show

the results of such an experiment.

The blue curve (filled circle) in Figure 6 shows that the

resistance is reversible and traces back exactly the same path

when the current is reduced after it reaches I¼ 0.6 mA, which

is well below the regime of the onset of reversible change (re-

gime-I in Figure 3). At this point, the local heating reduces the

value of R, but there is no irreversible change. Next, the cur-

rent is increased again and it is reduced after it reaches a value

of I¼ 1.6 mA. This is well inside the regime-II. R values for

this current increasing as well as decreasing cycle are shown

by open (red) symbol curve in Figure 6. The faster decrease in

R with I has been observed in the forward branch of the data

as expected in regime-II. However, upon reducing the current,

the resistance does not trace back the forward branch rather

remains at lower values all the way down to low current. A

reduction of �4 kX (nearly 50% of original value) is observed

in R upon current cycling. This shows that there is indeed an

irreversible change in R when I crosses a certain value so that

local heating may lead to likely graphitization in the NW sam-

ple. This type of behaviour arises in FIBID W NWs due to the

composite structure and makes them more susceptible to cur-

rent induced changes and failure.

C. Impact of the present investigation in utilization
of FIBID W NW in applications

FIBID W NW is widely used in different applications

stated before. The present investigation establishes the cur-

rent density range (�1011 A/m2) over which such FIBID

NW would remain stable. The exact value of the current den-

sity at which failure occurs would also have some depend-

ence on the exact composition of W and C in the NW, which

in turn can be controlled by varying the deposition parame-

ters.9 Another important observation which will have impact

on its application is the observation of substantial tempera-

ture rise due to localized Joule heating in such NWs.

V. CONCLUSION

In summary, we find that the FIBID W NW owing to its

composite nature (presence of both C and Ga) has important

stability issues under current stressing that are different from

those encountered in conventional metal NWs and films.

When the current density J� 1.5 � 1011 A/m2, Joule heating

is likely to cause large local heating that can lead to irreversi-

ble change of the amorphous carbon matrix arising likely

from thermally driven graphitization. Eventually for J� 2.4

� 1011 A/m2, failure of the NW occurs. The current density at

which such a NW fails is much less than what has been

reported in conventional metal NW. One of the reason for this

can be the composite percolating nature of the NW morphol-

ogy, where there may be current crowding in some paths due

to inhomogeneous conductivity. Such a crowding can make

the J reach very high value in some regions locally that may

be much larger than the average.

Formation of voids and hillocks in FIBID W NW under

current stressing indicates ionic migration as one of the rea-

sons for the NW failure. It has been observed that void and

hillock formations occur in the direction opposite to what

has been observed in conventional metal nanowires. We

have suggested that the predominance of the direct force

over the electron wind force as the cause of migration can

lead to this phenomenon.
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