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Repairing Nanoimprint Mold Defects by
Focused-lon-Beam Etching and Deposition

Makoto Okada and Shinji Matsui
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1. Introduction

Nanoimprint lithography (NIL) has been attracting attention from many industries because
of its potential use in producing various nanostructure applications through a simple, low-
cost, and high-throughput process. There are three primary types of NIL: thermal (T-NIL),
UV-NIL, and room-temperature (RT-NIL). T-NIL has a heating and cooling process because
thermoset or thermoplastic resins are usually used as T-NIL resins. When a thermoset resin
is used, the mold is pressed on a substrate coated with the resin at room-temperature.
During pressing, the mold and substrate are heated to harden the thermoset resin, and after
cooling, the mold is separated from the substrate. It is slightly different with thermoplastic
resin: in this case, the mold is pressed on a substrate coated with the resin at the resin's
glass-transition temperature (Tg). The mold and substrate temperatures are then decreased
and the mold is removed from the substrate. Si, SiO/Si, and Ni molds are usually used as
T-NIL molds. UV-NIL is a room-temperature process because UV-curable resins are used as
UV-NIL resins. The UV-NIL mold is pressed on the substrate coated with UV-curable resin
and then the substrate is irradiated with 365-nm UV through the mold. After this
irradiation, the mold is separated from the substrate. This means that UV transmissive
material must be used as UV-NIL mold material. Generally, a quartz mold is used as a hard
mold, and a polydimethylsiloxane (PDMS) mold is used as a soft mold. RT-NIL can be
performed without heating, cooling, or UV irradiation. In this process, the sol-gel materials,
such as hydrogen silsesquioxane (HSQ), spin-on-glass (SOG), and sol-gel indium tin oxide
(ITO), are used as RT-NIL resins. This process requires high pressure, so Si or SiO,/Si molds
are usually used.

What type of mold to use is one of the most important factors in nanoimprint lithography
because the mold must come into direct contact with the replication material and the
imprinted pattern resolution depends on the mold pattern resolution. The pattern is
therefore typically fabricated by electron beam (EB) lithography to obtain a high resolution
pattern, thus necessitating a mold repair process with high resolution. In photolithography
mask repair, focused ion beam (FIB) etching is used to remove Cr opaque defects, and FIB
chemical vapour deposition (CVD), using hydrocarbon precursor gas, is used to repair clear
defects. Two types of defect occur in NIL molds —protrusion and hollow defects— which
correspond to the opaque and clear defects in photomasks. However, unlike photomask
patterns, the NIL relief-structure patterns are formed on a substrate surface. Therefore, we
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158 Recent Advances in Nanofabrication Techniques and Applications

must perform FIB etching and CVD directly on the substrate material to repair protrusion
and hollow defects, respectively. From an economic viewpoint it is best to use existing
technology, so we applied FIB etching and CVD to repair the NIL molds and then examined
the resulting repair resolution.

2. Thermal nanoimprint mold repair using FIB technique

Watanabe et al. previously reported on SiO,/Si mold repair for thermal NIL using FIB
etching and CVD. We first fabricated an SiO,/Si mold with protrusion and hollow defects
by EB lithography and reactive ion etching (RIE). The scanning electron microscopy (SEM)
images of the fabricated SiO,/Si mold shown in Fig. 1 depict both the (a) protrusion and (b)
hollow defects. The width and length of the protrusion defect were 210 and 130 nm,
respectively, and the width of the hollow defect was 250 nm.

() (b)

Fig. 1. SEM images of fabricated SiO./Si mold with (a) protrusion and (b) hollow defects.

@ | | (b)

Fig. 2. SEM images of imprinted (a) protrusion- and (b) hollow-defective lines on NEB-22.
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We performed thermal nanoimprinting on NEB-22 (Sumitomo Chemical Co.) using this
mold. The mold and resin were heated at 150 °C. Imprinting pressure and time were 10 MPa
and 1min, respectively. The protrusion and hollow defects were clearly imprinted on the
resin. We repaired these defects by FIB etching and CVD.

