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Abstract Helium ion beam induced cobalt nanowire

deposition using dicobalt octacarbonyl (Co2(CO)8) as a

precursor is described. 10 nm wide metal lines were fab-

ricated with good repeatability and extremely high purity.

The metal lines were deposited on electrical test structures

to determine the nanowire resistivity and contact resis-

tance. Measurements reveal that these metal lines have

50–100 lX-cm resistivity. The contact resistance of a Co

line on a gold pad is 15 X with a 0.14 9 1.4 lm contact

area. The resulting metal deposit size was determined by

helium ion microscopy (HIM) because of its high imaging

resolution, and further characterized by high resolution

transmission electron microscopy (HR-TEM) and electron

energy-loss spectroscopy (EELS). HR-TEM images reveal

that these metal lines are composed of 6 ± 2 nm cobalt

crystallite grains; and EELS analysis shows that no mea-

surable carbon signal was observed. Single-line and mul-

tiple-line patterns were prepared to examine proximity

effects around the metal line depositions. Both HIM

imaging and electrical measurements of the patterns verify

that the collateral proximity deposition between individual

lines can be minimized. Finally, factors determining the

ultimate line width achievable with the He ion beam are

discussed.

1 Introduction

The dimensions of integrated circuits, data storage and

biological/medical devices continue to shrink, conse-

quently, there is a constant need to improve existing pro-

cess technologies, as well as develop new materials,

innovative device structure design and novel fabrication

methods. Ga-focused ion beams (Ga-FIB) and electron

beams (e-beam) have been used historically for direct

deposit or removal of nano- and micro-scale features for

circuit edit and repair in the prototyping stage of the design

process [1–3]. Using typically organo-metallic compounds

as the precursor gas, Ga-FIB and e-beam can induce the

dissociation of the precursor, resulting in the (partial)

volatilization of the carbonaceous components and the

condensation of the metal (and some residual carbon)

component in the beam interaction region [4–6].

The geometric resolution obtained in milling and

deposition processes by ion [7, 8] and e-beam [9] is

dependent on the ion/electron beam profile and the lateral

spreading of the beam energy on the substrate caused by

collision cascades. To deposit very narrow (sub-10 nm)

metal lines, one must optimize the beam profile and min-

imize the lateral energy spread. The primary electron

beams used for focused e-beam induced deposition (FE-

BID) in a scanning electron microscope typically have an

energy of 1–30 keV and a beam current of 1 pA–20 nA,

which can be focused to about a 2–100 nm spot size

depending on the source and beam settings; greater beam

current normally has a larger spot size. The Ga-FIB has a

few nanometer spot size at 1–50 kV beam energy. The new
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Zeiss Orion gas field ion source (GFIS) column provides

both helium and neon ion beams, with an ultimately

smaller probe size (spot size for HeIM is 0.5 nm; for NeIM

is 1.9 nm) relative to electron beam and Ga-FIB, as well as

a 10 times lower energy spread (\1 eV FWHM) than a

liquid metal ion source (LMIS) [10–12]. Energy spread

causes chromatic aberration and widens the beam tail of a

LMIS beam. The nearly monochromatic GFIS has a beam

profile with much less beam tail contribution. The capa-

bility of Orion to fabricate sub 10 nm patterns at high

densities provides a unique solution for direct precise

maskless and resistless patterned fabrication.

In addition to the geometric resolution requirements, the

properties of deposited materials are critical, and depend

on the purity and nanostructure of the deposits. For most

organometallic precursors, the deposited material is a

mixture of the desired metal, carbon, and oxygen from the

organic components in the precursor gas. Normally, Ga-

FIB induced metal deposits have better electrical properties

because of their higher metal percentage and gallium

implantation relative to FEBID. Also Ga-FIB induced

metal deposits have slightly larger grains sizes and better

crystalline structures relative to electron beam deposits.

Platinum and tungsten are the most common choices for

the metal of the precursor gases in FIB or FEBID, and the

deposition properties of both have been extensively char-

acterized in previous works. For example, with trimethyl

(methylcyclopentadienyl)platinum(IV) (MeCpPtMe3) as

the precursor, it was reported that Ga-FIB induced Pt

deposits have 46 % Pt, 24 % C, 28 % Ga, and 2 % O, with

a measured resistivity between 70 and 700 lX cm[13].

