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Field-by-field-type UV nanoimprint lithography equipped with an on-demand inkjet dispense system, known as jet and flash imprint lithography
(JFIL), has been developed. In JFIL, the inkjet resist drops still remain independent of each other when imprinting a mold, so that the ambient gas
is trapped among the resist drops to generate bubbles. It takes time for the trapped bubbles to disappear, and the bubbles sometimes remain in the
cured resist film to cause open defects. The waiting time for the disappearance of the gas results in low throughput and the remaining bubbles
cause defect problems in JFIL. The fast disappearance of trapped bubbles was demonstrated in the case when carbon dioxide gas was used as
the ambient gas. On the basis of fluid mechanics, combined-drop JFIL and its resist material was developed, in which the resist drops were
combined with each other prior to imprinting to minimize trapped gas volume. © 2024 The Japan Society of Applied Physics

1. Introduction

1.1. Jet and flash imprint lithography

Nanoimprint lithography (NIL) has been proposed as an
effective technique for the replication of nanoscale fea-
tures.'” Jet and flash imprint lithography (JFIL) involves
the field-by-field deposition and exposure of a low viscosity
resist deposited by jetting technology onto a substrate. Canon
considers JFIL technology the best method for semiconductor
device manufacturing® " due to its advantage in overlay.

The JFIL process is schematically depicted in Fig. 1. When
compared to other imprint techniques, JFIL differentiates
itself in its ability to adjust to pattern density variations as a
result of using an inkjet dispensing method, as opposed to a
more conventional spin-coat-based process. Resist volume is
adjusted relative to the pattern density of the mold, thereby
creating residual layers that are uniform across the patterned
area. Because the resist volume deposited is matched to the
mold pattern density, there is no wasted resist, and the
resulting total volume of resist liquid dispensed on a substrate
is around 0.001 times smaller than a spin-coat-type resist.

After the resist is dispensed, the patterned mold is lowered
into the fluid, which then quickly flows into the relief patterns
in the mold by capillary action, during which alignment is
concurrently performed. Following this filling step, the resist
is cured and cross-linked under UV radiation, the mold is
removed, and a patterned resist is left on the substrate.

All the steps described above are carried out repeatedly on
one wafer as a step-and-repeat process to fabricate nanoscale
features on the whole wafer.

When compared to spin-coat-type imprint technology,
JFIL has an advantage of uniformity of the residual layer
thickness, since JFIL can adjust the resist volume in
accordance with the variation of pattern density.

1.2. Resolution of JFIL technology

Our previous study'® has demonstrated the resolution cap-
ability down to a half pitch 11 nm line and space (hp 11 nm1
S™") and 10nm pillar array (Fig. 2), which enables JFIL
technology to be expanded to several nodes of technology.

JFIL has other differentiators from other types of litho-
graphy to fabricate complicated two-dimensional (2D) pat-
terns (Fig. 3) and, furthermore, multi-step three-dimensional
patterns such as a Dual Damascene structure.”?
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1.3. Challenges in JFIL
In JFIL, the close contact of the mold with the resist liquid
causes various interactions, including pattern defects. The
manufacturing yield of a semiconductor device is reduced by
the defectivity; the number of defects should be decreased as
much as possible. The defects caused in JFIL can be
categorized as shown in Fig. 4.

In this paper, our effort to reduce imprint defects,
especially non-fill defects, is reported.

2. Defect reduction

2.1. Ambient gas

A resist liquid is discretely dispensed into the pattern-forming
field on the substrate, and the resist drops are still discrete
when imprinting. Therefore, the ambient gas is trapped
among the resist, the substrate, and the mold. The trapped
ambient gas diffuses into the mold, the resist, and the
substrate and finally disappears during imprinting time, but
it takes a few tens of seconds in the case that the ambient gas
is air atmosphere. The waiting time for gas disappearance
results in low throughput and the remaining bubbles
cause defect problems in JFIL.>®

The resist drops spread to the whole field of the gap
between the substrate and the mold by capillary force. This
phenomenon is called spreading. The spreading process is
classified into dynamic spreading (DS), which occurs after
the mold surface contacts the resist droplets until the droplets
of the resist combine with each other, and static spreading
(SS), which occurs after the bonding and the trapped gas
disappears. DS and SS can be observed through a quartz
mold using an optical microscope (Fig. 5).

