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Abstract Focused ion beam system was used for deposi-

tion of platinum (Pt) thin films on thermally oxidized silicon

(Si). Various test patterns (squares and lines) were deposited

for electrical characterization of the films, using 2- and 4-

terminal measurements. Tests with parallel Pt lines were also

carried out, and considerable leakage was detected for the

interline distances in the sub-micron range. We investigated

two ways to decrease the leakage current: inducing surfaces

roughness and using an oxygen plasma after patterns depo-

sition. A method of dielectrophoresis with an AC electric

field was applied to align and deposit metallic multi-wall

carbon nanotubes (CNT) between pre-fabricated metal,

gold, and palladium electrodes with a micron-scale separa-

tion. Further, using focused electron and ion beam-deposited

Pt contacts in two different configurations (‘‘Pt-on-CNT’’

and ‘‘CNT-on-Pt’’), 4-terminal measurements have been

performed to evaluate intrinsic nanotube resistances.

Introduction

The focused ion beam (FIB) technology for nanofabrica-

tion purposes currently is under fast development. A FIB

instrument is similar to a scanning electron microscope

(SEM) operating with a focused ion beam. Usually, gal-

lium is used to generate an ion beam (Ga+) due to its

properties (liquid state near room temperature, low vapor

pressure, and the ability to be extracted by electric field for

a very sharp tip). The incidence of a focused high-energy

ion beam can promote locally a number of phenomena on

the surface, in particular formation of secondary ions and

electrons, which can be imaged [1].

In the 80s, Anazawa et al. [2] reported the construction

of a scanning ion microscopy (SIM) facility with gallium

ion source. Orloff and Sudraud [3] proposed a design for a

focused ion beam system for lithography and implantation

with an ultra-fine 10-nm source. Kato et al. [4] pointed out

the advantages of the FIB technology for the fabrication of

sub-micron structures and other maskless processes,

including scanning ion microscopy, maskless ion implan-

tation, maskless etching, resist exposure, and maskless

deposition.

The FIB system model used in our experiment is a Dual

Beam from FEI (model Nova 200 Nanolab). This system

combines a FIB with a scanning electron microscope (SEM)

working at coincidence point on the sample surface. This

allows us to monitor ion beam processing with simulta-

neous SEM imaging. The FIB column is equipped with a

Ga+ source and has a minimum beam diameter of 7 nm at

30 kV; the SEM column has a thermal field emission and it

has better than 2 nm resolution over a wide energy range.

The use of FIB as a milling tool allows fast and direct

probe patterning by sub-micron resolution sputtering

removal, avoiding the multiple-step processing of con-

ventional lithography [5]. The milling operations are

achieved through site-specific sputtering of the target

material. The factors that affect sputtering include the

atomic number, energy, angle of incidence of the ion beam,

the atomic density of the target, surface binding energy of

the target, and crystallographic orientation of the target [6].

The FIB system can also be used for a local metal

deposition from a precursor gas, which is injected into the

vacuum chamber through a needle close to the sample
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surface. This gas is adsorbed onto the surface and

decomposes by the scanning ion beam or electron beam to

leave the deposited metal [7]. Platinum is the most com-

mon choice for use in integrated circuit repair and

modification because it is inert in air and does not cause

contamination of the circuit [8].

Platinum deposition with a FIB and FEB results in

disordered platinum, contaminated with gallium from the

ion beam (only for FIB), carbon (C) from the precursor gas

(C5H5Pt(CH3)3), and smaller fraction of oxygen (O) when

the base pressure is not optimal [7–9]. According to the

Ref. 9, the amount of carbon in the deposit depends on

various process parameters and can vary in the range of

40–55% and 60–75% for ion- and electron beam-induced

processes, respectively. Previous measurements have

shown that the resistivity of both FIB- and FEB-deposited

Pt are relatively high: 10-1 to 10-3 X cm for FIB-depos-

ited Pt and 10-1 X cm for FEB-deposited Pt [7, 9], which

is two orders of magnitude higher than the bulk resistivity

(qPt = 1.03 9 10-5 X cm) [8].

In the present work, for the resistivity measurements, the

well-known Van Der Pauw method [10] was employed.