Such relatively low resistivity is partially attributed to the

large amount of Ga implantation from the ion beam. For

FEBID from the same precursor, the deposits have typi-

cally 15–25 at.% Pt [14]. The abundant amorphous carbon

and poor crystalline Pt structure result in a resistivity on the

order of 107 lX cm [15]. Post-process treatment (such as

laser, thermal annealing, or current annealing) can help to

improve the metal content and subsequently lower the

resistivity of e-beam deposited Pt–C. Two methods have

recently been described in situ to improve the deposited Pt

quality: (1) post-electron beam exposure [16, 17] and (2)

laser assisted electron beam induced deposition [15].

The introduction of the GFIS microscope has created

significant interest for nanoscale imaging [18–22], lithog-

raphy [23, 24], and nanoscale synthesis [23, 25–31]. While

most of the work has revolved around the helium ion

source, there have been reports on neon GFIS regarding

stability, imaging and nanofabrication [32, 33]. We

reported recently the helium and neon ion beams induced

nanoscale synthesis of platinum nanowires with MeC-

pPtMe3 as the precursor [34].The mass difference between

He and Ne ions results in significant differences in the

deposits. The He? beam deposited material composition

has smaller platinum grain size and much larger resistivity

(minimum: 3 9 104 lX-cm) than Ne? deposited material

(minimum resistivity: 600 lX-cm). Monte-Carlo ion–solid

simulations show that the neon energy density deposited

during growth is much greater due to the smaller ion range

and is dominated by nuclear stopping relative to helium

which has a larger range and is dominated by electronic

stopping [34].

To determine the ultimate line width possible for the

GFIS microscope (using either He or Ne ion beam induced

processes) and improve the deposition quality, we have

explored new metal precursors and optimized the deposi-

tion conditions. The choice of metal precursors for nano-

fabrication in circuit edit is determined by many factors,

namely minimizing the deposit resistivity, low contact

resistance, proximity deposition and feature size, while

maintaining chemical and thermal stability of the interface

region and main deposits, high purity, etc. Besides Pt and

W deposits, many other metals, such as gold, iron, and

cobalt have been investigated [35–37]. For example,

e-beam induced cobalt deposition using dicobalt octacar-

bonyl [5, 38–40] and electrically conductive lines for Hall

devices [41]. The minimum resistivity of deposited free

space arches is 159 lX cm with an 80 % Co content using

a 10.7 nA e-beam current. In another report, using a 2 nA

e-beam current, Co nanowires were deposited on a 4-probe

structure. Co content as high as 95 % was obtained and the

resistivity was *40 lX-cm [42]. In both cases, the Co

content has been found to correlate with the e-beam current

used for the deposition. High e-beam current resulted in

high metallic content deposits, which was explained by a

thermal effect and the catalytic decomposition of the cobalt

precursor. However, high beam current also results in a

larger spot size (several nanometers) and poor beam pro-

file, which limits the ability to fabricate small feature sizes

\50 nm. It was reported that the adsorption of the pre-

cursor might already result in partial dissociation or clus-

tering to bigger Co–Co bond containing units, resulting in

large halos or proximal deposition around the deposits. So

far, few Ga-FIB induced Co deposits have been reported.

This may be because of the large sputter rate of the Ga ion

beam competing with deposition.

In this work, helium ion beam induced cobalt nanowire

deposition using Co2(CO)8 as a precursor is described. The

metal lines were deposited on electrical test structures for

electrical measurements to calculate their resistivity and

contact resistance. The resulting metal deposits were directly

inspected for their geometric dimensions by helium ion

microscopy (HIM) because of its high imaging resolution,

and further characterized by high resolution transmission

electron microscopy (HR-TEM) and electron energy-loss

spectroscopy (EELS). Single-line and multiple-line patterns
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were prepared to examine proximity effects around the metal

line deposits. Both HIM imaging and electrical measure-

ments of the patterns verified that the collateral deposition

between individual lines can be minimized. Finally, factors

determining ultimate line width using He ion beam are

discussed.

