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In this report, the authors will investigate the formation of Au clusters on the nanoscale membrane

formed during various surface treatments such as electron beam irradiations, Ga ion focused ion

beam (FIB) technique, and thermal treatment. Nanoapertures on the freestanding Au film were

fabricated by using FIB technique, and a nanometer scale membrane created in the aperture by

various surface treatments. Transmission electron microscopy reveals that Au clusters has formed

on the membrane after the sample storage at room temperature for several months. In addition, Au

clusters on the carbon-containing membrane were also observed after surface treatments of Ga ion

beam etching, and thermal heating of freestanding 40 nm thick Au film at temperatures ranging

from 400 to 800 �C. Spinodal decomposition, spinodal dewetting, and coalescence of the Au

particles on the carbon-containing membrane were also observed. VC 2017 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4994828]

I. INTRODUCTION

There have been many reports about fabrication of the

solid state nanopore by using ion sculpting technique and

high energy electron beam techniques such as field emission

scanning microscopy (FESEM) and transmission electron

microscopy (TEM) due to the capabilities of single molecule

nanobio sensor.1–5 A nanopore device with an electrical

detection technique has been successfully fabricated by

Oxford Nanopore Technology. However, this portable nano-

pore device is reported to present relatively high error rates,

even though significant improvements have been made.6–8

Current genome sequencing technique and many other

nanobio sensor devices are based on the optical detection

methods. However, the optical nanopore device has not been

developed yet.

We reported previously the fabrication of nanopore on

the electron beam induced Au-C binary mixture mem-

brane.9–12 We reported that diffusion of Au and C under the

electron beam irradiations would occur and forms the binary

mixture membrane with Au and C atoms. Furthermore,

when the samples irradiated by the electron beam were

stored for one year in a room environment, Au clusters on

the diffused membrane were growing via Ostwald ripening.

The early stages of vacuum-deposited Au film is reported

to consist of Au particles and clusters with various sizes and

shapes such as multiple twin particles (MTP) with a decahe-

dron shape and an icosahedron shape.13–15 Melting tempera-

ture of Au nanoparticle is lower than that of Au bulk, down

to a few hundred Celsius for �5 nm diameter Au particle.

The main physical reason is that smaller particles have larger

surface to volume ratio, and the surface atoms have lower

binding energy. The melting temperature of Au clusters

is also dependent upon the size, geometrical shape, and num-

bers of Au atoms in the cluster through so-called magic

numbers.16–19

When electron beam irradiation is performed by using

FESEM, the pore size always shrinks, regardless of the ratio

of the specimen thickness to the aperture diameter.3–5 For

2 keV accelerating energy of FESEM, most of electron

energy will be deposited into the surface layer with a thick-

ness less than 100 nm.20 Hence, an electron beam irradiation

at 2 keV on the sample surface would provide the surface dif-

fusion for nanopore formation on the specimen from electron

beam induced melting and local temperature rise.16,17,21,22

On the other hand, for high energy TEM electron beam

irradiations on the aperture, its size will either shrink or

become open, depending upon the ratio of specimen
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thickness to the aperture diameter.1,2,23,24 Resizing the aper-

ture on the viscous specimen surface is well documented

before.1–5 This phenomenon has been described by the sur-

face tension on the viscous specimen surface under electron

beam irradiations. Depending upon temperature and viscos-

ity of the heated membrane, the surface tension force, and

the vapor pressure of the material, pore widening and shrink-

ing are expected to occur. During high energy TEM electron

beam irradiations at �200 kV, most of the electrons would

be transmitted, However, due to the inelastic collisions such

as Coulomb explosion of electrons, electron beam induced

thermal spike,25–30 nanoscale local temperature rise followed

by melting, sputtering and evaporation have also been

reported.30–33 Nanoscale Au particles have lower displace-

ment energy and threshold energy than those of Au bulk.

Therefore, under a 200 keV electron beam irradiation,

knock-on and displacement of Au nanoparticles could occur.