Some experimental results showed that DS completes
within a few tens of milliseconds, while SS requires a few
tens of seconds in the case of air atmosphere.”*

Efforts have been made to quickly eliminate the trapped
gas by using helium gas, which is easily diffused into the
mold,*® or carbon dioxide gas, which is easily dissolved into
the resist of organic liquid,” as the ambient gases. The
permeability coefficients of various gas molecules are sum-
marized in Fig. 6.

The pore size of the lattice spacing of the mold material,
quartz, is 100~300 pm, while the dynamic diameter of a
helium atom is said to be 260 pm.%) Therefore, helium can

© 2024 The Japan Society of Applied Physics
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Fig. 2. Scanning electron microscope images of JFIL resist patterns.
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Fig. 3. Two-dimensional patterns fabricated by JFIL.

diffuse into a quartz mold. In the case of JFIL with helium
as the ambient gas, trapped helium gas bubbles disappear
quickly.?” Molecules of nitrogen, oxygen, and carbon dioxide
are larger than 300 pm, so they cannot diffuse into a quartz
mold.

However, it is well known that CO, gas has higher
solubility into organic materials than helium, nitrogen, and
oxygen. We hypothesize whether the trapped CO, gas
bubbles can dissolve into the resist material or some kinds
of organic substrate layers.

2.1.1. Calculation. In order to theoretically calculate the
time required for DS and SS, a simplified model of the JFIL
process was devised, as shown in Fig. 7.

The mold assumes a blank mold with no recess pattern
formed. The resist drops dispensed onto the substrate in a
square arrangement are independent of each other before the
mold is contacted. When the mold is contacted, the mold
surface is brought into contact with the resist, and DS starts.
The resist drop is assumed to have a cylindrical shape and to
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spread while maintaining a cylindrical shape. It is defined
that DS is completed and SS starts at the moment when the
resist drops contact each other. In SS, the ambient gas is
trapped by the resist, the mold, and the substrate.

The unit cell of the square array in the SS process is
approximated to a cylindrical coordinate system model, as
shown in Fig. 7. The same volume of gas and resist as the
unit cell of the Cartesian coordinate system is sandwiched
between the disk-shaped substrate and the mold in the
cylindrical coordinate system. The outer boundary of the
disk is a closed boundary. Trapped ambient gas disappears
by diffusion and dissolution with Laplace pressure as the
driving force. If the resist is assumed to be an incompres-
sible fluid, the mold descends to compensate for the volume
of the missing gas. When the volume of the gas becomes
zero, SS completion is defined. A droplet volume of 1 pL
and drop diameter of 100 pm at the start of DS and a resist
liquid film thickness of 20nm at the end of SS were
assumed.

© 2024 The Japan Society of Applied Physics
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Fig. 5. Dynamic spread and static spread observed through a quartz mold.
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Fig. 7. Calculation model for DS and SS.

The gas disappearance behavior can be described by a
four-step loop. A theoretical calculation loop of the gas
diffusion in SS is shown in Fig. 8.

Firstly, trapped ambient gas is compressed by the Laplace
pressure generated at the interface along the mold, the
substrate, and the resist. Laplace pressure is calculated based
on the Young-Laplace equation.”” The equation of state of
ideal gas and the equation of mass of gas are also taken into
the calculation.

Secondly, the trapped gas permeates into each layer by
being pushed by the Laplace pressure. Gas permeation
behavior is described by the gas diffusion equation.*¥
Please refer to paper”” regarding the diffusion coefficients
and the dissolution coefficients.

Thirdly, static liquid flow occurs to fill the loss volume of
the gas bubble. The lubrication equation was solved to
calculate the fluid flow of the resist liquid, assuming lubricant
approximation.”*

Fourthly, the resist liquid is assumed to be non-conden-
sable, so that the mold should be going down by being pulled
down by the resist liquid. The equation of motion of the mold
is solved.””