2 Experimental methods

2.1 Gas field ion beam induced deposition

All cobalt nanostructures were deposited using a Zeiss

OrionPlusTM microscope (Fig. 1) with a GFIS column.

Dicobalt octacarbonyl (Co2(CO)8) was used as a precursor

delivered by an Omniprobe gas injection system (GIS). The

precursor was cooled to 15 �C and the N2 carrier gas was at

25 �C. The GIS nozzle end was about 70 lm above the

sample at an angle of approximately 30� relative to the

sample surface. The chamber pressure before and after

opening the GIS valve was 5.0 9 10-7 to 6 9 10-6 Torr,

respectively. A Fibics NPVE pattern generator was used to

control the scanning parameters. Cobalt lines were depos-

ited on a nanofabricated test wafer. Two kinds of structures

on this wafer were utilized: a 4 point probe test structure

(4-ppt) and a contact resistance test structure (CRT). The

layouts of 4-ppt and CRT are shown in Fig. 2a and b

respectively. Figure 2c and d are higher magnifications of

the yellowdashed areas highlighted in Fig. 2a and b. The

gold electrode fingers are *100 nm thick (on 10 nm Cr

adhesion layer) on a 500 nm thermal oxide on a silicon

substrate. The central separated gap (G) is *1.6 lm in a

4-ppt, which is labeled in Fig. 2c. The separated gaps in

CRT from bottom to top are: 0.6, 1.6, 2.6, 3.6, 4.6, and

5.6 lm.

All deposits were produced with the helium ion beam

and no post-annealing process or post-deposition cleanup

process was performed. By optimizing the ratio of pre-

cursor gas to carrier gas and beam conditions, we mini-

mized proximal deposition around the Co deposition. A

beam energy of 35 keV and beam current of 1.5 pA, pixel

spacing of 1–5 nm, dwell time of 0.5 ls, serpentine scan

style with a 100 ls refresh time were set as the standard

beam conditions for cobalt deposition. To deposit relatively

large feature cobalt lines (larger than 25 nm), a 20 lm or

10 lm beam limiting aperture was used. A 5 lm beam

limiting aperture with beam current of 0.8 pA was used to

obtain narrower cobalt lines. A smaller aperture can yield a

smaller ion beam probe, thus the usage of a smaller aper-

ture can deposit narrower lines but requires longer process

time for comparable thickness. To deposit 10 nm Co lines,

a single line scan mode was used.

Using the above deposition conditions, single line and

multiple-line patterns with various line widths were depos-

ited on 4-ppt structures. A single line with a 140 nm width

was deposited on the CRT structure. The samples for

Fig. 1 A photograph of the

Zeiss OrionPlusTM microscope

used for this work
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transmission electron microscopy (TEM) and EELS mea-

surements were prepared by depositing *7.5 lm long by

*500 nm wide rectangular boxes on a 30 nm thick Si3N4

membrane using the same beam conditions.

2.2 Electrical measurements

Electrical properties were determined by depositing cobalt

lines on 4-ppt structures and CRT structures on a test chip.

Room temperature electrical measurements were per-

formed using a Signatone probe station equipped with a

Keithley 4200 with a pre-amplifier. The standard four

probe measurements for a 30 nm wide Co line were made

by forcing a source current from 0 to 90 lA with a 500 nA

increment between the outer two probes and measuring the

voltage drop between the inner two probes. The Co

deposits were imaged by HIM, including a top view and a

45� tilted view to determine the cross-sectional area and

specific gap dimensions for resistivity calculations.

The two probe measurements were performed by forc-

ing a source current from 0 to 90 lA with a 500 nA

increment between the two probes to calculate the contact

resistance.

2.3 Transmission electron microscopy (TEM) imaging

and electron energy loss spectroscopy (EELS)

To further characterize the depositions, both TEM and

EELS were performed. TEM and EELS experiments were

performed using a Philips/FEI CM 300 TEM equipped with

a Gatan post-column energy filter (GIF). The TEM data

were collected in bright-field mode at 300 keV. Zero-loss

energy filtering with a 10 eV slit was used to improve

image quality. EELS was performed at a 300 keV using a

0.5 eV dispersion with a 30 lm objective aperture.