Under electron beam irradiations on the focused ion beam

(FIB) drilled Au aperture on the specimen, the Au and C

atoms would diffuse into the aperture and form the nanometer

thick Au membrane incorporated with carbon atoms. Carbon

encapsulation of Au atoms under heating and Au evaporation

during TEM imaging have also reported in the literature.34,35

It has been reported that Au atoms become more stable with

carbon atoms than without carbon atoms.36,37 Au cluster for-

mation and island formation on the amorphous carbon film

has also been reported after the sample was stored under

room temperature for a few months or more.10,32 However,

when Au atoms smaller than 1 nm are deposited on the amor-

phous carbon, imaging of Au atoms was not possible due to

low contrast on the amorphous substrate by TEM. During a

sample storage period for several months under a room envi-

ronment, small Au particles condense into larger particles.

This phenomenon is attributed to Ostwald ripening process;

large particles are thermodynamically more favorable than

small particles.38–40 All the small particles will shrink, and

the larger particles will grow and become bigger.

Several of the phenomena and processes under high energy

electron beam irradiation of a binary system has been modeled

in a wider perspective for thermodynamic unstable systems,

for example, spinodal decomposition,41 cluster formation,42

and Ostwald ripening.43 Under thermal treatment of the metal-

lic film, spinodal dewetting of the liquid metallic film was

reported, along with hole nucleation and growth.44,45

In this report, we investigate the Au cluster formation

phenomenon on the nanoscale membrane formed under vari-

ous surface treatments, including electron beam irradiation,

FIB etching, and thermal treatment.

II. EXPERIMENTAL PROCEDURES AND RESULTS

A. Sample preparation

TEM grid samples with (100� 100 lm) SiN or SiO2

membranes were initially purchased from TEMwindows

Company (www.temwindows.com). Then, Au thin films

were deposited by using physical vapor deposition tech-

nique. We used Au film thickness of 200 nm for the experi-

ments reported in Sec. II B–II F and 40 nm for that in Sec.

II G. The deposition was followed by dry plasma etching of

the supporting layer of SiN or SiO2. This backside etching pro-

cess would make a freestanding Au film in a (100� 100 lm)

size window. Then, the Au apertures on the freestanding Au

film were drilled by using a 30 keV FIB (Dual beam Helio,

FEI) technique, followed by various electron beam irradia-

tions. We used various TEM and FESEM apparatuses for the

irradiations as a means to vary the electron energy. We used

two TEM (JEM-2100F, and JEM-3100HR) and FESEM (JSM

6400) from the National Nanofabrication Center, Daejeon,

South Korea, to observe the results of the irradiations. We gen-

erally used similar settings for irradiations and for imaging.

B. Membrane formation by TEM high energy electron
beam irradiations

An array of Au aperture on a 200 nm thick Au film was

drilled by 30 keV FIB (Dual beam Helio, FEI); then, various

electron beam irradiations were carried out to form the mem-

brane inside the FIB drilled aperture. Electron beam irradia-

tions were performed at 300 keV for the experiments

described in this section.

When a high energy electron beam was irradiated on the

Au film, the irradiated specimen area become viscous, the Au

atoms along with C atoms (from hydrocarbons in the vacuum)

would diffuse and form an Au-C binary membrane, when the

aperture diameter becomes smaller than the film thickness. A

(5� 5) aperture array on a 200 nm thick Au film is presented

in Fig. 1. The fabricated diameter and the pitch of the aperture

array is�120 nm diameter and 0.49 lm, respectively.

Figure 2 presents the TEM images of the Au apertures

before and after electron beam irradiations. Electron beam

irradiations were carried out on the center aperture B2

(inside the yellow circle). The apertures have been labeled

according to row and column in Fig. 1. Figures 2(a) and 2(b)

show the aperture B2 before and after electron beam irradia-

tion. The white oval (120� 150 nm) area in the images are

the opening of the aperture. The gray area surrounding

FIG. 1. (Color online) TEM image of the aperture array on the 200 nm Au free

standing film is shown. The aperture array with its diameters of �120 nm was

drilled by using 30 keV Ga ion keV. The pitch was measured to be 0.49 lm.