This method can be used in a flat sample with an arbitrary

shape and the sample is connected at four corners, and the

resistance is measured. From the measured resistance val-

ues RV/I, the sheet resistance RS can be derived according to

Eq. 1 and the resistivity can be calculated using Eq. 2:

Rs ¼
p

lnð2Þ � RV=I ; ð1Þ

Rs ¼
q
t
; ð2Þ

where q is the resistivity and t is the film thickness. The

motivation of this study was to create and study different

test nanopatterns of platinum thin films deposited by FIB

and FEB, and to apply this technique for electrical char-

acterization of carbon nanotubes.

Experimental

All structures were fabricated on thermally oxidized Si

wafers (silicon oxide thickness of 400 nm).

150 9 150 lm2 structures deposited by FIB (Fig. 1) were

fabricated varying the thickness from 2 nm to 100 nm, at

30 kV ion energy and current of 0.5 nA (thickness of 2, 5,

10, 15, and 30 nm) or 3nA (100 nm). We observed that

very thin Pt films (2–15 nm) were easily damaged by the

tungsten microprobes (radius of curvature of 20 lm) dur-

ing the measurements, resulting in not reliable and

reproducible results. To avoid this, additional Pt pads

(50 9 50 lm2 wide and 50 nm thick), as shown in Fig. 1,

were deposited using FIB on the corners of the squares and

contacted by W tips for measurements with thin films.

These pads proved to be very helpful in the improvement

of the quality and reproducibility of electrical contacts. For

thicker films ([20 nm), W microprobes were put directly

in the square corners.

To measure the resistance in the cases of 20 9 20 lm2

squares and linear resistors, it was necessary to fabricate

contact Au pads with the area of 100 9 100 lm and

thickness of 50 nm. These pads were fabricated by a con-

ventional lithography and lift-off technique. The example

of a 20 9 20 lm square test structure (in the center) with

thickness of 5 nm is shown in Fig. 2.

The 30-lm-long resistors were fabricated using a cur-

rent of 0.5 nA for 1 9 1 lm2 cross section. For resistors

with smaller cross section, lower current values were used:

0.3 nA for 500 9 500 nm2, 0.1 nA for 300 9 300 nm2,

50 pA for 100 9 100 nm2, and 30 pA for 50 9 50 nm2

cross section. The 1 9 1 lm2 resistor is shown in Fig. 3.

To analyze the leakage current between the Pt lines, test

structures shown in Fig. 4 were fabricated using the same

conditions that for fabrication of resistors, varying both the

cross section and the distance between the lines. To study

the effect of surface roughness on the leakage, these

structures were also fabricated after SiO2 substrate milling

(5 nm deep) by the ion beam. Similar structures were

fabricated using FEB varying the thickness from 5 nm to

100 nm, and the typical process parameters were: electron

energy of 5 kV and the current range from 0.4 nA to

16 nA. A Keithley 4200 SCS station was used in a sweep

mode to perform the electrical measurements. Repetitive

measurements of resistance using V–I or I–V curves were

carried out in each thin film, varying the positions of the

contacts, and corresponding error bars are shown when

appropriate (see below).

Fig. 1 150 9 150 lm2 structure deposited by FIB
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Results

I—Electrical characterization of FIB- and FEB-deposited

Pt thin films

To measure the platinum film resistivity, squares and linear

resistors of different thickness and cross section were

deposited by FIB and FEB. Figure 5 shows the experi-

mental results for 150 9 150 lm2 squares. The results

show that the resistivity starts to increase sharply after the

critical thickness (below *15 nm) is reached. This

happens when the thickness of the film becomes compa-

rable to or smaller than the electron mean free path

(*10 nm) [11–14]. Table 1 shows some results for resis-

tivities obtained with Pt square structures deposited by FIB

and FEB. We also compared our results with other studies

using similar FIB systems for platinum deposition and the

results were found to be comparable [7, 15]. For FEB

deposition, considerably higher resistivities were mea-

sured. However, this method may be preferable for some

applications where a ‘‘soft’’ contact to nanostructures is

required, as it is much less damaging than the Pt deposition

Fig. 2 (a) 20 9 20 lm2

structure of 5 nm thickness

deposited by FEB. (b) Details of

electric contacts (lines with

1 9 1 lm2 cross section)

Fig. 3 (a) Resistor with

1 9 1 lm2 cross section

deposited by FIB. (b) Details of

cross section

Fig. 4 (a) Structure for leakage

current measurements. (b)

Details of two parallel lines with

150 9 150 nm2 cross section

with distance between lines of

500 nm deposited by FIB
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induced by energetic Ga+ ions. Note also that the results of

resistivity measurements for FEB-deposited Pt films are

very scarce in the literature [9].