The gap distance between the mold and the substrate
narrows, so that the Laplace pressure is updated with the
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new gap. All four steps described above are calculated
repeatedly in this order until the completion of gas disap-
pearance.

2.1.2. Experiment. JFIL resist was formulated with some
acrylates and photo-initiators. ODL —301 provided by Shin-
Etsu Chemical Industry Co.Ltd. was used as the spin-on
carbon (SOC).

Drops of 1 pL of resist in a square array of 140 um per side
were uniformly dropped in a range ona field size
26 x 33 mm on a silicon substrate or on a silicon substrate
coated with the SOC having a thickness of 200 nm, and a
quartz blank mold was brought into contact with the droplets.

The number of trapped gas bubbles during various

imprinting times was measured using a defect inspection
tool 2905LP provided by KLA Tencor.
2.1.3. Results and discussion. In the case where the
thickness of the resist liquid film is thinner than 100 nm, the
gas disappearance time of CO, gas is faster than that of
helium gas on a silicon substrate.”® The relationship between
imprinting time and defect density in JFIL with a resist film
500 nm thick on a silicon substrate is shown in Fig. 9.

CO, ambient gas showed a lower defect density in a
shorter imprinting time; that is, the gas disappearance time is
faster in CO, ambient gas than helium ambient gas.

© 2024 The Japan Society of Applied Physics
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Fig. 9. Defect density on a silicon substrate.

In the actual lithography process of semiconductor device
manufacturing, an organic solid layer such as SOC is often
applied as an underlayer.”” In the case that the SOC layer is
applied on a silicon wafer as an underlayer in JFIL, it was
calculated that the gas disappearance time is faster in a SOC/
silicon substrate than a silicon substrate, since helium gas can
diffuse into the SOC and CO, gas can dissolve into the
SOC.*» The calculated gas disappearance time on silicon
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wafers coated with SOC 0~200nm thick is plotted in
Fig. 10.

On SOC film Onm thick—that is, on a bare silicon
substrate—helium gas disappeared the fastest. This was
considered to be because of the fast diffusion of helium gas
into the quartz mold. However, on SOC film thicker than
5nm, CO, gas disappeared the fastest. This was considered
to be because of the fast dissolution of CO, gas into the SOC
film.

The JFIL experiment was carried out on a silicon wafer
coated with SOC 200 nm thick. The relationship between
imprinting time and defect density is plotted in Fig. 11.

In ambient gas of both helium and CO,, the defect
densities on the SOC-coated silicon wafer were less than
the result obtained on a bare silicon wafer, shown in Fig. 10.
The permeability of all the gas molecules to the organic layer
is considered higher than those to silicon crystalline.
Especially in a short imprinting time of 0.7~0.9s, CO,
ambient gas showed less defect density than helium ambient
gas.

2.2. Combined-drop JFIL

In spite of the effort described in the previous section, it has
still been difficult to eliminate the bubbles perfectly and
quickly.*” For the purpose of further reduced volume of
trapped ambient gas, a novel JFIL process and resist material
have been developed.

© 2024 The Japan Society of Applied Physics
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We considered that drops of imprint resist should spread
widely and should combineto adjacent drops prior to
imprinting. Fluid-control technology of the drop liquid was
developed based on fluid mechanics, interface science, and
liquid property design to ensure the imprint resist drops
quickly expanded and combined with each other prior to
imprinting (Fig. 12); this technology was named combined-
drop JFIL (CD-JFIL). In CD-JFIL, the trapped gas volume is
minimized to reduce the imprint time and bubble defects.*"

In conventional JFIL, dispensed drops of 1pL spread to
about 100 um diameter and then stop; then, the mold contacts

Solvent diluted @,

resist n
. -
Inkiet pufi i
Solvent vapor iyt

Reflow 2 it TGN

the resist drops. On the other hand, a resist composition that
can spread fast and widely is used in CD-JFIL to ensure the
resist drops form a continuous liquid film. In addition, drop
height is also reduced to get the gap between the mold and
the substrate low when the mold contacts the resist film,
which results in less volume of ambient gas being trapped
between the mold and the substrate.