The fabricated aperture array was tested to measure the thermal influence on

the aperture during 300 keV electron beam irradiations. The electron beam was

irradiated on the area inside the yellow circle with a 0.4 lm diameter.
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the oval area is the beginning of membrane formation. In

Fig. 2(a), a membrane has been formed on the periphery of the

aperture during the FIB drilling opening the aperture. The large

increase in the gray area shown in Fig. 2(b) compared to that of

Fig. 2(a) is due to the growth of the membrane during the elec-

tron irradiation. The electron irradiation for the experiments

described in Fig. 2 were done in situ in the TEM with a 2 pA

beam for 5 min at 300 keV. The projection type beam was

maintained over the area indicated by the yellow circle (0.4lm

diameter) in Fig. 1. However, no pore membranes were formed

from any adjacent apertures, other than B2 aperture. These par-

ticular experimental result indicates that the thermal influenced

area is limited to an electron irradiated area, and it may be

attributed to the electron beam induced thermal spike.24–28

We also investigated membrane formation which is depen-

dent upon the electron beam current under high energy elec-

tron beam irradiations at 300 keV. Figure 3 presents the TEM

images of the FIB drilled apertures depending upon the elec-

tron beam current densities of 5 and 10 pA/cm2. A TEM image

of the drilled Au aperture is shown in Fig. 3(a). The diffused

FIG. 2. (Color online) TEM images of the apertures in the 200 nm thick self-supporting Au film before and after electron beam irradiation. Only the B2 aperture

was irradiated. Other apertures close to the center aperture B2 are labeled as B3, C1, C2, and C3. A TEM image of the FIB drilled Au aperture B2 with its size

of (120� 150 nm) on a 200 nm Au film is shown before the electron beam irradiation in (a). After a 2 pA electron beam irradiation at 300 keV for 10 min on

the B2 aperture, a (13.97� 11.70 nm) size pore was formed (b). However, no other apertures presented the formation of membranes except the B2 aperture.

FIG. 3. (Color online) TEM images of the FIB drilled apertures dependent upon the electron beam irradiation conditions. The (95� 79 nm) size Au aperture

was initially drilled by using 30 keV FIB technique in (a). The gray area on the periphery of the aperture indicates the diffused area due to Ga ion induced ther-

mal spike during FIB milling. Au clusters formed during FIB drilling are shown around the periphery of the drilled aperture. Under 5 pA electron beam irradia-

tions, the (18� 26 nm) size pore was formed in (b). However, under 10 pA electron beam irradiations, the (19� 39 nm) size pore on the diffused membrane in

(c) was widened into the (45.7� 83.6 nm) size aperture in (d).
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gray area with Au clusters on the periphery of the

(95� 79 nm) aperture is formed due to the thermal spike dur-

ing FIB drilling.24 After 300 keV, 5 pA/cm2 electron beam

irradiation, an (18� 26 nm) opening on the diffused membrane

is formed as shown in Fig. 3(b). However, under 10 pA elec-

tron beam irradiation, the (19� 39 nm) size opening on the

diffused membrane, shown in Fig. 3(c), was widened into the

(45.7� 83.6 nm) size opening in Fig. 3(d). This may be attrib-

uted to sputtering or evaporation of the atomic element on the

diffused layer from high energy electron beam irradiation.31,32

C. Membrane formation by FESEM electron beam
irradiations

We have drilled Au aperture with its diameter greater

than the thickness of the Au film. For the aperture diameter

greater than the 200 nm Au film thickness, low energy scan-

ning electron beam irradiation using FESEM is required for

the fabrication of the membrane. With electron beam irradia-

tion using FESEM, diffusion of atoms will occur and the

pore membrane will be formed inside the aperture, regard-

less of the ratio of aperture diameter to film thickness.

Several Au apertures with �265 nm diameter were drilled

on a �200 nm Au film by using 30 keV FIB technique, fol-

lowed by 2 keV, 1.4 nA electron beam irradiations by using

FESEM (installed with Dual beam Helio, FEI) for 1, 3, 5,

and 6 min periods. For 2 keV FESEM electron beam irradia-

tion, most of electron energy will be deposited into the sur-

face layer of the Au less than �100 nm.22 The beam was

scanned with the following scanning data: scanning area of

(�1��1 lm), 300 ls dwell time, and 1.5 nm beam spotsize.

We assumed that under the given conditions the surface area

will melt, similar to the surface layer of small particles.

Figure 4 shows the TEM images of openings with Au

clusters on the pore membranes under the room environ-

ments for five months after electron beam irradiation. The

diameters of the openings in the pore membrane for 1, 3, 5,

and 6 min irradiation are measured to be 145, 78, 45, and

0 nm, respectively. No change in the size or shape of the

pore openings were observed even under the room environ-

ment for five months. Au clusters had formed and grown

under Ostwald ripening in the diffused membrane and are

indicated by red circles.

