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Abstract A plasma cleaner is usually used for removing carbonaceous debris from

a specimen and preventing contamination during transmission electron

microscopy (TEM) imaging and analysis. However, the plasma cleaner

can be effectively used for thinning down damage layers on TEM

specimens prepared by focused ion-beam (FIB) milling. By optimizing

plasma treatment conditions, the quality of high-resolution images and

diffraction patterns of the FIB-milled specimens has been remarkably

improved using the plasma cleaner.
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Focused ion-beam (FIB) milling is a powerful method of

specimen preparation for transmission electron microscopy

(TEM). However, the FIB milling inherently produces

damages on surfaces of TEM specimens. This phenomenon

is generally explained as amorphization of the specimen

surfaces by bombardment with accelerated Ga+ ions. Since

these damages degrade the quality of TEM images, a number

of methods for removing the FIB damages were proposed:

finishing with low-voltage FIB milling [1–3], subsequent

treatments using an ion-beam mill [1,4,5] or a plasma

cleaner [6–9], etc. There are advantages and disadvantages

for each of these methods. For example, the low-voltage FIB

milling can reduce thickness of the damage layer. However,

changing the accelerating voltage during the operation is not

convenient for some FIB mills. For an FIB-milled specimen

prepared with a microsampling technique [2], the ion-beam

milling needs some modifications in shapes of the

microsample and a mesh for supporting the microsample.

The plasma cleaner is usually used for removing carbon-

aceous debris from a specimen and preventing contamina-

tion during TEM imaging and analysis. Although

preliminary applications of the plasma cleaner to the FIB

damages have been reported by Bauer and co-workers [7–9],

the effectiveness of using the plasma cleaner is still unclear,

especially for high-resolution (HR) imaging.

In the present study, the plasma cleaner has been used for

removing the FIB damages. HRTEM observations of three

kinds of FIB-milled specimens have been carried out before

and after the plasma treatment and effects of the plasma

treatment on the FIB-milled specimens have been discussed.

A HITACHI FB-2000K FIB mill equipped with a

microsampling system was used for specimen preparation.

The accelerating voltage for the FIB milling was 30 kV, and

final specimen thicknesses were less than 100 nm. A plasma

cleaner, ULVAC PLASMA CUBE C50-MK (Fig. 1), equipped

with a radio frequency (RF; 13.56 MHz) sputtering unit was

used for plasma treatments after the FIB milling. An FIB-

milled specimen was mounted on a TEM specimen holder

and inserted into the chamber of the plasma cleaner. Argon

plasma was produced in the chamber under the following

conditions: the Ar gas pressure of 1.0–1.5 Pa, the RF power

of 2–10 W and the plasma treatment time of 5–10 min. The

voltage at the specimen during the plasma treatment was

roughly estimated to be 100 V.
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Figure 2a shows a cross-sectional HRTEM image of a

tungsten manipulator probe used for the FIB microsampling

process [2]. Although damaged zones at top and bottom

surfaces of the specimen are not directly observed, an

amorphous wall of 4 nm wide is recognized at the specimen

edge. This suggests that the amorphous wall also exists at the

top and bottom surfaces. The specimen was then exposed to

the Ar plasma in the plasma cleaner. After the Ar plasma

treatment at 5 W for 10 min, the width of the amorphous

wall has reduced to �2 nm, and lattice fringes corresponding

to (110) planes of the tungsten crystals are visible, as shown

in Fig. 2b. Figure 2 also shows Fourier power spectra

obtained from square areas depicted with the open squares.

Diffuse scattering around the direct beam is dominant in

Fig. 2a, while a sharp intensity maximum at a position

indicated by the arrow is clearly recognized in Fig. 2b. These

features in the spectra confirm the reduction of the

amorphous wall and the resultant improvement of the

lattice fringe contrast after the plasma treatment.

Figure 3 shows cross-sectional HRTEM images of an yttria-

stabilized zirconia (YSZ) film that is used as a substrate for an

MgB2 superconducting film [10–12]. For the as-FIB-milled

specimen (Fig. 3a), lattice fringes of the YSZ crystals are

observed in part of the observation area. After the Ar plasma

treatment at 5 W for 10 min (Fig. 3b), the visibility of these

lattice fringes has been slightly improved. Furthermore, after

a subsequent plasma treatment at 2 W for 10 min (Fig. 3c),

the visibility of the lattice fringes has been remarkably

improved. The most significant effect of the plasma treat-

ment at 2 W appears at thin areas near the specimen edge, as

denoted with the open squares in Fig. 3. In Figs 3a and

3b, amorphous-like contrast is dominant. On the other

hand, in Fig. 3c, lattice fringes corresponding to (200) planes

of the YSZ crystal are visible at the same area. This

appearance of the lattice fringes is confirmed with changes

in the Fourier power spectra from the square areas, as

indicated by the arrows in Fig. 3. It is interpreted for the YSZ

specimen that the Ar plasma treatment at 5 W (Fig. 3b)

creates additional damages as well as thinning down the FIB

damages. Thus, setting the RF power at 2 W (Fig. 3c) is

effective for suppressing the additional damages and redu-

cing total thickness of the damage layer.

Figure 4 shows bright-field TEM images and diffraction

patterns of an MgB2/a-Al2O3 superconducting film [13–15],

before (Fig. 4a) and after (Fig. 4b) an Ar plasma treatment at

10 W for 5 min. The image in Fig. 4a exhibits dark diffraction

contrast due to fine columnar MgB2 crystals 10–30 nm in

size, and the visibility of this diffraction contrast is improved

after the plasma treatment in Fig. 4b. At the same time, weak

Bragg reflections from the MgB2 crystals, indicated by the

arrow in Fig. 4a, are clearly visible after the plasma

treatment in Fig. 4b. These improvements in the images

and diffraction patterns demonstrate the feasibility of the use

of a plasma cleaner for removing FIB damages.

In summary, it is concluded that a plasma cleaner is quite

useful for removing FIB damages on TEM specimens.

Amorphous layers produced by the FIB milling are thinned

down using the plasma cleaner, and the quality of TEM

images and diffraction patterns are remarkably improved.

Since the effectiveness of this method depends on the plasma

treatment conditions such as the RF power, these conditions

should be optimized for each material. For example, a low

RF power (2 W or less) is preferable to avoid additional

surface damages by the Ar plasma treatment. There can be

Fig. 1 A plasma cleaner (ULVAC PLASMA CUBE C50-MK) used in

this work.

Fig. 2 Cross-sectional HRTEM images of a tungsten manipulator

probe before (a) and after (b) the Ar plasma treatment at 5 W for 10

min. Fourier power spectra obtained from areas depicted with the

open squares are inserted. Arrows in the spectra denote intensity

maxima corresponding to lattice fringes from (110) planes of the

tungsten crystal.
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some attempts for developing this method: use of different

gas (Ar + O2, etc.), effects of the plasma treatment on

electron energy loss spectroscopy measurements, etc. Since

TEM specimen holders are commonly used for most of the

commercial plasma cleaners, these attempts can be easily

performed by repeating the plasma treatment and sub-

sequent TEM imaging and analysis.
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