Figure 3(a) and (b) shows the schematic of the repair process for the protrusion and hollow
defects, respectively, on the mold. We used SMI2050MS2 (SII NanoTechnology Inc.) as a FIB
system. The ion source, acceleration voltage, and beam current were gallium, 30 kV, and 1
PA, respectively. The protrusion defect was removed by FIB etching. When we repaired the
hollow defect, we performed FIB-CVD using phenanthrene (C14H10) as a source gas to fill in
the hollow defect. Using the phenanthrene caused a diamond-like carbon (DLC) to be
deposited, which upon examination we found to contain gallium. Gallium contained in DLC
deposited by FIB-CVD can be evaporated by annealing at over 500 °C, but this evaporation
does not occur in general thermal nanoimprinting because in such processes the
temperature is usually from 100 to 200 °C. Figure 4(a) and (b) shows the SEM images of the
repaired SiO»/Si mold with protrusion and hollow defects, respectively. The protrusion
defect was removed by FIB etching and the hollow defect was filled in by FIB-CVD. The
etching and deposition times in this case were about 1 min and 30 sec, respectively. We then
performed thermal nanoimprinting using the repaired mold on NEB-22, as shown in Fig.
5(a) and (b). The repaired lines were clearly imprinted on NEB-22. These results indicate
that we can repair the protrusion and hollow defects on the thermal nanoimprint mold by
FIB etching and CVD.

Prntrun defect FIB etching

HOIIOW defect FIB-CVD

Fig. 3. Schematic of repair process of (a) protrusion and (b) hollow defects on mold.
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(@) (b)
Fig. 4. SEM images of repaired SiO,/Si mold with (a) protrusion and (b) hollow defect.

e
1
]
]

i g;:‘g* e
- °00nm |

@ “ o

Fig. 5. SEM images of lines imprinted by T-NIL using repaired (a) protrusion- and (b)
hollow-defective SiO,/Si mold.

3. Repair of UV nanoimprint mold by using FIB etching and CVD

3.1 Characteristics of SiOx material deposited by FIB-CVD using tetraethoxysilane as
source gas

In photomask repair and thermal NIL mold repair, the material deposited by FIB-CVD is
DLC, which is not clear. In UV-NIL, UV-curable resin is irradiated by UV through the UV-
NIL mold. Therefore, the material deposited by FIB-CVD must be transparent, meaning we
cannot use DLC as the deposited material. However, we are able to deposit a SiOx material,
which is transparent, by FIB-CVD using tetraethoxysilane [Si(OC;Hs)4] as a source gas. To
examine whether the SiOx-deposited material has sufficient transmittance and hardness to
withstand UV-NIL, we measured the atomic composition, transmittance, and hardness of
SiOx film fabricated by FIB-CVD using tetraethoxysilane.
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Fig. 6. Transmittance of SiOx film fabricated by FIB-CVD using tetraethoxysilane.

The atomic composition of the SiOx film measured by scanning electron microscopy-energy
dispersive X-ray analysis (SEM-EDX) was 13% Si, 58% O, 9% C, and 20% Ga. A small
amount of carbon is included in the SiOx film because tetraethoxysilane is composed of Si,
O, H, and C. Ga is incorporated into SiOx film because Ga ion implantation is induced by
the Ga ion beam used in FIB-CVD. We measured the transmittance of the 720 x 720 ¢ m2,
1 m thick SiOx film using a monochromator (Hamamatsu Photonics: PMA-11) with a
Xenon lamp. Figure 6 shows the results of measuring the SiOx film's transmittance. 365-nm
UV is typically used in UV-NIL. The transmittance of the SiOx film was 83 % at 365 nm. This
result demonstrated that the SiOx material deposited by FIB-CVD has a sufficient
transmittance to carry out UV-NIL. Next, we measured the hardness of the SiOx film with a
nanoindenter (Elionix: ENT-1100a). The hardness of the 150 x 150 ¢ m?2, 1 ¢ m thick SiOx film
was 5 GPa. This result shows that the deposited SiOx material has a sufficient hardness
because UV-NIL is usually performed at pressures below 1 MPa. These results clearly
demonstrate that SiOx material deposited by FIB-CVD using tetraethoxysilane can be used
as the repair material for a UV-NIL mold.