D. Energy dispersive x-ray spectroscopy on the
electron beam induced membrane

Chemical analysis for the 2 keV FESEM electron beam

induced membrane in an Au aperture was also performed

by using energy EDS system with a scanning TEM (STEM,

JEOL 2100F). The EDS analysis system by using 200 keV

STEM can provide a better qualitative results, rather than

EDAX analysis system by using FESEM due to a larger and

better detector system at 200 keV STEM. The focused elec-

tron beam probe with a 1.5 nm diameter is set to 2.5 nA

probe current at 200 keV and 1 min duration time. Two Au

clusters formed inside the red circles are shown in Fig. 5(a).

The energy dispersive spectroscopy (EDS) line scan profile

is also shown in Fig. 5(b), and the average atomic concen-

trations of Au, C, and O for this particular sample are mea-

sured to be �80%, �20%, and less than 10%, respectively.

E. Au cluster and lattice structures on the Au-C binary
membrane

Figure 6 shows an Au cluster that formed on the diffused

membrane in the Au aperture on a 200 nm Au film by a

FIG. 4. (Color online) TEM images present the pore membrane formation by using 2 keV FESEM electron beam irradiations, and Au cluster formation on the

diffused pore-membrane is presented after the sample was stored under a room environment for five months. The drilled aperture with its diameter of

�265 nm is presented in (a). Initially, pore formation using 2 keV electron beam irradiations for 1, 3, 5, and 6 min was carried out. The corresponding pore

diameters are 145 nm (a), 78 nm (b), 45 nm (c), and 0 nm (d). For these particular samples, the shapes of the pore diameters have not been changed after the

sample was stored for several months under the room environment. Only Au nanoparticles on the diffused membranes had formed.
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300 keV TEM. The magnified TEM images of the enlarged

dotted circled area in (a) is provided in Figs. 6(b) and 6(c).

The area inside the dotted yellow circle is magnified to

exhibit the Au lattice structure of 2.775 nm for ten atomic

rows formed on the diffused membrane. Figure 7 presents the

formation of the Au crystalline lattice structure on the dif-

fused membrane during a 300 keV electron beam irradiation.

During electron beam irradiation, the images were taken

with approximately 2 s interval. The Au lattice structure

with a lattice spacing of 2.776 nm for ten rows is shown in

Fig. 7(a), and two other areas do not present the lattice struc-

ture. The structures were continuously changed under an

electron beam irradiation. However, 2 s later, the three areas

present the lattice spacing for ten rows: 3.576 nm inside the

dotted circle to bottom left, 2.781 nm inside the dashed circle

at the center, and 3.939 nm inside the black dashed circle at

the top right in (b).

E. Au cluster and membrane formation under FIB Ga
ion irradiation treatment.

Figure 8 shows the TEM image of the Au clusters on the

thin membrane formed on the etched area by FIB. TEM image

of the (�280��200 nm) membrane is presented along with

two open pores (A and B) formed after exposure to 1.4 nA,

FIG. 5. (Color online) TEM image of a 207 diameter pore on the membrane on the 521 nm diameter Au aperture (a). Two Au clusters formed on the membrane

are also shown in (a), and the enlarged image of the Au cluster on the edge of the pore (inside the red circle) is presented as a �5.61 nm size Au MTP with a

ten crystal lattice spacing of 1.18 nm in (b). The red solid arrow (a) presents the line profile of EDS on the diffused membrane in (c). The profiles of the Au, C,

and O atomic concentrations on the line are given in (d). On this particular sample, the uneven concentration profiles along the line for Au, C, and O is shown.

The corresponding average atomic concentrations for Au, C, and O are approximately �80%, 20%, and less than �10%, respectively.