3 Results and discussions

The He ion beam induced cobalt line depositions with

various line widths on 4 point probe test structures (4-ppt)

are shown in Fig. 3. Figure 3a is a HIM image of a single

Co line with 30 nm width and 9 lm length on a 4-ppt.

Although the line is thin (only 30 nm thickness), the step

coverage of the Co line is good, as shown in the inset of

Fig. 3a. The line width and length can be directly adjusted

by changing the pattern size. The thickness of the line can

Fig. 2 Helium ion beam

microscope (HIM) images of

4-point probe test structure (4-

ppt, a and c) and contact

resistance test structure (CRT,

b and d). The central separated

gap of 4-ppt is labeled as ‘‘G’’

(*1.6 lm), shown in Fig. 2c.

The Au pads are labeled as 1–4.

Current is applied on pads 1 and

4 connecting the two outside

probes and voltage is measured

on pads 2 and 3 connecting the

central two probes. The

separated gaps in the CRT

structure from bottom to top

(labeled as 1–6 in Fig. 2d) are:

0.6, 1.6, 2.6, 3.6, 4.6, and

5.6 lm, respectively. The metal

lines will be deposited across

the gold fingers
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be modified by varying the dose per area for the deposition.

Figure 3 b–d show higher magnification HIM images of

50, 30 and 10 nm Co lines, respectively.

It is noteworthy that all single metal lines shown in

Fig. 3 were deposited by HIM without any additional

cleaning process and/or post-annealing. The high magni-

fication HIM images clearly show that these metal line

deposits have well-defined contours and little proximity

deposition (halo effect) around the deposits. Because of a

minimal amount of collateral deposition around the

deposits and the very narrow line width, we are able to

make very dense metal line arrays. Figure 4a is a 4 line

pattern with a 25 nm half pitch. The high resolution HIM

images of this deposition with a 45� tilt angle at different

rotations are shown in Fig. 4b and c.

As mentioned before, spontaneous dissociation or

backscattered ions or secondary electron induced dissoci-

ation of Co2(CO)8 can cause a large halo or proximity

deposition around the deposits. The rate of dissociation of

the precursor is dependent on the beam profile and the

amount of the precursor molecule on the substrate surface

[41, 43]. For our Co deposition, we found by simply

increasing the carrier gas amount to dilute the precursor gas

concentration, we can significantly reduce the collateral

deposition area around the deposits (shown in Fig. 5a, b).

These two single Co lines were deposited using similar

deposition conditions except for the amount of carrier gas.

Figure 5a was made at the ratio of carrier gas to precursor

gas of 1:1, and Fig. 5b was at the ratio of 4:1. The halo area

can be further minimized by using a smaller beam limiting

aperture and optimizing beam alignment. The results of the

optimization are shown previously in Figs. 3 and 4. We are

able to fabricate 4 Co lines with a 25 nm half pitch, without

significant overspray based on the HIM images. Notably,

all lines have good step coverage on the gold fingers.

These results are very important for circuit edit appli-

cations in the semiconductor industry. Collateral deposition

around the deposits can significantly widen the dimension

and cause current leakage. Therefore, eliminating prox-

imity or halo deposition has become a well known chal-

lenge for FIB induced deposition. To this end, post-

deposition ‘‘clean’’ processes (such as Ga ion sputter with

or without XeF2) for Ga-FIB induced deposition is com-

mon. FEBID can reduce the deposition size (50–100 nm)

and also minimize halos, but typically e-beam deposition

requires post-processing for high-purity deposits (for

example by laser, electrical current or local thermal heat-

ing). Because of the heavier mass of He and Ne ions rel-

ative to e-beam, and the well-defined beam profile and

smaller probe size than a Ga ion beam, the GFIS micro-

scope with both He and Ne ion beams is an ideal tool to

fabricate high-purity sub-10 nm features.

