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Linear ion beams have been introduced for the ion beam treatments of flexible substrates 

in roll-to-roll web coating systems. Anode layer linear ion sources (300 mm width) were 

used to make the linear ion beams. Oxygen ion beams having an ion energy from 200 eV 

to 800 eV used for the adhesion improvement of Cu thin films on PET substrates. The Cu 

thin films deposited by a conventional magnetron sputtering on the oxygen ion beam treated 

PET substrates showed Class 5 adhesion defined by ASTM D3359-97 (tape test). Argon ion 

beams with 1∼3 keV used for the ion beam sputtering deposition process, which aims to 

control the initial layer before the magnetron sputtering deposition. When the discharge power 

of the linear ion source is 1.2 kW, static deposition rate of Cu and Ni were 7.4 and 3.5 

Å/sec, respectively.
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I. Introduction

Metal thin films on flexible polymer substrates are 

one of the most important parts in flexible electronics 

such as touch screen panel, display, and energy har-

vesting device. The thin films should be satisfied 

several requirements for the flexible applications. For 

example, the thin films have to be adhesive on the 

flexible substrates during ＞500,000 times bending 

test. There are many methods to improve the adhe-

sion by controlling a top-most layer of polymer [1]. 

Also a sheet resistance should be low enough to ignore 

a power consumption in the thin films. Plasma assisted 

deposition, electron beam irradiation, substrate heating, 

pulsed light annealing have been investigated to 

enhance the sheet resistance of the deposited thin 

films [2,3]. Nevertheless, there are continuous needs 

to meet the industrial requirements for the high-end 

product of flexible electronic devices.

Roll-to-roll (R2R) vacuum coating technologies 

have been used to prepare the metal thin films 

because of good quality and eco-friendly process 

comparing to a wet process. Thermal evaporation and 

magnetron sputtering are representative methods for 

the R2R thin film deposition. The thermal evaporation 

has a high deposition rate and large width uniformity. 

The magnetron sputtering also has various merits 

such as linear expandable geometry, wide process 

window, and so on. However, these are not easy to 

meet the requirements themselves for the flexible 
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Figure 1. 300 mm width roll-to-roll coating system.

applications.

Plasma or electron assisted methods have been applied 

to the evaporation and magnetron sputtering [4,5]. 

Recently a linear ion source (LIS) is one of the 

promising candidates for advanced R2R vacuum 

coatings because the R2R processes need a linearly 

treatable method, not a point source. The LIS has 

been investigated intensively for the R2R surface 

treatments from 2010s [6,7]. The LIS uses crossed 

electromagnetic fields to confine electrons in a 

linearly closed loop. The crossed fields result in electron 

drifts called as ‘E cross B drift’. The drifting elec-

trons ionize neutral gases such as argon, oxygen, 

hydrogen, and nitrogen. Then the potential drop near 

an anode layer emits the ionized gases. The controllable 

ion energy is from 0.1∼3 keV. The low energy ion 

(＜0.3 keV) is useful to treat polymer surfaces to 

modify the top-most layer and remove organic im-

purities. And the high energy ion (＞1 keV) can be 

adaptable to ion beam sputtering depositions due to a 

high sputtering yield.

In this paper, we have introduced the LIS applica-

tions in R2R coating system. One is the oxygen ion 

beam pretreatment process for the adhesion improve-

ment of Cu thin film on PET substrates. The other is 

the Ar ion beam sputtering deposition of Cu and Ni 

thin films.

II. Experimental Setup

The R2R coating system consists of the LISs and 

magnetron sputters as shown in Fig. 1. The coating 

width is 300 mm and a web speed is controllable from 

0.1 to 10 m/min. In the adhesion improvement process, 

PET (PANAC, 188 um) was used for the flexible sub-

strate. The anode layer type LIS used to the pre-

treatment. The discharge voltage was 1∼1.5 kV to 

cause functionalization and etching with oxygen gas. 

The specific conditions for PET pretreatments are 

described in our previous work [6]. And magnetron 

sputter deposited 200 nm Cu thin films one the PET 

as a dynamic deposition rate, 50 nm·m/min.

In the Ar ion beam sputtering process, the LIS was 

operated with 4 kV discharge voltage. The sputtered 

targets were Cu and Ni. The deposition rate was 

calculated by measuring the thickness of the metal 

thin films on Si substrates. 