Figure 6 shows the experimental results for the 30-lm-

long Pt linear resistors deposited by FIB, with cross sec-

tions of 1 9 1, 0.5 9 0.5, 0.3 9 0.3, 0.1 9 0.1, and

0.05 9 0.05 lm2. For the 50 9 50 nm2 cross sections, the

measured resistance was found to be much higher than

calculated (using a linear fit), probably due to increased

contribution of electron scattering in the low-dimensional

structure, while for resistors with cross sections above

50 9 50 nm2 the experimental and calculated values were

in good agreement. Table 2 shows some values of resistors

calculated using the resistivities found in the experiments

(as shown in Table 1). It can be seen that for 5-lm-long

resistors, very low values of resistance (\1 kX) can be

obtained depending on the cross section.

To measure the leakage currents between the parallel

linear structures with 5 lm overlapping and various cross

sections (Fig. 4), a potential varying from -4 V to 4 V

was applied between the patterns. The results can be seen

in Table 3. The platinum patterns deposited by ion beam

FIB and FEB are surrounded by halo structures which

contains Ga, O, and C impurities, resulting in notable

leakage between them. This is especially important for

measurements using configurations with four (or more)

Fig. 5 The 150 9 150 lm2 resistivity versus thickness

Table 1 Summary of Pt resistivity measured for square structures

deposited by FIB and FEB

Beam Thickness (nm) Mean resistivity hqi, (X cm) hqi/qbulk*

Ions 30 ± 3 (16 ± 1) 9 10-4 160

100 ± 10 (8.3 ± 1) 9 10-4 83

Electrons 10 ± 1 (6.0 ± 0.6) 9 10-1 6 9 104

100 ± 10 (1.0 ± 0,1) 9 10-2 103

* qbulk(Pt) = 0.1 9 10-4 X cm

Fig. 6 Measurements of resistance for Pt resistors vs. L/A (length/

area) ratio with varied cross sections

Table 2 Calculations of Pt resistors using resistivity of

q = 8.3 9 10-4 X cm

Length (lm) Cross section (nm) Resistance (kX)

60 500 9 500 4

300 9 300 10

100 9 100 100

15 500 9 500 0.5

300 9 300 1.5

100 9 100 13

5 500 9 500 0.15

300 9 300 0.5

100 9 100 5

Table 3 Summary of leakage tests for lines deposited by FIB

(‘‘Open’’ means the resistance is higher than the 1 G X)

Thickness

[nm]

Interline distances

(nm) (r * 10 nm)

Resistances

(kX)

Resistance after

plasma processing

(kX)

30 ± 3 200 242 294

300 152 Open

400 320 Open

500 287 Open

1000 Open Open

100 ± 10 200 19 33

300 26 53

400 22 78

500 21 72

1,000 46,000 Open
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terminals, when the leakage between the parallel linear

contact lines fabricated by FIB can be comparable with the

intrinsic resistance of the nanostructure under study. To

reduce the spreading of the impurities over the oxide sur-

face due to possible surface diffusion during the deposition,

the samples were previously milled by ion beam. This

procedure increases the surface roughness, and thus redu-

ces the diffusion of impurities along the surface. It can be

seen that in some cases (wider separation between the

lines), the reduction of leakage is considerable. Another

effective method to remove the impurities is to use a low-

pressure O2 plasma, which can burn out the carbon deposit

and oxidize or sputter Ga deposits [16]. The results of

leakage measurements after processing in O2 plasma

(capacitively coupled asymmetric plasma reactor,

150 mTorr, 30 W, 200 V, 2 min) are also shown in

Table 3. The results show that the O2 plasma efficiently

removes the halo deposits around the Pt structures, result-

ing in notably lower leakage currents.