Figure 6 shows typical I–V curves for single cobalt line

and multiple lines, respectively. The deposition conditions,

Fig. 3 HIM images of He ion

beam induced single cobalt line

depositions with various line

widths on 4 ppt structures:

50 nm (b), 30 nm (a and c) and

10 nm (d). a shows a Co line

with 30 nm width and 10 lm

length on 4ppt. The inset shows

the good step coverage.

b–d show higher magnification

HIM images of 50 nm, 30 nm

and 10 nm Co lines. The insets

in b and c are 3D schematic

drawings of Co lines
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geometry size and electrical measurement results of Co

lines are summarized in Table 1. The resistivity (q) is

calculated according to Eq. 1:

q ¼ Rm � Am

G
ð1Þ

Here Rm is the metal line resistance, Am is the cross

section area of the metal line, and G is the gap distance

between two gold fingers. Here we assume the cross-section

of metal deposits is rectangular, then Am = w 9 t (w: width

of metal line; t: thickness of metal line).

The resistivities of the first three single Co lines are 64,

76 and 76 lX-cm respectively, which is ten times higher

than bulk Co resistivity (6.24 lX-cm). The resistivity of

the 10 nm Co line (116 lX-cm) is slightly larger than the

others, which may be caused by the imprecision of the

geometry measurement or the dose effect [44]. However,

to our knowledge, at such a small geometry, this resis-

tivity is still the lowest result reported to date. The elec-

trical measurement result of multiple-line patterns is also

summarized in Table 1. The average resistivity of multiple

line patterns is 68 lX-cm, which is very close to the

average resistivity of single lines. No significant reduction

of the resistivity for the 4 line pattern suggests that the

proximal deposition between the deposit lines is minimal

(Table 2).

One concern using cobalt to do rewire or any nanofab-

rication application is the cobalt stability. To address this

Fig. 4 HIM images of a 4 line

pattern with a 25 nm half pitch.

a top view; b and c are 45�
tiltled angles high resolution

HIM images of this deposit with

different rotations

Fig. 5 HIM images of single

Co line on 4-ppt at carrier gas to

precursor gas ratio of (a) 1:1

and (b) of 4:1. a shows a top

view image and b a 45� tilted

image
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concern, we re-measured the Co lines after 4 months, and

observed less than 5 % change in the resistance.

For circuit repair and rewiring applications, it is

important to have good electrical contact between the

deposited metal line and the underlying metal. Thus, we

designed a new contact resistance test structure, as shown

in Fig. 2b and d. Figure 7a shows a HIM image of a cobalt

line deposited across the CRT test structure. Higher mag-

nification of the wire is shown in Fig. 7b. The resistance

(R)� cobalt line contacts on the gold electrodes as a

function of the 2 point probe length is plotted in Fig. 7c.

The total resistance between gold electrode pads is the sum

of the cobalt line resistance and the resistance from the

contacts to the gold electrodes (assuming the gold line

resistance is negligible). Thus we have following Eq. 2:

Rtotal ¼ Rm þ 2Rc ¼
q � G
Am

þ 2Rc ð2Þ

Here q is the resistivity of the deposited metal line, Rm is

the metal line resistance, G is the gap distance (or length of

metal line) between two gold pads and Am is the cross

section area of the metal line. Since all the contacts were

deposited at the same time with the same contact area (Ac),

Rc is assumed to be constant. Therefore, a linear regression

analysis was performed on the data and the best-fit line

determined. As the distance between the contact pads goes

to zero, the y intercept of the best-fit line will correspond to

2Rc, and the slope of the linear fit is q/Am, which can be

multiplied by Am to yield q. From Fig. 7c, we calculated a

contact resistance Rc of 15 X for a 140 nm wide Co line on

1.4 lm wide gold electrode finger (or a specific contact

resistivity of 0.03 lX-cm2) and a corresponding resistivity

q of 59 lX-cm. For comparison, bulk material the specific

contact resistivity of metal on metal is \0.01 lX-cm2 and

metal on doped silicon is in the range of 10–0.1 lX-cm2.

Recently, it was shown that Ga-FIB deposited Pt and W on

heavily doped silicon had a contact resistivity of 1 9 105

and 1 9 104 lX-cm2 [45] Similarly, Pt deposited onto

ZnO nanowires revealed a specific contact resistivity of

15 lX-cm2 [46]. Finally, optimized Ga-FIB deposited

tungsten on aluminum contacts had a contact resistivity

of 1.6 lX-cm2 [47].