III. Results and Discussion

1. Ion beam pretreatments for the adhesion im-

provement of Cu thin films on PET substrates

The topmost layer modification of PET films is 
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Figure 2. The optical images
of Cu adhesion 
testing samples. 
(a) Without oxygen
ion beam pretreat-
ment (left), (b) With
oxygen ion beam 
treatment (right).

important to obtain a good adhesion. The formation 

of carbonyl group results in a high surface energy, 

which enhances the adhesion between Cu and PET. In 

the R2R system, the LIS generates oxygen ions for 

making carbonyl groups on PET surface. The oxygen 

ions have wide energy distributions from 200 to 800 

eV as described elsewhere [6]. So the functionalization 

and the termination of free radical are available 

simultaneously. Our previous work has reported that 

the oxygen ion beam makes rough PET surfaces 

functionalized to carbonyl groups [6]. The oxygen ion 

beam treatment showed good adhesions in the R2R Cu 

deposition process. Fig. 2 is the optical image of tape 

adhesion test. ASTM D3359-97 was used to classify 

the adhesion performance. In this evaluation method, 

crossly scratched thin films are detached by 3M 

adhesive tapes. Cu thin films on bare PET substrate 

showed wick adhesion sorted to Class 0. However, the 

Cu thin films on oxygen ion treated PET samples had 

good adhesion classified to Class 5. Also the sheet 

resistance of the Cu thin film (200 nm) also have been 

improved from 3.16±0.20 Ohm/sq. to 2.72±0.04 

Ohm/sq. in the pretreated samples.

2. Ion beam sputtering deposition using a linear 

ion source

The LIS have been investigated to the ion beam 

sputtering deposition (IBSD) for R2R vacuum coating 

system. The IBSD has several advantages. Comparing 

to conventional magnetron sputtering processes, the 

IBSD can control the crystallinity of deposited thin 

films without a substrate heating. In the IBSD, the 

averaged energy of sputtered neutral atoms from a 

sputtering target could be higher than that of 

conventional magnetron sputtering because the energy 

of impinging ions is in keV ranges, which is enough 

to increase the energy of sputtered neutral atoms by 

inelastic momentum collisions. This phenomena has 

been reported in similar sputtering apparatus using a 

remote plasma sputtering [8]. The crystallinity controlled 

initial layer affects the crystallinity of deposited 

layer in following magnetron sputtering deposition in 

R2R process. Thus, low sheet resistance metal thin 

films on polymer substrates are available without a 

substrate heating. And the linear ion beam proper to 

the R2R system requiring linear surface treatments. 

A conventional LIS emits parallel ion beams 

because the direction of accelerating electric field is 

same. As a result, the linear ion beam to sputter a 

metal target showed unfocused trajectory as shown in 

Fig. 3(a). This configuration has no problem to induce 

an ion beam sputtering. However, we need to increase 

the deposition rate of IBSD due to its low ion flux 

comparing to the magnetron sputtering. It is well- 

known that the optimum incident angle to maximize 

a sputtering yield is 60o
∼70o from the normal 

direction of sputtering target [9]. When the parallel 

ion beam is tilted, one can easily find a limitation to 

focus the ion beams to the sputtering target because 

the target area is not large in R2R system. Thus, 

focused ion beam is required in R2R system as shown 
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Figure 3. The discharge images of ion beam sputtering apparatus. (a) Parallel linear ion beam (left), (b) Focused
linear ion beam (right).

Figure 4. Ion trajectories calculated by OOPIC numerical
code at the discharge slit. (a) Parallel linear
ion beam (left), (b) Focused linear ion beam
(right).

in Fig. 3(b). The IBSD with the optimum incident 

angle is available by the focused linear ion beams. In 

the focused linear ion beams, the asymmetric cathode 

has been used to tilt the direction of accelerating 

electric field. The ion trajectories can be modulated 

by the cathode configuration as shown in Fig. 4, 

which is calculated ion trajectory by OOPIC [10]. 

When the position of cathode has an angle to an 

anode normal vector, the emitting ions are tilted 

following the tilting electric field as represented to 

dotted lines in Fig. 4. 

The static deposition rate of Cu and Ni were 7.4 

and 3.5 Å/sec when the electrical power consumption 

is 1.2 kW in the LIS and the incident angle is 40o
∼

45o. The deposition sample was located at the inter-

section point between the substrate holder and the 

center of sputtering target. These deposition rate is 

about 1/5∼1/6 of the maximum deposition rate of 

conventional magnetron sputtering with the power 

density, 38.7 W/cm2 [11].

IV. Concluding Remark

The linear ion beams have been utilized surface 

treatments processes of roll-to-roll web coating sys-

tems. The linear ion beams generated by anode layer 

linear ion sources are easy to be modulated for 

various surface treatments requiring diverse ion 

energies because the ion energy is proportional to the 

anode voltage. And the linear ion source produces 

various ion beams such as argon, hydrogen, oxygen, 

nitrogen, and so on by ionizing discharge gases. 

Thus, the linear ion beams could be attractive tech-

nologies for roll-to-roll web coating systems.
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