3.2 Necessity of antistatic treatment

When FIB is used to repair defective photomasks, the photomasks do not develop a charge
because Cr metal patterns are formed on the quartz substrate. On the other hand, UV-NIL
molds do develop a charge because the patterns are formed on the surface of the quartz
substrate. It is therefore necessary to prevent electrical charge during the repair of a UV-NIL
mold. There are two methods for controlling static. One is electron shower irradiation during
FIB (Fig. 7(a)). In this method, however, the region of electron irradiation is also deposited, as
in FIB-CVD. This makes it very difficult to apply an electron shower as an antistatic method.
The other method is using an antistatic agent spin-coated on the UV-NIL mold (Fig. 7(b)). In
this case, the deposition by FIB irradiation is possible. We used a 20-nm thick ESPACER300Z
(Showa Denko) as an antistatic agent to prevent electrical charge. The FIB-irradiated part on
ESPACER300Z was first etched away and then the SiOx was deposited, as shown in Fig. 7(b).
ESPACER300Z can easily be washed away with water after the repair.
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We evaluated the antistatic effect of ESPACER300Z on a quartz substrate. We performed
FIB-CVD using tetraethoxysilane on quartz substrates both with and without an antistatic
agent. Figure 8 (a) and (b) shows the scanning ion microscopy (SIM) images of the 200-nm
wide patterns fabricated by FIB-CVD at 1 pA on the two substrates. The line pattern was not
formed on the substrate with no antistatic agent because of substrate drift caused by
electrical charge. In contrast, the line pattern was clearly formed on the substrate that did
use the antistatic agent, as shown in Fig. 8(b). Next, we fabricated 3D structures by FIB-CVD
on ESPACER300Z-coated quartz substrates at 1 pA and 7 pA to examine the beam current
dependency. When the beam current was 1 pA, the 3D structure was successfully fabricated
on the quartz substrate, as shown in Fig. 9(a). However, as shown in Fig. 9(b), thorns were
formed on the edges of the 3D structure fabricated by FIB-CVD at 7 pA.

(1) (1)

(2) (2) Spin-coated ESPACER300Z

film thickness
Electron shower EIB D icks

y

E—
m (3) FIB
3) H

ettty | @ v
(b)
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Fig. 7. Schematic of methods to control static: (a) FIB-CVD performed with an electron
shower and (b) using an antistatic agent (ESPACER 300Z: Showa Denko Co.) spin-coated on
the UV-NIL mold.
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(@) (b)
Fig. 8. SIM images of 200-nm wide patterns fabricated by FIB-CVD at 1 pA on quartz
substrates without and with antistatic agent.

(@) (b)
Fig. 9. (a) 3D structure fabricated by FIB-CVD with ESPACER300Z at 1 pA. (b) Thorns were
formed on the corners of the 3D structure with ESPACER300Z at 7 pA.

To determine why the thorns were fabricated on the edges, we observed them by scanning
transmission electron microscopy (STEM) and measured their atomic composition by SEM-
EDX. Figure 10 shows the STEM images of the Au-coated thorns. Although the pillar
fabricated by FIB-CVD has a gallium core due to Ga ion implantation, no such gallium core
was observed in the thorns. According to the SEM-EDX results, the atomic composition of
the thorns was 16% Si, 68% O, 13% C, and 3% Ga. In contrast, the atomic composition of the
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3D structure was 21% Si, 51% O, 9% C, and 19% Ga. Ga content in the thorns was much less
than that in the deposited SiOx. These results indicate that the thorn structure was caused
by electric charge accumulation on the FIB-deposited region due to the increasing beam
current. This makes it clear that we must use an optimum beam current to achieve hollow
defect repair by FIB-CVD.

NONE

Fig. 10. STEM image of Au-coated thorns on 3D structure. The atomic content inside the
circle was measured by SEM-EDX.

3.3 UV nanoimprint mold repair by FIB etching and CVD

To examine the repair resolution of the FIB etching, we fabricated a narrow line by FIB
etching on a quartz mold and performed UV-NIL using this mold. The mold was pressed
onto UV-curable resin (Toyo Gosei: PAK-01). The UV-NIL pressure and UV wavelength
were 0.9 MPa and 365 nm, respectively. The mold was held for 90 sec during imprinting.
The release agent (Daikin Industries; OPTOOL DSX: demnamsolvent = 1 : 1000 by weight)
was precoated on the mold to avoid the adhesion of resin and to enable a smooth separation
of the mold and the substrate. Figure 11(a) shows the imprinted line pattern using the mold
on the PAK-01. The linewidth was 29 nm. Results demonstrated that FIB can etch a narrow
line on the quartz substrate.

We also examined the repair resolution of FIB-CVD. First, we fabricated a narrow line by
FIB etching, and then deposited it on the quartz mold by FIB-CVD. The pattern imprinted
by UV-NIL using this mold is shown in Fig. 11(b). The fabricated narrow linewidth was 36
nm. These results indicate that a 30-nm defect can be repaired by FIB etching and CVD.
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Fig. 11. SEM images of lines imprinted by UV-NIL using (a) quartz mold with narrow
hollow-line fabricated by FIB etching and (b) repaired mold.

3.3.1 Repair of protrusion defects on UV-NIL mold

To repair a UV-NIL mold by 30-kV FIB etching at 1 pA, we fabricated program protrusion
defects on it using a quartz substrate by EB lithography and RIE. Figure 12(a) shows the
program protrusion-defective template. The protrusion width and length were 40 nm and
150 nm, respectively. Figure 12(b) shows the defective line pattern transferred by UV-NIL
on the PAK-01 and as we can see, the defective line pattern was clearly imprinted on the
substrate. We repaired the protrusion defects on the UV-NIL mold by FIB etching. Figure
13(a) shows the line pattern repaired by FIB etching on the mold. The repair time for one
protrusion defect was about 10 sec. The protrusion defect was successfully etched away by
FIB and the repaired line pattern was clearly imprinted (Fig. 13(b)).