2.2.1. Calculation. Liquid drops of 1 pL were arranged in
a square array on a flat substrate with an initial contact angle
of 90°; the solvent in the drops spread while volatilizing to
form a continuous liquid film, which was obtained by solving
the Navier—Stokes equation in the thin film approximation
(lubrication theory) with a free surface.

2.2.2. Experiment. The JFIL resist was formulated with
some acrylates and photo-initiators. The CD-JFIL resist was
prepared by diluting the JFIL resist of 20 vol% with a solvent
of 80 vol%.

The drop-spreading behavior was observed using an inkjet
apparatus capable of dispensing 1pL droplets. A nanoimprint
tool prototyped by Canon was used for the imprinting test.
The imprinted films were observed under a microscope and
inspected for defects using a defect inspection tool 2905LP
provided by KLA Tencor.

2.2.3. Results and discussion. Figure 13 shows the
theoretical calculation result of the spreading behavior of
the dispensed drops. In CD-JFIL, the drops started to
combine with each other after 0.3s, and a completely
continuous liquid film was formed almost at the same time

; .y
v

PNt

)

$y 3 3 3 3

Evaporation _
3 Combined droplets g UV exposure w

Fig. 12. Combined-drop JFIL (CD-JFIL).
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Fig. 14. Cross-sectional view of theoretically calculated drops 112 s after being dispensed.

as the volatilization was completed 4 s after dispensing. In the
conventional JFIL resist system, the droplets were not
combined even after 600 s.

The drop height is also obtained with the theoretical
calculation. A cross-sectional view of drops 112 s after
dispensing is shown in Fig. 14. While the drops are still
independent and the liquid drop height is still higher than
200 nm in JFIL, the height of continuous liquid film in CD-
JFIL is around 50 nm. In the other words, the gaps between
the mold and the substrate at the moment of mold contact is
about 200 nm and 50 nm in JFIL and CD-JFIL, respectively.
This result means that the total gas volume trapped between
the mold and the substrate is smaller in CD-JFIL than
in JFIL.

Time (s)

- .
Thinner

../\/ resist o

CD-JFIL,

* \J}Thidﬁer

resist

Figure 15 shows the droplet-spreading behavior of the CD-
JFIL resist observed on an inkjet station. In general agree-
ment with the theoretical calculation, the combination of the
liquid film was completed in about 5s, and the liquid film
was planarized in about 30s.

After the volatilization of the solvent was completed, a
blank mold made of quartz was imprinted, and 0.7 s after the
imprinting, the resist liquid film was observed through the
mold under a microscope (Fig. 16). In the conventional JFIL
resist system, the ambient gas was trapped between the drops
and hardly disappeared, while in the CD-JFIL, it was almost
zero.

Figure 17 shows the results of measuring the number of
bubbles larger than 26 nm in diameter at each imprinting time

30

Thicker

/V resist

\"\Thinner
resist

Fig. 15. Experimental result of drop expansion.
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Nanoimprint semiconductor manufacturing equipment FPA-1200NZ2C.
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in the imprint field of 26 x 33 mm by the defect inspection  9)
tool 2905LP.

In conventional JFIL, there were tens of thousands of 10)
particles with an imprinting time of (.7 s;the trapped gas
gradually diffused into the quartz, and the bubbles gradually 11)
disappeared, still resulting in hundreds of particles even at5 s. 1?
On the other hand, in the case of CD-JFIL, the number of 1 4;
bubbles was already less than 100 after 0.7 s of imprinting time.

15)
3. Conclusions 16)
CO, ambient gas and CD-JFIL reduced the ambient gas
trapped in JFIL technology, which is expected to reduce non-  17)
fill defects and to improve throughput. 18)

Nanoimprint equipment FPA-1200NZ2C (Fig. 18), devel- 19
oped by Canon, is being used in a semiconductor device 20)
company for trial manufacturing of memory devices.

NIL technology will be used to try to manufacture Not
AND (NAND) flash memories, which allows a certain 21)
number of defects. Further effort will be made to reduce
the defect number and foreign particles, and then it is 22)
expected to be possible to apply NIL on Dynamic Random  23)
Access Memory and logic devices that have less redundancy 2)
in the circuit design.
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