To further characterize the depositions, both TEM and

EELS were performed. Figure 8a and b are low magnifi-

cation bright-field TEM images of a Co deposit on a 30 nm

thick Si3N4 membrane. Figure 8c is a higher magnification

TEM image of the Co deposit. It is clearly shown that the

Co deposit is composed of nanoscale cobalt grains. Sta-

tistical analysis of Co grain size in the deposition reveals

that grain size is 6 (±2) nm. The grain size of e-beam

induced Co deposition from the same precursor has been

reported 1–2 nm [48]. He ion beam induced Co deposits

have a relatively larger grain size. The spacing of lattice

fringe measured from HRTEM image (see Fig. 8c) is

2.0 Å, which corresponds to (002) lattice spacing of hcp

cobalt crystals.

Fig. 6 Typical I–V curves for single cobalt line (triangles) and multiple

lines (squares). The lines are linear fittings (Color figure online)

Table 1 Summary of size and electrical measurement of single-lines and multiple lines of Co deposits

Sample ID Description E (keV) I (pA) Width (nm) Thickness (nm) Gap (nm) R (X) q (X cm)

1 Single line 35 1.3 31 30 1,600 1,100 64

2 Single line 35 1.3 31 30 1,600 1,300 76

3 Single line 35 1.3 50 35 1,600 699 76

4 Single line 35 1.3 10 6 1,600 31,000 116

5 4 line with 50 nm pitch 35 1.4 28 33 1,600 295 68

Table 2 Two probe measurements of a Co line on contact resistance

test structure

Gap distance (nm) R (X)

1,600 141

2,600 211

3,600 283

4,600 415

5,600 426
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To estimate the carbon content of the helium ion beam

induced deposits, EELS was used instead of EDX, because

it is more sensitive to light elements and there is little peak

overlap with the elements involved. The 0–450 eV region

is convenient for mapping out cobalt (Co-M2,3 edge with

threshold at 60 eV) and carbon (C–K edge at 284 eV).

Background-subtracted EELS spectra are shown in Fig. 9.

The Co-M2,3 absorption edge is clearly shown at 60 eV,

but no measurable carbon signal was observed for any of

the Co deposits. The silicon L1,2 edge at 99 eV results

from the silicon nitride membrane. The minimum detect-

able mass fraction for EELS has been reported on the order

of a few atomic percent [49]. Thus we attribute the low

resistivity of Co lines deposited by the He ion beam to the

high cobalt purity and large grain size.

Fig. 7 A HIM image of cobalt

line across the CRT structure

(a) and a high magnification

HIM image with a 45� tilt angle

(b). c A plot of the resistance of

cobalt line contacts on the gold

electrodes as a function of the 2

point probe length

Fig. 8 TEM images of a Co

deposit on a 30 nm thickness

Si3N4 membrane. a and b are

bright-field TEM images at

different magnifications. c is an

even higher magnification TEM

image of the Co deposit. It is

clearly shown that Co deposit is

composed of *6 nm

nanocrystallites. d is a HRTEM

image of the Co deposit. The

lattice fringe measured is 2.0 Å

Fig. 9 Background-subtracted EELS spectra of the Co deposits. The

inset shows the enlarged spectrum from 200 to 300 eV to verify the

absence of a measurable C–K edge at 284 eV
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4 Conclusions

In summary, we have demonstrated the feasibility of

depositing high-quality Co lines by helium ion beam with

metallic conduction within an order of magnitude of the

bulk value. This is in good agreement with EELS mea-

surements, negligible carbonaceous contamination, and

HRTEM images, which show relatively larger grain sizes

than that of FEBID-Co nanowires. Because of the extre-

mely small spot size of the helium beam, we are able to

deposit as small as 10 nm wide single or multiple Co lines

at high densities with almost no overspray around the

deposits. These results, together with the high flexibility

platform of the Orion confirm that this specific technique

represents an attractive approach for fabricating state of the

art nanoscale structures with high purity.
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