3.3.2 Repair of hollow defects on UV-NIL mold

Figure 14(a) shows the program hollow-defective mold. The hollow-width was 60 nm.
Figure 14(b) shows the imprinted line pattern using the defective mold on the substrate. The
defective line pattern was clearly imprinted on the substrate. We repaired the hollow defect
on the UV-NIL mold by FIB-CVD. Figure 15(a) shows the line pattern on the mold repaired
by FIB-CVD using tetraethoxysilane. The repair time for one hollow defect was about 20 sec.
Figure 15(b) shows the line pattern transferred using the repaired mold on the substrate.
The hollow defect region was successfully deposited by FIB-CVD, and the repaired line
pattern was clearly imprinted (Fig. 15(b)).
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NONE

Fig. 12. SEM images of (a) program protrusion-defective quartz mold and (b) PAK-01
defective line pattern imprinted by UV-NIL using the protrusion-defective quartz mold.

NONE

)

Fig. 13. SEM images of (a) line pattern in Fig. 12(a) repaired by FIB etching and (b) PAK-01
line pattern imprinted by UV-NIL using the repaired quartz mold.
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NONE

Fig. 14. SEM images of (a) program hollow defective quartz mold and (b) PAK-01 defective
line pattern imprinted by UV-NIL using the hollow defective quartz mold.

Fig. 15. SEM images of (a) line pattern repaired by FIB-CVD on quartz mold and (b) PAK-01
line pattern imprinted by UV-NIL using the repaired quartz mold.
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The durability of a repaired mold is crucial for applying UV-NIL to mass production.
Therefore, we tested the durability of the SiOx material deposited by FIB-CVD by observing
over 200 repeated uses of the mold repaired by FIB-CVD. Figure 16(a) and (b) shows the
SEM images of the 100th and 200th imprinted pattern. After nanoimprintings, the pattern
was still clearly imprinted on the resin. This result indicates that the deposited SiOx material
has sufficient durability for repeated UV-NIL.

o 0200 (27 e 500 nm

(@) (b)
Fig. 16. SEM images of (a) 100th and (b) 200th imprinted patterns on PAK-01 formed by UV-
NIL using quartz mold repaired by FIB-CVD.

4. Conclusion

We repaired NIL molds by FIB etching and CVD. In the case of a T-NIL mold, we used
phenanthrene as a source gas to repair the hollow-defect by FIB-CVD. The deposited
material was DLC containing gallium. However, the gallium evaporation from DLC did not
occur during T-NIL because gallium's evaporation temperature is about 500 °C. The
protrusion- and hollow-defective SiO./Si molds were successfully repaired by FIB etching
and CVD and the lines were clearly imprinted by T-NIL using the repaired mold.

In UV-NIL, UV-curable resin is irradiated by UV through a UV-NIL mold. This means that
phenanthrene cannot be used as a source gas in FIB-CVD because the deposited DLC is not
transparent. We therefore used SiOx material deposited by FIB-CVD using tetraethoxysilane
as the source gas. We measured the transmittance and hardness of the SiOx film deposited
by FIB-CVD, and results demonstrated that the deposited SiOx material has sufficient
transmittance and hardness to perform UV-NIL.

To repair the defective UV-NIL mold, we must consider the effect of electrical charge because
the material of UV-NIL molds is usually quartz. We proposed the use of an antistatic agent to
prevent electrical charge because the antistatic agent can be spin-coated on the UV-NIL mold
and is easy to wash away with water after the repair. However, failure to use an optimum
beam current in FIB-CVD resulted in the fabrication of thorns. This highlights the need for an
optimum beam current if we want to achieve hollow defect repair by FIB-CVD.

We repaired the defective quartz mold by FIB etching and CVD and performed UV-NIL using
the repaired mold. The repaired lines were clearly imprinted on the resin. Results
demonstrated that the deposited SiOx material has a sufficient durability for repeated UV-NIL.
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In this work, we used gallium-FIB to repair the NIL molds. Recently, helium ion microscopy
(HIM) with a subnanometer probe size has become commercially available. Apart from the
obvious advantage of small probe sizes, HIM also boasts a narrow interaction volume in the
substrate and the predominance of secondary electron emission. A helium ion microscope
can also be used for nanofabrication. We expect the mold repair resolution to dramatically
improve by using HIM.
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