FIG. 6. (Color online) TEM images of Au cluster in (a), and Au lattice for-

mation on the diffused membrane is shown in (b) and (c). The lattice spac-

ing for 10 rows is given as 2.775 nm as in (c). The Au-C binary mixture

membrane undergoes from amorphous mixture state of Au and C to the for-

mation of a crystalline structure due to spinodal decomposition under an

electron beam irradiation.
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30 keV Ga ion beam for 1 s on the sample in Fig. 8(a). We

also observed that these pores became closed after being kept

under room environment for several months. One of the Au

cluster with (�19.5��11 nm) is magnified in Fig. 8(b) show-

ing the Au lattice. The Au cluster has also been analyzed using

EDS. The average atomic concentration percentages of Au, C,

and O on the etched area by EDS analysis is found to be

52,4%, 46.3%, and 1.3%, respectively (supplementary material

1).46

G. Thermal treatment on a freestanding 40 nm thick Au
film

We carried out thermal treatment on the sputter-deposited

40 nm thick Au film. The sample was inserted in the heating

stage of TEM equipment (HR TEM 3100). It took about 30

min to increase the temperature up to 400 �C from room tem-

perature. Figure 9(a) presented a TEM image of the Au film

after the temperature was increased up to 400 �C. Upon heat-

ing, a hole generation was observed. A 59.6 nm diameter

hole surrounded with a diffused membrane is formed.

Numerous tiny Au particles are uniformly distributed on the

gray diffused membrane. Upon 300 keV electron beam irra-

diation for 10 min, the tiny Au clusters are coalesced into

larger Au clusters via Ostwald ripening. The measured diam-

eter of one Au cluster in Fig. 9(b) is �5.7 nm (inside the

blue circle). The circular opening with a 59.6 nm diameter in

Fig. 9(a) got a bigger circular opening with an 84.8 nm

diameter in Fig. 9(b). Figure 10 presents the TEM images

after thermal treatments at 600 and 800 �C, with and without

electron beam irradiations. The formation of the 64.8 nm

diameter holes surrounded with Au-C mixture membrane

along with several scale thick membranes is presented in

Fig. 10(a) for 10 min heating at 600 �C without electron

beam irradiation. After increasing the temperature up to

800 �C, no significant change in the hole shape is observed

and even at another 10 min heating at 800 �C in Fig. 10(b).

However, for a 10 min electron beam irradiation at 800 �C,

holes merged and became into a larger hole with a 108.1 nm

diameter. In addition, an electron beam enhanced particle

coalescence is seen in Fig. 10(c) indicating Ostwald

ripening.

III. SUMMARY OF EXPERIMENTAL RESULTS AND
DISCUSSION

Au thin films deposited by physical vapor deposition

technique consist of variously sized particles and clusters,

including MTP with decahedron shape or icosahedron shape.

Due to the size-dependent melting temperature of Au par-

ticles, and irregular variation of melting temperature of Au

clusters, the formation of pore on the diffused Au containing

membrane under electron beam irradiation requires extreme

care. We carried out several experiments to obtain an Au-C

binary mixture membrane via various surface treatments

FIG. 7. (Color online) TEM images of spinodal phase change under an electron beam irradiation are presented. Images were taken with �2 s interval during an

electron beam irradiation at 300 keV. An Au crystal lattice with 2.775 nm for ten rows is shown inside a dashed circle at the center in (a). The areas inside

both a dashed circle at the bottom left and a black dashed circle at the right top do not show any Au lattice images. However, after 2 s later, Au lattice struc-

tures are presented: 2.576 nm for bottom left circle, 2.781 nm for center circle, 3.939 nm for black dashed top right circle.

FIG. 8. (Color online) TEM image of the etched area of (�280��200 nm) membrane with Au clusters on the membrane formed by 30 keV Ga ion irradiation

for 1 s in (a). An Au cluster (inside the red dotted circle) is magnified to present a (19.5� 11 nm) size particle.

04F107-6 Choi et al.: Au cluster formation on a pore containing membrane 04F107-6

J. Vac. Sci. Technol. B, Vol. 35, No. 4, Jul/Aug 2017



including electron beam irradiation by TEM and FESEM,

Ga ion beam etching, and thermal heating.

(1) Influence of TEM electron beam on the Au aperture: we

found that thermal influence during 300 keV electron

beam irradiation is limited to the area where electron

beam irradiates. We observed the (13.97� 11.70 nm)

pore on the diffused membrane only inside the Au aper-

ture where the electron beam irradiated, not on the adja-

cent Au apertures.