II—Pt deposition for 4-terminal measurements on carbon

nanotubes

The technique of Pt deposition by FIB and FEB has been

successfully applied here for electrical characterization of

multi-wall carbon nanotubes with diameters in the range of

20–40 nm and lengths of 3–10 lm. For reliable evaluation

of the CNT electrical parameters, 4-terminal measurements

were performed using Pt nanocontacts formed by both

focused ion and electron beams. Two different setups were

used: (i) individual nanotubes deposited by AC dielectro-

phoresis (DEP) [17, 18] over pre-fabricated system of 4

electrodes (2 main Pd electrodes fabricated by a lift-off

technique and 2 intermediate narrow Pt electrodes)—

‘‘CNT-on-Pt’’ configuration, and (ii) after DEP deposition

over 2 Pd electrodes, two narrow Pt contacts were depos-

ited over CNTs—‘‘Pt-on-CNT’’ configuration (an example

of the latter is shown in Fig. 7). In some cases, we used

focused electron beam deposition (FEB) (assumed to be

less damaging process as compared with the FIB deposi-

tion) to improve contacts between nanotubes and

electrodes after DEP process. Intrinsic resistances for a

number of multi-walled nanotubes measured using both

configurations were measured (Table 4). The values

between 90 kX/lm and 130 kX/lm were obtained for

nanotubes with diameters in the range of 25–35 nm. The

results confirm that the FEB technique can produce reliable

contacts over nanotubes without being damaged.

Further, using the ‘‘CNT-on-Pt’’ configuration, the effect

of Ga+ ion beam irradiation on the nanotube resistance was

investigated. For ion irradiation, repeated scans in an ion

imaging mode were applied, with the image area of

*20 9 16 lm, dwell time 300 ns, image resolution

512 9 442 pixels, accelerating voltage 30 kV, ion beam

current 30 pA, and a single imaging dose estimated to be

*5 9 1015 ions/cm2. After each irradiation cycle, 4-ter-

minal electrical measurements were performed. The results

show that a single scan in an ion imaging mode has a

Fig. 7 SEM image of

experimental setup for 4-

terminal measurements with

carbon nanotube using FEB

deposition. (a) Top view of Pt

contacts deposited by FEB on

CNT, (b) Lateral detail of Pt-

on-CNT

Table 4 Resistance of CNT (4-terminal measurements)

# Gap between Pd electrodes

(lm)

Gap between Pt electrodes

(lm)

Resistance 4-terminals

(kX)

Intrinsic CNT resistance

(kX/lm)

Diameter

(nm)

Configuration

1 2.0 0.5 68 136 30 CNT-on-Pt

2 4.0 1.0 110 110 25 CNT-on-Pt

3 3.0 1.5 150 100 35 CNT-on-Pt

4 3.0 1.0 90 90 30 Pt-on-CNT
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negligible effect (\5%) on the resistance of a suspended

nanotube; however, notable changes (growth more than 20%

from the initial level of resistivity) were observed for accu-

mulated irradiation doses exceeding 3 9 1016 ions/cm2.

Conclusions

Resistivities of various platinum patterns (squares and

linear resistors) deposited by a FIB and FEB have been

measured. From these measurements, the resistivity of Pt

films deposited by FIB under the present conditions was

calculated to be *10-3 X cm, i.e., about two orders of

magnitude higher than that for a bulk Pt. Fast rise of the

resistivity is observed for films thinner than 15 nm, while

for linear resistors the resistivity starts to rise at bigger

lateral dimensions (already for 50 9 50 nm2). This dif-

ference probably can be attributed to increased contribution

of electron scattering in the low-dimensional structure. The

resistivities obtained for FEB-deposited films are at least

one order of magnitude higher than that for FIB. However,

this technique may be an useful alternative to contact

nanostructures as it is less damaging than the ion-induced

deposition.

The leakage between Pt structures occurring due to the

halo effect (spreading of carbon and gallium impurities

over the oxide surface surrounding the deposited patterns)

was also studied. Two ways to decrease the leakage

between Pt linear structures were successfully applied:

removal by oxygen plasma or shallow milling of the oxide

surface before the deposition.

Nanocontacts fabrication by focused ion and electron

beams was successfully applied for electrical character-

ization of carbon nanotubes using two different 4-terminal

configurations (nanotubes deposited over pre-fabricated

contacts, and contacts deposited over nanotubes by FEB).

The intrinsic resistance of about 100 kX/lm for multi-wall

nanotubes used here (*30 nm diameter) were measured.

Special attention was given to ensure that the resistivities

of fabricated Pt contacts were much lower compared with

those for CNT under study. Another important point was to

control the leakage between the Pt electrodes in a low

level. Further, the effect of ion irradiation on the CNT

resistivity was evaluated using this configuration. It has

been shown that repetitive imaging using ions can affect

considerably the CNT parameters at accumulated doses

exceeding (2–3) 9 1016 ions/cm2.

Finally, platinum deposition by focused beams is a

powerful technique for contacting and studying nano-

structures such as carbon nanotubes. In order to get reliable

contacts and to measure CNT parameters, nanocontacts

with lateral dimensions exceeding 50 9 50 nm2 were used

in the present study.
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