(2) Pore opening and shrinking dependent upon the electron

beam current density: For 5 pA electron beam irradiation

for 5 min at 300 keV, the Au along with C diffuse into

the aperture and the (18� 26 nm) size opening forms on

the diffused membrane. However, for 10 pA electron

beam irradiation for 5 min at 300 keV, the pore mem-

brane evaporated and the (19� 39 nm) sized pore

became widened to be a (45.7� 83.6 nm) size pore. This

phenomenon can be attributed to evaporation of carbon

and Au atoms from high energy bombardments.

(3) For aperture diameter bigger than the thickness of the

Au film, FESEM electron beam irradiation at 2 keV has

been used to form the diffused membrane. 1.4 nA elec-

tron beam irradiations at 2 keV for 1, 3, 5, and 6 min

have been carried out, and the corresponding pore diam-

eters are found to be 145, 78, 46, and 0 nm, respectively.

Au clusters were formed on all diffused membranes via

Ostwald ripening several months after electron beam

irradiations.

(4) An EDS line scan with a 1.5 nm probe diameter and

2.5 nA beam currents has been performed on the electron

beam induced membrane. The average atomic concen-

trations of Au, C and O atoms are found to 80%, �20%,

and less than 10%, from the EDS line scanning analysis.

The 207 nm diameter pore on the diffused membrane

was also formed under a 2 keV 1.4 nA FESEM electron

beam irradiation.

(5) Under 30 keV Ga ion beam etching on a 200 nm thick

Au film, the thin (280� 200 nm) membrane with many

Au clusters was formed. This membrane formed is found

to contain the Au and C atoms. The ratio of the average

Au atomic concentration to that of C is measured to be

1.14.

(6) Spinodal dewetting and Ostwald ripening during thermal

treatments: When the specimen was heated from room

temperature to 400 �C, a 40 nm thick Au film became

ruptured and holes surrounded with thermally diffused

membrane were formed. Under 300 keV electron beam

irradiation at 400 �C for 10 min, the hole grew and

became bigger with the reduced gray membrane area,

and the tiny Au particles distributed on the diffused

membrane became larger via Ostwald ripening.

FIG. 9. (Color online) TEM image of a 40 nm thick Au film heated up to 400 �C. A larger hole with a width of 69.6 nm was formed via spinodal dewetting.

Numerous tiny Au particles are distributed on the whole gray membrane area in (a). Upon a 300 keV electron beam irradiation for 10 min, coalescing of Au

particles via Ostwald ripening are observed. The 59.6 nm diameter hole in (a) became a larger hole increasing its diameter to 84.8 nm in (b). The particle size

inside the blue circle is measured to be �5.7 nm.

FIG. 10. (Color online) TEM images of a 40 nm thick Au film for 10 min heating at 600 �C in (a) and 800 �C in (b). Upon heating the sample without electron

beam irradiation, a pore with 64.8 nm diameter is presented at 600 �C in (a). After a 10 min heating at 800 �C without electron beam irradiation, no significant

change is observed; only a slight change from 64.8 to 67.3 nm was observed. However, for a 10 min electron beam irradiation at 800 �C, the pore became big-

ger and merged into a larger one with its diameter 108.1 nm in (c).
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However, without electron beam irradiation, for 10 min

heating at 800 and 600 �C, the morphology of the liquid

state membrane did present any significant change. For a

300 keV electron beam irradiation at 800 �C for 10 min,

the holes on the membrane grew and merged into a

larger one with a diameter of 108.1 nm. In addition, an

electron beam enhanced particle coalescence is obseved

via Ostwald ripening.

Recently, there have been some debates over whether the

membrane formed under electron beam irradiations contains

Au atoms or not. We have experienced some processing dif-

ficulties due to irregular variation of Au melting temperature

dependent upon the size and the shape of Au cluster, and to

nanoscale local charging of the specimen. However, our

experimental results present that the membrane formed

under various surface treatments always contains Au atoms

and C atoms regardless of the surface treatment types.

IV. CONCLUSION

We have fabricated the nanoscale membrane on the

sputter-deposited Au bulk film under various surface treat-

ments. The membranes formed under electron beam irradia-

tions are found to contains Au and C atoms. By controlling

the Au concentration and the formation of Au clusters on the

membrane, the plasmonic pore can be fabricated with a

proper design, and can be utilized as a single molecule opti-

cal biosensor.
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